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Summary 

Plant immunity is commonly mediated by pattern-recognition receptors (PRRs), located at the 

cell-surface, which can recognise a broad spectrum of pathogen-associated molecular patterns 

(PAMPs). The main classes of PRRs in Arabidopsis thaliana contain leucine-rich repeat 

(LRR) domains for ligand binding and can be subdivided in receptor-like kinases (LRR-

RLKs) and receptor-like proteins (LRR-RLPs). LRR-RLKs consist of a signal peptide, 

extracellular LRRs, a single transmembrane domain (TMD) and a cytoplasmic Ser/Thr kinase 

domain. LRR-RLPs have the same architecture, but lack the kinase domain. Instead, they 

associate constitutively with the LRR-RLK adaptor kinase SOBIR1. In the present work, we 

identified 24'234 sequences from 51 plant proteomes which relate to either type of LRR-

receptors and present an evolutionary perspective on the emergence of LRR-containing PRRs. 

In a second part, we investigate the molecular differences between LRR-RLKs and LRR-

RLPs with respect to their dependence on SOBIR1. Using domain swaps between various 

LRR-RLKs and LRR-RLPs, we demonstrate how to interconvert these two types of receptors. 

We show that the interaction with SOBIR1 and the functionality as RLP depends on a "flat" 

surface in the α-helix of the TMDs of the LRR-RLPs. We also conduct the reverse approach 

to convert a LRR-RLP into a LRR-RLK by fusing the TMD and kinase domain of SOBIR1 to 

RLP23 and prove that this chimeric construct behaves like a regular LRR-RLK. The 

conclusions of the present thesis are of broader interest since they demonstrate functional 

modularity of receptor domains, a feature that will allow future studies to address complex 

signalling pathways by dividing the problem in simpler tasks. Further studies should focus on 

applying the approach to solve the CLV3 perception system, to study non-LRR class of PRRs, 

to search for co-receptors of so-far uncharacterized receptors or to solve biotechnological 

problems. 

  



 
 

Zusammenfassung 

Pflanzenimmunität wird von mustererkennenden Rezeptoren (PRRs) vermittelt, die auf der 

Zelloberfläche lokalisiert sind und verschiedene "pathogen-associated molecular patterns" 

(PAMPs) erkennen können. Die Hauptklasse von PRRs in Arabidopsis thaliana enthält 

"leucine-rich repeats" (LRRs) und kann weiter in sogennante "receptor-like kinases" (LRR-

RLKs) und "receptor-like proteins" (LRR-RLPs) unterteilt werden. LRR-RLKs bestehen 

typischerweise aus einem Signalpeptide, extrazellulären LRRs, einer einsträngigen 

Transmembrandomäne (TMD) und einer zytoplasmatischen Ser/Thr-Kinasedomäne. LRR-

RLPs haben die selbe Struktur, jedoch ohne Kinasedomäne. Stattdessen interagieren sie mit 

der "adaptor kinase" SOBIR1, einer anderen LRR-RLK. In dieser Arbeit haben wir 24'234 

Sequenzen von 51 pflanzlichen Proteomen identifiziert und präsentieren eine evolutionäre 

Perspektive der Entstehung von LRR-RLKs und LRR-RLPs. Im zweiten Teil untersuchen wir 

die molekularen Unterschiede zwischen diesen beiden Rezeptorentypen. Mit Domänentausch-

Experimenten zeigen wir, wie man eine LRR-RLK in eine LRR-RLP (und anders herum) 

umwandeln kann. Wir zeigen darüber hinaus, dass die Spezifität von LRR-RLPs für SOBIR1 

in der TMD durch eine "flache" Struktur der α-Helix der TMD kodiert ist. Zuletzt 

demonstrieren wir, wie man eine LRR-RLK aus einer LRR-RLP herstellen kann. Dafür 

vereinigen wir die TMD und Kinasedomäne von SOBIR1 mit RLP23 und zeigen, dass sich 

diese Chimäre wie eine SOBIR1-unabhängige LRR-RLK verhält. Die Schlussfolgerungen 

dieser Arbeit sind besonders interessant, weil sie eine Bandbreite von Möglichkeiten 

aufzeigen, um komplexe Signalwege zu studieren und biotechnologisch zu manipulieren.  
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The One who was sitting on the throne said, 

“Look! I am making everything new!” 

Then he said, 

“Write this, because these words are true and can be trusted.” 

[ Book of Relevation 21:5 ]
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1. Introduction 

1.1 Immunity 

The recognition of non-self and protection against potential damaging infections 

forms the core concept of immunity. It is present in all living organisms, from 

Archaea to Eukaryotes, and the innate immune networks of eukaryotes were 

most likely transmitted from their respective ancestral prokaryotic 

endosymbionts (Dunin-Horkawicz et al., 2014). Immune responses are 

composed of three main phases: perception, signaling and output. Several 

physical barriers, such as cell walls, high hair density, epidermis or mucous 

membranes, allow animals and plants to prevent physical entry of pathogen. Yet, 

successful pathogenic organisms can penetrate the body of their hosts, feed and 

reproduce. Perception of pathogen associated-molecular patterns (PAMPs), such 

as bacterial flagellin, peptidoglycans, lipoproteins or viral ssRNA, is a key step 

of the initiation of the innate immunity. PAMPs are typically derived from 

essential microbial proteins or compounds which are often highly conserved 

across species (Boller and Felix, 2009), thus allowing hosts to detect a broad 

range of potential pathogens with a limited number of receptors. The animal 

toll-like receptors (TLRs) are pattern-recognition receptors (PRRs) that mediate 

the perception of an array of PAMPs. Together with adaptors and/or co-

receptors they can transmit the signal from the extracellular side of the 

membrane to cytoplasmic signaling cascades. The signaling cascade ultimately 

leads to transcriptional changes which typically turn on defense-related genes 

and may lead to resistance to the infection (Nürnberger et al., 2004; Ausubel, 

2005).  
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Figure 1.1 Overview of PAMP-triggered immunity (PTI) in plants 

Plants can sense presence of microbial pathogens by recognising pathogen-associated 

molecular patterns (PAMPs) using cell-surface receptors. In A. thaliana and many other 

plants the receptor FLS2 can, for instance, recognise bacterial flagellin or its minimal motif 

flg22. Upon ligand recognition, FLS2, as many others LRR-RLKs involved in PTI, undergoes 

complex formation with SERK3. This closer proximity of both kinase moieties induce 

transphospholyration and activation of cytoplasmic signaling cascades. Ion fluxes, burst of 

reactive oxygen species (ROS) and ethylene production as well as induction of MAPK 

cascade are part of the early cell responses. MAPK cascade leads, in a different time frame, to 

transcriptional changes and allows the induction of defense-related genes and defense 

responses such as callose deposition or programmed cell-death. All the basal resistances 

triggered by PAMPs are grouped under the term PAMP-triggered immunity (PTI). 

 

1.2 Plant immunity 

Immune systems of animals and plants show many striking parallels and share 

structurally similar receptors (Bentham et al., 2016; Duxbury et al., 2016; 

Fliegmann and Felix, 2016; Ranf, 2016) and components in signaling (Clapham, 

1995; Meng and Zhang, 2013). Bacterial flagellin, for instance, is recognized 

even at very low concentrations through different epitopes by the leucine-rich 

repeats (LRR) PRRs FLS2 and FLS3 in plants and TLR5 in animals (Fliegmann 

and Felix, 2016). Yet all three receptors seem to have evolved independently 

(Ausubel, 2005; Caplan et al., 2008). Plants make up their lack of mobility by a 
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broad biochemical weaponry to resist pathogens. Plant molecular immunity 

knows a two-layers immune system. The first layer is called PAMP-triggered 

immunity (PTI) and starts in a similar fashion as in animal immune system with 

the perception of PAMPs by cell-surface receptors. After PAMP perception, 

PRRs quickly undergo heterodimer formation which allow signal transduction 

across the plasma membrane and initiation of the cytoplasmic signaling cascade, 

including ion fluxes, burst of reactive oxygen species, ethylene production, 

activation of mitogen-activated protein kinase (MAPK) cascade, callose 

deposition and transcriptional changes (Boller & Felix, 2009; Fig. 1.1). PTI is 

often enough for plants to deter non-specific pathogen invasions, but co-

evolution brought many pathogens to evolve several distinct mechanisms to 

avoid PTI initiation, either by shutting it down via bacterial effectors that target 

specific PTI components, or by changing the epitopes that are usually 

recognized by PRRs. For instance, AvrPto and AvrPtoB are effectors from 

Pseudomonas syringae which are injected in the cytoplasm of the host via a type 

III secretion system and which can shut down plant immune responses upstream 

of the MAPK cascade (Abramovitch et al., 2006; De Torres et al., 2006; He et 

al., 2007), most likely by targeting BAK1-like kinases (Shan et al., 2008). 

Effector-triggered immunity (ETI) is then the second layer of immunity in 

plants, it starts with the recognition of certain effectors or changes in 

structure/phosphorylation status of NB-LRR (NLR) or R-gene proteins (Jones 

and Dangl, 2006; Dodds and Rathjen, 2010). RIN4, for instance, is a small 

protein found at the plasma membrane in association to PRR complexes, is 

guarded in the plant model organism Arabidopsis thaliana by two NLRs, RPM1 

and RPS2, which initiate immune responses upon modification of RIN4 by 

microbial effectors (Khan et al., 2016).  The immune response in ETI is usually 

strong, plant cells undergo programmed cell death and this leads to necrosis 

around the infection site, the so-called hypersensitive response (HR), thus 

circumventing future expansion of the pathogen in the plant (Boller and Felix, 
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2009). Together with PTI, HR and ETI are all local responses to a specific 

infection site. Systemic acquired resistance (SAR) is usually initiated in parallel 

of HR and induces resistance also in the non-infected parts of the plant (Alvarez 

et al., 1998; Meng and Zhang, 2013), also known as the so-called "priming" 

effect. The arms race being an ongoing process, certain pathogens are able to 

shut down the ETI and are become therefore virulent again. Nota bene, PTI and 

ETI are terms coined by scientists and are not clearly distinct: one pathogen can 

be detected by certain receptors which induce PTI and simultaneously can try to 

shut it down by injecting effectors, resulting in partial (a)virulence, depending 

on many other factors (e.g. plant hydration status; see Garrett et al., 2006). 

Immunity triggering is therefore not a black-or-white process, as it has been 

noted for the Necrosis and ethylene-inducing peptide 1-like proteins (NLPs) 

which induce leaf necrosis but also contain a 20 amino acids core part which 

triggers PTI, thus showing that ETI is an extension of PTI stricto senso (Böhm 

et al., 2014). 

The current strategy for global food safety in crop production is gene-stacking, 

not only of R-genes, but PRRs too (Lacombe et al., 2010; Zhu et al., 2012; 

Schoonbeek et al., 2015). Another approach is to edit crop genomes to silence or 

knock-out given susceptibility genes (S-genes), which can be used by pathogens 

to promote their own growth at the detriment of the host’s fitness (Chu et al., 

2006; Chen et al., 2010; Zhou et al., 2015; Sun et al., 2016).  
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Figure 1.2 LRR-RLKs and LRR-RLPs with SOBIR1 look similar 

LRR-RLKs, such as EFR, undergo complex formation with a SERK-type co-receptor upon 

ligand binding which allow signal transduction across the membrane. LRR-RLPs, such as 

RLP23, typically interact constitutively with an adaptor kinase, SOBIR1 in this example. 

Upon ligand binding, a SERK-type co-receptor joins the complex and allows signal 

transduction across the membrane. Both receptor types look too similar to have independently 

evolved. The molecular differences as well as the fine tuning of interaction specificity will be 

studied in the present work 

1.3 Same same, but different: LRR-RLKs and LRR-RLPs 

PRRs involved in PTI can be classified in two main classes: (i) receptor-like 

kinases (RLKs), consisting of an extracellular ligand-interacting part, typically a 

single transmembrane domain and a cytoplasmic Ser/Thr kinase domain, and (ii) 

receptor-like proteins (RLPs), which have a similar setup but lack a kinase 

domain (Fig. 1.2). The extracellular domains of either RLKs or RLPs can show 

different motifs, including LRR-motifs, lysine motifs (LysM), lectin domains or 

EGF-like domains (Böhm et al., 2014a). There are over 600 RLKs in 

Arabidopsis thaliana, of which 233 are proteins containing extracellular LRR 

motifs (Shiu and Bleecker, 2003). There are also 57 additional LRR-RLPs 



1. Introduction 
___________________________________________________________________ 
 

6 
 

identified in A. thaliana (Wang et al., 2008). LRR-containing PRRs are, 

therefore, the major class of plant receptors, which act in various pathways, 

including growth, organ development or defense (Zhang & Thomma, 2013). The 

direction of LRR receptor evolution in plants remains, however, an enigma, for 

certain receptors can recognize endogeneous signals and hormones while others 

recognize PAMPs. Additionally, there is still no consensus as to which of the 

RLPs or the RLKs evolved first. Some evolutionary hints have been found for 

given species or given genes, but there is no comprehensive study of plant LRR 

as a whole. This issue will be addressed in the first part of this thesis.  

Leucine-rich repeats are 20-30 – residues long with a strong conservation of 

leucine (or isoleucine/valine) in a β-sheet, eventually followed by an α-helix and 

two free loops connecting both. There exists many LRR subfamilies and the 

consensus of typical plant LRR is IPxxLxxLxxLxxLxLxxNxL(T/S)Gx, where 

“x” can be any residues (Jones et al., 1994; Kobe and Kajava, 2001; Mueller et 

al., 2012a). The conserved residues with their side chains build the inner part of 

the solenoid and form the backbone of the LRR stackings. Crystal structures of 

LRR ectodomains showed that the stacking of LRRs knows a slight curvature 

between each repeat, resulting in a typical horse-shoe shape (Fig. 1.3; Kobe and 

Deisenhofer, 1993; Evdokimov et al., 2001; Kobe and Kajava, 2001; Enkhbayar 

et al., 2003; Di Matteo et al., 2003; Bella et al., 2008a; Hothorn et al., 2011; 

Sun et al., 2013b; Zhang and Thomma, 2013; Sun et al., 2013a; Santiago et al., 

2013; McAndrew et al., 2014; Tang et al., 2015; Wang et al., 2015). The 

concave side of the LRRs forms a binding surface, where the side-chains of the 

amino acid mediate ligand perception (Kobe and Kajava, 2001; Bella et al., 

2008; Zhang and Thomma, 2013). The LRRs are capped both at the N- and C-

terminals by cysteine-rich motifs, so that the hydrophobic core of the structure is 

not exposed (Kobe and Kajava, 2001; Di Matteo et al., 2003; Zhang and 

Thomma, 2013). 
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Figure 1.3 Crystal structure of FLS2-SERK3-flg22 complex (data from Sun et al., 2013) 
Side (A) and top (B) view of the FLS2-SERK3-flg22 complex. The LRR stacking gives this 

typical horse-shoe shape (as seen from the top) to the protein, which is highly suitable for 

protein-protein interaction. Here, FLS2 (in yellow) can recognise flg22 (green). SERK3 (blue) 

joins the complex and interacts with FLS2 through multiple residues located on the surface of 

some leucine repeats. SERK3 additionally interacts directly with flg22 through a loose N-

terminal loop. Data from Sun et al., 2013; visualisation using the Swiss PDB-Viewer 

"DeepView" (Guex and Peitsch, 1997). 
 

After ligand perception, both RLPs and RLKs must undergo a multimer 

complex formation for signal transduction across the plasma membrane and 

initiation of the signaling cascade (see Fig. 1.2; Gust and Felix, 2014). For all 

the PTI-involved LRR-RLKs studied so far, the BRI1-associated kinase 1 

(BAK1, also known as SERK3) (Li et al., 2002) acts as a co-receptor for PAMP 

signal transduction (Heese et al., 2007; Chinchilla et al., 2007; Schulze et al., 

2010; Koller and Bent, 2014; Holton et al., 2015). SERK3 is a plasma 
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membrane-bound LRR-RLK protein with five LRRs. SERK3 was first identified 

as an interactor of BRI1, the receptor for brassinosteroids (BR) (Li et al., 2002; 

Nam and Li, 2002) and SERK3 belongs to a small family of LRR-RLKs, 

containing four other members with highly redundant functionality (Li, 2010). 

The SERKs act in several pathways, such as BR signaling, PTI, organ growth, 

floral and stomatal development, pollen maturation or even cell death (Aan Den 

Toorn et al., 2015; Schwessinger and Rathjen, 2015; Ma et al., 2016). 

Interestingly, SERK1, SERK2, SERK3, SERK4 but not SERK5 have been 

found to function in PTI and to associate with PRRs after ligand perception 

(Roux et al., 2011). SERK5 is thought to be kinase dead in Col-0 through a 

point mutation R→L in the critical kinase RD motif (He et al., 2007), but was 

shown to be functional in BR signaling in Ler-0, where this mutation is not 

present (Wu et al., 2015). In the case of RLPs, the presence of the adaptor-

kinase Suppressor of BIR1 (SOBIR1) is required for successful signaling (Gao 

et al., 2009). As a general rule, it seems that all PTI-involved RLPs interact 

constitutively with SOBIR1, and in a second ligand-dependent step with the 

SERKs (Zhang and Thomma, 2013; Liebrand et al., 2013, 2014; Albert et al., 

2015; Bi et al., 2015; Postma et al., 2015). Exceptions to this rule might be 

AtRLP42 and SlCuRe1 which associate with SOBIR1 but interaction with the 

SERKs could not be observed in coimmunoprecipitation assays (Zhang et al., 

2014; Hegenauer et al., 2016). It has been suggested that RLPs behave like bi-

molecular RLKs once they form a complex with SOBIR1 and the structural 

similarity between both is striking (Gust & Felix, 2014; see Fig. 1.2).  

The recruitment of SOBIR1 by RLPs is thought to be mediated through a 

GxxxG motif (where “G” is glycine and “x” can be any other amino-acid) found 

in the transmembrane domain (TMD) of both RLPs and SOBIR1s (Fig. 1.4; 

Gust and Felix, 2014; Bi et al., 2015a). Glycine zippers in form of the GxxxG 

motif are known to promote helix-helix interaction in the alpha helix of TMDs 
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(Russ and Engelman, 2000; Senes et al., 2000; Curran and Engelman, 2003; 

Cymer et al., 2012; Fink et al., 2012; Li et al., 2012). Bi et al., (2015) 

investigated the importance of the glycine residues from SOBIR1 TMD and 

showed that when multiple glycine residues are mutated to alanine at the same 

time, the interaction with RLPs is abolished. Recent evidence additionally 

showed that mutating the glycine residues on the TMD of RLP23 abolished the 

recruitment of SOBIR1 and impeded the signaling of nlp20 (I. Albert, personal 

communication). Yet some RLPs, e.g. SlEIX2 (Ron and Avni, 2004) or 

AtReMAX (Jehle et al., 2013b), known to be functional in PTI and to interact 

with SOBIR1, lack the GxxxG motif (Fig. 1.4). Studies on the interactions of 

TMD-helices in bacteria led to the proposal of an extended interaction motif 

comprising “(small)xxx(small)”, whereby  small residues such as Ala, Ser or 

Thr can replace Gly (Russ and Engelman, 2000; Senes et al., 2000). 

The LRR-RLP CLV2 is involved in mersitem maintenance in plants and has 

been shown to interact with CORYNE (CRN), an adaptor kinase different from 

SOBIR1 (Muller et al., 2008; Bleckmann et al., 2010; Zhu et al., 2010). 

Whereas CLV2 also has a GxxxG motif in its TMD, the adaptor kinase CRN has 

no such motif. Nevertheless, a minimal construct composed of the TMD and the 

outer and inner juxtamembrane domain of CRN was found to be sufficient for 

this interaction (Bleckmann et al., 2010). Moreover, the GxxxG motif was 

shown to be present in TMDs of hundreds of bacterial proteins which do not 

necessarily interact together, thus suggesting that additional factors play a 

critical role in association specificity (Russ and Engelman, 2000). Indeed, 

although the (small)xxx(small) pattern seems to facilitate association of given 

TMDs, adjacent, more voluminous residues must be fitting on both helices to 

enable interaction according to the knobs-into-hole packing (Lupas and Bassler, 

2017). Additionally, more distant residues have been identified as important in 

stabilizing the interaction (Melnyk et al., 2004) and the sequence context has 
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been shown to be crucial for stabilizing a GxxxG-mediated interaction (Doura et 

al., 2004; Schneider and Engelman, 2004). The presence of a glycine motif is 

thus a hint but not a proof for facilitated TMD-TMD interaction with high 

specificity. Its exact role in mediating SOBIR1-RLPs interaction should be 

therefore further studied. 

 

Figure 1.4 RLPs and SOBIR1s share a common motif in their transmembrane domain 

(Figure from Gust & Felix, 2014) 

The constitutive interaction between SOBIR1 and several LRR-RLPs is thought to be 

facilitated by a GxxxG motif which creates a flat surface in the α-helix of both 

transmembrane domains (TMD). Such a surface enables both proteins to be in close 

proximity, yet the interaction specificity must be encoded in other neighbouring residues. 

 

Lastly, other regions than the TMD might help to mediate the RLP-SOBIR1 

interaction. Ve1 and Ve2, two tomato RLPs, were recently used to study the 

function of the C-tails of RLPs; while Ve1 mediates resistance to Verticillium 

wilt, no function could be attributed to Ve2, yet both can interact with SOBIR1 

through their C-tail (Fradin et al., 2014). The significance of the small C-

terminal cytoplasmic tail of RLPs remains thus elusive, for no strongly 

conserved patterns could be identified (Gust and Felix, 2014). Also, the C-tail of 
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AtRLP23 could be deleted without abolishing functionality nor interaction with 

SOBIR1 (I. Albert, personal communication). Cytoplasmic signaling specificity 

must be somehow encoded in this region and a chimeric use of immune vs 

developmental RLPs may shed more light on this enigma.  

1.4 Ligand perception and signal transduction across the membrane 

The LRR-RLKs EF-Tu receptor (EFR) (Zipfel et al., 2006) and Flagellin-

sensing 2 (FLS2) (Gómez-Gómez and Boller, 2000) recognize bacterial 

elongation factor (EF-Tu or minimal synthetic epitope elf18) (Zipfel et al., 

2006) and bacterial flagellin (or minimal synthetic epitope flg22) (Felix et al., 

1999; Gómez-Gómez and Boller, 2000; Gómez-Gómez et al., 2001; Chinchilla 

et al., 2006), respectively. Both associate with SERK3 after ligand-perception 

(Heese et al., 2007; Chinchilla et al., 2007) and are the most studied plant PRRs. 

The signaling of flagellin in plants knows quite some variation, depending on 

several factors, such as the expression level of FLS2 (Vetter et al., 2012), the 

localization of FLS2 expression (Wyrsch et al., 2015), the degree of 

conservation of the flagellin epitope (Naito et al., 2008; Clarke et al., 2013) or 

the efficiency of complex turnover (Smith et al., 2014). For instance, some 

species, like Agrobacterium tumefaciens, managed to modulate their flg22 

epitope to avoid FLS2 perception (Felix et al., 1999). The tomato FLS2 

(SlFLS2, for Solanum lycopersicum) was shown to be more sensitive to flg22 

than AtFLS2 (Chinchilla et al., 2006), and chimeric constructs of both versions 

allowed to narrow down the region responsible for the higher affinity of SlFLS2 

to LRRs 7-10 (Mueller et al., 2012a), while the LRRs 9-15 of AtFLS2 were 

identified as critical for flg22 perception (Dunning et al., 2007). Later on, Sun et 

al., (2013b) published the crystal structures of FLS2 and FLS2 in complex with 

SERK3 and flg22 (see visualization in Fig. 1.3). It revealed that not only FLS2, 

but also SERK3 directly interacts with the ligand through a loose-loop located 

on the N-terminal part of its ectodomain, flg22 acting like a molecular glue to 
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stabilize the SERK3 – FLS2 interaction. It also showed that several exposed 

residues located in the β-sheet of SERK3’s LRRs were important for interacting 

with FLS2. Interestingly, their results seem to show no ligand-dependent 

structural changes, which does not quite fit the current model of complex 

activation and might reflect an artifact of structure fixation in crystallography. 

This raised several questions as to how the recruitment of SERK3 is achieved. 

Indeed, the kinetics of the complex formation cannot be addressed through 

crystallography (see Koller and Bent, 2014; Aan Den Toorn et al., 2015). 

Additional SERK crystal structures allowed to understand better their 

relationship to various PRRs (Sun et al., 2013a; McAndrew et al., 2014; Tang et 

al., 2015; Wang et al., 2015; Santiago et al., 2016). 

The recruitment of SERK3 by an activated FLS2 brings both of their kinases in 

close proximity, allowing transphosphorylation and activation of downstream 

signaling (Oh et al., 2010; Schwessinger et al., 2011), as described in more 

details in the next chapter. It is thought ligand-induced recruitment of a SERK 

co-receptor is the molecular mechanism of transmembrane activation for LRR-

RLKs (Li et al., 2002, 2014; Heese et al., 2007; Chinchilla et al., 2007; Albert et 

al., 2010a; Lu et al., 2010; Segonzac et al., 2014; Aan Den Toorn et al., 2015; 

Holton et al., 2015; Monaghan et al., 2015; Couto et al., 2016). 

Plants can directly recognize microbial pathogens through various receptors that 

specifically bind distinct PAMP ligands. Examples for such PRR/PAMP pairs 

are: FLS2 and SlFLS3 recognizing flg22 and flgII-28 from bacterial flagellin, 

respectively (Gómez-Gómez and Boller, 2000; Hind et al., 2016); AtEFR binds 

the bacterial EF-Tu or its elf18 minimal binding motif (Zipfel et al., 2006); 

CERK1/CeBIP pair recognizing chitin (Kaku et al., 2006; Miya et al., 2007; 

Petutschnig et al., 2010; Shimizu et al., 2010); AtLORE detecting 

lipopolysaccharides (LPS) of Gram-negative bacteria (Ranf et al., 2015); 

AtLYM3/LYM1 pair sensing bacterial peptidoglycans (PGN) (Willmann et al., 
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2011); CORE in tomato binding the csp22-epitope of the bacterial cold-shock 

protein (Wang et al., 2016); EIX2 detecting fungal xylanase (Ron and Avni, 

2004) and AtRLP23 detecting nlp20-epitope of fungal and bacterial NLPs 

(Böhm et al., 2014b; Oome et al., 2014; Albert et al., 2015). 

In both, animals and plants, pattern-triggered responses can also be induced after 

detection of host-derived damage-associated molecular patterns (DAMPs), 

which are cell debris or endogenous elicitors (Boller and Felix, 2009; 

Yamaguchi and Huffaker, 2011). Wounded tissue also provides access to 

pathogens. Damaged cells release proteins and compounds to the apoplasm and 

these can be recognized by neighbouring cells, e.g. extracellular ATP is 

recognised by the lectin receptor kinase DORN1 (Choi et al., 2016), can induce 

defense response and was classified as a DAMP (Tanaka et al., 2014). The Plant 

Elicitor Peptides (PEPs) are a class of DAMPs which are released downstream 

of PRRs activation such as EFR or FLS2 (Tintor et al., 2013). PEPs are 

recognized by the LRR-RLKs PEPR1/PEPR2 (Yamaguchi et al., 2006, 2010; 

Krol et al., 2010; Tang et al., 2015) and can initiate PTI on their own (Huffaker 

et al., 2006; Ma et al., 2012; Ross et al., 2014), thus acting like PTI amplifiers. 

PROPEPs are cleaved after initiation of PTI signaling and activate PDF1.2 and 

PR1, two defense-related genes (Huffaker and Ryan, 2007). The AtPEP family 

comprises 8 members with functional redundancy, but with different spatial 

expression (Bartels et al., 2013). PEPs are broadly present among higher plants, 

yet do not have interspecific recognition: e.g. ZmPEPs are not recognized in 

Arabidopsis sp., while AtPEPs are not recognized by Zea mays (Lori et al., 

2015). Prosystemin in tomato is thought to be an equivalent to the PEPs and is 

cleaved after damage-perception (e.g. by insect herbivory), the resulting free 

systemin can be detected by the SYSRE which in turn initiates PTI (L. Wang, 

personal communication). 
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Thus, there are many ways of initiating PTI. Pathogen recognition and initiation 

of PTI is probably mediated by redundancy of several epitopes simultaneously, 

either via several PRRs having overlapping functionality and/or with the 

detection of protein modifications. This seemingly cost-intensive survival 

strategy ensures robust detection of pathogens, thus allowing an efficient 

initiation of plant defenses. Plants can cope with the loss of one or several PRRs 

and still be biologically fit to survive. Finally, some receptors have not yet been 

matched to a defined PAMP (e.g. AtRLP30-SCFE1, AtReMAX-eMAX) and 

some PAMPs have not yet been matched to receptors (e.g. HaX23, HpaG) 

(Boller and Felix, 2009; Jehle et al., 2013a; Zhang et al., 2013; Albert, 2013). 

Although finding the receptor for a defined PAMP became easier with the use of 

forward genetic screens or with use of natural variation among accessions (e.g. 

Jehle et al., 2013b; Albert et al., 2015), PAMP identification remains a long and 

tedious biochemical and analytical work in most of the cases and may take up to 

several years. However, the access to cheaper genome-sequencing technologies 

made data-mining in genomes of pathogens easier and led to the identification of 

several effectors from spider mites (Villarroel et al., 2016). This approach was 

shown to be suitable for PAMP identification as well (Cai et al., 2011; McCann 

et al., 2012) and it might be a great help in specific cases. 

1.5 PTI output 

Opening of ion channels is among the very early responses, within 2 minutes, of 

PRR complex activation and lead to H+ and Ca2+ influxes as well as K+ and Cl- 

effluxes among others (Mithöfer et al., 2005; Boller and Felix, 2009). Ionic 

changes allow membrane depolarization and increase in extracellular pH, which 

can be easily used as semi-quantitative output assay with cell cultures (Blume et 

al., 2000; Mithöfer et al., 2005; Chinchilla et al., 2006; Boller and Felix, 2009). 

A recent paper showed that Fusarium oxysporum, a pathogenic fungus, 

promotes its own growth by secreting homologues of the plant rapid 
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alkalinizaiton factor (RALF) peptides, which induce apoplastic alkalinization 

that in turn lead to the activation of a pathogenicity-related MAPK of F. 

oxysporum (Masachis et al., 2016). RALFs are ubiquitous in plants and bind to 

the RLK Feronia, which initiates extracellular alkalinizaiton leading to an 

inhibition of cell elongation (Haruta et al., 2014). On the cytoplasmic side of ion 

fluxes, calcium influx is a very generic response to a broad variety of stimulus, 

which specificity is thought to be encoded in the temporal frequency, amplitude 

and shape of the cytosolic Ca2+ increases (so called calcium signatures) (Dodd et 

al., 2010). Calcium is thought to help mediate the activation of burst of reactive 

oxygen species (ROS) and ethylene production. Calcium influx was indeed 

shown to follow PAMP perception by PRRs (Blume et al., 2000), to precede 

ROS production (Grant et al., 2000) and to be a general secondary messenger in 

both plant and animal cells (Clapham, 1995; Dodd et al., 2010). The ACA8 and 

ACA10 Ca2+-ATPases were found in complex with FLS2 at the plasma 

membrane and were shown to be required for correct tuning of downstream 

signaling events and induction of PTI (Frei dit Frey et al., 2012). 

The reactive oxygen species (ROS) O2
- or its relative H2O2 are important signals 

in PTI. They are continuously produced in plant cells as byproducts of various 

metabolic pathways (see review of Apel & Hirt, 2004) but were also shown to 

be massively produced, the so called oxidative burst, within minutes after 

PAMP perception by PRRs (Doke, 1985; Bradley et al., 1992; Jabs et al., 1997). 

AtRbohD and AtRbohF control the production of ROS in disease resistance and 

HR responses with partially overlapping functions (Torres et al., 2002) and 

spatially different expression levels (Morales et al., 2016). The RbohD-NADPH 

oxidase is a PM protein with multi-transmembranes and contains two EF-hands 

at the N-terminal which can perceive Ca2+ (Keller et al., 1998; Torres & Dangl, 

2005). ROS production can be easily used as readout in a luminol-peroxidase 

based assay (Keppler, 1989; e.g. Albert et al., 2010). 
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Ethylene is one of several hormone gases which might be produced after PAMP 

perception, through a rapid activation of the ACC-synthase (Yang and Hoffman, 

1984; Spanu et al., 1994). Ethylene production typically reaches a peak 3-4 

hours after PAMP perception. Ethylene is detected by ETR1 coupled to CTR1 

which negatively regulates EIN2. After ethylene perception, EIN2 is cleaved at 

its COOH end (CEND, residues 459-1294) and the CEND is relocated to the 

nucleus where it activates the transcription factors EIN3 and EIL1 which, in 

turn, regulate the transcriptional changes of ethylene-induced genes (Alonso et 

al., 1999; Zheng and Zhu, 2016). FLS2 seems to be one of the genes targeted by 

ethylene-induced gene regulation, leading to higher expression levels of FLS2 

after ethylene perception (Boutrot et al., 2010; Mersmann et al., 2010), in a 

positive feedback-loop fashion to enforce detection of pathogens. Interestingly, 

the ethylene sensor ETR1 seems to also be able to sense H2O2 and mediate 

stomatal closure to prevent additional pathogen entry (Desikan et al., 2005). 

Ethylene production is commonly measured by gas chromatography as readout 

for PTI induction (e.g. Felix et al., 1999; Jehle et al., 2013). 

MAPK cascades are a complex signaling hub for various pathways, including 

growth, development and responses to biotic and abiotic stresses (Champion et 

al., 2004; Meng and Zhang, 2013). In A. thaliana, there are about 20 MAPKs, 

which are regulated by 10 MAPK kinases (MAP2K), which in turn are 

themselves regulated by more than 80 MAPKK kinases (MAP3K) (Ichimura et 

al., 2002; Dóczi et al., 2007). MAPK cascades are also a central point of 

convergence for the different PAMP signaling pathways in plants and also a 

focal target for pathogen elicitors (Pitzschke et al., 2009; Meng and Zhang, 

2013). In A. thaliana, MAPK cascade activation starts 1-2 minutes and peaks 

10-15 minutes after perception of flg22 (Nühse et al., 2000). MAPK3 and 

MAPK6 activations are the most commonly tested for successful PAMP 

signaling, for they get phosphorylated after flg22 treatment and positively 
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regulate many downstream components of PTI (Asai et al., 2002). MKKK7, a 

MAP3K, was recently shown to physically interact with FLS2 and to negatively 

regulate MAPK6 activation as well as ROS production, thus making the link 

between cell-surface receptors and MAPK cascade activation (Mithoe et al., 

2016). The MAPK cascade activation by PAMP perception leads to repression 

and/or activation of various transcription factors, which in turn dictate 

transcriptional gene reprogramming. WRKYs are a huge family of plant 

transcription factors that bind to W-box-containing promoters (Rushton et al., 

2010), of which WRKY22 and WRKY29 were shown to be highly activated 

downstream of MAPK3/6 after flg22 treatment (Asai et al., 2002). Additionally, 

the Flagellin-induced receptor kinase 1 (FRK1) is highly induced after flg22 

treatment and its promoter fused to a luciferase gene pFRK1::Luc became a 

widely-used reporter gene for PTI induction in A. thaliana protoplasts (Asai et 

al., 2002; Yoo et al., 2007). 

Salicylic acid (SA) and jasmonic acid (JA) are two other signal hormones, 

which are produced in reaction to biotrophic pathogens and 

herbivores/necrotrophic pathogens, respectively (Thomma et al., 1998; 

Glazebrook, 2005). Interestingly, the SA- and JA-pathways are antagonistic 

(Thaler et al., 1999) and NPR1 is a key regulator of SA-induced suppression of 

JA, which is not required when ethylene is present, suggesting that ethylene can 

bypass NPR1 to suppress JA (Leon-Reyes et al., 2010). Several successful 

pathogens were shown to be able to manipulate the antagonism between these 

two pathways to their benefit (Thaler et al., 2012). Pseudomonas syringae was, 

for instance, shown to be able to produce JA-coronatine, a JA-mimic that shuts 

down the SA-pathway and, consequently, the defense of the host plants (Cui et 

al., 2005). 
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1.6 PTI regulation 

PRR complexes at the plasma membrane are under tight regulation to avoid 

wasting energy on defense when it could be allocated to other processes (e.g. 

growth). For instance, SERK3 (and probably the other SERKs) is involved in 

various pathways, such as defense, cell death, growth, stomatal development or 

pollen maturation (Colcombet et al., 2005; Li, 2010; Meng et al., 2015; 

Schwessinger and Rathjen, 2015; Ma et al., 2016). Because the SERKs play 

such a central signaling role in a variety of pathways, their interactions with 

different signaling partner must therefore tightly regulated so that undesired 

processes are not randomly activated. The BAK1-interacting receptor (BIR) 

family, composed of four members, interacts constitutively with the SERKs and 

PRRs to prevent heterodimer formation prior to ligand binding and is released 

after ligand binding (Fig. 1.5; Gao et al., 2009; Halter et al., 2014; Huang et al., 

2017; Imkampe et al., 2017). BIR1 seems to be an active repressor of the 

SERKs activity in the cell death pathway (Gao et al., 2009), while BIR2 was 

proposed to be involved in repressing the SERKs in immunity, for BIR2 

overexpression reduced the complex formation of FLS2 – SERK3 after flg22 

treatment (Halter et al., 2014). BIR3 was also recently shown to be an active 

inhibitor of the SERKs and PRRs in immunity (Huang et al., 2017; Imkampe et 

al., 2017). BIR4 has not yet been functionally characterized for it is most likely 

kinase dead (T. Halter, personal communication). 
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Receptor-like cytoplasmic kinases (RLCKs), lacking extracellular and 

transmembrane domains, are getting growing attention, for they participate in 

regulation of signaling complexes and sometimes mediate the cytoplasmic 

propagation of signaling. For instance, the Botrytis-induced kinase 1 (BIK1), 

PBL1, PBL2 and PBS1, all members of the large PBL family, are positive 

regulators of PTI (Fig. 1.5; Zhang et al., 2010; Lu et al., 2010; Laluk et al., 

2011). BIK1 was shown to interact physically with both FLS2 and SERK3, to 

get phosphorylated after flg22 perception and to phosphorylate in return both 

FLS2 and SERK3 kinases, thus amplifying the flg22 signaling for successful 

downstream responses (Lu et al., 2010). It also interacts with others PRRs, such 

Figure 1.5 - Regulation of PRR at the plasma membrane 

(Adapted from Couto et al., 2016) 

PRR such as FLS2 are under tight regulation to avoid signaling mistakes. The BIR family 

represses the formation of signaling complexes by interacting with both the receptor and the 

co-receptor. Upon ligand recognition, the BIRs are released and signaling partners can 

interact to initiate signal transduction across the membrane. In the cytoplasm, several CPKs 

and RLCKs are involved in PRR complex regulation too. 
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as PEPR1/PEPR2 (Liu et al., 2013; Tintor et al., 2013) and CERK1 (Zhang and 

Zhou, 2010; Zhang et al., 2010). Furthermore, BIK1 was shown to be a direct 

positive regulator of the NADPH – RbohD, thus making a further link between 

activated PRR complexes and oxidative burst (Kadota et al., 2014; Li et al., 

2014). 

The Ca2+-dependent protein kinase (CPK) family is heavily involved in 

regulation of immunity and CPKs have a calmodulin-like calcium sensor as well 

as a kinase domain, making them good candidate for intermediate actors in PTI. 

CPK28 was shown to negatively regulate BIK1-mediated NADPH activation 

(Kadota et al., 2015; Monaghan et al., 2015), most likely by phosphorylating 

BIK1 to promote ubiquitination, thus favouring BIK1 turnover (Monaghan et 

al., 2014, 2015). CPK5 was identified as a positive regulator of PTI, by 

mediating NADPH activation and being a sensor in SAR (Asai et al., 2013; 

Dubiella et al., 2013). There are also several phosphatases involved in PTI 

regulation (Felix et al., 1994; Gómez-Gómez et al., 2001; Segonzac et al., 2014; 

Rahikainen et al., 2016). Felix et al., (1994) showed that PTI could be induced 

not only after ligand binding and activation of signaling, but also by inhibiting 

the repression of PTI by certain phosphatases. PP2A, for instance, is a negative 

regulator of PTI located at the plasma membrane and can be found constitutively 

in complex with SERK3 (Segonzac et al., 2014). It inhibits complex activation 

by modulating SERK3 phosphorylation status, and treatment with cantharidin, a 

PP2A-specific inhibitor, was sufficient to trigger BIK1 phosphorylation and 

oxidative burst production (Segonzac et al., 2014). Recently, another 

phosphatase, PP2C38, was also shown to be a supplementary negative regulator 

of BIK1 and of BIK1-mediated immunity (Couto et al., 2016). 

Finally, protein maturation and recycling has a fundamental role in PTI 

regulation to ensure an efficient signaling by undamaged proteins and the 

turnover of activated signaling complexes. The E3-ubiquitin ligases PUB12 and 
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PUB13 were shown to mediate FLS2-SERK3 degradation and turnover after 

ligand perception (Lu et al., 2011), most likely to avoid repetitive signaling of 

single infection event (Smith et al., 2014). Correct glycolysation and folding 

was shown to be required for exportation of PRRs from the endoplasmic 

reticulum (ER) to Golgi apparatus and finally to the plasma membrane (Trempel 

et al., 2016). Such trafficking regulations and quality control in the ER was 

shown to be primordial for successful PTI (Li et al., 2009; Nekrasov et al., 

2009; Tintor and Saijo, 2014). Quality control thus prevents misfolded PRRs to 

be exported to the plasma membrane, which is a convenient qualitative 

assessment in planta of artificially designed receptors, such as chimeric 

receptors. 

1.7 What can we learn from LRR-RLPs and LRR-RLKs from other pathways? 

Interestingly, certain LRR-RLKs and LRR-RLPs are involved in other signaling 

programs than immune signaling, yet still share the same structure and 

sometimes even same co-receptors. The LRR-RLKs ERECTA (Torii et al., 

1996) and ERECTA-like (ERL) 1 and 2 (Shpak et al., 2004, 2005) were shown 

to bind to ERF peptides and to act with the LRR-RLP Too many mouths (TMM) 

(Nadeau and Sack, 2002) in multiple pathways, such as stomatal development, 

transpiration regulation or lateral organ and floral shapes (Masle et al., 2005; 

Shpak et al., 2005; Shpak, 2013). More than a decade ago, Godiard et al., (2003) 

reported that ERECTA from Col-0 accession could rescue the Landberg erecta 

accession’s susceptibility to bacterial wilt, thus suggesting a cross-talk between 

resistance and development pathway. It has been recently shown that the 

ERECTAs and TMM physically interacts with the SERKs (Meng et al., 2015) 

and together they regulate PTI (Jordá et al., 2016). HAE and HSL2, two other 

LRR-RLKs, are involved in perception of the IDA-derived peptides and mediate 

cell wall remodeling and lateral root growth (Butenko et al., 2003; Kumpf et al., 

2013). Later on, it was shown that HAE and HSL2 also interact with the SERKs 
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in a ligand-dependent fashion (Meng et al., 2016) and the HAE – IDA – SERK1 

crystal structure was recently published (Santiago et al., 2016), showing a 

similar interaction mechanism as in the FLS2 – flg22 – SERK3 crystal where 

the ligand acts as a molecular glue stabilizing the signaling complex. The LRR-

RLK phytosulkine (PSK) receptors (PSKR), which belongs to the same family 

as BRI1, is involved in root growth and cell expansion and also interact with the 

SERKs (Wang et al., 2015). Unlike the BRI1-SERK1, HAE-SERK1 and the 

FLS2-SERK3 crystal structures, the PSKR1-SERK1 and PSKR1-SERK2 

crystals revealed that the PSK ligand does not interact with the SERKs 

ectodomains, but instead it stabilizes the island domain of PSKR1 which in turn 

allows the interaction with the SERKs (Wang et al., 2015). This suggests that 

unlike the HAE, FLS2 and BRI1 ectodomains, PRRs containing an island 

domain undergo structural changes to allow a signaling co-receptor to approach 

its activated ectodomain. SERKs are involved in several signaling pathways, 

showing a high functional plasticity as well as a high redundancy among each 

other, yet the signal specificity remains high. Interestingly, for all IDA, PSK and 

ERF peptides signaling, as well as for flg22, elf18 and BR signaling, there exists 

differential affinity for SERK members as co-receptor (reviewed in Ma et al., 

2016). This suggests that SERK ectodomains interact slightly differently with 

each PRR and that additional signaling specificity must also be encoded in the 

differential phosphorylation sites activated in distinct signaling pathways (Ma et 

al., 2016).  

The LRR-RLK CLAVATA1 (CLV1) (Clark et al., 1993, 1997) as well as the 

LRR-RLP CLV2 (Kayes and Clark, 1998; Jeong et al., 1999) in complex with 

the pseudokinase CORYNE (CRN) (Muller et al., 2008; Bleckmann et al., 2010; 

Zhu et al., 2010; Nimchuk et al., 2011) and the LRR-RLK RPK2 (Kinoshita et 

al., 2010) negatively regulate shoot apical meristem maintenance upon CLV3 

treatment (Clark et al., 1995; Ogawa et al., 2008; Ohyama et al., 2009), by 
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repressing the transcription factor WUSCHEL (Brand et al., 2000). CLV3 is part 

of the CLE family, which encodes small hormone peptides involved in 

intercellular signaling events (Kiyohara and Sawa, 2012) and CLV3 peptides do 

not induce PTI responses (Segonzac et al., 2012; Mueller et al., 2012b). Binding 

of CLV3 has been shown for CLV1 (Ogawa et al., 2008; Ohyama et al., 2009), 

but its interaction with CLV2 and RPK2 remains indirect, through (lack of) 

responses of multiple mutants. This issue will be addressed in the present work. 

Certain pathogenic nematodes can produce and secrete CLE-like peptides 

(Wang et al., 2005, 2011; Lu et al., 2009), which were shown to promote 

parasitism (Replogle et al., 2011, 2012; Wang et al., 2011; Kiyohara and Sawa, 

2012). Interestingly, to this day, no serious link could be found between the 

SERKs and/or SOBIR1 and the CLV1/CLV2/CRN pathway. The interaction of 

CLV2 with CRN seems to be mediated by a TMD-TMD interaction taking place 

in the ER prior to exportation to the plasma membrane (Bleckmann et al., 2010) 

and which is apparently not dependent on a GxxxG motif, although CRN does 

contain a (small)xxx(small) motif at the beginning of its TMD, thus making 

these proteins particularly interesting controls. 

The brassinosteroids receptor BRI1 is a LRR-RLK which mediates plant growth 

(Li & Chory, 1997). It also interacts with the SERKs (Li et al., 2002; Nam and 

Li, 2002; Russinova et al., 2004; Karlova et al., 2006; He et al., 2007; Gou et 

al., 2012) and the crystal structures have been published for BRI1 ectodomain 

(Hothorn et al., 2011), BRI1 – BR – SERK1 complex (Santiago et al., 2013), 

BRI1 – BR – SERK3 complex (Sun et al., 2013a) as well as the activated BRI1 

kinase (Bojar et al., 2014). These crystals revealed that the ectodomains of 

SERK3 and SERK1 behave very similarly when in complex with activated 

FLS2 and BRI1. In both instances, the interaction with the receptor is mediated 

through surface-exposed residues located in the β-sheet of the LRRs as well as 

with the ligand through the N-terminal cap of the SERKs (Sun et al., 2013a,b; 
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Santiago et al., 2013). The phosphorylation status of SERK3 kinase by FLS2 

and BRI1, on the other hand, knows quite some variation, as the A. thaliana 

mutant bak1-5 is strongly impaired in EFR- and FLS2-mediated PTI but is 

barely influenced for BR-signaling (Schwessinger et al., 2011). It was suggested 

that the phosphorylation residues of SERK3 kinase might be differentially 

affected by BRI1, FLS2 and EFR, therefore having potentially an effect on 

regulators present in the signaling complex as well as on the specificity of the 

signal (Oh et al., 2010; Schwessinger et al., 2011; Macho et al., 2014, 2015). 

BR perception by the BRI1 – SERKs complex leads to the release of BIK1 from 

both kinases and allow phosphoactivation of the BR-specific cytoplasmic 

signaling cascade (Lin et al., 2013). BIK1 release from the BRI1 – SERKs 

activated complex allows the repression of BIN2, which phosphorylates and 

represses BZR1/BES1 in absence of BR (Yin et al., 2002; Vert and Chory, 

2006). BZR1/BES1 are major regulators of BR-driven transcriptional changes 

(Wang et al., 2002). In contrast to its negative regulatory effect in BR signaling, 

BIK1 was shown to be a positive regulator of PTI, as bik1 mutant were more 

susceptible in bacterial growth assay (Lu et al., 2010) and primed plants were 

not more resistant to PstDC3000 (Laluk et al., 2011). BIK1 was also shown to 

interact with PEPR1/PEPR2 and PAMP-induced ethylene accumulation was 

shown to be compromised in bik1 mutants (Liu et al., 2013). The opposite 

regulation of BR and immune pathways by BIK1 revealed potential cross-talk 

between both pathways, which had already been reported (Albrecht et al., 2012; 

Belkhadir et al., 2012). The common co-receptor SERK3 was thought to be a 

potential point of trade-off between BR and immune pathways, but quantitative 

results then confirmed the role of the transcription factors BZR1/BES1 on 

repressing PTI (Lozano-Durán et al., 2013). In plants expressing constitutively 

activated versions of BZR1/BES1, FLS2 – SERK3 complex formation, 

oxidative burst as well as MAPK phosphorylation were possible after flg22 
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treatment, but there were no expression of defense genes or seedling growth 

inhibition (Albrecht et al., 2012; Lozano-Durán et al., 2013). Not only does 

BZR1 regulates BR-involved genes, but it also upregulates several WRKY 

transcription factors, WRKY11/15/18/40/70, which are negative regulators of 

defense-related genes (Lozano-Durán et al., 2013). SERK3 expression level was 

ruled out as trade-off point when the presence of nanoclusters for BRI1 and 

FLS2 multiplexes was shown to be spatially separated (Bücherl et al., 2017). 

Finally, it was long thought that the BR versus immune pathways antagonism 

was unidirectional, but recent evidence showed that BR-related gene expression 

was down-regulated as soon as 15 minutes after flg22 treatment, even though 

BR signaling might not be affected (Jiménez-Góngora et al., 2015). 

Because of the structural similarities between BRI1 and LRR-RLKs involved in 

PTI, several groups suggested that domain swaps could allow a modulation of 

the functionality of a given LRR-RLK. The principle of chimeric receptors 

appeared when BRI1 functionality was not yet proven; He et al., (2000) 

swapped domains from OsXa21 and AtBRI1 to map the functionality of BRI1. 

The resulting eBRI1-tmXa21, with apoplastic ectodomain of BRI1 and TMD-

kinase domain of Xa21, could trigger defense responses after BL treatment. This 

synthetic approach opened the way to several studies which addressed ligand-

receptor pairs as well as receptor activation (Wulff et al., 2009; Albert et al., 

2010c; Wang et al., 2014), could help identify AtWAK1 as the receptor for 

oligogalacturonides, a DAMP derived from cell-wall proteins (Brutus et al., 

2010) and generally helped better understand signal transduction across the 

membrane (Wulff, 2001; Mueller et al., 2012a). 

Of particular interest is the work of Albert et al., (2010) where kinases of FLS2 

and SERK3 were swapped to isolate both actors: they were exclusively able to 

signal when transiently expressed together. This is especially remarkable, for it 

allows to tackle the technical issue of lethality in multiple SERKs mutant plants 
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(He et al., 2007). Working with chimeras of RLPs and RLKs should enable us to 

understand the exact role of the GxxxG motif in recruiting SOBIR1. Also, the 

use of chimeras of several structurally similar, but functionally different 

receptors, such as CLV1/2, should allow us to explore the molecular basis for 

their non-dependence on the SERKs. 

2. Aim of the work 

Pathogen perception by PRRs occurs in the extracellular space and crystal 

structures help us understand the mechanistics for ligand binding but not the 

specificity of the various receptors. Plants have very large families of LRR-

receptors and most of the PRRs in plants contain LRRs. The LRR structure is 

present in all kingdoms of life and plant evolved a specific type of LRR 

subfamily, whose consensus sequence is IPxxLxxLxxLxxLxLxxNxL(T/S)Gx, 

where “x” can be any residues (Jones et al., 1994; Kobe and Kajava, 2001; 

Mueller et al., 2012a). LRR-containing proteins in plants are mainly distributed 

in either LRR-RLKs and LRR-RLPs. In the present work we will study the 

emergence of both receptor types, from a bioinformatic perspective. In a second 

part, we will study signal transduction by focusing on the molecular features that 

define LRR-RLKs and LRR-RLPs, and focus on how we can interconvert these 

two types of receptors by domain swapping approaches. 
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3. Materials and methods 

3.1 Chemicals and solvents 

Chemicals and solvents were ordered from Sigma-Aldrich (St. Louis, USA), 

Carl Roth (Karlsruhe), Merck (Darmstadt), VWR (Radnor, USA), Duchefa 

(Haarlem, NL) and Fluka (Buchs, CH).  

3.2 Peptides and elicitors 

Flg22, csp22, elf18, CLV3 and PEP1 were synthetized and provided by different 

suppliers. Stock solutions of peptides were prepared in H2O and diluted in a 

solution medium with 1 mg/ml BSA and 100 mM NaCl. 

3.3 Bacterial strains 

XL1 blue Escherichia coli were used for vector production in bacteria (maxi- 

and mini-prep). TOP10 E. coli were used for pENTR TOPO cloning. E. coli 

were grown in liquid LB medium at 37°C and 200 rpm in a shaker or on LB-

agarose plates at 37°C in stationary incubators. Agrobacterium tumefaciens 

GV3101 were used for plant transformation and transient expression in 

Nicotiana benthamiana. A. tumefaciens were transformed by electroporation and 

positive colonies were picked after 48h growth on LB-agarose plates at 30°C in 

stationary incubators. They were then grown overnight at 30°C and 250 rpm in a 

shaker in liquid LB medium. 

3.4 Plant material 

Seedlings of Arabidopsis thaliana were grown at 22°C under a 8:16 h light:dark 

photoperiod at 70 µE/m2/s and 40-65% relative humidity in controlled 

environment (four weeks covered with a lid in a Percival growth chamber, 

followed by two weeks without lid in a Mobylux Grow Bank, CLF Plant-

Climatics, Emersacker). Leaves of 4-6 weeks old A. thaliana sobir1-12 mutant 

plants were used for protoplasts isolation and transformation. 
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To study protein expression and functionality in a different plant background, 4-

5 weeks old Nicotiana benthamiana were used for bioassays as well as for 

interaction studies. They were grown in the greenhouse at 22°C 16:8 h light:dark 

photoperiod. 

3.5 Protoplasts isolation and pFRK1::Luc assay 

Transient expression in mesophyll protoplasts from Arabidopsis thaliana sobir1-

12 mutant leaves was performed as described in (Yoo et al., 2007). Briefly, 

aliquots of 20 000 protoplasts were cotransformed with 5 µg plasmid with the 

reporter construct pFRK1::luciferase and 5 µg plasmid with the receptor 

construct to be tested. Protoplasts were resuspended in W5 solution with 0.2 

mM luciferin. Aliquots were incubated overnight (max 12h) in a 96-well plate 

before treatment with the respective peptides (BSA-NaCl as control, elf18, pep1, 

BL, csp22, CLV3, flg22). Luciferase activity was monitored via light emission 

using a luminometer (Mithras LB 940). 

3.6 Agrobacterium-mediated transformation of Nicotiana benthamiana 

Nicotiana benthamiana is commonly used for transient expression assays (e.g. 

Albert et al., 2015). Transformation was mediated by Agrobacterium 

tumefaciens (strain GV3101) carrying plasmids encoding the gene of interest. 

After overnight incubation of transformed bacteria in LB medium (at 30°C, 250 

rpm), bacteria were collected by centrifugation (4000 g, 8 min) and resuspended 

to an OD of 1 in 10 mM MgCl2 with 150 uM acetosyringone. After incubation at 

room-temperature for 90 min, bacteria were diluted to an OD of 0.4, mixed 1:1 

with A. tumefaciens (C58C1) carrying the P19 suppressor of silencing (Voinnet 

et al., 2003) and pressure-infiltrated in 4-5 week old N. benthamiana leaves. 

Leaves were cut in pieces for bioassays 24h after infiltration, or harvested 36h 

after infiltration and directly frozen in liquid nitrogen for protein expression 

analysis. 
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3.7 Ethylene production 

Leaves of N. benthamiana were cut in small pieces and incubated on water 

overnight (at room temperature). To measure ethylene production, three leaf 

pieces were carefully placed in a 6 ml glass tube with 500 µl H2O. Samples were 

treated with either water (negative control), 90 µg/ml Penicillium sp. extract 

(positive control, Thuerig et al., 2006) or the peptides to be tested. Ethylene 

accumulating in the air space was measured 4h30 after treatment using gas 

chromatography as previously described (Albert et al., 2010c). 

3.8 Oxidative burst 

Analysis of oxidative burst was performed on leaf pieces (see Ethylene 

production, above) of transiently transformed N. benthamiana. Leaf pieces were 

placed in individual wells of a 96-well plate with a 90:10 µl H2O:mastermix 

solution (1 ml H2O, 20 µl luminol, 3 µl peroxidase). After a 5-10 min pre-run to 

test for the background of ROS production, leaf pieces were induced with either 

the peptide to be tested, BSA/NaCl (neg. control) or flg22 100 nM (positive 

control) as previously described (Albert et al., 2010). 

3.9 Molecular biology 

3.9.1 PCRs, electrophoresis and DNA sequencing 

Primers were designed with CLC Workbench 7, with an optimal length of 20-22 

nt, ideally with 60% GC content and a melting temperature between 55-63°C. 

The forward primers had an additional “CACC” overhang for directional 

pENTR TOPO cloning. Chimeric receptors were created by binding two 

separate PCR products with overlapping ends as previously described (Albert et 

al., 2010c; Mueller et al., 2012a). Truncated constructs were generated using 

reverse primers at the desired target (no stop codon). Chimeric receptors were 

built with normal external primers and overlapping chimeric internal primers, 

which had half of each sequence and were 40-50 nt long (Annex Table 1, see 
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also Digital Table 1 for the full sequences of all constructs). All primers were 

ordered from Sigma-Aldrich. 

Gel electrophoresis were all performed with 1% agarose-TAE gels and band 

purification was done with the GeneJET Gel Extraction kit from ThermoFisher 

Scientific. DNA sequencing was performed by GATC Biotech (Konstanz). 

3.9.3 Vectors 

After using pENTR/TEV/D-TOPO or pENTR/D-TOPO as entry vectors 

(pENTR directional TOPO kits, Invitrogen), constructs were exported to EcoRI-

digested pK7FWG2 expression vectors (Spectinomycin resistance in bacteria), 

containing the cauliflower mosaic virus 35S overexpressing promoter and a C-

terminal GFP tag. Alternatively, pGWB14 was used for HA-tagged constructs 

and pGWB17 for Myc-tagged constructs (both vectors have Hygromycin and 

Kanamycin resistances in bacteria). 

3.10 Protein biochemistry 

Protein separation from crude extract or immune-enriched fractions was 

achieved with 8% SDS-PAGE gels, unless indicated otherwise. Western blotting 

to nitrocellulose membrane (GE Healthcare) was performed using semi-dry 

western blotting technology from BioRad. Immunoprecipitation (IP) and co-IP 

was based on magnetic GFP-Trap_MA beads (unless indicated otherwise) from 

Chromotek, and performed as described in Jehle et al., (2013). Crude extract 

blotting used 30 mg of grinded leaf material resuspended in 2 volumes [w/v] of 

loading buffer mixed with β-mercaptoethanol. The following antibodies were 

used: anti-GFP produced in rabbit (Torrey Pines Biolabs Inc.), anti-Myc 

produced in rabbit (Sigma-Aldrich) and anti-HA produced in mouse (Sigma-

Aldrich). 
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3.11 Binding assay 

To assess whether CLV2 and RPK2 bind to CLV3, we ordered CLV3-

acridinium labeled peptide to the Interfaculty Institute of Biochemistry (IFIB), 

Tuebingen University. The Kalbacher group could synthesize and purify a 

CLV3-acridinium peptide with a molecular weight of 2149.605 Da (Annex Fig. 

1). Normal CLV3 peptide has a molecular weight of 1482.561 Da, as measured 

per HPLC (Annex Fig. 1). Plants were agro-transformed as described above to 

express CLV1-GFP, CLV1Δkinase-GFP, CLV2-GFP or CLV2-GFP with CRN-

myc. After 48h hours, plant material was shock-freezed with liquid nitrogen and 

ground to a fine powder. The binding assay was performed as described in 

Wildhagen et al., (2015). Light emission was measured with a single-tube 

luminometer (Sirius Luminometer, Berthold Detection Systems Gmbh, 

Profzheim, Germany). Specific binding was calculated as integrated light 

emission over a 30 seconds period after contact with the H2O2 (induction of 

luminescence). 

3.12 Microscopy 

An Eclipse 80i microscope (Nikon, Düsseldorf) was used for bright field and 

fluorescence microscopy. 

3.13 Bioinformatics 

3.13.1 Wet lab related 

DNA and protein sequences for chimera designs and ordering of primers were 

obtained from NCBI, TAIR (arabidopsis.org) and/or UniProt. 

Structural data were obtained from PDB, protein modelisation was done using 

the Phyre2 and Swiss-model platforms. Protein visualization was performed in 

DeepView and Cn3. PolyPhobius and TMHMM were used to predict signal 

peptides and transmembrane domains. 
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The figures and results shown are representative of at least three independent 

repetitions. All statistical analyses were conducted on R (v. 3.2.2) using a 

significance threshold of P = 0.05. 

3.13.2 LRR receptor evolution 

To study the evolution of LRR receptors, we first had to establish a suitable 

dataset. For that, AtEFR (UniProt ID: C0LGT6) was BLASTed against all plant 

reference proteomes available on UniProt (www.uniprot.org). A CLANS map 

was generated using the best 1000 hits from every proteome. The 1000 hits per 

proteome mark was chosen to keep the following computing steps to a 

reasonable time. A pairwise comparison was launched using the global 

alignment STRETCHER from EMBOSS to generate the CLANS map. Length-

adjusted scores were then used as cutoff in the CLANS map, as p-values were 

giving a suboptimal discriminating power within our dataset. For instance, when 

running a BLASTp search on NCBI for AtEFR against all Viridiplantae 

(taxonomy ID: 33090, max target output: 5000), the typical results would show 

over 2500 results having an E-value of 0.0, while their Max scores vary from 

2099 to 546, giving a long range of differences which are not reflected in E-

values. Nota bene, the analysis was performed on available sequences, which in 

some cases may contain sequencing errors or sequences that might have been 

mislabelled. The CLANS map ran at different cutoff values to identify the 

optimal cutoff: enough to separate clusters that they can be individually 

identified, but not so much that it becomes tedious work to decipher the map. 

For the rest of the analysis, the length-adjusted HSP score cutoff of 2.0 was 

chosen as indicative of cluster evolution. After manually annotating the map by 

accessing UniProt Reference Proteome annotations and checking back on the 

NR database for annotations not present in the Reference Proteomes, sequences 

of the main clusters were extracted on separate FASTA files and the 

phylogenetic tree of each cluster was established. Sequences from each cluster 
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were aligned using Clustal Omega (v. 1.2.1) and alignments were refined using 

MUSCLE (v. 3.8.31). TMD were identified with PolyPhobius 

(phobius.sbc.su.se/poly.html). An overview of the workflow is depicted in Fig. 

3.1. 

 

Figure 3.1 - Workflow for the analysis of LRR-protein evolution 

We ran a BLASTp of AtEFR against all available Plant Reference Proteomes from UniProt 

and ran a CLANS on the 1000 best resulting hits to identify plant-specific LRR consensus 

within each proteome. Then we compiled the sequences from all proteomes and made 

pairwise-comparison and corrected the score according the length of the proteins. Using the 

scores from the pairwise-comparison matrix, we ran a CLANS on the full dataset and 

annotated manually cluster of interest to extract and align their sequences. 
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Table 3.1 - List of bioinformatic tools and their corresponding websites 

Name of the tool Website 

BLAST blast.ncbi.nlm.nih.gov/Blast.cgi  

TAIR  www.arabidopsis.org 

UniProt www.uniprot.org 

PDB www.rcsb.org/pdb/home/home.do  

PolyPhobius phobius.sbc.su.se/poly.html  

DeepView spdbv.vital-it.ch 

Phyre2 sbg.bio.ic.ac.uk/phyre2/  

TMHMM cbs.dtu.dk/services/TMHMM/  

R-stats www.r-project.org 

CLANS ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/  

STRETCHER www.ebi.ac.uk/Tools/psa/emboss_stretcher/  

Clustal Omega www.clustal.org/omega/ 

MUSCLE www.drive5.com/muscle/ 

 

3.13.3 Analysis of TMD momentum and conservation 

The Shannon entropy was calculated on the alignment of canonical TMDs for 

selected cluster to analyze their conservation moment, meaning if a position is 

highly conserved, it will have a lower entropy (Shannon, 1948). Entropies were 

then fitted to the best helix model, as based on heptads or optimized for 

conservation momentum (Lupas and Bassler, 2017). This allowed us to identify 

the probable interaction surfaces of TMDs in different clusters and to emit 

hypothesis on how two α-helixes may be expected to interact. 

  

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.arabidopsis.org/
http://www.uniprot.org/
http://www.rcsb.org/pdb/home/home.do
http://phobius.sbc.su.se/poly.html
http://spdbv.vital-it.ch/
http://www.sbg.bio.ic.ac.uk/phyre2/
http://www.cbs.dtu.dk/services/TMHMM/
https://www.r-project.org/
ftp://ftp.tuebingen.mpg.de/pub/protevo/CLANS/
http://www.ebi.ac.uk/Tools/psa/emboss_stretcher/
http://www.clustal.org/omega/
http://www.drive5.com/muscle/
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4. Results 

4.1 Evolution of LRR-PRRs and approach to a better understanding of the 

SERK family 

The LRR structure with the tandemly arranged repeats forming stacks adopting 

the form of solenoids evolved independently at multiple occasion in all domains 

of life (Kobe and Kajava, 2001). The LRR structures can be classified in at least 

seven subfamilies (Kobe and Kajava, 2001; Kajava et al., 2008), yet stacking 

from different LRR subfamilies is never occurring within one LRR protein 

(Kajava, 1998). Even though several LRR subfamilies are present in plants, the 

typical plant LRR structure is based on a 24 amino-acids repeat with a 

IPxxLxxLxxLxxLxLxxNxL(T/S)Gx consensus, where x can be any residue 

(Kobe and Kajava, 2001; Mueller et al., 2012a). The most notable part of the 

plant-specific LRR is the NxxxG motif which is virtually 100% conserved (G. 

Felix, personal communication). To better understand the evolution of plant-

specific LRR proteins and to facilitate the identification of important receptors, 

we used bioinformatics to scout for LRR-containing proteins. We performed a 

BLASTp against each of the 69 Plant Reference Proteomes available on UniProt 

to identify proteins similar to the LRR-RLK EFR from A. thaliana. We could 

identify significant CLANS cluster formation (cluster with more than 4 

sequences) in 51 species, including 2 subspecies of Oryza sativa (Fig. 4.1)1. The 

central cluster of each proteome at a p-value cutoff of 1E-200 was retrieved (it 

contained all sequences phyologenetically related to LRR receptors). In Figure 

4.2, an example of a CLANS map is shown for the A. thaliana proteome. The 

final dataset contained 24’234 protein sequences, representing all proteins with 

plant-type LRR domain. Notably, only few NB-LRRs could be found in our 

dataset which is expected since they belong to a different LRR subfamily (Kobe 

                                            
1 We had to exclude certain species from the Oryza genus since they presented an amount of gene copies far 

exceeding the 1000 hits upper limit of our selection process. 
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and Kajava, 2001). The only available reference proteome for a member of the 

gymnosperms is the one for Picea glauca, which was not available in an 

assembled proteome on UniProt and could not be included in this analysis. 

Besides angiosperms, we found plant-specific LRR proteins from the Lycophyte 

Selaginella moellendorfii, a non-seed vascular plant, the moss Physcomitrella 

patens, the liverwort Marchantia polymorpha as well as the unicellular algae 

Micromonas commoda and Coccomyxa subellipsoidea. 

 

Figure 4.1 Taxonomic list of used plant reference proteomes from UniProt 

From 69 plant reference proteomes available on UniProt, relevant hits could be found in 51 

species (highlighted in green). The list spans from microcellular green algae up to higher 

plants. The unique gymnosperm proteome available, Picea glauca, was unfortunately not yet 

assembled and could not be used in the present work. 
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Figure 4.2 - CLANS map for the A. thaliana proteome 

The cluster analysis of sequence (CLANS) is based on pairwise similarity scores. Here, the 

proteome of A. thaliana, with EFR as BLAST query, shows a central cluster containing all 

proteins containing plant-specific LRR which will be extracted and compiled with other LRR-

containing clusters from other plant proteomes to create the starting dataset for further 

analyses. On this map, other similar, yet for us irrelevant proteins are found, such as CBLs, 

MAPKs, WAKs and other protein kinases. 
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Figure 4.3 - CLANS map at cutoff 2.4 of 

length-adjusted HSPs 

Based on 24 234 sequences from 51 plant 

UniProt Reference Proteomes. Map shows 

cluster formation after > 160 000 iterations. 
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Performing pairwise comparisons with the complete set of 24'234 LRR-

sequences would give >5*108 combinations. In order to reduce the computing 

time, we established a cut-off at length-adjusted HSPs > 1 to generate the 

CLANS map, where still more than 5 million nodes were calculated. The 

CLANS map resulting from pairwise comparisons was run for about 160'000 

iterations and clusters were named after known proteins within each cluster (Fig. 

4.3).  

Table 4.1 - Summary of the CLANS map analysis 

Presence (+) or absence (-) of plant-specific LRR consensus, LRR-RLK- and LRR-RLP-

architectures, as well as of protein families of interest could be accounted for in major plant 

groups by analysing the CLANS map. Of particular interest are CLV2 and SOBIR1, which 

are absent in monocots. For the full table, see Digital Table 2, as well as Digital Annex for the 

phylogenetic trees and FASTA files of each cluster of more than five sequences.  
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plant-specific LRR + + + + + + + 

LRR-RLK (+) + + + + + + 

LRR-RLP (+) + + + + + + 

        

NIK-SERK - + + + + + + 

CLV1 - + + + + + + 

BIR - - + + + + + 

ERECTA - - + + + + + 

RLP_1 - - + + + + + 

TMM - - + + + + + 

BRI1 - - - - + + + 

SOBIR - - - - + - + 

CLV2 - - - - + - + 

EFR-CORE-Xa21 - - - - + + + 

FLS2 - - - - + + + 

PEPR1 - - - - + + + 
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The first question we addressed was which taxa are present in which cluster. We 

generated phylogenetic trees for each selected cluster (see Digital Annex 1 for 

all figures of the phylogenetic trees for each cluster). We could not identify a 

cluster containing all species, yet some contain all multicellular plants, such as 

the NIK-SERKs, PXC1 and PXC2, or CLV1-PXL1-MIK1. 

Many interesting information can be retrieved. For instance, the apparition of 

the NIK-SERK proteins seems to have preceded the evolution of their BIR 

negative regulators, for the former can be found in all branches more recently 

evolved than unicellular green algae (Table 4.1), while the latter are not present 

in Merchantia polymorpha (Table 4.1). BRI and BRI-likes emerged with 

Angiosperms (Table 4.1); indeed, no trace of a BRI1 or BRI1-like can be found 

in a BLASTp against the non-redundant database restricted to 

Acrogymnospermae (data not shown). 

The presence of SOBIR can be detected in angiosperms but not in grasses 

(Table 4.1), where the protein lost part of the LRR domain and therefore does 

not show up in our dataset (Annex Fig. 2). 

The cluster containing AtCLV2, implicated in shoot meristem maintenance, 

contains orthologs in all higher plants, with the exception of grasses, which 

again form a separate cluster, where it indeed misses 6 LRRs (Annex Fig. 3). 

M. commoda and C. subellipsoidea, the two green algae present in the data set, 

do not seem to have proteins in common to multicellular plant species and thus, 

from this dataset, it is still not possible to know what evolved first: the structure 

or the function. Secondly, we can easily notice that LRR-RLPs evolved 

repeatedly in several species, with certain clusters being highly specific, such as 

the ones containing CuRe1 or ReMAX. Other LRR-RLPs clusters, such as 

RLP_0, contain up to 26 taxa spanning from P. patens up to higher plants, 

suggesting that these proteins did not evolve convergently in each taxum. This 

trivial result is nevertheless remarkable, for the current paradigm in plant 
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science is that LRR-RLPs are byproducts of older, more established LRR-RLKs. 

The function of this particular cluster remains to be characterized but the fact 

that there is only a low number of copies (38 proteins in total, see Digital Table 

2) suggests that the function must be highly conserved and strongly selected for. 

In A. thaliana, AtRLP44 and AtRLP57 are the representative for this cluster. 

While AtRLP44 has been proposed to be involved in the BR signaling pathway 

(Wolf et al., 2014), there is no double mutant line available for relevant 

phenotyping. Both genes have been also suggested as relatives of the OsPDOs, a 

family of rice developmental genes (Fritz-Laylin et al., 2005).  

Other clusters, such as unknown_27 or FLS2, are especially remarkable because 

they highlight two sides of a same coin when working with large amount of 

data. The cluster Unknown_27 contains the newly identified SlFLS3 receptor, 

which recognizes flgII-28, a second epitope from bacterial flagellin (Hind et al., 

2016). This cluster containes further 475 members from 29 taxa. At present, a 

physiological function or a ligand could not be associated to any of these other 

members. We can notice that Brassicaceae species are not present in this cluster, 

which corroborates the experimental evidence showing no PTI output in A. 

thaliana upon treatment with flgII-28 (Cai et al., 2011). On the other hand, the 

FLS2 cluster, containing 52 members from 39 taxa, does not contain certain 

species among the spectrum of proteomes available, for which there is 

experimental evidence of defense responses to flg22, highlighting the problem 

in quality of the UniProt database. For instance, Vitis vinifera is known to have 

at least two copies of FLS2 (U. Fürst, personal communication) yet it fails to 

show up in this cluster. Indeed, when back checking on UniProt Reference 

Proteome database for AtFLS2 orthologs, there is no hits in V. vinifera and thus 

the problem lies in the database and not in our dataset. 

The systemin perception in tomato was thought to be exclusive to Solanaceous 

species and to be a possible additional signaling system to the more widespread 
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PEPs. The identification of a cluster containing both SlSYSRE1 and SlSYSRE2 

allowed us to discover the presence of similar proteins in other Solanaceous as 

well as in several grass species, raising the possibility that the systemin 

perception might be present in non-solanaceous species.  

4.2 Molecular differences between LRR-RLKs and LRR-RLPs: converting a 

RLK into a RLP 

4.2.1 Truncated EFR still undergoes complex formation with BAK1 but is 

not functional and does not recruit SOBIR1 

Our first approach to understand the molecular difference between RLPs and 

RLKs was to truncate the kinase domain of EFR to make it look like a RLP 

(EFRΔkin, Fig. 4.4). Truncation of its kinase domain did not lead to a functional 

 

Figure 4.4 – Constructs used for turning a LRR-RLK into a LRR-RLP 

To turn EFR into a RLP-like, we first truncated the kinase of EFR, resulting EFRΔkin. After 

that, we incorporated the TMD and C-tail of the functional RLP23 into EFRΔkin, to get 

EFRtmRLP23. We made two further constructs based on EFRΔkin containing the TMD of 

RLP23, EFRΔkin-tmRLP23, or the innerjuxtamembrane of RLP23, EFRijmRLP23. We built 

similar constructs using CLV2 or EIX2 parts, and other templates such as BRI1, CORE, 

SYSRE and PEPR1 
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EFR-receptor when tested for oxidative burst (Fig. 4.5) and ethylene production 

(Fig. 4.6) in transformed N. benthamiana. EFRΔkin could also not recruit 

SOBIR1, as shown in a co-immunoprecipitation from transformed N. 

benthamiana material (Fig. 4.7). Interestingly, EFRΔkin could still recruit 

BAK1 in a ligand-dependent manner thus strongly suggesting that the signal 

transduction and initiation of the signaling cascade works like a “zipper”. 

Additional kinase truncation of various receptors, such as PEPR1, BRI1 or 

CORE were tested with similar output (Fig. 4.8).  

 

Figure 4.5 – Oxidative burst in transformed N. benthamiana 

The immunity suppressor P19 was co-infiltrated in all transformations. Treatments were flg22 

100 nM (blue, positive control), BSA (red, negative control) or elf18 100 nM. Data show 

mean ± SD in luminol-dependent light emission (RLU, relative light units) of at least 4 

replicates. 
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Figure 4.6 – Ethylene induction in transformed N. benthamiana 

Ethylene induction in transformed leaf pieces treated for 3 h in the presence of 100 nM elf18 

(grey), 4.5 µg Penicillium extract (orange, positive control) or water (blue, negative control). 

Values show mean ± SD in pmol ethylene per ml of air of 3 replicates. 

 

4.2.2 EFRΔkin containing TMD and C-tail from RLP23 is functional and 

recruits SOBIR1 

To investigate which domains are important for functionality as a RLP-like, we 

inserted in EFRΔkin the TMD and C-tail from AtRLP23, resulting in 

EFRtmRLP23 (see Fig. 4.4). EFRtmRLP23 proved to be functional in oxidative 

burst (Fig. 4.5) and ethylene production (Fig. 4.6). Consequently, EFRtmRLP23 

could also recruit SOBIR1 as shown in a coIP experiment (Fig. 4.7). 

Additionally, we built and tested EFRtmEIX2, a similar construct based on 

SlEIX2 as RLP template, and obtained similar results (Fig. 4.9-4.11). 
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Figure 4.7 Co-immunprecipitation assay reveals interaction with SOBIR1 for constructs 

containing the TMD of RLP23 

GFP-tagged receptors, SOBIR1-HA and BAK1-myc were expressed in N. benthamiana 

leaves for 72 h, were purified and tested for complex formation upon ligand-perception. 

Peptide were infiltrated at 1 µM for 3 min prior to harvest. 
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Figure 4.8 Oxidative burst in transformed N. benthamiana 

The immunity suppressor P19 was co-infiltrated in all transformations. Treatments were flg22 

100 nM (blue, positive control), BSA (yellow, negative control), pep1 100 nM (light blue), 

BL 1 uM (red), csp22 (green) or systemin 100 nM (pink). Data show mean ± SD in luminol-

dependent light emission (RLU, relative light units) of at least 4 replicates. 
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Figure 4.9 Oxidative burst in transformed N. benthamiana 

The immunity suppressor P19 was co-infiltrated in all transformations. Treatments were flg22 

100 nM (blue, positive control), BSA (red, negative control) or elf18 100 nM. Data show 

mean ± SD in luminol-dependent light emission (RLU, relative light units) of at least 4 

replicates. Data for EFR, EFRΔkin and P19 are reused from Fig. 4.5. 

 

Figure 4.10 Ethylene induction in transformed N. benthamiana 

Ethylene induction in transformed leaf pieces treated for 3 h in the presence of 100 nM elf18 

(grey), 4.5 µg Penicillium extract (orange, positive control) or water (blue, negative control). 

Values show mean ± SD in pmol ethylene per ml of air of 3 replicates. Data for EFR, 

EFRΔkin and P19 are reused from Fig. 4.6. 
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Figure 4.11 Co-immunprecipitation assay reveals interaction with SOBIR1 for 

constructs containing the TMD of EIX2 

GFP-tagged receptors, SOBIR1-HA and BAK1-myc were expressed in N. benthamiana 

leaves for 72 h, were purified and tested for complex formation upon ligand-perception. 

Xylanase and elf18 were infiltrated at 10mg/ml and 1 µM, respectively, for 3 min prior to 

harvest. 

4.2.3 EFRΔkin containing the TMD alone from RLP23 can recruit 

SOBIR1 and is functional 

Further chimeric constructs were generated from EFRΔkin, replacing 

exclusively the TMD (EFRΔkin-tmRLP23) or the C-tail (EFRijmRLP23) of 

AtRLP23 (see Fig. 4.4). EFRijmRLP23 did not signal the perception of elf18 

(Fig. 4.5, 4.6), similar to EFRΔkin. Accordingly, this construct could not recruit 

SOBIR1 (Fig. 4.7) but was able to recruit BAK1 after ligand perception. This 

suggests that SOBIR1 and BAK1 ectodomains do not directly interact. 

Conversely, EFRΔkin-tmRLP23, containing the TMD of RLP23 but a C-tail 

from truncated EFR kinase, proved to be functional in signaling elf18 perception 

and in recruiting SOBIR1 (Fig. 4.5-4.7). However, the amplitude and the 

kinetics of the responses seemed to be somewhat lower, suggesting that although 
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the TMD is decisive, additional information important for signal propagation is 

encoded in the C-tail of RLPs. Additionally, we built and tested, EFRΔkin-

tmEIX2 and EFRijmEIX2, two similar constructs based on SlEIX2 and obtained 

similar results (Fig. 4.9-11). 

4.2.4 What can we learn from the CLV3 pathway? 

AtRLP10/CLV2 is involved in the shoot apical meristem (SAM) maintenance 

and interact constitutively with the pseudo-kinase CORYN (CRN) through a 

TMD-TMD interaction; they get together in the ER prior to being exported as a 

complex to the plasma membrane (Bleckmann et al., 2010). 

In a similar fashion as others RLPs, AtCLV2 contains an interaction surface 

with a (small)xxx(small) motif with a compensation on the other side of its 

TMD by large hydrophobic residues. 

CLV3 is the ligand being recognized by CLV1 (and potentially by CLV2) and 

does not trigger PTI. Additional chimeric receptors, containing the ectodomain 

of AtEFR and the TMD and C-tail of AtCLV2 (EFRtmCLV2) or only the TMD 

of AtCLV2 and the iJM of a truncated EFR kinase (EFRΔkin-tmCLV2) were 

built and assessed for functionality. EFRtmCLV2 showed a significant oxidative 

burst in N. benthamiana after treatment with elf18 (Fig. 4.12a, b). Accordingly, 

ethylene production in plants expressing this construct was higher than the P19 

negative control (Fig. 4.12c), yet did not reach comparable levels with other 

EFR RLP-like constructs (see above). Additional isolation of CLV2 TMD in the 

EFRΔkin-tmCLV2 construct resulted in detectable amount of ROS production 

but no detectable ethylene production (Fig. 4.12b and 4.12c). 

Because CLV2 is a LRR-RLP whose interaction with both CRN and SOBIR1 

was claimed, it is not clear how these two co-receptors are involved with CLV2 

(Bleckmann et al., 2010; Liebrand et al., 2013; Bi et al., 2015). To re-examine 

this, EFRtmCLV2 and EFRΔkin-tmCLV2 were immunoprecipitated and tested 
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for presence of CRN and / or SOBIR1 (Fig. 4.13). In our hands, these constructs 

could be detected with CRN but not with SOBIR1. 

 

Figure 4.12 – TMD of CLV2 is also functional in EFRΔkin backbone 

(A) Oxidative burst in N. benthamiana. Treatments were flg22 100 nM (blue, positive 

control), BSA (red, negative control), elf18 100 nM (green). Data show mean ± SD in 

luminol-dependent light emission (RLU, relative light units) of at least 4 replicates. (B) Same 

data as in A, but flg22 data were removed to better see what is happening at lower scale. BSA 

(red, negative control) and elf18 100 nM (blue). (C) Ethylene induction in transformed leaf 

pieces treated for 3 h in the presence of 100 nM elf18 (grey), 4.5 µg Penicillium extract 

(orange, positive control) or water (blue, negative control). Values show mean ± SD in pmol 

ethylene per ml of air of 3 replicates. Data for EFR and P19 are reused from Fig. 4.5 and Fig. 

4.6. 
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Furthermore, CLV1 has been shown to directly bind the CLV3 peptide (Ogawa 

et al., 2008; Ohyama et al., 2009). Yet, RPK2 and CLV2 have been suggested as 

additional receptors for CLV3 recognition (Kayes and Clark, 1998; Bleckmann 

et al., 2010; Kinoshita et al., 2010; Zhu et al., 2010; Pan et al., 2016). These 

studies were however always based on loss-of-function in mutant plants. We 

Figure 4.13 – Constructs containing the TMD of CLV2 co-immunprecipitate with 

CRN and not with SOBIR1 

GFP-tagged receptors, SOBIR1-HA and CRN-myc were expressed in N. benthamiana 

leaves for 72 h, were purified and tested for complex formation upon ligand-perception. 

Peptide were infiltrated at 100 nM for 3 min prior to harvest. 
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performed CLV3 binding assay with CLV1 and CLV2 with CRN, using CLV3 

acridinium-labeled peptides with a 1000-folds excess of unlabeled competitors. 

Unfortunately, no binding could be detected for CLV2 in crude extracts (Fig. 

4.14a). To test whether there was something wrong with the acri-CLV3 

peptides, we performed a control experiment with CLV1, as well as with 

SlFLS2 and acri-flg22 as positive control. After immunoenrichment of AtCLV1-

GFP and SlFLS2-GFP, we could detect binding of flg22 but not of CLV3 (Fig. 

4.14b), thus pointing towards a failure in the placement of the acridinium side 

chain into the CLV3 peptides. This observation was subsequently confirmed via 

root-growth assay (P. Schulz & R. Simon, personal communication; see Annex 

Fig. 4). 

 

Figure 4.14 – CLV1 and CLV2 do not bind to acri-CLV3 

No acri-CLV3 binding can be detected in crude extracts containing CLV2 (A), but also in 

immunopurified CLV1 (B). As control, SlFLS2 shows a nice binding to acri-flg22 in the 

absence of unlabelled competitors. 

 

Finally, the CLV3-CLV1 is a remarkable study case, for it is one of the very few 

known LRR-RLKs whose co-receptor has not yet been identified with high 

certainty. CLV1 homodimer as well as heterodimeric complex formation with 

CLV2 have been suggested (Bleckmann et al., 2010), but there is no supported 
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evidence as to the real composition of the CLV1 receptorsome. Here, we tested 

the naive hypothesis that CLV1, as a LRR-RLK, could be interacting with 

SERK3. We additionally wanted to test again whether the LRR-RLP CLV2 

interact with SOBIR1 and/or SERK3. N. benthamiana transformation with GFP 

labeled CLV1, CLV2, EFR and RLP23 (as controls), as well as SOBIR1-HA 

and SERK3-myc, should give us a direct clue as to their potential interaction 

which could be peptide-dependent. As depicted on Figure 4.15, the positive 

controls EFR and RLP23 displayed the previously reported interaction with 

SERK3 on a ligand-dependent manner. Additionally, RLP23 was forming a 

constitutive interaction with SOBIR1. Neither SERK3 nor SOBIR1 could be 

coimmunoprecipitated with CLV1 or CLV2, independent from the presence of 

the (putative) ligand CLV3 (Fig. 4.15). The absence of SOBIR1-CLV2 

interaction observed in Fig. 4.13 is here confirmed. The lack of complex 

formation of SERK3 in this experiment could be a good hint that this protein is 

not a co-receptor for CLV1/CLV2, yet the possibility remains that a third player, 

necessary for correct complex activation or complex exportation to the plasma 

membrane, might not be present in N. benthamiana leaves. Further experiments 

using other SERKs and the NIKs should be conducted to fully discard them 

from the list of potential candidates. 
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4.3 Molecular differences between LRR-RLKs and LRR-RLPs: converting a 

RLP into a RLK 

To identify the molecular characteristics of RLKs and based on the previous 

results, we generated chimeric receptors containing the ectodomain of RLP23 

and either the TMD and kinase of SOBIR1 (RLP23tmkSOBIR1) or the TMD of 

SOBIR1 and the cytoplasmic C-tail of RLP23 (RLP23tmSOBIR1, Fig. 4.16) to 

assess what molecular features are important for RLK-like functionality. As 

Figure 4.15 – Neither CLV1 nor CLV2 interact with BAK1 or SOBIR1 

GFP-tagged receptors, SOBIR1-HA and BAK1-myc were expressed in N. benthamiana 

leaves for 72 h, were purified and tested for complex formation upon ligand-perception. 

Peptide were infiltrated at 1 µM for 3 min prior to harvest. 
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control, we built similar construct based on EIX2 and EFRΔkin. We transiently 

expressed these constructs in N. benthamiana, a RLP23-, EIX2- and EFR-free 

background, and could observe for all constructs a gain of perception to nlp20, 

xylanase and elf18, respectively (Fig. 4.17-19). The constitutive interaction with 

SOBIR1 and the ligand-dependent interaction with BAK1 for 

RLP23tmkSOBIR1 and EFRtmkSOBIR1 was subsequently shown in a co-

immunoprecipitation assay from transformed N. benthamiana material (Fig. 

4.20), thus suggesting a tripartite kinase complex. Finally, to determine whether 

these constructs truly behave like RLKs, we measured the induction of FRK1 in 

protoplasts of A. thaliana sobir1-12 mutants transiently expressing either 

RLP23tmkSOBIR1 or RLP23tmSOBIR1. As depicted in Figure 4.21, 

RLP23tmkSOBIR1, but not RLP23tmSOBIR1, could induce FRK1 expression, 

thus showing that the former does behave like a RLK. 

 

Figure 4.16 Constructs used for turning a LRR-RLP into a LRR-RLK 

To turn RLP23 or EIX2 into a RLK-like, we added the TMD and the kinase of SOBIR1. To 

ensure that the resulting RLP23tmkSOBIR1 and EIX2tmkSOBIR1 behaves like a RLK, we 

built RLP23tmSOBIR1 and EIX2tmSOBIR1 as control. We also built EFRtmkSOBIR and 

EFRΔkin-tmSOBIR1 as controls. 
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Figure 4.17 - RLP23 constructs containing the TMD of SOBIR1 can propagate nlp20 

signaling 

(A) Oxidative burst, treatments were flg22 100 nM (green, positive control), BSA (red, 

negative control) or nlp20 100 nM (blue). Data show mean ± SD in luminol-dependent light 

emission (RLU, relative light units) of at least 4 replicates. (B) Ethylene induction in 

transformed leaf pieces treated for 3 h in the presence of 100 nM nlp20 (grey), 4.5 µg 

Penicillium extract (orange, positive control) or water (blue, negative control). Values show 

mean ± SD in pmol ethylene per ml of air of 3 replicates. Data for P19 are reused from Fig. 

4.5 and 4.6. 
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Figure 4.18 EIX2 constructs containing the TMD of SOBIR1 can propagate xylanase 

signaling 

(A) Oxidative burst, treatments were flg22 100 nM (green, positive control), BSA (red, 

negative control) or xylanase 1 mg/ml (blue). Data show mean ± SD in luminol-dependent 

light emission (RLU, relative light units) of at least 4 replicates. (B) Ethylene induction in 

transformed leaf pieces treated for 3 h in the presence of 1 mg xylanase (grey), 4.5 µg 

Penicillium extract (orange, positive control) or water (blue, negative control). Values show 

mean ± SD in pmol ethylene per ml of air of 3 replicates. Data for P19 are reused from Fig. 

4.5 and 4.6. 
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Figure 4.19 EFR constructs containing the TMD of SOBIR1 can propagate elf18 

signaling 

(A) Oxidative burst, treatments were flg22 100 nM (blue, positive control), BSA (red, 

negative control) or elf18 100 nM (green). Data show mean ± SD in luminol-dependent light 

emission (RLU, relative light units) of at least 4 replicates. (B) Ethylene induction in 

transformed leaf pieces treated for 3 h in the presence of 100 nM elf18 (grey), 4.5 µg 

Penicillium extract (orange, positive control) or water (blue, negative control). Values show 

mean ± SD in pmol ethylene per ml of air of 3 replicates. Data for EFR, EFRΔkin and P19 are 

reused from Fig. 4.5 and 4.6. 
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Figure 4.20 - Coimmunoprecipitation of RLP23tmkSOBIR1 with SOBIR1 and BAK1 

GFP-tagged receptors, SOBIR1-HA and BAK1-myc were expressed in N. benthamiana 

leaves for 72 h, were purified and tested for complex formation upon ligand-perception. 

Peptide were infiltrated at 1 µM for 3 min prior to harvest. 

  

Figure 4.21 – RLP23tmkSOBIR can induce FRK1 in A. thaliana sobir1-12 mutant 

Induction of the reporter gene pFRK1::luc in protoplasts of A. thaliana sobir1-12 mutant 

complemented with RLP23, RLP23tmkSOBIR or RLP23tmSOBIR and treated with BSA 

(red), flg22 (green) or with nlp20 (blue). 
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4.4 Analysis of TMD sequences using Shannon’s entropy 

Based on the above results, we extracted from our CLANS map (see section 

Results 4.1) the sequences of SOBIR1, EFR, RLP23, FLS2 and EIX2 and their 

respective homologs from other plant species and aligned their TMD sequences. 

We then analyzed the variation of the canonical TMD sequences and calculated 

the entropy for each position, using Shannon’s equation (Shannon, 1948). After 

that, we plotted the resulting consensus sequences, with uppercase symbols 

representing the amino acids that are highly conserved and lowercase letters 

representing positions where there is some variation among the canonical 

sequences. We fitted the entropy of each position to a hypothetical α-helix 

momentum. The angle in a straight α-helix is of 3.63 residues per turn, but 

natural variations can present angles of 3.5 (7 residues over 2 complete turns, 

depicted as 7/2), 3.6 (18/5), 3.66 (11/3) or 3.75 (15/4) (Lupas and Bassler, 

2017). We fitted the entropies of our TMD canonical sequences on the best 

helical momentum, as based on the conservation of each position of the TMD. 

As depicted on Fig. 4.22, the TMD sequences of EIXs, RLP23s and SOBIR1s 

contain a highly conserved GxxxG motif, whereas the TMD of EFRs or FLS2s 

do not present such a motif. Moreover, the TMD of LRR-RLPs and SOBIR1 are 

richer in aromatic residues which are located opposite, before or after to the 

GxxxG motif. Such residues are in contrast not present in such proportions in 

the TMDs of LRR-RLKs. 

Furthermore, the GxxxG motif in the TMD of SOBIR1 locates in the first half of 

the sequence, whereas this motif appears in the middle and final sections of the 

TMD from LRR-RLPs, thus suggesting that other residues are playing a role and 

might act as key-hole actors to ensure the specificity of interaction. 
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Figure 4.22 – Entropy analysis of TMD consensus sequences 

The entropy of each position in canonical TMD sequences reveals the conservation 

momentum of the α-helix for LRR-RLKs and LRR-RLPs. (A) EFR and EFR-likes (ELIs, 58 

sequences), (B) EIX2 (10 sequences), (C) FLS2 (43 sequences), (D) RLP23 and homologs 

from Brassicaceae (136 sequences), (E) SOBIR1 (37 sequences). Entropy of 0.0 means high 

conservation (no variation), entropy of 1.0 means low conservation (high variation). Red for 

charged residues (R, K), green for polar residues (N, Q), salmon for proline (P), orange for 

small side chain residues (G, S, T, A), blue for hydrophobic residues (I, L, V) and yellow for 

hydrophobic residues with an aromatic ring (F, Y, W). The best three models for α-helix 

momentum are indicated below the consensus sequence and show entropy fits.  
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5. Discussion 

Signal transduction across the plasma membrane is a highly-studied field of 

research, yet the encoding of specificity is not fully understood. The LRR 

structure is particularly well suited for protein-protein interaction and is present 

in all kingdoms of life (Kobe and Kajava, 2001), even though plant and animal 

LRR receptors evolved convergently (Ausubel, 2005; Fliegmann and Felix, 

2016). There exists several subfamilies of LRR architectures which vary in the 

length of the repeated motifs as well as in the secondary structure in the segment 

binding two LRRs (Kobe and Kajava, 2001). For instance, the LRRs present in 

the LRR subfamily of the Ribonuclease-Inhibitors, initially identified in pigs is 

typically 28-29 residues long and contains a α-helix in the variable region of the 

LRR (Kobe & Kajava, 2001). In plants, the typical LRR sequence for 

extracellular receptors is 24 residues long, with a 

IPxxLxxLxxLxxLxLxxNxL(T/S)Gx consensus, where x can be any residue 

(Kobe and Kajava, 2001; Mueller et al., 2012a). The terminal NxxxG motif is 

thought to be a plant-specific LRR hallmark and can highly facilitate the 

recognition of plant LRR-proteins (G. Felix, personal communication). LRR-

RLKs and -RLPs are part of the wide array of cell surface-located receptors that 

mediates the perception of certain pathogens (among other signals) and that 

require specific co-receptors to initiate the cytoplasmic signaling cascade. The 

evolution of this receptor clade in plants has been reported to various degrees of 

depth, going from single species, to whole vascular plants (Fritz-Laylin et al., 

2005; Mondragon-Palomino and Gaut, 2005; Yue et al., 2012; Liu et al., 2017). 

Certain genetic components have been recently identified in P. patens and S. 

moellendorfii, revealing the presence of  LRR-RLK in early land plants (Liu et 

al., 2017). Yet, computer-based reports failed so far to grasp the dynamics of 

domain swaps that acts on the evolution the LRR-containing proteins. For 

instance, there is no published systematical study on both LRR-RLPs and –
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RLKs. In the present work, we identified 24’324 proteins in 51 UniProt 

reference proteomes. We could identify at least two clusters of LRR-containing 

proteins in the unicellular green algae Micromonas commoda. They do not 

contain signal peptides, TMD nor kinase domain. Their LRR consensus 

sequence is xPAEIG(Q/R)LxxLxxLxLxxNxLTS, highly similar to the pattern 

identified in land plants, yet the green algae LRRs seem to be one amino acid 

shorter than the LRRs of higher plants and the typical NxxxG motif is not 

present in LRRs from green algae. Back-checking for presence of LRR-RLK-

type proteins in the non-redundant database of NCBI for green algae, we could 

identify many similar kinase proteins and LRR-containing proteins, but only few 

combining both (data not shown). This suggests that the LRR-RLK archetype 

was already present at the separation of Chlorophyta and Streptophyta, yet most 

likely without a predominant functionality as RLKs. Furthermore, we could 

find, by back-checking the NCBI databases, the presence of 24 amino acid long 

LRRs with the NxxxG motif in brown algae, thus suggesting that only green 

algae present the anomalies discussed above. 

EMS1, CLV1, FEIs, PXC1 and PXC2, as well as the NIKs and SERKs are LRR 

proteins already present in moss, liverwort and Lycophytes. Apparently, the 

LRR-proteins then further got multiplied and adopted different architectures. 

The very “successful” EFR-type receptors (further referred to as ECX21 family) 

started appearing at the emergence of Spermatophyte. The ECX21 family 

consists of 21 LRRs, a single TMD and a kinase, and is the most represented 

receptor type in higher plants. Yet only three of them, EFR, CORE and Xa21, 

are functionally characterized so far. There are only 5 members of ECX21 in A. 

thaliana, 9 in S. lycopersicum, 71 in O. sativa subsp. indica but 178 in 

Eucalyptus grandis, thus showing the flexibility in further developing the 

repertoire of ECX21. Although EFR, CORE and Xa21 are all involved in 

immunity, the ultimate function of the ECX21 family remains largely unknown. 
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Multiplication of genes involved in PTI is thought to contribute to the fitness of 

plants and to compensate for their sessile lifestyle (Ausubel, 2005). By 

duplicating PTI-involved ECX21 members and with modifications in the 

surface-exposed residues forming the LRR binding pocket, plants might increase 

their chances of detecting mutated or novel PAMPs, e.g. the flagellin from A. 

tumefaciens (Felix et al., 1999), and thus could be a survival strategy in an arms-

race perspective. Further characterization of ECX21 members would be of 

particular interest in future studies to assess whether this hypothesis holds true. 

A very broadly represented type of receptor clusters in the RKF1 cluster. The 

former are present in all flowering species, indeed, we found no evidence of 

RKFs-likes in either S. moellendorfii, P. patens, M. polymorpha or green algae. 

RKF1, RKF2 and RKF3 were shown to be active in pollen grain in A. thaliana 

(Takahashi et al., 1998). Our results present at least 13 other cluster members in 

A. thaliana, while the sister species Brassica napus, B. rapa and B. olearacea all 

have over 40 members of this otherwise uncharacterized protein cluster. 

Amborella trichopoda has 3 proteins which belongs to this cluster. 

The NIK-SERKs are co-receptor in immunity and development and have been 

well characterized in several species. In A. thaliana, the NIKs have been shown 

to be involved in viral immunity, while the SERKs play a central role in 

developmental and immune processes. Yet there are other family members 

whose functions still remain elusive. Of particular interest are AT5G65240 and 

AT5G10290 because they locate evolutionarily between the 5 AtSERKs and the 

3 AtNIKS and are most likely also involved in immunity-related signaling 

pathway. 

From our analysis, we can see that LRR-RLKs likely evolved prior to LRR-

RLPs, or at least that the LRR-RLKs are more conserved than LRR-RLPs. Even 

though we found traces of both receptor-types in green algae, these archaic 

proteins do not relate to any LRR-protein found in higher plants and contain a 
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similar yet slightly off-consensus LRR sequence. These differences are not 

present in brown algae, meaning that the typical plant-specific LRR-RLKs and 

LRR-RLPs already evolved prior to the emergence of green algae. Yet green 

algae somehow evolved a variation of this LRR-subfamily and further studies 

should focus on that variation to understand its selective driving pressure. 

While LRR-RLKs need a SERK-type co-receptor to propagate PAMP 

perception across the membrane, LRR-RLPs additionally need an adaptor kinase 

such as SOBIR1 or CRN to make up their lack of kinase. SOBIR1 was first 

identified as a negative regulator of BIR1, itself a negative regulator of PRRs 

(Gao et al., 2009), but it quickly turned out that SOBIR1 was also involved in 

signaling in a more direct way, since it is forming constitutive interaction with 

many immune-related RLPs (Liebrand et al., 2013). The LRR-RLP CLV2, 

involved in meristem maintenance in the apical cells of the roots (Kayes and 

Clark, 1998; Jeong et al., 1999), needs the CRN adaptor to work correctly 

(Muller et al., 2008; Bleckmann et al., 2010; Zhu et al., 2010). The molecular 

features from SOBIR1 that are important for interaction with LRR-RLPs have 

been previously discussed (Gust and Felix, 2014; Bi et al., 2015). The positively 

charged amino acids of the SOBIR1 outerjuxtamembrane domain are thought to 

facilitate the interaction with negatively charged residues in the 

outerjuxtamembrane domain of RLPs (Gust and Felix, 2014). This is of 

particular interest since the outerjuxtamembrane domain residues of FLS2 or 

EFR are positively charged, similar to SOBIR1, and thus could prevent 

dimerization of non-specific receptor pairs. Moreover, the GxxxG motif 

identified in SOBIR1 TMD was shown to be crucial for successful interaction 

with the tomato RLPs Cf-4, Ve1 and EIX2 (Bi et al., 2015). Interestingly, CLV2 

and CRN also interact through their TMDs (Bleckmann et al., 2010), and also in 

this couple GxxxG-like motifs can be found on both partners. 
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The requirements for RLPs to dimerize with SOBIR1, on the other hand, remain 

unclear. In the present study, we demonstrated that the TMD context is 

sufficient for turning a LRR-RLK in a SOBIR1-dependent LRR-RLP-like. We 

showed that LRR-RLPs are more than simple truncations of LRR-RLKs and 

further narrowed down the region important for recruiting SOBIR1 to the TMD 

only, as opposed to the C-tail only of LRR-RLPs. We also propose that 

enrichment in aromatic residues might have an additional effect in stabilizing 

the constitutive interaction between LRR-RLPs and SOBIR1 because their 

higher hydrophobicity makes up for the slightly unstable flat GxxxG surface 

located on the opposite side of the TMD α-helix. We could also show that the 

TMD of CLV2 is sufficient to recruit CRN to form a complex with chimeric 

receptors at the plasma membrane. In this case, however, CRN worked as an 

immune-related adaptor kinase since the EFRtmCLV2-CRN constellation was 

functional in propagating downstream signaling into the defense pathway, thus 

further supporting our hypothesis. Finally, we performed a reverse experiment 

and turned a LRR-RLP into a functional SOBIR1-independent LRR-RLK by 

fusing SOBIR1 kinase to RLP23, EIX2 and EFRΔkin. 

Our first approach in understanding the molecular differences between LRR-

RLKs and LRR-RLPs consisted in truncating the kinase of LRR-RLKs. We used 

CORE, PEPR1, EFR and BRI1 to see whether ligand perception in the apoplast 

could still induce signaling via oxidative burst and ethylene production in 

transformed N. benthamiana. Although correctly expressed, neither of 

COREΔkin, PEPR1Δkin, EFRΔkin or BRI1Δkin did induce an oxidative burst 

when treated with their respective ligands. Truncation of the EFR kinase still 

allows the ligand-dependent formation of a complex with SERK3 (Fig. 4.7 and 

4.10). This observation fits the idea that the activation of PRRs complexes at the 

plasma membrane works like a zipper, with the ectodomains of the receptor and 

co-receptor establishing contact after ligand perception, then their TMDs are 
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brought in close proximity and finally kinases are close to another and 

phosphoactivation can take place to initiate cytoplasmic signaling events. 

After elf18 perception by EFR but also by EFRΔkin, SERK3 is attracted to the 

complex through its ectodomain and by a stabilized TMD dimer formation. How 

exactly SERK3 is able to sense the activation of the PRRs is not yet fully 

understood, but we can emit two main hypotheses: (i) a structural modification 

of the PRR after ligand perception allows SERK3 to approach the complex 

and/or (ii) the presence of the ligand create a repulsive force for potential 

complex inhibitors. The crystal structure of FLS2 has been solved in 2013 by 

Sun and colleagues and shows nicely the interaction sites between SERK3 (co-

crystalized), FLS2 and flg22 (Sun et al., 2013b). It also shows that SERK3 

directly interacts with the ligand through a loose loop on the N-terminal part of 

the LRR domain. However, it does not show significant conformation changes 

in the presence or absence of the ligand. Similar observations were made for the 

crystal AtPEPR1-AtPep1 (Tang et al., 2015). There is up to date no available 

crystal structure for EFR, but it is thought to behave like FLS2 and PEPR1, and 

thus no structural changes are expected to take place during ligand binding. On 

the other hand, the crystal of the phytosulfokine (PSK) receptor 1 (PSKR1), 

another LRR-RLK, showed that the ligand binds to the island domain of 

PSKR1, thus bringing conformational changes which allow the co-receptors 

SERK1 or SERK2 to approach PSKR1 (Wang et al., 2015). Crystallography has 

the drawback of not showing dynamic reactions and shows only steady states. 

Rapid structural modification of an activated FLS2 or EFR cannot be ruled out 

and could be not caught in crystallographic expriments. On the other hand, the 

presence of certain complex inhibitors like the BIRs prevent the activation of the 

complex without a ligand by interacting directly with unactivated PRRs, such as 

FLS2, via their ectodomains (Huang et al., 2017; Imkampe et al., 2017; Ma et 

al., 2017). The exact mechanism of PRR release from their interaction with the 
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BIRs after ligand perception has not yet been fully explained, but the crystal 

structure of SERK3 and BIR1 ectodomains revealed that the C-terminal part 

FLS2 that interacts with SERK3 overlaps with BIR1 (Ma et al., 2017), thus 

suggesting indeed a slight structural modification of FLS2 after flg22-binding 

that should enable FLS2 to outcompete BIR1 in the interaction with SERK3. In 

the presence of a native EFR and after elf18 perception, SERK3 and EFR 

kinases are transphosphorylating and this initiates cytoplasmic signaling 

cascades leading to immune responses (Lu et al., 2010; Roux et al., 2011; 

Macho et al., 2014). In the case of EFRΔkin and to a broader extent of the other 

tested PRRΔkin, however, the phosphoactivation and thus immune responses 

cannot take place. The absence of a kinase in EFRΔkin does not prevent 

complex formation with SERK3 after elf18 perception and thus suggests that the 

interaction with negative regulators also takes place in the apoplasme, which 

was subsequently confirmed in Y2H assay (S. Schulz, personal communication) 

and through crystal structures (Ma et al., 2017). Accordingly, SOBIR1 could not 

be detected in immunoprecipitated EFRΔkin. 

Our main approach to better understand the molecular requirements of a 

functional LRR-RLP, was to introduce parts of a functional RLP into the non-

signaling truncated kinase PRR templates. We worked in parallel with EIX2 and 

RLP23, since RLP23 contains a GxxxG motif in its transmembrane, whereas 

EIX2 does not, yet both of these RLPs were shown to be SOBIR1-dependent 

(Albert et al., 2015; Bi et al., 2015). We first fused the ectodomain of EFR with 

the TMD and the cytoplasmic C-tail of RLP23 or EIX2. Both EFRtmRLP23 and 

EFRtmEIX2 were functional as receptors for their respective ligands in 

oxidative burst and ethylene responses. The same was observed for 

BRI1tmRLP23, SYSREtmRLP23, PEPR1tmRLP23 and COREtmEIX2. 

Immunoprecipitation of EFRtmRLP23 and EFRtmEIX2 revealed that both 

constructs were constitutively co-precipitating SOBIR1 and, in a ligand-
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dependent manner, SERK3. Thus, incorporating the TMD and the C-tail of a 

functional RLP was sufficient to convert these RLKs into SOBIR1-interacting 

RLP-type of receptors. The case of BRI1tmRLP23 is of particular interest since 

it represents a text book example of reprogramming based on a chimeric 

approach. Treatment with BL does not trigger any immune responses in plants 

expressing BRI1 or BRIΔkin, but fusing an immune-related cytoplasmic part to 

its ectodomain makes BL treatment induce immune responses. This resembles 

the approach by He et al. (2000) with swapping Xa21 and BRI1 kinases that led 

to immune responses on the BRI1kXa21 construct after BL treatment. This 

procedure turned a developmental RLK into an immunity RLK, while we turned 

a developmental RLK to an immunity RLP. 

To further narrow-down the critical domain for RLP functionality, we fused the 

ectodomain of EFR, the TMD of RLP23 or EIX2 and a truncated EFR kinase. 

EFRΔkin-tmRLP23 and EFRΔkin-tmEIX2 were both functional in oxidative 

burst and induction of ethylene responses. Consequently they interacted 

constitutively with SOBIR1 and in a ligand-dependent manner with SERK3, 

similar to EFRtmRLP23, EFRtmEIX2, native RLP23 and EIX2. On the other 

hand, the fusion of EFR ectodomain and TMD to the cytoplasmic C-tail of either 

RLP23 or EIX2 did not result in functionally competent receptors. Indeed, 

EFRijmRLP23 and EFRijmEIX2 were correctly expressed but no oxidative 

burst, induction of ethylene responses or interaction with SOBIR1 could be 

observed. Similar observation were made with COREijmEIX2 and 

PEPR1ijmRLP23. This suggests that the C-tail of RLPs is not responsible for 

the interaction with SOBIR1. In EFRΔkin-tmRLP23 and EFRΔkin-tmEIX2, the 

amplitude and speed of responses were somewhat reduced as compared to 

EFRtmRLP23 and EFRtmEIX2, in which the C-tails of RLPs are present. There 

must therefore be further information encoded in the cytoplasmic tail of the 

RLPs, which are typically no longer than ~30 residues. The exact function of 
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these are currently poorly understood, but Fradin et al. (2014) reported on the 

interaction of both Ve1 and Ve2 C-tails with SOBIR1. On the other hand, 

deletion of the C-tail of RLP23 was shown not to impact its interaction with 

SOBIR1 nor the functionality of the system (I. Albert, personal communication). 

Our results suggest that the C-tail of RLPs is not necessary for functionality, yet 

they allow a better signaling. The exact role of these tails remains yet to be 

studied. 

SOBIR1 seems to require the complete GxxxGxxxG motif in the TMD, the 

inner as well as the outer juxtamembrane (iJM and oJM respectively) and a 

signal peptide as minimal construct to be able to dimerize with LRR-RLPs (Bi et 

al., 2015). The negatively charged residues present in the oJM of RLPs are 

thought to help mediating the interaction with SOBIR1, through an interaction 

with its positively charged oJM residues (Gust and Felix, 2014). In the present 

thesis, however, the functional chimeric RLPs generated from intact EFR 

ectodomains (including oJM), having similar oJM charges as SOBIR1, tend to 

reject that hypothesis. On the other hand, we observed only a weak interaction 

of EFRtmkSOBIR1 with SOBIR1 in coimmunoprecipitation assay (Fig. 4.20). 

This suggests that similar charges in the oJM are indeed suboptimal and tend to 

prevent unwanted interaction between LRR-RLKs and SOBIR1, but that TMD-

mediated interaction can override this security mechanism. 

By studying separately the TMD and C-tail from RLP23, we were able to 

discriminate which of these subdomains is able to provide a platform for 

dimerization with SOBIR1. The TMD from EFR was not able to mediate 

SOBIR1 recruitment, while this recruitment was achieved when replaced by the 

TMD of either RLP23 or EIX2. Furthermore, it seems that there is additional 

information encoded in the C-tail of native RLPs which are able to give high and 

long-lasting responses. In the constructs we generated the responses were 

comparable with full length native RLKs when both the TMD and the C-tail 
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were present in the chimeras, but were somewhat lower when only the TMD 

was inserted. Previous trials trying to turn AtBRI1 in a PTI-involved PRR were 

successfully achieved when its kinase was swapped with the kinase domain of 

either AtEFR (M. Albert, personal communication) or OsXa21 (He et al., 2000). 

Yet the BRI1-EFR chimera was shown to have a quite high background when 

expressed transiently in N. benthamiana (M. Albert, personal communication), 

most likely due to the presence of naturally produced BL. 

The interactions between TMDs is thought not to follow a sequence-to-motif 

paradigm (Cymer et al., 2012; Fink et al., 2012; Li et al., 2012). The GxxxG 

motif has been shown to be important in some TMD heterodimer complexes but 

has also been identified in the non-interacting surface of the TM helix. In the 

case of the SOBIR1-RLPs interactions, it seems that the GxxxGxxxG motif is 

important for SOBIR1 (Bi et al., 2015) whereas this motif knows some 

variations in RLPs, e.g. in SlEIX2, SlCure or AtReMAX. When comparing the 

transmembrane residues of RLPs and RLKs beyond the presence of the glycine 

motif, it becomes clear that hydrophobic residues containing an aromatic rings 

(Trp, Tyr and Phe) are more frequently present in RLPs than in RLKs (Fig. 

4.22). The strongly hydrophobic aromatic side chains are known to be important 

for stabilizing the TMDs and this might be crucial when one side of the TMD 

helix is flat or less hydrophobic (A. Lupas, personal communication). 

Unterreitmeier et al. (2007) could show, for instance, that the presence of a Phe 

residue before a GxxxG motif could help stabilizing the helix and increase the 

self-interaction of TMD proteins in bacteria. In our TMD analysis, we observe 

that the hydrophobic residues with aromatic ring tend to locate on the opposite 

of the GxxxG motif and we propose that they counterbalance the disturbance in 

hydrophobicity due to the presence of several small residues on the one side. We 

also observed that the GxxxG motif in SOBIR1 is located slightly upstream of 

the GxxxG motif in LRR-RLPs, thus suggesting that other residues might well 
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play a role in the interaction specificity by acting as knob-into-holes actors 

(Lupas and Bassler, 2017). 

Interestingly, chimeric constructs consisting of the ectodomain of EFR and the 

TMD of CLV2 were functional in oxidative burst and induction of ethylene 

responses and provided enough information to recruit CRN, the co-receptor of 

native CLV2. Previous studies presented evidence that SOBIR1 might be 

interacting with CLV2 (Liebrand et al., 2013; Bi et al., 2015), yet the exact role 

of such an interaction remained elusive. In the present study, we could find CRN 

but not SOBIR1 when immunoprecipitating CLV2. The presence of CRN in 

complex with EFRtmCLV2 and EFRΔkin-tmCLV2 strengthens our hypothesis 

that TMD sequence alone can dictate the preference in choice of co-receptor. It 

appears that constitutive interactions are mediated through highly specific TMD-

TMD interactions and that these are only achieved when not only the GxxxG 

motif is located at the correct position in the lipid bilayer, but also that adjacent, 

more voluminous residues must be able to fit together to allow both TMDs to be 

brought in close proximity. Moreover, the complementary constructs based on 

CLV2 ectodomain coupled to the TMD and C-tail of RLP23 or EIX2 were not 

conclusive in initiating immune responses (data not shown). This could be due 

to the fact that CLV3 might not be the correct ligand for CLV2, as demonstrated 

in binding assays. The acri-labeled CLV3 peptide was added to crude extract of 

plant material expressing CLV2-GFP and CRN, but we could not detect a 

reduced light emission in the presence of 1000-fold excess unlabeled CLV3 

competitors. As control, we immunoenriched CLV1-GFP and performed the 

same experiment but could not detect acri-CLV3 binding in the absence of 

competitors, thus suggesting that the acridinium moiety somehow reduce the 

affinity of CLV3 for the receptor. This was further demonstrated in root-growth 

assay in A. thaliana seedlings (Annex Fig. 4). Further assays should definitely 

focus on solving the CLV2-CLV3 issue, as well as alternative approaches such 
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as the use of chimeric receptors to better understand the CLE-perception system 

in plants. 

We tested the simple hypothesis of co-receptor choice as dictated by TMD 

context by endorsing the idea that the bi-molecular RLKs formed by the RLP-

SOBIR1 pair might be fused to form a functional RLK. We fused the TMD and 

kinase of SOBIR1 to RLP23, EIX2 and EFR to see whether the addition of a 

kinase domain to a RLP could convert the latter in a LRR-RLK. 

RLP23tmkSOBIR1, EIX2tmkSOBIR1, and EFRtmkSOBIR1 proved to be 

functional in oxidative burst and induction of ethylene responses, but we could 

not determine whether these constructs were indeed working as RLK-like or still 

as RLPs. We generated further constructs on RLP23, EIX2 and EFRΔkin 

templates, where we incorporated only the TMD of SOBIR1. RLP23tmSOBIR1, 

EIX2tmSOBIR1 and EFRΔkin-tmSOBIR1 were also all functional in oxidative 

burst and induction of ethylene responses. This suggest that the TMD of 

SOBIR1 can replace the TMD of RLPs and still allow signaling to take place. 

These combined results do not directly allow us to discriminate for SOBIR1-

independent functionality, but allow us to observe that SOBIR1 TMD can 

dimerize, since RLP23tmkSOBIR1 and EFRtmkSOBIR1 are functional and 

interact constitutively with SOBIR1 as shown through co-immunoprecipitation 

(Fig. 4.20). The formation of such a tripartite kinase complex, composed from 

RLP23/EFRtmkSOBIR1, SOBIR1 and BAK1 kinases after ligand-perception, 

was never documented in plant immunity and originates certainly from the 

chimeric approach. Yet, the fact that SOBIR1 is present in the complex suggests 

that it does not occupy the same side for interaction as BAK1 since it does not 

obstruct signal transduction and should thus be located behind the receptor. 

Follow-up experiments should focus on this very interesting observation to 

understand the role of the SOBIR1 ectodomain: is it interacting with the ligand? 

Is it really doing something important in PAMP-signaling? 
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Further assays in protoplasts of A. thaliana sobir1-12 mutant transformed with 

either RLP23tmkSOBIR1 or RLP23tmSOBIR1 showed that RLP23tmkSOBIR1 

behaves like a LRR-RLK since a clear induction of the pFRK1::luc reporter was 

observed after nlp20 treatment. This demonstrates that LRR-RLPs and SOBIR1 

indeed are a bi-molecular equivalent to LRR-RLKs. Despite the fact that 

RLP23tmkSOBIR can also interact with SOBIR1, it seems that the presence of 

three kinase domains in the signaling complex did not affect signaling. Finally, 

we could also show that SOBIR1 kinase can replace the kinase of EFR in 

immunity signaling, as demonstrated with EFRtmkSOBIR1. 

The core results of our findings can be summarized as depicted in Fig. 5.1. We 

propose (i) that the TMD dictates which co-receptor can be recruited, (ii) that 

RLPs are more complex than kinase truncated RLKs, but (iii) that RLKs can be 

formed from addition of a kinase on a RLP (Fig. 5.1). Finally, we hypothesize 

that the ligand-dependent interaction of the PRRs with SERK-type co-receptors 

are independent of the constitutively interacting SOBIR1 involved with LRR-

RLPs. This suggests that SOBIR1 might be located on the other side of the 

PRRs and do not interact directly with the ligand (Fig. 5.1). The typical 

difference in speed of responses observed between RLKs and RLPs most likely 

lay in the limiting amount of SERKs at the cell surface. FLS2 and BRI1 were 

shown to be present at the plasma membrane in separated nanoclusters and that 

different pools of SERK3 were present in these nanoclusters (Bücherl et al., 

2017; Hutten et al., 2017). Since RLPs involved in immunity evolved in several 

taxa repeatedly, it seems only logical that they are specific to a certain class of 

pathogens which create selective pressure on a given species, whereas “general” 

immune RLKs such as FLS2 are of higher interest since they can detect a 

broader spectrum of pathogens. This functional distinction reminds the 

separation of innate and acquired immunities of animals and may well be a new 

way of looking at plant immunity. 
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Figure 5.1 – Model for the interaction of LRR-RLPs with SOBIR1 

(A) There is a constitutive interaction with the kinase adaptor SOBIR1 for PRR that contain 

the TMD of an LRR-RLP involved in immunity or of SOBIR1. The adaptor kinase CRN 

interacts with PRR that have the TMD of CLV2. (B) After ligand perception, SERK3 joins 

the activated PRRs from immunity but not CLV1 nor CLV2. (C) Because RLP23tmkSOBIR1 

interacts with SOBIR1 constitutively but because it does not require it to signal in A. thaliana 

sobir1-12 mutant plants, we propose that the glycine residues (red circles) present in the 

GxxxG motifs of LRR-RLPs are facing the rear face of where the binding take place, so as to 

not disturb the ligand-dependent interaction with SERK3. 

 

  



6. Conclusion 
___________________________________________________________________ 
 

76 
 

6. Conclusion 

In the present work, we dissected the molecular basis for difference between 

LRR-RLKs and LRR-RLPs. Besides the obvious presence/absence of a kinase, 

the sequence context of the TMD allows specific constitutively-interacting co-

receptor to approach LRR-RLPs to form functional signaling platforms. The 

presence of a GxxxG motif as hydrophobically weaker, more open interaction 

surface has to be counter-balanced by large hydrophobic residues that should 

anchor and stabilize the receptor in the membrane. Further studies should focus 

on the regulatory mechanisms that prevent SOBIR1 from homodimerizing, 

given that its TMD presents a flat surface large enough to interact with a broad 

spectrum of RLPs and constructs containing another SOBIR1 TMD. 

In conclusion, we propose that the LRR-RLK archetype was already present in a 

rustic form in unicellular green algae and that LRR-RLPs evolved later in 

several species. The partial loss of SOBIR1 LRRs in grasses lead this family to 

evolve other work-arounds, such as the accelerated development of ECX21 

receptors. LRR-RLPs are species-specific whereas LRR-RLKs are older and 

more broadly distributed. LRR-RLPs must have been selected to respond to 

specific pathogens, explaining in the same time their slower responses as 

compared to LRR-RLKs. They act as a supplementary level of defenses and 

might reflect the adaptive immunity of animals on an evolutionary scale. 
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flgII-28  peptide of bacterial flagellin with the amino acid sequence 

ESTNILQRMRELAVQSRNDSNSATDREA 

FLS2 Flagellin-sensitive 2 

FLS3 Flagellin-sensitive 3 

FRK1 FLG22‐induced receptor-like kinase 1 

fw forward 

G gylcine 

g gram 

g gravitational acceleration 

GFP green fluorescent protein 

h hour 

H+ hydrogen ion 

HR hypersensitive response 

I isoleucine 

ijm innerjuxtamembrane 

IP immunoprecipitation 

JA jasmonic acid 

K+ potassium ion 

kDa kilodalton 

l liter 

L leucine 

LB lysogeny broth 

Ler-0 Landsberg-0, an A. thaliana accession 

LRR leucine-rich repeat 

Luc luciferase 

LysM lysine motif 

m milli 
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M molar 

MAPK mitogen‐activated protein kinase 

min minute 

mRNA RNA messenger 

n nano 

N asparagine 

Na2+ sodium ion 

NADPH nicotinamide adenine dinucleotide phosphate 

Nb Nicotiana benthamiana 

NB-LRR nucleotide binding-leucine rich repeat 

NCBI  National Center for Biotechnology Information 

NIK NSP-interacting receptor kinase 

nlp20 peptide of the necrosis and ethylene-inducing peptide 1-like 

proteins, with sequence AIMYSWYFPLDSPVTGLGHR 

nt nucleotide 

ojm outerjuxtamembrane 

Os Oryza sativa 

ox. burst oxidative burst 

P proline 

PAMP pathogen-associated molecular pattern 

PCR polymerase chain reaction 

PDB protein data base 

Pen Extract of Penicillium chrysogenum 

PEPR1 Pep1 receptor 1 

PM plasma membrane 

PRR pattern recognition receptor 

PTI PAMP-triggered immunity 

R arginine 

rev reverse 

R-gene resistance gene 

RLCK receptor-like cytoplasmic kinase 

RLK receptor-like kinase 

RLP receptor-like protein 

RLU relative light units 

RNA ribonucleic acid 

ROS reactive oxygen species 

rpm rotation per minute 

s second 

S serine 

SA salicylic acid 

SAM shoot apical meristem 

SAR systemic acquired resistance 

SERK1 Somatic embryogenesis receptor kinase 1 
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SERK2 Somatic embryogenesis receptor kinase 2 

SERK3 Somatic embryogenesis receptor kinase 3, also known as BAK1 

SERK4 Somatic embryogenesis receptor kinase 4, also known as BKK1 

SERK5 Somatic embryogenesis receptor kinase 5 

S-gene susceptibility gene 

Sl Solanum lycopersicum 

SOBIR1 Suppressor of bir1 

ssRNA single-stranded RNA 

SYSRE systemin receptor 

T threonine 

TF transcription factor 

TIR toll-Interleukin 1 

TLR Toll-like receptor 

Tm melting temperature 

tm transmembrane domain 

TMD transmembrane domain 

tmk transmembrane and kinase domains 

μ, u micro 

UniProt Universal Protein resource 

V valine 

Ve1 Verticillium1 

Ve2 Verticillium2 

W tryptophane 

w/v weight per volume 

WT wild type 

x any residue 

Y tyrosine 

Y2H yeast-two-hybrid 
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Annex 

Annex Table 1 - List of primers 

Name Sequence (3' -> 5') 

EFR_topo_REV CATAGTATGCATGTCCGTATTTAACATC 

EFR_topo_FW CACCATGAAGCTGTCCTTTTCACTTGTTTTC 

M13_FW GTAAAACGACGGCCAG 

M13_REV CAGGAAACAGCTATGAC 

EIX2 topo FW CACCATGGGCAAAAGAACTAATCCAAG 

EIX2 REV GTTCCTTAGCTTTCCCTTCAGTC 

EFR-ijmEIX2 FW TTGTGGCTTCTCTGTGTTGGTTCCGTTCGTGGAGGAATGCCTACTTCAC 

EFR-ijmEIX2 REV GTGAAGTAGGCATTCCTCCACGAACGGAACCAACACAGAGAAGCCACAA 

EFR-tmEIX2 FW AGCCTCTGTCAGTTAGAAAGAAATTTTATGTATCAATGGTGCTAGG 

EFR-tmEIX2 REV CCTAGCACCATTGATACATAAAATTTCTTTCTAACTGACAGAGGCT 

EFRΔkin rev TGCACTATGAAGCTCTTCATAACTTACCTT 

EFRijmRLP23_fw GTGGCTTCTCTGTGTTGGTTCAAACCGGAGTGGCTTGTCAAG 

EFRijmRLP23_rev CTTGACAAGCCACTCCGGTTTGAACCAACACAGAGAAGCCAC 

EFRtmRLP23_fw GCCTCTGTCAGTTAGAAAGAAAGTGTTGAACGGGAGAGCAGTGGC 

EFRtmRLP23_rev GCCACTGCTCTCCCGTTCAACACTTTCTTTCTAACTGACAGAGGC 

PEPR1 topo fw CACCATGAAGAATCTTGGGGGGTTGTTC 

RLP23 rev ACGCTTTCTGCGTTTATTCAGACC 

PEPR1tmEIX2 fw GAGTGGCCTTAGCACCTGGCAATTTTATGTATCAATGGTGCTAGG 

PEPR1tmEIX2 rev CCTAGCACCATTGATACATAAAATTGCCAGGTGCTAAGGCCACTC 

PEPR1ijmEIX2 fw GCTCTTGTTTTCATTTGCCTACGTTCGTGGAGGAATGCCTACTTCAC 

PEPR1ijmEIX2 rev GTGAAGTAGGCATTCCTCCACGAACGTAGGCAAATGAAAACAAGAGC 

PEPR1tmRLP23 fw GAGTGGCCTTAGCACCTGGCAAGTGTTGAACGGGAGAGCAGTGGC 

PEPR1tmRLP23 rev GCCACTGCTCTCCCGTTCAACACTTGCCAGGTGCTAAGGCCACTC 

PEPR1ijmRLP23 fw GCTCTTGTTTTCATTTGCCTAAAACCGGAGTGGCTTGTCAAG 

PEPR1ijmRLP23 rev CTTGACAAGCCACTCCGGTTTTAGGCAAATGAAAACAAGAGC 

CORE1tmRLP23 fw GGAAATCAGGTTTTCCCTTGAAAAAAGTGTTGAACGGGAGAGCAGTGGC 

CORE1tmRLP23 rev GCCACTGCTCTCCCGTTCAACACTTTTTTCAAGGGAAAACCTGATTTCC 

CORE1tmEIX2 fw GGAAATCAGGTTTTCCCTTGAAAAAATTTTATGTATCAATGGTGCTAGG 

CORE1tmEIX2 rev CCTAGCACCATTGATACATAAAATTTTTTCAAGGGAAAACCTGATTTCC 

CORE1ijmRLP23 fw GATAGTTTGTTTTCTTGGCATAAAACCGGAGTGGCTTGTCAAG 

CORE1ijmRLP23 rev CTTGACAAGCCACTCCGGTTTTATGCCAAGAAAACAAACTATC 

CORE1ijmEIX2 fw GATAGTTTGTTTTCTTGGCATACGTTCGTGGAGGAATGCCTACTTCAC 

CORE1ijmEIX2 rev GTGAAGTAGGCATTCCTCCACGAACGTATGCCAAGAAAACAAACTATC 

SYSRE1tmEIX2 fw CACAAGTAAAATGGAAGTTTTATGTATCAATGGTGCTAGG 

SYSRE1tmEIX2 rev CCTAGCACCATTGATACATAAAACTTCCATTTTACTTGTG 

SYSRE1tmRLP23 fw CACAAGTAAAATGGAAGGTGTTGAACGGGAGAGCAGTGGC 

SYSRE1tmRLP23 rev GCCACTGCTCTCCCGTTCAACACCTTCCATTTTACTTGTG 

SYSRE1ijmEIX2 fw GCAATGTACTTACTAGTGACTCGTTCGTGGAGGAATGCCTACTTCAC 

SYSRE1ijmEIX2 rev GTGAAGTAGGCATTCCTCCACGAACGAGTCACTAGTAAGTACATTGC 

SYSRE1ijmRLP23 fw GCAATGTACTTACTAGTGACTAAACCGGAGTGGCTTGTCAAG 

SYSRE1ijmRLP23 

rev 
CTTGACAAGCCACTCCGGTTTAGTCACTAGTAAGTACATTGC 
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EFRΔkin-tmRLP23 

fw 
CAATAGCACAAGTTATTGCTTCATACATGAAGAGGAAAAAGAAAAAC 

EFRΔkin-tmRLP23 

rev 
GTTTTTCTTTTTCCTCTTCATGTATGAAGCAATAACTTGTGCTATTG 

BRI1ijmEIX2 fw TTTGGGCTGATCCTTGTTGGTCGTTCGTGGAGGAATGCCTACTTCAC 

BRI1ijmEIX2 rev GTGAAGTAGGCATTCCTCCACGAACGACCAACAAGGATCAGCCCAAA 

BRI1ijmRLP23 fw TTTGGGCTGATCCTTGTTGGTAAACCGGAGTGGCTTGTCAAG 

BRI1ijmRLP23 rev CTTGACAAGCCACTCCGGTTTACCAACAAGGATCAGCCCAAA 

BRI1Δkin rev CTTCCAATTGGTGTTGTTAGC 

BRI1tmEIX2 fw GAGATCTCATGGAAGGAGACCATTTTATGTATCAATGGTGCTAGG 

BRI1tmEIX2 rev CCTAGCACCATTGATACATAAAATGGTCTCCTTCCATGAGATCTC 

BRI1tmRLP23 fw GAGATCTCATGGAAGGAGACCAGTGTTGAACGGGAGAGCAGTGGC 

BRI1tmRLP23 rev GCCACTGCTCTCCCGTTCAACACTGGTCTCCTTCCATGAGATCTC 

CLV1Δkin rev TTCTTTAAGACACTCGAGAAC 

CLV1 fw topo CACCATGGCGATGAGACTTTTGAAGAC 

CLV1ijmEIX2 fw GATCCTAATCAGTGTAGCGATTCGTTCGTGGAGGAATGCCTACTTCAC 

CLV1ijmEIX2 rev GTGAAGTAGGCATTCCTCCACGAACGAATCGCTACACTGATTAGGATC 

CLV1ijmRLP23 fw GATCCTAATCAGTGTAGCGATTAAACCGGAGTGGCTTGTCAAG 

CLV1ijmRLP23 rev CTTGACAAGCCACTCCGGTTTAATCGCTACACTGATTAGGATC 

CLV1tmEIX2 fw CACGGCGTTGTTCTCACCGTCAAGGTTTTATGTATCAATGGTGCTAGG 

CLV1tmEIX2 rev CCTAGCACCATTGATACATAAAACCTTGACGGTGAGAACAACGCCGTG 

CLV1tmRLP23 fw CACGGCGTTGTTCTCACCGTCAAGGGTGTTGAACGGGAGAGCAGTGGC 

CLV1tmRLP23 rev GCCACTGCTCTCCCGTTCAACACCCTTGACGGTGAGAACAACGCCGTG 

CLV2 fw topo CACCATGATAAAGATTGCAGATTTCAC 

CLV2tmRLP23 fw CAAAACGAATTGGTGGAAGGACCGGTGTTGAACGGGAGAGCAGTGGC 

CLV2tmRLP23 rev GCCACTGCTCTCCCGTTCAACACCGGTCCTTCCACCAATTCGTTTTG 

COREΔkin rev AGAAAATCTATCAGTTTCCC 

CRN fw topo CACCATGAAGCAAAGAAGAAGAAG 

PEPR1Δkin rev ATTTAGATTGTCAGTTGCTGC 

CLV2 rev TTAAGCTTTGGTCTGAAG 

SOBIR rev GTGCTTGATCTGGGACAAC 

CLV2 rev no stop AGCTTTGGTCTGAAGAATA 

CRN rev AAAGCTGTGCAGTTGTGTAAG 

RLP23 topo fw CACCATGTCAAAGGCGCTTTTGCATTTGC 

RLP23_tmSOBIR_fw GAAGAAGAAGAAGAAGAAGTAGCGGCATGGATCTTAG 

RLP23_tmSOBIR_rev CTAAGATCCATGCCGCTACTTCTTCTTCTTCTTCTTC 

EIX2_tmSOBIR fw GTTCTCATCTCTGGAGGTAGCGGCATGGATCTTAG 

EIX2_tmSOBIR rev CTAAGATCCATGCCGCTACCTCCAGAGATGAGAAC 

EFR_tmSOBIR fw CTGTCAGTTAGAAAGAAAGTAGCGGCATGGATCTTAG 

EFR_tmSOBIR rev CTAAGATCCATGCCGCTACTTTCTTTCTAACTGACAG 

tmSOBIR_RLP23_fw GTCTTCTCGGTGTTGTTCAAACCGGAGTGGCTTGTC 

tmSOBIR_RLP23_rev GACAAGCCACTCCGGTTTGAACAACACCGAGAAGAC 

tmSOBIR_EIX2_fw GTCTTCTCGGTGTTGTTCAACCGTTCGTGGAGGAATG 

tmSOBIR_EIX2_rev CATTCCTCCACGAACGGTTGAACAACACCGAGAAGAC 

tmSOBIR_EFR_fw GTCTTCTCGGTGTTGTTCATGAAGAGGAAAAAGAAAAAC 

tmSOBIR_EFR_rev GTTTTTCTTTTTCCTCTTCATGAACAACACCGAGAAGAC 

RLP23tmEFR_fw GAAGAAGAAGAAGAAGAAGTTGTCAGTGGTATTTG 
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RLP23tmEFR_rev CAAATACCACTGACAACTTCTTCTTCTTCTTCTTC 

tmEFR_RLP23_fw GGCTTCTCTGTGTTGGTTCAAACCGGAGTGGCTTGTC 

tmEFR_RLP23_rev GACAAGCCACTCCGGTTTGAACCAACACAGAGAAGCC 

 
 

 
  

Annex Figure 1 - Synthesis of CLV3 and acri-CLV3 

Quality control via HPLC shows that acridinium-labeled CLV3 (above) is heavier than 

unlabeled CLV3 (below). 
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Annex Figure 2  - Alignment of At-, Sl- and OsSOBIR1 

Alignment of AtSOBIR1, SlSOBIR1 and OsSOBIR1 reveals that OsSOBIR1 lost at least 3 complete 

LRRs. The same holds true for SOBIR1s from other grass species and thus these proteins did not 

show up in our CLANS analysis. 

 

Annex Figure 3 - Alignment of the upper LRRs of At-, Sl-, and OsCLV2 

Alignment of the first few LRRs of AtCLV2, SlCLV2 and OsCLV2 reveals that OsCLV2 

lost at least 6 complete LRRs. The same holds true for CLV2s from other grass species and 

thus these proteins did not show up in our CLANS analysis. 
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Annex Figure 4 – Root growth assay on A. thaliana 10 days old seedlings 

Exposition to increasing concentrations of CLV3 reduce the root growth in Col-0 but not in 

the crn-3 mutant. In contrast, acri-CLV3 does not affect root growth in Col-0 nor crn-3, 

showing that this peptide cannot be sensed by CLV1/CLV2. Unpublished data from P. Schulz 

& R. Simon, Uni. Düsseldorf. 
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