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Introduction 

Plants are constantly attacked by invading microbial pathogens and have developed 

two layers of defence to protect themselves against invaders (Dodds and Rathjen, 

2010; Jones and Dangl, 2006). The first layer is mediated by cell surface receptors, 

which are previously known as pattern recognition receptors that recognize microbe-

associated molecular patterns (MAMPs) to initiate MAMP-triggered immunity (Dodds 

and Rathjen, 2010; Jones and Dangl, 2006; van der Burgh and Joosten, 2019). Cell 

surface receptors recognize extracellular immunogenic patterns (ExIPs) to initiate 

downstream immune responses, eventually leading to extracellularly-triggered 

immunity (ExTI) (van der Burgh and Joosten, 2019). An ExIP can be any ExTI-

triggering extracellular molecule, including MAMPs, host-derived extracellular danger 

signals and microbial extracellular effectors (Boller and Felix, 2009; Cook et al., 2015; 

Dodds and Rathjen, 2010; Gust et al., 2017; Jones and Dangl, 2006; Kanyuka and 

Rudd, 2019; Thomma et al., 2011; van der Burgh and Joosten, 2019). Adapted, 

specialised pathogens suppress ExTI to colonize their host plants with the employment 

of effectors, of which the ones translocated into host cells can be recognized by 

intracellular receptors (van der Burgh and Joosten, 2019). Intracellular receptors are 

mainly nucleotide-binding leucine-rich repeat (NB-LRR) proteins, and activation of 

these receptors results in intracellularly-triggered immunity (InTI), which constitutes the 

second layer of plant defence (Dodds and Rathjen, 2010; Jones and Dangl, 2006; van 

der Burgh and Joosten, 2019). 

 

InTI is generally associated with programmed cell death, which is known as the 

hypersensitive response (HR) (Dodds and Rathjen, 2010; Jones and Dangl, 2006; van 

der Burgh and Joosten, 2019). Activation of cell surface receptors mostly does not 

trigger the development of an HR, although some cell surface receptors do cause an 

HR upon recognition of their matching ExIP (Dodds and Rathjen, 2010; Jones and 

Dangl, 2006; van der Burgh and Joosten, 2019). However, in principle, both ExTI and 

InTI are sufficient to provide resistance to pathogens (van der Burgh and Joosten, 

2019). 

 

Cell surface receptors in plant immunity 

Cell surface receptors are either receptor-like kinases (RLKs) or receptor-like proteins 

(RLPs) (Boutrot and Zipfel, 2017; Monaghan and Zipfel, 2012). RLKs contain a ligand-

binding ectodomain, a transmembrane domain and an intracellular kinase domain, 

while RLPs are generally similar to RLKs but lack an intracellular kinase domain 

(Boutrot and Zipfel, 2017; Monaghan and Zipfel, 2012). Based on the ligand-binding 

motifs present in their ectodomains, cell surface receptors are further subdivided into 

LRR-, lysin motif-, lectin- and epidermal growth factor-like domain-containing RLKs 
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and RLPs (Boutrot and Zipfel, 2017; Monaghan and Zipfel, 2012). RLKs and RLPs 

containing variable amounts of LRRs in their ectodomains (LRR-RLKs and LRR-RLPs, 

further referred to as RLKs and RLPs, respectively) are the two major groups of cell 

surface receptors that mediate immunity against infection by a range of pathogens in 

various plant species (Boutrot and Zipfel, 2017; Li et al., 2016c; van der Burgh and 

Joosten, 2019; Wan et al., 2019). 

 

Arabidopsis thaliana (further referred to as Arabidopsis) FLAGELLIN-SENSING 2 

(FLS2) is a well-characterized RLK involved in immunity (Gómez-Gómez and Boller, 

2000). FLS2 contains 28 LRRs in its ectodomain that directly binds the typical MAMP 

flg22, which is an epitope of bacterial flagellin, and mediates immunity against bacterial 

infection (Felix et al., 1999; Gómez-Gómez and Boller, 2000; Sun et al., 2013b). 

Arabidopsis ELONGATION FACTOR-TU RECEPTOR (EFR) is another well-

characterized RLK that contains 21 LRRs in its ectodomain and recognizes the MAMP 

elf18, which is an epitope of bacterial elongation factor-Tu (EF-Tu), to mediate 

immunity against bacterial infection (Zipfel et al., 2006). FLS2 is widely expressed in 

plants, whereas EFR is restricted to the Brassicaceae (Chinchilla et al., 2006; Gómez-

Gómez and Boller, 2000; Hann and Rathjen, 2007; Robatzek et al., 2007; Takai et al., 

2008; Zipfel et al., 2006). 

 

Tomato (Solanum lycopersicum, Sl) Cf-4 and Cf-9 are two well-studied RLPs, which 

contain 25 and 27 LRRs in their ectodomains, respectively, and share an identical C-

terminal half including the transmembrane domain and the cytoplasmic tail (Jones et 

al., 1994; Thomas et al., 1997). Cf-4 and Cf-9 confer resistance to strains of the 

biotrophic fungal pathogen Cladosporium fulvum that secrete the cysteine-rich 

effectors avirulence factor 4 (Avr4) and Avr9, respectively (Jones et al., 1994; Joosten 

et al., 1994; Thomas et al., 1997; van den Ackerveken et al., 1992). C. fulvum causes 

leaf mould of tomato, and remains strictly apoplastic while colonising the mesophyll of 

the leaves (Thomma et al., 2005). The Avr4 protein contains a typical invertebrate 

chitin-binding domain and binds to the chitin present in fungal hyphal cell walls, thereby 

protecting it against hydrolysis by plant chitinases that are secreted into the apoplast 

in response to the attack by the fungus (de Wit, 2016; Joosten et al., 1994; 

Stergiopoulos and de Wit, 2009; van den Burg et al., 2006; van Esse et al., 2007). Avr9 

is a small and stable cysteine-knotted peptide, structurally resembling carboxy-

peptidase inhibitors, but the biological function of Avr9 still remains unknown 

(Stergiopoulos and de Wit, 2009; Vervoort et al., 1997). Currently, whether the LRR 

domain of Cf-4 directly binds Avr4 remains to be elucidated, while the LRR domain of 

Cf-9 does not appear to directly interact with Avr9 (Luderer et al., 2001). 
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Complex formation between cell surface receptors and regulatory RLKs 

Upon ligand perception, both RLKs and RLPs form ligand-induced complexes with the 

regulatory RLK BRI1-ASSOCIATED RECEPTOR KINASE 1/SOMATIC 

EMBRYOGENESIS RECEPTOR KINASE 3 (BAK1/SERK3, further referred to as 

BAK1), or related SERKs (Gust and Felix, 2014; Liebrand et al., 2014; van der Burgh 

and Joosten, 2019; Wan et al., 2019). SERKs contain five LRRs in their ectodomains 

(Santiago et al., 2013; Sun et al., 2013a). Emerging evidence has revealed that the 

SERKs function as co-receptors for RLKs involved in immunity, as well as for some 

RLKs involved in development (Hohmann et al., 2017; Ma et al., 2016; Song et al., 

2017a). For instance, the ectodomain of BAK1 directly binds flg22, which acts as a 

molecular glue to stabilize the heterodimerization of the ectodomains of the ligand-

bound FLS2 and BAK1 (Sun et al., 2013b). Currently, it remains unknown whether the 

SERKs also heterodimerize with ligand-bound RLPs through their ectodomains. 

Besides being positive regulators in immunity and development, Arabidopsis BAK1 

and its closest paralogue BAK1-LIKE 1 (BKK1), which is SERK4, also function 

redundantly to negatively regulate plant immunity (He et al., 2007). It has been 

proposed that the auto-immunity in bak1 bkk1 mutants might be caused by activation 

of unknown NB-LRRs, which guard the integrity of BAK1 and BKK1 (Couto and Zipfel, 

2016). However, the molecular mechanism of this negative role of BAK1 and BKK1 in 

immunity is not fully understood (Ma et al., 2016). 

 

In addition to forming ligand-induced complexes with the SERKs, RLPs also 

constitutively interact with the regulatory RLK SUPPRESSOR OF BIR1-1 (SOBIR1) 

(Gust and Felix, 2014; Liebrand et al., 2014; van der Burgh and Joosten, 2019; Wan 

et al., 2019). SOBIR1 also contains five LRRs in its ectodomain (Gao et al., 2009). The 

ectodomain of SOBIR1 is dispensable for its constitutive interaction with various RLPs, 

including Cf-4, however it is required for Cf-4 signalling (Bi et al., 2016). So far, the 

molecular mechanism underlying the functionality of the ectodomain of SOBIR1 

remains unclear. Besides being a regulatory RLK for RLPs involved in immunity, 

SOBIR1 is also required for the auto-immunity in a knockout mutant of BAK1-

INTERACTING RECEPTOR-LIKE KINASE 1 (BIR1) (Gao et al., 2009). 

 

The Arabidopsis BIR family consists of four members, which all contain five LRRs in 

their ectodomain that interacts with the ectodomain of the SERKs (Gao et al., 2009; 

Halter et al., 2014b; Hohmann et al., 2018; Imkampe et al., 2017; Ma et al., 2017). 

Unlike the other BIRs, BIR1 is a kinase-active RLK and negatively regulates basal 

immunity (Gao et al., 2009; Halter et al., 2014b; Imkampe et al., 2017). BIR1-mediated 

negative regulation of immunity depends on the presence of functional SOBIR1 and 

BAK1 proteins, as well as on the activation of unknown NB-LRRs, but the mechanism 
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by which BIR1 negatively regulates immunity remains unknown (Gao et al., 2009; Liu 

et al., 2016). Although BIR1 interacts with BAK1, BIR1 does not affect BAK1-

dependent FLS2 signalling (Gao et al., 2009; Liu et al., 2016). BIR2 and BIR3 

negatively regulate immunity mediated by RLKs, including FLS2, and have been 

shown to sequester BAK1 from FLS2 (Halter et al., 2014b; Imkampe et al., 2017). 

Unlike BIR2, BIR3 also targets FLS2 to negatively regulate FLS2/BAK1 complex 

formation (Imkampe et al., 2017). In addition, BIR3 employs a similar mechanism to 

negatively regulate plant development mediated by the well-known RLK 

BRASSINOSTEROID INSENSITIVE1 (BRI1), which recognizes brassinosteroids 

(Imkampe et al., 2017; Li and Chory, 1997). Moreover, the tomato BIR3 orthologue 

also negatively regulates FLS2 and BRI1 signalling (Huang et al., 2017). So far, BIR4 

has not been functionally characterized. 

 

Upon ligand perception, RLKs and RLPs trigger a series of immune responses, 

including the production of reactive oxygen species (ROS) and the activation of 

mitogen-activated protein kinases (MAPKs) and Ca2+ fluxes, eventually leading to plant 

immunity (Bigeard et al., 2015; Couto and Zipfel, 2016; Yu et al., 2017; Zhou et al., 

2019). In this chapter, an overview of early signalling events occurring in RLK- and 

RLP-mediated immunity will be provided, including examples of such events taking 

place in FLS2 and Cf-4 signalling, respectively. Essentially, the extensive work that has 

been done on deciphering FLS2 signalling is anticipated to provide leads for 

understanding how Cf-4 signalling takes place. 

 

RLKs in plant immunity 

In addition to FLS2 and EFR, many other RLKs have been demonstrated to mediate 

immunity against infection by different pathogens in various plant species (Boutrot and 

Zipfel, 2017). For instance, FLS3 and COLD SHOCK PROTEIN RECEPTOR (CORE) 

mediate immunity against bacterial infection in Solanaceous plants upon recognition 

of flgII-28, which is a flagellin epitope different from flg22, and bacterial cold-shock 

proteins, respectively (Hind et al., 2016; Wang et al., 2016a). In addition, the well-

known rice RLK XA21 recognizes the 21-amino-acid peptide RaxX21 of REQUIRED 

FOR ACTIVATION OF XA21 (RaxX), which is derived from the bacterial pathogen 

Xanthomonas oryzae pv. oryzae, to activate immunity (Pruitt et al., 2015; Song et al., 

1995). Furthermore, the Arabidopsis RLKs PROPEP1 RECEPTOR 1/2 (PEPR1/2) and 

RLK7, and the tomato SYSTEMIN RECEPTOR1 (SYR1), recognize endogenous 

peptides to trigger plant immunity (Hou et al., 2014; Krol et al., 2010; Wang et al., 

2018b; Yamaguchi et al., 2010; Yamaguchi et al., 2006). 

 

Upon ligand perception, RLKs form complexes with SERKs to initiate downstream 

1



Chapter 1 

12 
 

signalling (Ma et al., 2016; Wan et al., 2019). Emerging evidence has revealed that 

receptor-like cytoplasmic kinases (RLCKs) are direct phosphorylation substrates of 

activated RLK/SERK complexes (Cui et al., 2018; Liang and Zhou, 2018). 

Subsequently, RLCKs initiate the activation of various downstream immune responses, 

including ROS production and MAPK activation (Cui et al., 2018; Liang and Zhou, 

2018). 

 

So far, FLS2-mediated immunity against bacterial infection has been extensively 

studied and various components involved in FLS2-mediated early immune signalling 

have been reported (Couto and Zipfel, 2016; Mithoe and Menke, 2018; Wan et al., 

2019; Zhou et al., 2019). To suppress host immunity for successful colonization, 

bacterial pathogens inject a set of effectors into the plant cells through their type III 

secretion system (T3SS) (Büttner and He, 2009). For instance, the model bacterial 

pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 delivers at least 28 T3SS 

effectors (T3Es) into the cells of tomato, Nicotiana benthamiana and Arabidopsis, and 

some T3Es have been demonstrated to suppress FLS2 signalling in different ways 

(Büttner, 2016; Cunnac et al., 2009; Lee et al., 2013; Xin and He, 2013). Here, an 

overview of early immune signalling events occurring upon activation of FLS2 

signalling will be provided, together with an overview of bacterial T3E-mediated 

suppression of FLS2 signalling. 

 

Regulation of the signalling activity of the FLS2/BAK1 complex at the plasma 

membrane 

Both the ectodomains of FLS2 and BAK1 directly bind flg22, which induces and 

stabilizes FLS2/BAK1 heterodimerization (Chinchilla et al., 2007; Schulze et al., 2010; 

Sun et al., 2013b) (Fig. 1). In addition, binding of flg22 triggers rapid trans-

phosphorylation of the intracellular kinase domains that have come in close proximity, 

leading to the activation of the FLS2/BAK1 complex (Schulze et al., 2010) (Fig. 1, right 

panel). 

 

The flg22-induced FLS2/BAK1 heterodimerization and subsequent activation is under 

strict regulation (Couto and Zipfel, 2016; Wan et al., 2019). So far, various plasma 

membrane-associated proteins have been revealed to either positively or negatively 

regulate the flg22-induced FLS2/BAK1 complex formation (Wan et al., 2019). For 

instance, the RLKs BIR2 and BIR3 sequester BAK1 from FLS2, while perception of 

flg22 triggers the dissociation of BIR2 and BIR3 from BAK1 that subsequently 

associates with FLS2 (Halter et al., 2014b; Imkampe et al., 2017) (Fig. 1). In addition 

to targeting BAK1, BIR3 also directly interacts with FLS2 to negatively regulate 

FLS2/BAK1 complex formation (Imkampe et al., 2017). Besides regulation of complex 
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formation, the phosphorylation status of FLS2 and BAK1 is also controlled by protein 

phosphatases. For instance, the protein phosphatase type 2C (PP2C) subunit KINASE 

ASSOCIATED PROTEIN PHOSPHATASE (KAPP) interacts with the kinase domain of 

FLS2 and negatively regulates flg22-triggered immune responses (Gómez-Gómez et 

al., 2001). In addition, the serine/threonine protein phosphatase type 2A (PP2A) 

subunits A1, B’ŋ, B’ζ and C4 constitutively interact with the kinase domain of BAK1 and 

negatively regulate its kinase activity (Segonzac et al., 2014) (Fig. 1). Furthermore, the 

plant U-box (PUB) E3 ubiquitin ligases PUB12 and PUB13 constitutively interact with 

the kinase domain of BAK1, and activated BAK1 phosphorylates these two ubiquitin 

ligases that subsequently target and ubiquitinate FLS2 for degradation (Lu et al., 2011) 

(Fig. 1). 

 

Regulation of the flg22-triggered ROS burst 

The plasma membrane-associated NADPH oxidase RESPIRATORY BURST 

OXIDASE HOMOLOG D (RBOHD) is the key enzyme mediating ROS production in 

FLS2 signalling (Kadota et al., 2014; Li et al., 2014b) (Fig. 1). So far, various 

components have been revealed to be involved in this process. For instance, the well-

studied RLCK BOTRYTIS-INDUCED KINASE1 (BIK1) constitutively interacts with the 

kinase domains of both FLS2 and BAK1 (Lin et al., 2014; Lu et al., 2010; Zhang et al., 

2010) (Fig. 1, left panel). Upon flg22 perception, activated BAK1 phosphorylates BIK1, 

which trans-phosphorylates and subsequently dissociates from the FLS2/BAK1 

complex (Lin et al., 2014; Lu et al., 2010; Zhang et al., 2010) (Fig. 1, right panel). 

Activated BIK1 then phosphorylates RBOHD to trigger ROS production (Kadota et al., 

2014; Li et al., 2014b) (Fig. 1, right panel). The flg22-triggered ROS burst is also 

regulated by the heterotrimeric G-protein complex, which consists of the Gα-containing 

subunits EXTRA-LARGE G-PROTEIN 2 (XLG2) and XLG3, the G-protein β subunit 

AGB1 and the G-protein γ subunits AGG1 and AGG2 (Liang et al., 2016) (Fig. 1). XLG2 

interacts with the FLS2/BIK1 complex and dissociates from both FLS2 and BIK1 upon 

its phosphorylation by activated BIK1 (Liang et al., 2016). In addition, XLG2 also 

constitutively interacts with RBOHD and might also phosphorylate this enzyme to 

initiate ROS production (Liang et al., 2016). Moreover, the plasma membrane-

associated GTPase-accelerating protein REGULATOR OF G-PROTEIN SIGNALING 

1 (RGS1) constitutively interacts with FLS2 and XLG2 to stabilize the heterotrimeric G-

protein complex through inactivating XLG2 (Liang et al., 2018) (Fig. 1, left panel). 

Furthermore, upon flg22 perception, RGS1 is phosphorylated in a BIK1-dependent 

manner, after which it dissociates from FLS2 and XLG2, resulting in the activation and 

subsequent dissociation of the G-protein complex (Liang et al., 2016; Liang et al., 2018) 

(Fig. 1, right panel). 
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Figure 1. Overview of the regulators involved in FLS2-mediated early immune signalling in 

Arabidopsis thaliana. The plasma membrane-associated receptor FLS2 recognizes the bacterial 

flagellin epitope flg22 to heterodimerize with its co-receptor BAK1 and relies on a set of regulators to 

activate downstream immune responses. In the resting state (left panel), the RLKs BIR2 and BIR3 

sequester BAK1 from FLS2 to avoid FLS2/BAK1 complex formation in the absence of flg22. The protein 

phosphatase PP2A subunits (PP2As) constitutively interact with BAK1 and dephosphorylate this co-

receptor to keep it at a low active state. Both FLS2 and BAK1 interact with the RLCK BIK1. The activity 

of BIK1 is negatively regulated by the protein phosphatases PP2C38 and PP2C48, which interact with 

the FLS2/BIK1 complex. In addition, the accumulation of the BIK1 protein is controlled by the E3 

ubiquitin ligases PUB25 and PUB26. The activity of PUB25/26 is stimulated by the Ca2+ sensor CPK28, 

whereas this activity is suppressed by the heterotrimeric G-protein complex, which consists of the Gα-

containing subunits XLG2 and XLG3, the Gβ subunit AGB1 and the Gγ subunits AGG1 and AGG2. 

Moreover, the GTPase accelerating protein RGS1 associates with FLS2 and the XLGs, and inactivates 

the activity of the latter to stabilize the heterotrimeric G-protein complex. Furthermore, the plasma 

membrane-associated RLCK PBL13 prevents inappropriate activation of immune responses through 

interacting with RBOHD, which is the main enzyme mediating reactive oxygen species (ROS) production 

in the FLS2 signalling pathway. In the activated state (right panel), flg22 perception triggers the 

dissociation of BIR2 and BIR3 from BAK1, the latter which subsequently heterodimerizes with FLS2 

through their ectodomains, leading to phosphorylation of the FLS2/BAK1 complex. Activated BAK1 

phosphorylates the E3 ubiquitin ligases PUB12 and PUB13, which subsequently target and ubiquitinate 

FLS2 for degradation. In addition, activated BAK1 also phosphorylates BIK1, which trans-

phosphorylates, and subsequently dissociates, from the FLS2/BAK1 complex. Activated BIK1 then 

phosphorylates RBOHD to initiate ROS production. In addition, activated BIK1 also phosphorylates 

PP2C38 and PP2C48, resulting in their dissociation from BIK1. Perception of flg22 also leads to the 

dissociation of the heterotrimeric G-protein complex. Furthermore, perception of flg22 triggers enhanced 

CPK28-dependent phosphorylation levels of PUB25 and PUB26, which specifically ubiquitinate non-
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activated BIK1 for degradation, thereby controlling the amplitude of the immune responses. Besides 

BIK1, additional RLCK VII family members, as well as the RLCK XII family member BSK1, which 

dissociates from FLS2 upon flg22 perception, are also required for the flg22-triggered ROS burst. In 

addition, these RLCK VII family members and BSK1 also interact with MAPKKK5 and activate the MAPK 

cascade MAPKKK3/5-MKK4/5-MPK3/6. MPK6 phosphorylates MVQ1, while MPK3 phosphorylates 

PUB22, leading to inhibition of the auto-ubiquitination and degradation of this E3 ligase. Stabilized 

PUB22 in turn promotes ubiquitination and degradation of Exo70B2, thereby attenuating FLS2 signalling. 

Moreover, the protein phosphatase AP2C1 predominantly suppresses phosphorylation of MPK6, while 

another protein phosphatase PP2C5 dephosphorylates both MPK3 and MPK6. Furthermore, perception 

of flg22 triggers phosphorylation of ACA8, which promotes Ca2+ efflux to negatively regulate FLS2 

signalling. Note that not all regulators mentioned in this chapter are indicated due to space limitations 

(see text for further details). Positive and negative regulators of FLS2 signalling are indicated by green 

and red boxes, respectively. The “P” placed in a green circle represents phosphorylation. 

 

 

Since BIK1 plays a critical role in mediating signal transduction downstream of the 

FLS2/BAK1 complex, accumulation and activation of BIK1 are under strict control to 

avoid deregulated activation of plant immunity (Wan et al., 2019; Zhou et al., 2019). 

The E3 ubiquitin ligases PUB25 and PUB26 (further referred to as PUB25/26) 

ubiquitinate non-activated BIK1 for degradation to negatively regulate FLS2 signalling 

(Wang et al., 2018a) (Fig. 1). The activity of PUB25/26 is stimulated by the Ca2+ sensor 

CALCIUM-DEPENDENT PROTEIN KINASE 28 (CPK28) through phosphorylation, 

whereas this activity is inhibited by the heterotrimeric G-protein complex (Liang et al., 

2016; Monaghan et al., 2014; Wang et al., 2018a) (Fig. 1). Furthermore, the protein 

phosphatase PP2C38, which functions redundantly with PP2C48, constitutively 

interacts with the FLS2/BIK1 complex to dephosphorylate BIK1 (Couto et al., 2016) 

(Fig. 1, left panel). Upon flg22 perception, activated BIK1 phosphorylates these 

phosphatases, leading to their dissociation from both FLS2 and BIK1 (Couto et al., 

2016) (Fig. 1, right panel). 

 

The Arabidopsis RLCK VII family consists of 46 members that are subdivided into nine 

clades (Rao et al., 2018). In addition to the RLCK VII-8 clade member BIK1, various 

additional members of the RLCK VII family also play a role in the flg22-triggered ROS 

burst. For instance, AVRPPHB SUSCEPTIBLE 1 (PBS1), PBS1-LIKE 1 (PBL1) and 

PBL2, which are members of RLCK VII-1, VII-8 and VII-9 clades, respectively, are all 

required for this process (Zhang et al., 2010). Recently, it has also been shown that 

members of the RLCK VII-5, -7 and -8 clades are redundantly required for the 

activation of the flg22-triggered ROS burst, whereas members of the RLCK VII-6 clade 

function redundantly to negatively regulate this process (Bi et al., 2018; Rao et al., 

2018). In addition, the plasma membrane-associated VII-6 clade member PBL13 

dynamically interacts with RBOHD to negatively regulate the flg22-triggered ROS burst 
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(Lin et al., 2015) (Fig. 1). Furthermore, the flg22-triggered ROS burst also depends on 

members of the other RLCK families. For instance, the RLCK XII family member 

BRASSINOSTEROID-SIGNALING KINASE 1 (BSK1), which dissociates from FLS2 

upon flg22 perception, is required for the flg22-triggered ROS burst (Shi et al., 2013) 

(Fig. 1). In addition, the tomato RLCK VIII family members PTO-INTERACTING 

PROTEIN1a (PTI1a) and PTI1b are also required for this response (Schwizer et al., 

2017). 

 

MAPK cascades and their regulators required for FLS2 signalling 

A MAPK cascade generally consists of three tiers of protein kinases, namely MAP 

kinase kinase kinases (MAPKKKs or MEKKs), MAP kinase kinases (MKKs) and MAP 

kinases (MPKs) (Zhang and Klessig, 2001). In addition, activation of such MAPK 

cascades plays an important role in immunity triggered by plasma membrane-

associated receptor complexes (Meng and Zhang, 2013). So far, it is known that the 

MAPK cascades MAPKKK3/5-MKK4/5-MPK3/6 (Fig. 1, right panel) and MEKK1-

MKK1/2-MPK4 are required for FLS2 signalling (Asai et al., 2002; Bi et al., 2018; Gao 

et al., 2008; Zhang et al., 2012). In addition, the MAPKKK ENHANCED DISEASE 

RESISTANCE 1 (EDR1) negatively regulates FLS2 signalling, probably through its 

interaction with MKK4/5 that results in reduced kinase activity and protein levels of 

downstream MPK3/6 (Geissler et al., 2015; Zhao et al., 2014). Moreover, MAPKKK7 

negatively regulates flg22-triggered MAPK activation probably through competing with 

MAPKKK3/5 for binding of MKK4/5 (Mithoe et al., 2016). 

 

Emerging evidence indicates that RLCKs function redundantly to activate MAPKKKs 

downstream of activated receptor complexes (Cui et al., 2018; Liang and Zhou, 2018). 

For example, various RLCK VII family members, including BIK1, interact with 

MAPKKK5 and redundantly regulate the activation of this MAPKKK in FLS2 signalling 

(Bi et al., 2018; Kong et al., 2016) (Fig. 1, right panel). In addition, the RLCK XII family 

member BSK1, which dissociates from FLS2 upon flg22 perception, directly targets 

and phosphorylates MAPKKK5 (Shi et al., 2013; Yan et al., 2018) (Fig. 1). Furthermore, 

FLS2 itself also interacts with MAPKKK7, and phosphorylation of this MAPKKK in turn 

negatively regulates FLS2 signalling (Mithoe et al., 2016). 

 

Beside MAPK activators, some MAPK substrates required for FLS2 signalling have 

also been reported (Zhang et al., 2018). For instance, MPK3/6-TARGETED VQP 1 

(MVQ1), which belongs to a class of proteins containing VQ motifs and interacts with 

various WRKY transcription factors, is directly phosphorylated by MPK6 when FLS2 is 

activated (Pecher et al., 2014) (Fig. 1, right panel). Another example is the E3 ubiquitin 

ligase PUB22, which functions redundantly with PUB23 and PUB24 to negatively 
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regulate FLS2 signalling (Trujillo et al., 2008) (Fig. 1, right panel). Phosphorylation of 

PUB22 mediated by MPK3 inhibits the auto-ubiquitination and degradation of this E3 

ligase (Furlan et al., 2017). Stabilized PUB22 in its turn promotes degradation of its 

ubiquitination substrate EXOCYST SUBUNIT EXO70 FAMILY PROTEIN B2 

(Exo70B2), which is involved in exocytosis and is a positive regulator of FLS2 signalling 

(Pecenkova et al., 2011; Stegmann et al., 2012) (Fig. 1, right panel). 

 

Protein phosphatase-mediated dephosphorylation of MAPK cascades is a major 

determinant in controlling plant immunity (Meng and Zhang, 2013). The PP2C subunits 

AP2C1 and PP2C5 have been demonstrated to negatively regulate FLS2 signalling 

through their interactions with various MPKs. For instance, AP2C1 predominantly 

interacts with MPK6 and suppresses the flg22-induced phosphorylation of MPK6 

(Galletti et al., 2011; Schweighofer et al., 2007; Shubchynskyy et al., 2017) (Fig. 1, 

right panel). In addition, PP2C5 dephosphorylates MPK3 and MPK6 (Fig. 1, right 

panel), as well as MPK4 (Brock et al., 2010). 

 

Ca2+-dependent regulation of FLS2 signalling 

Ca2+-dependent signalling plays an essential role in plant immunity (Yuan et al., 2017). 

It is for example known that perception of flg22 triggers BAK1- and BIK1-dependent 

elevated levels of cytosolic Ca2+, which in turn either positively or negatively regulate 

FLS2 signalling through Ca2+ sensors (Li et al., 2014b; Ma et al., 2013; Ranf et al., 

2014). The Ca2+ sensor CPK28 phosphorylates PUB25/26 to enhance their E3 ligase 

activity, which in turn degrade non-activated BIK1 to negatively regulate FLS2 

signalling (Monaghan et al., 2014; Wang et al., 2018a) (Fig. 1). In addition, various 

CPKs are required for the flg22-triggered ROS burst, and CPK5 has been shown to 

promote phosphorylation of ROBHD to regulate the output of the FLS2 signalling 

pathway (Boudsocq et al., 2010; Dubiella et al., 2013). 

 

The homeostasis of the cytosolic Ca2+ level is balanced by Ca2+ influx channels and 

Ca2+ efflux transporters (Tang and Luan, 2017). The tomato Ca2+ influx channels 

CYCLIC NUCLEOTIDE-GATED CHANNEL 16 (CNGC16) and CNGC18 contribute to 

the flg22-triggered ROS production (Saand et al., 2015). However, it has also been 

shown that Arabidopsis CNGC2, which is the orthologue of tomato CNGC16, is not 

required for the flg22-triggered Ca2+ influx (Jeworutzki et al., 2010). Concerning the 

regulation of the Ca2+ efflux related to FLS2 signalling, the plasma membrane-

associated Ca2+ efflux transporter AUTOINHIBITED Ca2+-ATPase 8 (ACA8) interacts 

with FLS2 (Frei dit Frey et al., 2012) and functions redundantly with its paralogues to 

negatively regulate FLS2 signalling by lowering the cytosolic Ca2+ level (Yang et al., 

2017; Yu et al., 2018). In addition, flg22 perception triggers phosphorylation of ACA8 
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(Kadota et al., 2019) (Fig. 1, right panel). So far, the molecular mechanism by which 

ACA8 regulates the cytosolic Ca2+ level downstream of FLS2 remains to be elucidated. 

 

Suppression of FLS2-mediated early immune signalling mediated by bacterial T3Es 

To successfully colonize their host plants, bacterial pathogens secrete a set of T3Es 

into their host cells to suppress plant immunity. So far, various T3Es of Pst DC3000 

and additional bacterial pathogens have been shown to suppress FLS2 signalling in 

different ways (Büttner, 2016; Lee et al., 2013). 

 

 

 

 

 

Figure 2. Bacterial T3Es suppress FLS2-mediated 

early immune signalling. Bacterial T3Es can target the 

flg22-induced FLS2/BAK1 complex and the various 

downstream components to suppress FLS2 signalling 

(see text for details). Note that the T3Es AvrPphB and 

AvrAC are from Pseudomonas syringae pv. phaseolicola 

and Xanthomonas campestris pv. campestris, respectively, 

and that the other T3Es are from P. syringae pv. tomato 

DC3000. Positive and negative regulators of FLS2 

signalling are indicated by green and red boxes, 

respectively. The question mark indicates contradicting 

reports. 

 

 

 

Various T3Es have been demonstrated to target FLS2, BAK1 and BIK1, thereby 

suppressing FLS2 signalling (Büttner, 2016; Couto and Zipfel, 2016) (Fig. 2). The well-

known Pst DC3000 T3E AvrPto targets the kinase domain of FLS2 and suppresses 

phosphorylation of FLS2 and BIK1 (Xiang et al., 2008; Zhang et al., 2010). In addition, 

AvrPto targets FLS2 and, possibly, BAK1 to inhibit FLS2/BAK1 complex formation 

(Shan et al., 2008; Xiang et al., 2011; Xiang et al., 2008; Zhou et al., 2014) (Fig. 2). 

Another example is the Pst DC3000 T3E AvrPtoB, which possesses E3 ubiquitin ligase 

activity to ubiquitinate FLS2 for degradation, and targets both FLS2 and BAK1 to inhibit 

FLS2/BAK1 complex formation (Cheng et al., 2011; Göhre et al., 2008; Shan et al., 

2008) (Fig. 2). In addition, the Pst DC3000 T3E HopB1 is a serine protease that 

associates with FLS2 and specifically cleaves activated BAK1 to suppress FLS2 

signalling (Li et al., 2016b) (Fig. 2). Besides HopB1, the Pst DC3000 T3E HopF2, which 

is a mono-ADP-ribosyltransferase that hydrolyses NAD+ to transfer ADP ribose to its 
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substrate (Deng and Barbieri, 2008), also targets BAK1 and suppresses 

phosphorylation of BIK1, probably through ADP-ribosylating BAK1 (Wu et al., 2011; 

Zhou et al., 2014) (Fig. 2). Furthermore, both the P. syringae pv. phaseolicola T3E 

AvrPphB, which is a cysteine protease, and the X. campestris pv. campestris T3E 

AvrAC, which is an uridylyl transferase, target multiple RLCK VII family members to 

suppress FLS2 signalling. For instance, AvrPphB cleaves BIK1 and AvrAC uridylylates 

BIK1 to inhibit its phosphorylation (Feng et al., 2012; Zhang et al., 2010) (Fig. 2). 

 

The MAPK cascade is also a hub for Pst DC3000 T3Es to suppress FLS2 signalling 

(Bi and Zhou, 2017). In addition to targeting BAK1, HopF2 predominantly targets MKK4 

and MKK5, and ADP-ribosylates MKK5 to suppress activation of downstream MPKs 

(Wang et al., 2010c) (Fig. 2). In addition, the phosphothreonine lyase HopAI1 

dephosphorylates MPK3 and MPK6 (Fig. 2), as well as MPK4, to suppress FLS2 

signalling (Zhang et al., 2007; Zhang et al., 2012). 

 

RLPs in plant immunity 

Tomato Cf-4 and Cf-9 are two well-studied RLPs that confer resistance to the biotrophic 

fungal pathogen C. fulvum secreting the effectors Avr4 and Avr9, respectively (Jones 

et al., 1994; Joosten et al., 1994; Thomas et al., 1997; van den Ackerveken et al., 1992). 

In addition, Cf-2, Cf-4E and Cf-5 also confer resistance to C. fulvum through 

recognition of their matching effectors, namely Avr2, Avr4E and Avr5 (Dixon et al., 1998; 

Dixon et al., 1996; Luderer et al., 2002; Mesarich et al., 2016; Takken et al., 1999; 

Westerink et al., 2004). Besides Cf proteins, many additional tomato RLPs mediating 

plant immunity have also been identified. For instance, Ve1 confers resistance to the 

fungal pathogen Verticillium dahliae secreting the effector Ave1 (de Jonge et al., 2012). 

In addition, the I protein recognizes the effector Avr1 to mediate immunity against 

infection by the fungal pathogen Fusarium oxysporum f. sp. lycopersici (Catanzariti et 

al., 2017). Moreover, ETHYLENE-INDUCING XYLANASE RECEPTOR 2 (EIX2) 

recognizes the MAMP ETHYLENE-INDUCING XYLANASE (EIX) to activate immunity 

(Ron and Avni, 2004). Furthermore, RLP-mediated immunity has also been 

demonstrated in other plant species, including potato, N. benthamiana and Arabidopsis 

(Albert et al., 2015; Boutrot and Zipfel, 2017; Du et al., 2015; van der Burgh and 

Joosten, 2019; Wan et al., 2019; Wang et al., 2018c; Zhang et al., 2014; Zhang et al., 

2013a). For instance, Arabidopsis RLP23 mediates defence against infection by 

pathogens producing NECROSIS- AND ETHYLENE-INDUCING PROTEIN 1 (NEP1)-

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

 

Immunity mediated by the two gene-for-gene pairs Cf-4/Avr4 and Cf-9/Avr9 has been 

studied extensively (de Wit, 2016; Stergiopoulos and de Wit, 2009). The combination 
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of Cf-4/Avr4 and Cf-9/Avr9 both activate downstream defence signalling eventually 

leading to the development of an HR in tomato, as well as in N. tabacum and N. 

benthamiana when heterologously expressed (Gabriëls et al., 2006; Hammond-

Kosack et al., 1994; Hammond-Kosack et al., 1998; Joosten et al., 1994; Thomas et 

al., 1997; Thomas et al., 2000). The other Cf/Avr combinations and many other 

RLP/ligand pairs also trigger an HR, whereas not all RLPs, such as RLP23, recognize 

their ligands to trigger an HR (Albert et al., 2015; van der Burgh and Joosten, 2019). 

 

RLPs require SOBIR1 and BAK1 to initiate downstream immune signalling (Gust and 

Felix, 2014; Liebrand et al., 2014; van der Burgh and Joosten, 2019; Wan et al., 2019). 

However, the downstream components required for RLP-mediated immunity are barely 

known. Nevertheless, upon recognition of their ligands, some RLPs, including Cf-4, Cf-

9 and RLP23, trigger ROS production and the activation of MAPKs and Ca2+ signalling, 

which is reminiscent of the activation of FLS2-mediated signalling (Albert et al., 2015; 

Couto and Zipfel, 2016; de Jong et al., 2004; Romeis et al., 2001; Stulemeijer et al., 

2007; Wan et al., 2018; Zhang et al., 2013a; Zhou et al., 2019). Below, an overview of 

identified downstream signalling components required for Cf-4 signalling will be 

provided, with a focus on the following aspects: the activation of the Cf-

4/SOBIR1/BAK1 complex; the cytoplasmic interactors of Cf-4; the requirement of 

downstream MAPKs and the regulation of Cf-4 signalling mediated by Ca2+-dependent 

signalling and E3 ubiquitin ligases (Fig. 3). 

 

Formation and activation of the Cf-4/SOBIR1/BAK1 complex 

Cf-4 requires the RLKs SOBIR1 and BAK1 to mediate resistance to C. fulvum 

(Liebrand et al., 2013; Postma et al., 2016). The transmembrane domain of SOBIR1 is 

responsible for its constitutive interaction with Cf-4, and BAK1 is recruited to the 

constitutive Cf-4/SOBIR1 complex upon Avr4 perception (Bi et al., 2016; Liebrand et 

al., 2013; Postma et al., 2016) (Fig. 3A). In addition, the kinase activities of both 

SOBIR1 and BAK1 are required Cf-4 signalling (Liebrand et al., 2013; Postma et al., 

2016). Recently, it has been proposed that formation of the Cf-4/SOBIR1/BAK1 

complex initiates trans-phosphorylation events between the kinase domains of 

SOBIR1 and BAK1 that have come in close proximity, leading to full activation of this 

complex and subsequent activation of downstream signalling (van der Burgh et al., 

2019). 

 

Cytoplasmic interactors of Cf-4 

The Cf-4 and Cf-9 proteins share an identical C-terminal half, including the 

transmembrane domain and the cytoplasmic tail (Jones et al., 1994; Thomas et al., 

1997). The cytoplasmic tail of Cf-4/9 interacts with tomato VESICLE-ASSOCIATED 
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PROTEIN 27 (VAP27), which is proposed to regulate vesicular trafficking and might be 

required for the Avr4-triggered endocytosis of Cf-4 (Chakrabarti et al., 2016; Laurent 

et al., 2000; Postma et al., 2016). The cytoplasmic tail of Cf-4/9 also interacts with the 

tomato thioredoxin protein Cf-9-INTERACTING THIOREDOXIN (CITRX), and the 

binding sites for VAP27 and CITRX on this cytosolic tail appear to be different 

(Chakrabarti et al., 2016; Rivas et al., 2004) (Fig. 3B). Both CITRX and its N. 

benthamiana orthologue are required for Cf-9 signalling (Rivas et al., 2004), 

suggesting that CITRX might be required for Cf-4 signalling as well. CITRX functions 

as an adaptor protein between the cytoplasmic tail of Cf-4/9 and the tomato RLCK 

Avr9/Cf-9 INDUCED KINASE 1 (ACIK1) (Nekrasov et al., 2006; Rowland et al., 2005) 

(Fig. 3B). ACIK1 is required for the Cf-4/Avr4-triggered HR in N. benthamiana, as well 

as for Cf-9 signalling in tomato and N. benthamiana (Rowland et al., 2005). 

 

MAPKs are required for Cf-4 signalling 

It has been reported that NbMAPKKKε, the orthologue of SlMAPKKKε, is required for 

the Cf-4/Avr4-triggered HR (Melech-Bonfil and Sessa, 2010). In addition, SlMPK1, 

SlMPK2 and SlMPK3 (further referred to as SlMPK1/2/3) are required for Cf-4 

signalling in tomato (Stulemeijer et al., 2007). Moreover, the SlMKK2 and SlMPK1/2/3 

functional orthologues of N. benthamiana function downstream of NbMAPKKKε 

(Melech-Bonfil and Sessa, 2010). Taken together, it is likely that a MAPK cascade 

consisting of SlMAPKKKε, SlMKK2 and SlMPK1/2/3 is required for Cf-4 signalling (Fig. 

3C). 

 

Ca2+-dependent regulation of Cf-4 signalling 

So far, little is known about Ca2+-dependent signalling playing a role downstream of 

Cf-4, except that the Ca2+ sensor NbCPK2 is required for the HR triggered by Cf-4/Avr4 

(Fig. 3D) and Cf-9/Avr9 (Romeis et al., 2001). Since the endoplasmic reticulum-

localized Ca2+ efflux transporter N. benthamiana Ca2+-ATPase (NbCA1) negatively 

regulates the Cf-9/Avr9-triggered HR (Zhu et al., 2010a), NbCA1 might also negatively 

regulate Cf-4 signalling (Fig. 3D). NbCPK2 and NbCA1 are the orthologues of 

Arabidopsis CPK1/2 and ACA2, respectively (Cheng et al., 2002; Romeis et al., 2001; 

Zhu et al., 2010a). The activity of ACA2 is stimulated by the Ca2+ sensor protein 

CALMODULIN (CaM), whereas CPK1 phosphorylates ACA2 to inhibit the CaM-

mediated stimulation of ACA2 (Harper et al., 1998; Hwang et al., 2000). Hence, it is 

likely that NbCPK2 and an unknown CaM member antagonistically regulate the activity 

of NbCA1 to regulate Cf-4 signalling when expressed in N. benthamiana (Fig. 3D). 
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Figure 3. Overview of signalling components required for Cf-4 signalling. (A) The Avr4-induced 

Cf-4/SOBIR1/BAK1 complex at the plasma membrane. Note that Cf-4 constitutively interacts with 

SOBIR1, and BAK1 is recruited to the constitutive Cf-4/SOBIR1 complex upon recognition of Avr4. In 

addition, Cf-4 recognizes Avr4 to trigger the development of a hypersensitive response (HR) in both 

tomato (Solanum lycopersicum) and Nicotiana benthamiana. (B) The thioredoxin protein CITRX 

functions as an adaptor between the cytoplasmic tail of Cf-4 and the RLCK ACIK1. Note that the 

cytoplasmic tail of Cf-4 is identical to that of Cf-9. ACIK1 is required for both Cf-4 and Cf-9 signalling, 

while CITRX might negatively regulates Cf-4 signalling as it negative regulates Cf-9 signalling. (C) 

SlMAPKKKε, SlMKK2 and SlMPK1/2/3 might form a MAPK cascade that is required for Cf-4 signalling. 

NbMAPKKKε, the orthologue of SlMAPKKKε, and SlMPK1/2/3 are required for the Cf-4/Avr4-triggered 

HR in N. benthamiana and tomato, respectively. In addition, the functional orthologues of SlMKK2 and 

SlMPK1/2/3 of N. benthamiana function downstream of NbMAPKKKε. (D) The Ca2+ sensors NbCPK2 

and an unknown CaM member might antagonistically regulate the activity of the endoplasmic reticulum 

(ER)-localized Ca2+ efflux transporter NbCA1 to regulate Cf-4 signalling. Note that NbCPK2 is required 

for both Cf-4 and Cf-9 signalling, while NbCA1 might negatively regulate Cf-4 signalling as it negatively 

regulates Cf-9 signalling. In addition, NbCPK2 and NbCA1 are the orthologues of AtCPK1 and AtACA2, 

respectively, and AtCPK1 suppresses the Ca2+ sensor CaM-mediated activation of AtACA2. (E) Four 

E3 ubiquitin ligases regulate Cf-4 signalling in N. benthamiana. The E3 ubiquitin ligases ACRE74, 

ACRE189 and ACRE276 are required for the Cf-4/Avr4-triggered HR, while the E3 ubiquitin ligase POB1 

ubiquitinates ACRE276 for degradation and negatively regulates Cf-4 signalling. Positive and negative 

regulators of Cf-4 signalling are indicated by green and red boxes, respectively. Possible regulatory 

roles and proposed functions are indicated by dashed boxes and dashed lines, respectively (see text 

for details). 

 

 

Cf-4 signalling is regulated by E3 ubiquitin ligases 

Four E3 ubiquitin ligases have been shown to regulate Cf-4 signalling in N. 

benthamiana (Fig. 3E). The E3 ubiquitin ligases Avr9/Cf-9 RAPIDLY ELICITED 74 

(ACRE74), ACRE189 and ACRE276 are required for the Cf-4/Avr4-triggered HR 

(Gilroy et al., 2011; González-Lamothe et al., 2006; Rowland et al., 2005; van den Burg 
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et al., 2008; Yang et al., 2006). However, targets of these three E3 ubiquitin ligases 

remain unknown. Recently, the E3 ubiquitin ligase POZ/BTB CONTAINING G-

PROTEIN 1 (POB1) has been shown to ubiquitinate ACRE276 for degradation, thereby 

negatively regulating Cf-4 signalling (He et al., 2015; Orosa et al., 2017). 

 

Searching for candidates required for Cf-4 signalling: A lesson from the well-

characterized FLS2 signalling pathway and bacterial T3E-mediated suppression 

of FLS2 signalling 

Although cell surface receptors recognize different ligands to confer immunity against 

infection by a broad range of pathogens in various plant species, emerging evidence 

has revealed some common themes for such receptors in activating plant immunity 

(Bigeard et al., 2015; Couto and Zipfel, 2016; Yu et al., 2017; Zhou et al., 2019). Upon 

ligand perception, cell surface receptors form a complex with different SERKs (Ma et 

al., 2016; Wan et al., 2019). In addition, cytoplasmic RLCKs act as phosphorylation 

substrates of activated receptor-containing complexes and subsequently activate 

downstream immune responses, such as ROS production and MAPK activation (Cui 

et al., 2018; Liang and Zhou, 2018). Hence, comparative analysis of signalling 

pathways mediated by cell surface receptors might offer insight into the signalling 

pathway mediated by a given RLK or RLP. 

 

So far, various reports have demonstrated that some RLKs and RLPs share the same 

component to mediate plant immunity. For instance, both RLKs and RLPs form ligand-

induced complexes with the regulatory RLK BAK1, and require this RLK for the 

activation of downstream signalling (Gust and Felix, 2014; Liebrand et al., 2014; Ma et 

al., 2016; van der Burgh and Joosten, 2019; Wan et al., 2019). In addition, the RLK 

BIR2 and the protein phosphatases PP2A-A1/C4, which target BAK1 to negatively 

regulate both FLS2 and EFR signalling (Halter et al., 2014b; Segonzac et al., 2014), 

also negatively regulate RLP23 signalling (Wan et al., 2018). Moreover, the MAPK 

cascade MAPKKK3/5-MKK4/5-MPK3/6, or the cascade composed of their respective 

homologues, is involved in signalling pathways mediated by both RLKs, like FLS2 and 

EFR (Bi et al., 2018; Meng and Zhang, 2013; Sun et al., 2018), and RLPs such as 

RLP23 and Cf-4 (Albert et al., 2015; Melech-Bonfil and Sessa, 2010; Stulemeijer et al., 

2007; Zhang et al., 2013a). 

 

It is noteworthy that highly homologous components can also be differently used for 

signal transduction. For instance, the Arabidopsis RLCK PBL13 negatively regulates 

immune responses mediated by RLKs including FLS2 (Lin et al., 2015), whereas its 

orthologue NbACIK1 is required for the HR triggered by both Cf-4/Avr4 and Cf-9/Avr9 

(Rowland et al., 2005). Another example is the observation that the E3 ubiquitin ligase 

1



Chapter 1 

24 
 

PUB22 negatively regulates immune responses mediated by RLKs such as FLS2 

(Furlan et al., 2017; Stegmann et al., 2012; Trujillo et al., 2008), whereas its close 

homologue NbACRE74 positively regulates the HR triggered by both Cf-4/Avr4 and 

Cf-9/Avr9 (Gilroy et al., 2011; González-Lamothe et al., 2006). Recently, the well-

studied RLCK BIK1, which is a positive regulator of FLS2 signalling (Zhang et al., 2010), 

was shown to negatively regulate RLP23 signalling (Wan et al., 2018). In addition, the 

same phosphorylation sites of BIK1 are required for its positive role in FLS2 signalling 

and for its negative role in RLP23 signalling (Lin et al., 2014; Wan et al., 2018; Zhang 

et al., 2010). Strikingly, CPK28 and heterotrimeric G-proteins, which antagonistically 

regulate FLS2 signalling through regulating the accumulation of BIK1 (Monaghan et 

al., 2014; Wang et al., 2018a), also antagonistically regulate RLP23 signalling, 

regardless of the opposite role of BIK1 in FLS2 and RLP23 signalling (Wan et al., 2018). 

So far, the molecular mechanism underlying the opposite role of BIK1 remains 

unknown. 

 

Although a certain signalling component might employ different molecular mechanisms 

to regulate plant immunity mediated by different cell surface receptors, the well-

characterized FLS2 signalling pathway can be used as a model to study signalling 

pathways mediated by other receptors, such as Cf-4. To date, it is known that Cf-4 

requires SOBIR1 and BAK1 to mediate resistance to strains of C. fulvum secreting 

Avr4, and that the Avr4-induced recruitment of BAK1 to the constitutive Cf-4/SOBIR1 

complex results in phosphorylation of SOBIR1 and possibly also BAK1 (Liebrand et al., 

2013; Postma et al., 2016; van der Burgh et al., 2019). However, components involved 

in regulating the Avr4-induced formation and subsequent activation of the Cf-

4/SOBIR1/BAK1 complex are unknown. To improve our understanding of this process, 

Cf-4/SOBIR1/BAK1-interacting proteins will have to be identified. In addition to 

conventional methods, such as immunoprecipitation coupled with mass spectrometry 

analysis or yeast two-hybrid assays, investigating the possible requirement of 

components, which regulate FLS2/BAK1 complex formation, for Cf-4 signalling offers 

an alternative way to study the regulation of Cf-4 signalling. 

 

Although several downstream components required for Cf-4 signalling have been 

identified (Liebrand et al., 2013; Postma et al., 2016; Stergiopoulos and de Wit, 2009), 

our knowledge of the Cf-4 signalling pathway is relatively limited when compared to 

what is known about FLS2 signalling. Emerging evidence has revealed that some 

intracellular effectors from unrelated pathogens can target the same host signalling 

components to suppress plant immunity, and has led to the notion that such effectors 

can be used as molecular probes to dissect plant immunity (Lee et al., 2013; Toruno et 

al., 2016; Win et al., 2012). In agreement with this, Cf-4 signalling can be suppressed 

1



General introduction 

25 
 

by the oomycete pathogen Phytophthora infestans RXLR effectors PexRD2 and 

AVR3a (Gilroy et al., 2011; King et al., 2014). PexRD2 targets NbMAPKKKε to inhibit 

activation of downstream MPKs, while AVR3a interacts with NbACRE74 to suppress 

its E3 ligase activity that is required for its positive role in Cf-4 signalling (Gilroy et al., 

2011; King et al., 2014). The model bacterial pathogen Pst DC3000 also injects various 

T3Es into its host cells, and of which some T3Es target BAK1 that is also required for 

Cf-4 signalling (Büttner, 2016; Couto and Zipfel, 2016). Therefore, investigating the 

ability of the various Pst DC3000 T3Es, either with or without known targets, to 

suppress the Cf-4/Avr4-triggered HR offers an alternative way to identify components 

involved in the Cf-4 signalling pathway. 

 

Cell surface receptors in plant development 

Besides functioning in immunity, RLKs and RLPs also play a role in development 

(Jamieson et al., 2018; Ma et al., 2016; Wang et al., 2010a; Wu et al., 2016b). So far, 

some RLKs have been demonstrated to directly bind endogenously secreted ligands 

to regulate various developmental processes (Hohmann et al., 2017; Ma et al., 2016; 

Shinohara and Matsubayashi, 2015; Song et al., 2017a). Similar to RLKs involved in 

immunity, RLKs involved in development also require regulatory RLKs to activate 

downstream signalling (Hu et al., 2018; Ma et al., 2016). RLPs involved in development 

have also been reported (Jamieson et al., 2018; Wang et al., 2010a). However, it 

appears that these RLPs do not function as ligand-binding receptors, but act as 

regulators to participate in RLK-mediated signalling pathways (Holzwart et al., 2018; 

Jeong et al., 1999; Kayes and Clark, 1998; Nadeau and Sack, 2002; Wolf et al., 2014; 

Yang and Sack, 1995). 

 

RLKs in plant development 

The RLK CLAVATA1 (CLV1) recognizes the stem cell-secreted peptide CLV3 to 

negatively regulate the activity of the shoot apical meristem (SAM) in various plant 

species, including Arabidopsis (Fig. 4A), rice, tomato and maize (Bommert et al., 2005; 

Clark et al., 1993; Clark et al., 1995; Clark et al., 1997; Fletcher et al., 1999; Suzaki et 

al., 2004; Xu et al., 2015). In Arabidopsis, inactivation of CLV3 signalling results in 

various developmental phenotypes, including an enlarged SAM, more carpels on the 

siliques and more rosette leaves (Clark et al., 1995; Fletcher et al., 1999). CLV1 directly 

binds CLV3 and functions as a primary CLV3 receptor in parallel to the RLKs BARELY 

ANY MERISTEMs (BAMs) and RECEPTOR-LIKE PROTEIN KINASE 2/TOADSTOOL 

2 (RPK2/TOAD2; further referred to as RPK2) (Casamitjana-Martinez et al., 2003; 

DeYoung et al., 2006; Kinoshita et al., 2010; Ogawa et al., 2008; Shinohara and 

Matsubayashi, 2015; Somssich et al., 2016b). 
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CLV3 belongs to the CLV3/ENDOSPERM SURROUNDING REGION (ESR)-related 

(CLE) family consisting of 32 members in Arabidopsis (Jun et al., 2008). The 12-amino-

acid peptide TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR 

(TDIF) corresponds to the identical CLE domain of CLE41 and CLE44, and is directly 

recognized by the RLK TDIF RECEPTOR (TDR), which is also known as PHLOEM 

INTERCALATED WITH XYLEM (PXY), to regulate vascular development (Fisher and 

Turner, 2007; Hirakawa et al., 2008; Ito et al., 2006; Zhang et al., 2016a) (Fig. 4B). 

 

The RLK BRI1 directly recognizes brassinolide (BL), which is the most active form of 

the brassinosteroids, to regulate growth in Arabidopsis (Hothorn et al., 2011; Li and 

Chory, 1997; She et al., 2011) (Fig. 4C). BRI1 signalling has also been demonstrated 

in crop plants, like rice and tomato (Vert et al., 2005). In addition, HAESA (HAE) and 

its orthologues directly recognize the endogenously secreted peptide 

INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) to regulate organ abscission 

(Butenko et al., 2003; Cho et al., 2008; Santiago et al., 2016) (Fig. 4D). Moreover, 

PHYTOSULFOKINE RECEPTOR1 (PSKR1) directly recognizes the secreted peptide 

PHYTOSULFOKINE (PSK) to regulate multiple developmental processes (Amano et 

al., 2007; Matsubayashi, 2014; Matsubayashi et al., 2002; Wang et al., 2015) (Fig. 4E). 

Furthermore, RLKs of the ERECTA family (ERfs) recognize the secreted peptides 

EPIDERMAL PATTERNING FACTOR1 (EPF1) and EPF2 to regulate stomatal 

development (Hara et al., 2007; Hunt and Gray, 2009; Lin et al., 2017; Shpak et al., 

2005) (Fig. 4F). 

 

Complex formation between RLK-type receptors and their regulatory RLKs 

Similar to RLKs mediating immunity, RLKs involved in development also require 

regulatory RLKs to activate downstream signalling (Ma et al., 2016). So far, it has been 

demonstrated that the SERKs interact with TDR, BRI1, HAE, PSKR1 and the ERfs in 

a ligand-dependent manner (Fig. 4B-F), which is similar to their association with FLS2 

(He et al., 2007; Ma et al., 2016; Meng et al., 2015; Meng et al., 2016; Wang et al., 

2015; Zhang et al., 2016b). Moreover, similar to FLS2, TDR, BRI1 and HAE also 

require the SERKs as co-receptors, and their ligands also function as a molecular glue 

to stabilize the heterodimerization of the ectodomains of the ligand-bound RLKs and 

the SERKs (Hohmann et al., 2017; Santiago et al., 2016; Santiago et al., 2013; Song 

et al., 2017a; Sun et al., 2013a; Zhang et al., 2016b). The ligand-induced 

heterodimerization of the ectodomains of the PSK-bound PSKR1 and SERKs is 

structurally similar to those described above, except that the SERKs do not directly 

interact with PSK (Wang et al., 2015). 

 

The SERKs are paralogues of four RLKs that are referred to as CLV3-INSENSITIVE 
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RECEPTOR KINASEs (CIKs) (Hu et al., 2018). Recently, it was reported that the CIKs 

function as regulatory RLKs for CLV1 (Fig. 4A) and RPK2 in regulating CLV3 signalling 

(Hu et al., 2018). However, unlike the SERKs forming ligand-induced complexes with 

RLKs, the CIKs interact with CLV1 and RPK2 in a ligand-independent manner (Hu et 

al., 2018; Ma et al., 2016). Currently, it remains unknown whether the CIKs also 

heterodimerize with CLV1 and RPK2 through their ectodomains. 

 

SOBIR1, which is also known as EVERSHED (EVR), is involved in HAE-mediated 

regulation of organ abscission (Leslie et al., 2010) (Fig. 4D). The exact role of SOBIR1 

in the regulation of organ abscission remains elusive, but it has been proposed that 

SOBIR1 regulates the internalization of HAE to mediate its negative role in organ 

abscission (Leslie et al., 2010; Liljegren, 2012; Patharkar and Walker, 2018). 

 

RLPs in plant development 

So far, only a few RLPs have been reported to play a role in development (Jamieson 

et al., 2018; Wang et al., 2010a). One of the most well-known RLPs involved in 

development is CLV2, which is Arabidopsis RLP10 and participates in CLV3 signalling 

in the shoot (Fig. 4A), as well as in CLE signalling in the root (Fiers et al., 2005; Jeong 

et al., 1999; Kayes and Clark, 1998). In addition, functional CLV2 orthologues have 

also been reported in maize and tomato (Taguchi-Shiobara et al., 2001; Xu et al., 2015). 

In addition, TOO MANY MOUTHS (TMM), which is also known as Arabidopsis RLP17, 

is involved in EPF1/2-mediated regulation of stomatal development (Nadeau and Sack, 

2002; Yang and Sack, 1995) (Fig. 4F). Furthermore, RLP44 is involved in the regulation 

of cell wall integrity and vascular development through the activation of BRI1 and 

PSKR1 signalling in Arabidopsis (Holzwart et al., 2018; Wolf et al., 2014) (Fig. 4C and 

E). 

 

Although TMM and RLP44 are required for developmental signalling, they do not 

function as ligand-binding receptors, but rather act as signalling modulators to regulate 

these developmental processes. For instance, regulation of stomatal development is 

mediated by the secreted peptides EPF1/2, which trigger the association of ERfs with 

SERKs (Hara et al., 2007; Hunt and Gray, 2009; Meng et al., 2015; Shpak et al., 2005). 

TMM and the ERfs form constitutive complexes, which contribute to ERf-mediated 

recognition of EPF1/2 (Lee et al., 2012; Lin et al., 2017) (Fig. 4F). In addition, TMM 

also constitutively interacts with the SERKs in a ligand-independent manner (Meng et 

al., 2015) (Fig. 4F). Furthermore, RLP44 functions as a scaffold to stabilize the 

association of BAK1 with BRI1 and PSKR1, and regulates BRI1 and PSKR1 signalling 

to participate in plant development (Holzwart et al., 2018; Wolf et al., 2014) (Fig. 4C 

and E). 
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Figure 4. Overview of plasma membrane-associated receptor complexes involved in 

development in Arabidopsis. (A) The RLK CLV1 directly recognizes CLV3, and constitutively interacts 

with the CIK regulatory RLKs. The RLP CLV2 and the pseudokinase CRN form a constitutive complex 

that plays a role in CLV3 signalling. The question mark indicates that the CLV2/CRN complex might 

participate in the CLV1/CIK complex to regulate CLV3 signalling. (B-D) The RLKs TDR, BRI1 and HAE 

and the SERK co-receptors form ligand-induced complexes that directly recognize the ligands TDIF, BL 

and IDA, respectively. Note that RLP44 constitutively interacts with BRI1 and BAK1, and stabilizes the 

BRI1/BAK1 complex (C). In addition, the RLK SOBIR1 plays a negative role in HAE signalling (D). The 

question mark indicates that SOBIR1 might regulate the internalization of HAE to mediate its role in HAE 

signalling. (E) The RLK PSKR1 directly recognizes PSK and forms a ligand-induced complex with the 

SERK regulatory RLKs. Note that the SERKs do not directly interact with PSK. (F) The RLK receptors 

ERfs form ligand-induced complexes with the SERKs. Note that the RLP TMM and the ERfs form 

constitutive complexes, which directly bind EPF1/2. In addition, TMM also constitutively interacts with 

the SERKs. 

 

 

The CLV2-dependent CLE signalling in Arabidopsis 

CLV2 constitutively interacts with CORYNE/SUPPRESSOR OF LLP1-2 (CRN/SOL2, 

further referred to as CRN), which lacks an obvious extracellular domain and contains 

an enzymatically inactive intracellular kinase domain (Bleckmann et al., 2010; Miwa et 

al., 2008; Müller et al., 2008; Nimchuk et al., 2011; Zhu et al., 2010b) (Fig. 4A). The 

CLV2/CRN complex is required for perception of CLV3 in the shoot (Jeong et al., 1999; 

Kayes and Clark, 1998; Miwa et al., 2008; Müller et al., 2008) (Fig. 4A). However, CLV2 

does not directly bind CLV3 (Shinohara and Matsubayashi, 2015), and the exact role 

of the CLV2/CRN complex in perceiving the CLV3 signal remains elusive (Somssich et 

al., 2016b). Besides playing a role in the shoot, the CLV2/CRN complex is also involved 

in CLE signalling in the root. Overexpression of various CLE genes, including CLV3, 

or in vitro application of peptides corresponding to the conserved CLE domain of these 

CLEs inhibits root elongation (Fiers et al., 2005; Kinoshita et al., 2007). In addition, the 

CLV2/CRN complex is required for CLE-mediated suppression of root elongation, 

although the molecular mechanism behind this process is not fully understood (Fiers 

et al., 2005; Miwa et al., 2008). 
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Signalling components downstream of CLV3 receptors in the SAM 

Although multiple receptors required for CLV3 perception in the SAM have been 

identified, only a few downstream signalling components are known (Somssich et al., 

2016b). For instance, the protein phosphatase KAPP, which interacts with FLS2 and 

negatively regulates flg22-triggered immune responses (Gómez-Gómez et al., 2001), 

targets and dephosphorylates the intracellular kinase domain of CLV1 to negatively 

regulate CLV3 signalling (Stone et al., 1998; Williams et al., 1997). In addition, the Gβ 

subunit AGB1 and the Gγ subunits AGG1/2, which are required for FLS2 signalling 

(Liang et al., 2016), function downstream of CLV1, RPK2 and CLV2 to regulate CLV3 

signalling (Ishida et al., 2014). The requirement of the Gα subunit GPA1 for CLV3 

signalling differs in different plant species, as GPA1 is not required for CLV3 signalling 

in Arabidopsis (Ishida et al., 2014), whereas the maize orthologues of GPA1 and CLV2 

form a complex to regulate CLV3 signalling (Bommert et al., 2013). Furthermore, the 

protein phosphatases POLTERGEIST (POL) and POL-LIKE1 function downstream of 

CLV3 receptors and maintain the expression of the transcription factor WUSCHEL, 

which positively regulates the size of the SAM (Laux et al., 1996; Schoof et al., 2000; 

Song et al., 2006; Yu et al., 2000). 

 

Thesis outline 

So far, it is known that Avr4 triggers the association of the constitutive Cf-4/SOBIR1 

complex with BAK1 (Liebrand et al., 2013; Postma et al., 2016). In addition, formation 

of the Cf-4/SOBIR1/BAK1 complex is proposed to trigger the phosphorylation of the 

intracellular kinase domains of SOBIR1 and BAK1, which subsequently activate 

downstream signalling resulting in plant immunity (van der Burgh et al., 2019). However, 

components involved in regulating the Avr4-induced formation and subsequent 

activation of the Cf-4/SOBIR1/BAK1 complex remain unknown. In addition, 

downstream components required for Cf-4 signalling are largely unknown. The work 

described in this thesis is aimed at gaining more insight into the molecular mechanisms 

of Cf-4 signalling. Furthermore, the application of the gained knowledge to genetically 

engineer plant immunity is pursued. Additionally, as SOBIR1, which is required for 

RLPs mediating immunity, also interacts with the RLP CLV2 involved in development 

(Liebrand et al., 2013), we investigated the significance of the CLV2/SOBIR1 complex. 

 

In Chapter 2, we set out to study which components are required for controlling the 

Avr4-induced formation and activation of the Cf-4/SOBIR1/BAK1 complex. Since BIR2 

and BIR3 negatively regulate the ligand-induced FLS2/BAK1 complex formation in 

Arabidopsis (Halter et al., 2014b; Imkampe et al., 2017), we hypothesized that BIR2 

and BIR3 might also play a role in Cf-4 signalling in N. benthamiana. To test this 

hypothesis, we investigated the effect of heterologously expressed BIR2 and BIR3 on 
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the HR triggered upon the activation of Cf-4-mediated signalling, and the formation of 

the Cf-4-containing complex. 

 

Based on the hypothesis that Pst DC3000 T3Es can be used as probes to identify 

components required for Cf-4 signalling, we selectively studied whether the well-known 

T3E AvrPto affects Cf-4 signalling (Chapter 3). We studied the effect of AvrPto on the 

Cf-4/Avr4-triggered HR. Furthermore, we also investigated whether AvrPto interacts 

with SOBIR1, and tested whether AvrPto affects the Avr4-induced formation of the Cf-

4/SOBIR1/BAK1 complex. 

 

Studies on cell surface chimeric receptor proteins have revealed that the ectodomain 

of such chimeric receptors determines ligand specificity, while the transmembrane 

domain and the cytoplasmic kinase domains determine their output intensity (Boutrot 

and Zipfel, 2017; De Lorenzo et al., 2011). In Chapter 4, we aimed to obtain a strong 

MAMP-dependent resistance response in N. tabacum, by exploiting the EFR-mediated 

recognition of the MAMP elf18 and the ability of Cf-9 to trigger a strong HR (Jones et 

al., 1994; Zipfel et al., 2006). To this end, we generated the chimera EFR-Cf-9 by 

replacing the ectodomain of Cf-9 with that of EFR. We further studied whether 

expression of this chimera in N. tabacum resulted in elf18-triggered immunity to 

bacterial infection. Moreover, we studied whether SOBIR1 and BAK1 are required for 

the functionality of the chimera EFR-Cf-9. 

 

It is known that SOBIR1 functions as a regulatory RLK for RLPs involved in immunity 

(Gust and Felix, 2014; Liebrand et al., 2014; van der Burgh and Joosten, 2019; Wan 

et al., 2019). However, SlSOBIR1 also interacts with the RLP SlCLV2 (Liebrand et al., 

2013), which is involved in SlCLV3 signalling in development (Xu et al., 2015). 

Currently, the significance of the CLV2/SOBIR1 complex remains unknown. As the 

roles of both CLV2 and SOBIR1 are conserved across plant species (van der Burgh 

and Joosten, 2019; Wan et al., 2019), we anticipated that Arabidopsis CLV2 would also 

interact with SOBIR1, and attempted to investigate the significance of this complex in 

Arabidopsis. In Chapter 5, we show that Arabidopsis CLV2 indeed also interacts with 

SOBIR1. In addition, CLV2 also interacts with BAK1. The significance of the interaction 

of CLV2 with SOBIR1 and BAK1 was determined both in relation to immune responses 

depending on SOBIR1 and/or BAK1, and in relation to CLV2-dependent CLV3 

developmental signalling. Additionally, we attempted to identify downstream 

components required for CLV3 signalling. As a functional CLV3 signalling pathway 

requires the G-protein subunits AGB1 and AGG1/2, which are also required for FLS2 

signalling (Ishida et al., 2014; Liang et al., 2016), we anticipated that other regulators 

of FLS2 signalling might also play a role in CLV3 signalling. To this end, we examined 
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Arabidopsis mutants and transformants displaying impaired FLS2 signalling for their 

responsiveness to exogenous application of CLV3 peptide in the root. 

 

In Chapter 6, the results presented in this thesis are discussed in a broader context, 

with the aim to illustrate the regulation of LRR-type cell surface receptor complexes 

involved in defence and development. 
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Abstract 

The tomato receptor-like protein Cf-4 depends on the receptor-like kinases 

SUPPRESSOR OF BIR1-1 (SOBIR1) and BRI1-ASSOCIATED KINASE 1 (BAK1) to 

mediate resistance to strains of the biotrophic fungal pathogen Cladosporium fulvum 

secreting the effector Avr4. Transient expression of Avr4 in Cf-4-transgenic Nicotiana 

benthamiana and of Arabidopsis thaliana (At) SOBIR1 in N. benthamiana reconstitutes 

a signalling pathway similar to the Cf-4 signalling pathway in tomato, and both trigger 

a typical hypersensitive response (HR). As overexpressed BAK1-INTERACTING 

KINASE 2 (BIR2) and BIR3 both suppress BAK1-dependent immunity in Arabidopsis, 

we hypothesized that BIR2 and BIR3 might also suppress Cf-4 signalling in N. 

benthamiana. Here, we show that BIR2 and BIR3 both interact with AtSOBIR1 and 

suppress the AtSOBIR1-triggered HR in N. benthamiana. In addition, transiently 

overexpressed BIR2 and BIR3 both inhibit the formation of the constitutive Cf-

4/SOBIR1 complex and suppress the Avr4-triggered HR in Cf-4-transgenic N. 

benthamiana, likely through their interaction with SOBIR1. Moreover, AtSOBIR1 

phosphorylates BIR2 and BIR3 that both have a stronger interaction with a kinase-

inactive mutant of AtSOBIR1 than with wild type AtSOBIR1, suggesting that the 

phosphorylation of BIR2 and BIR3 reduces their affinity for AtSOBIR1. Taken together, 

these results indicate that BIR2 and BIR3 interact with SOBIR1 to negatively regulate 

Cf-4 signalling. Further research is required to determine whether the functional tomato 

orthologues of BIR2 and BIR3 similarly interact with SOBIR1 to regulate Cf-4-mediated 

resistance to C. fulvum in tomato. 
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Introduction 

Cell surface associated pattern-recognition receptors (PRRs) recognize apoplastic 

signals to initiate plant immunity (Couto and Zipfel, 2016; van der Burgh and Joosten, 

2019; Wan et al., 2019). Leucine-rich repeat (LRR) receptor-like kinases (RLKs) and 

LRR receptor-like proteins (RLPs) are two major types of PRRs (Boutrot and Zipfel, 

2017; Li et al., 2016c; Wan et al., 2019). Compared to RLKs, RLPs lack an intracellular 

kinase domain to trigger downstream signalling upon ligand recognition (Monaghan 

and Zipfel, 2012). 

 

RLP-mediated defence against infection by pathogens has been demonstrated in 

various plant species (Boutrot and Zipfel, 2017; van der Burgh and Joosten, 2019; Wan 

et al., 2019). RLPs and the RLK SUPPRESSOR OF BIR1-1 (SOBIR1) form a 

constitutive complex, which recruits the RLK BRI1-ASSOCIATED KINASE 1 (BAK1) in 

a ligand-dependent manner to initiate downstream signalling (Albert et al., 2015; 

Domazakis et al., 2018; Du et al., 2015; Gust and Felix, 2014; Liebrand et al., 2013; 

Liebrand et al., 2014; Postma et al., 2016; Wang et al., 2018c; Zhang et al., 2013a). 

For instance, the tomato (Solanum lycopersicum, Sl) RLP Cf-4 recognizes the 

apoplastic effector Avr4 to mediate resistance to the biotrophic fungal pathogen 

Cladosporium fulvum (Joosten et al., 1994; Thomas et al., 1997). Cf-4 and SlSOBIR1 

form a constitutive complex, which recruits SlBAK1 in an Avr4-dependent manner, 

thereby leading to phosphorylation of SOBIR1 and BAK1, and activation of 

downstream mitogen-activated protein kinases (MAPKs) (Liebrand et al., 2013; 

Postma et al., 2016; Stulemeijer et al., 2007; van der Burgh et al., 2019). 

 

Heterologous co-expression of Cf-4 and Avr4 in Nicotiana benthamiana (Nb) activates 

downstream immune responses eventually leading to a typical hypersensitive 

response (HR), which is proposed to be similar to that triggered by Cf-4 and Avr4 in 

tomato (Gabriëls et al., 2006; Liebrand et al., 2012; Liebrand et al., 2013; Postma et 

al., 2016; Vossen et al., 2010). NbSOBIR1 is required for Cf-4 signalling in N. 

benthamiana and shares a conserved function with SOBIR1 from Arabidopsis thaliana 

(At) (Liebrand et al., 2013). In addition, transiently overexpressed AtSOBIR1 triggers 

constitutive immunity that eventually also leads to a typical HR in N. benthamiana (Wu 

et al., 2018a). Moreover, similar to Avr4-activated Cf-4/SOBIR1 signalling, AtSOBIR1-

triggered constitutive immunity requires kinase activity of both SOBIR1 and BAK1, and 

involves the activation of MAPKs (Liebrand et al., 2013; Postma et al., 2016; 

Stulemeijer et al., 2007; van der Burgh et al., 2019; Wu et al., 2018a), suggesting that 

constitutively active AtSOBIR1 in N. benthamiana represents the Avr4-activated state 

of NbSOBIR1 and SlSOBIR1 in Cf-4 signalling. Therefore, the usage of AtSOBIR1-
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triggered constitutive immunity offers a suitable tool to further dissect the pathway 

downstream of the activated Cf-4/SOBIR1 complex. 

 

The Arabidopsis BAK1-INTERACTING RECEPTR-LIKE KINASE (BIR) family consists 

of four members, which all have an ectodomain containing five LRRs and an 

intracellular domain consisting of a juxta membrane domain and a kinase domain 

(Blaum et al., 2014; Gao et al., 2009; Halter et al., 2014b; Hohmann et al., 2018; Ma 

et al., 2017). BIR1 is a kinase-active RLK, whereas BIR2, BIR3 and BIR4 are all 

pseudokinases (Blaum et al., 2014; Gao et al., 2009; Halter et al., 2014b; Imkampe et 

al., 2017). Currently, BIR1, BIR2 and BIR3 have been reported to regulate BAK1-

dependent plant immunity. It has also been demonstrated that BAK1 regulates plant 

basal defence together with SOBIR1 (Liu et al., 2016), and that BAK1 is also required 

for the RLK FLAGELLIN-SENSING 2 (FLS2)-mediated defence against infection by 

the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 in Arabidopsis 

(Chinchilla et al., 2007; Gómez-Gómez and Boller, 2000; Schulze et al., 2010). BIR1 

negatively regulates plant basal defence depending on both SOBIR1 and BAK1, but 

BIR1 does not affect BAK1-dependent FLS2 signalling (Gao et al., 2009; Liu et al., 

2016). In contrast, both BIR2 and BIR3 interact with BAK1 to negatively regulate FLS2 

signalling (Halter et al., 2014b; Imkampe et al., 2017). So far, it remains unknown how 

these three BIRs differentially regulate BAK1-dependent plant immunity. As all BIRs 

share a common mechanism in interacting with BAK1 via their ectodomains, it was 

proposed that the different roles of the BIRs in regulating plant immunity are caused 

by the differences in their intracellular domains (Hohmann et al., 2018; Ma et al., 2017). 

 

As both BIR2 and BIR3 suppress BAK1-dependent FLS2 signalling (Halter et al., 

2014b; Huang et al., 2017; Imkampe et al., 2017), we hypothesized that transiently 

overexpressed BIR2 and BIR3 might also suppress Cf-4 signalling. Because 

AtSOBIR1-triggered constitutive immunity offers a tool to study signalling events 

occurring downstream of the Cf-4/SOBIR1 complex, we initially studied whether 

transiently overexpressed BIR2 and BIR3 affect AtSOBIR1-triggered constitutive 

immunity. Here we show that transiently overexpressed BIR2 and BIR3 both interact 

with AtSOBIR1 and suppress the AtSOBIR1-triggered HR in N. benthamiana. In 

addition, BIR2 and BIR3 are phosphorylated by AtSOBIR1. Moreover, transiently 

overexpressed BIR2 and BIR3 both inhibit the formation of the constitutive Cf-

4/SOBIR1 complex and suppress the Avr4-triggered HR in Cf-4-transgenic N. 

benthamiana. Further research is required to determine whether the tomato 

orthologues of BIR2 and BIR3 similarly interact with SlSOBIR1 to regulate Cf-4-

mediated resistance to C. fulvum in tomato. 
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Results 

Transiently co-expressed BIR2 and BIR3 suppress AtSOBIR1-triggered 

constitutive immunity in N. benthamiana 

Based on the hypothesis that transiently overexpressed BIR2 and BIR3 might 

suppress Cf-4 signalling, we initially studied whether BIR2 and BIR3 affect AtSOBIR1-

triggered constitutive immunity. Therefore, C-terminally eYFP-tagged BIR2 and BIR3, 

as well as BIR1 and BIR4 (Halter et al., 2014b), were co-expressed with AtSOBIR1-

eGFP in the presence of the silencing suppressor P19 (Voinnet et al., 2015), which 

increases overall protein accumulation levels, in N. benthamiana. Co-expression of β-

glucuronidase (GUS)-eGFP was used as a negative control. We found that the 

AtSOBIR1-triggered HR was not affected by GUS-eGFP, BIR1-eYFP and BIR4-eYFP, 

but was suppressed by eYFP-tagged BIR2 and BIR3 (Fig. 1), indicating that BIR2 and 

BIR3 are negative regulators of AtSOBIR1-triggered constitutive immunity in N. 

benthamiana. 

 

 

 

Figure 1. Transiently co-expressed BIR2 and BIR3 suppress AtSOBIR1-triggered constitutive 

immunity. (A) Transiently co-expressed BIR2 and BIR3 suppress the AtSOBIR1-triggered 

hypersensitive response (HR) in Nicotiana benthamiana. AtSOBIR1-eGFP and silencing suppressor 

P19 were co-expressed with GUS-eGFP or C-terminally eYFP-tagged BIRs in leaves of N. benthamiana 

(n = 8). Pictures were taken at 3 days post-infiltration (dpi). The experiment was repeated three times 

with similar results, and representative results are shown. (B) Quantification of the percentage of the 

HR as shown in (A). The Student’s t-test was used for statistical analysis, and asterisks indicate a 

statistically significant difference (*** P < 0.001). 

 

BIR2 and BIR3, as well as BIR1 and BIR4, interact with AtSOBIR1 

To study whether BIR2 and BIR3 interact with AtSOBIR1, eYFP-tagged BIR2 and BIR3 

were co-expressed with AtSOBIR1-Myc in the presence of P19 in N. benthamiana. 

BIR1-eYFP and BIR4-eYFP were also included, and GUS-eGFP was used as a 

negative control. Immunoprecipitation (IP) of eGFP- and eYFP-tagged proteins 

resulted in the co-purification of AtSOBIR1-Myc with eYFP-tagged BIRs, but not with 

GUS-eGFP (Fig. 2), indicating that BIR2 and BIR3, as well as BIR1 and BIR4, interact 

with AtSOBIR1. 
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Figure 2. BIR2 and BIR3, as well as BIR1 and BIR4, 

interact with AtSOBIR1. GUS-eGFP and C-terminally eYFP-

tagged BIRs were transiently co-expressed with AtSOBIR1-

Myc in the presence of P19 in N. benthamiana. Proteins were 

extracted and subjected to immunoprecipitation (IP) by using 

GFP-affinity beads, followed by western blotting (WB). αGFP 

antibody was used to detect eGFP- and eYFP-tagged 

proteins, and αMyc antibody was used to detect AtSOBIR1-

Myc. Rubisco bands in the stain-free panel indicate equal 

loading. The experiment was repeated three times with similar 

results, and representative results are shown. 

 

 

To study whether kinase activity of AtSOBIR1 plays a role in its interaction with the 

BIRs, eYFP-tagged BIRs were co-expressed with Myc-tagged AtSOBIR1 or the 

kinase-inactive mutant AtSOBIR1RD/N, which is also known as AtSOBIR1D489N 

(Liebrand et al., 2013), in the presence of P19 in N. benthamiana. In addition, eYFP-

tagged BIRs were also co-expressed with AtSOBIR1-Myc in the absence of P19 as 

controls. IP of either SOBIR1-Myc (Fig. S1) or eYFP-tagged BIRs (Fig. S2) revealed 

that in the presence of P19, the BIRs interacted with higher amounts of AtSOBIR1RD/N 

protein than with the AtSOBIR1 protein. This was more apparent when eYFP-tagged 

BIRs were immunoprecipitated and the amounts of co-purified AtSOBIR1-Myc and 

AtSOBIR1RD/N-Myc were determined (Fig. S2). In addition, no interaction between 

eYFP-tagged BIRs and AtSOBIR1-Myc was detected in the absence of P19, which 

may be caused by overall low protein accumulation levels (Fig. S2). These results 

indicate that kinase activity of AtSOBIR1 affects its interaction with the BIRs. 

 

BIR2 and BIR3, as well as BIR1 and BIR4, are phosphorylated by AtSOBIR1 

It has been demonstrated that AtSOBIR1 undergoes auto-phosphorylation (van der 

Burgh et al., 2019). As AtSOBIR1 interacts with BIR2 and BIR3, as well as with BIR1 

and BIR4 (Fig. 2), we hypothesized that AtSOBIR1 might be able to phosphorylate the 

BIRs in planta. Therefore, eYFP-tagged BIRs were co-expressed with Myc-tagged 

AtSOBIR1, AtSOBIR1RD/N or GUS, in the presence of P19 in N. benthamiana. 

Compared to GUS-Myc, AtSOBIR1RD/N-Myc did not affect the phosphorylation status 

of eYFP-tagged BIRs, whereas AtSOBIR1-Myc phosphorylated all eYFP-tagged BIRs 

(Fig. 3). These observations indicate that AtSOBIR1 indeed phosphorylates the BIRs 

in planta. As high accumulation levels of AtSOBIR1 lead to auto-phosphorylation of 

AtSOBIR1 in N. benthamiana (van der Burgh et al., 2019), eYFP-tagged BIRs were 
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also co-expressed with Myc-tagged AtSOBIR1 in the absence of P19, in order to study 

whether the phosphorylation levels of the BIRs positively correlate with the 

phosphorylation status of AtSOBIR1. Co-expression with AtSOBIR1-Myc in the 

absence of P19 also resulted in phosphorylation of all eYFP-tagged BIRs, but to a 

lesser extent when compared to co-expression with AtSOBIR1-Myc in the presence of 

P19 (Fig. 3), indicating that P19 promotes the auto-phosphorylation of AtSOBIR1, 

which in turn leads to higher phosphorylation levels of all BIRs. 

 

 

 

 

Figure 3. The phosphorylation levels of BIR2 and BIR3, as well as BIR1 and BIR4, depend on the 

phosphorylation status of co-expressed AtSOBIR1. (A-D) AtSOBIR1 depends on its kinase activity 

to phosphorylate BIRs, and P19 promotes AtSOBIR1 to phosphorylate all BIRs. C-terminally eYFP-

tagged BIRs were transiently co-expressed with AtSOBIR1-Myc in the presence or absence of P19, or 

with AtSOBIR1RD/N-Myc or GUS-Myc in the presence of P19 in leaves of N. benthamiana. Proteins were 

extracted and subjected to IP by using GFP-affinity beads. Immunoprecipitated BIRs were subjected to 

Pro-Q and Sypro Ruby staining. The black arrowhead indicates the phosphorylated BIR proteins, and 

the white arrowhead indicates the immunoprecipitated BIR proteins. The experiment was repeated three 

times with similar results and representative results are shown. (E-H) Quantification of the relative 

phosphorylation levels of BIRs as shown in (A-D). The phosphorylation level of all BIRs that were co-

expressed with GUS was set to 1. 

 

 

Transiently co-expressed BIR2 and BIR3, as well as BIR4, suppress Cf-4/SOBIR1 

signalling in Cf-4-transgenic N. benthamiana 

The downstream signalling pathway triggered by the overexpressed constitutively 

active AtSOBIR1 is proposed to be similar to that triggered by the Avr4-activated Cf-

4/SOBIR1 complex (Liebrand et al., 2013; Postma et al., 2016; Stulemeijer et al., 2007; 
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van der Burgh et al., 2019; Wu et al., 2018a). As BIR2 and BIR3 both interact with 

AtSOBIR1 (Fig. 2) and suppress AtSOBIR1-triggered constitutive immunity (Fig. 1), we 

studied whether BIR2 and BIR3 also suppress the Avr4-triggered HR in Cf-4-

transgenic N. benthamiana. Therefore, Avr4 was co-expressed with GUS-eGFP, BIR2-

eYFP and BIR3-eYFP in Cf-4-transgenic N. benthamiana. We found that the Avr4-

triggered HR was not affected by GUS-eGFP but was suppressed by eYFP-tagged 

BIR2 and BIR3 (Fig. 4). BIR1-eYFP and BIR4-eYFP were also included. We found that 

the HR was not affected by BIR1-eYFP but was suppressed by BIR4-eYFP (Fig. 4). 

Taken together, these results indicate that BIR2 and BIR3, as well as BIR4, suppress 

Cf-4/SOBIR1 signalling in Cf-4-transgenic N. benthamiana. 

 

 

 

 

Figure 4. Transiently co-expressed BIR2, BIR3 and BIR4 suppress Cf-4/SOBIR1 signalling. (A) 

Transiently co-expressed BIR2, BIR3 and BIR4 suppress the Avr4-triggered HR in Cf-4-transgenic N. 

benthamiana. Avr4 was transiently co-expressed with GUS-eGFP or eYFP-tagged BIRs in leaves of Cf-

4-transgenic N. benthamiana (n = 12). Pictures were taken at 3 dpi. The experiment was repeated three 

times with similar results, and representative results are shown. (B) Quantification of the percentage of 

the HR as shown in (A). The Student’s t-test was used for statistical analysis, and asterisks indicate a 

statistically significant difference (*** P < 0.001). 

 

 

Transiently co-expressed BIR2 and BIR3 inhibit the formation of the constitutive 

Cf-4/SOBIR1 complex 

As BIR2 and BIR3 interact with AtSOBIR1 (Fig. 2) and suppress the Avr4-activated Cf-

4/SOBIR1 signalling (Fig. 4), we studied whether overexpression of BIR2 and BIR3 

affects the formation of the constitutive Cf-4/SOBIR1 complex. Therefore, GUS-eGFP, 

BIR2-eYFP and BIR3-eYFP were co-expressed with Cf-4-Myc in N. benthamiana. 

Subsequently, the interaction between Cf-4-Myc and endogenous NbSOBIR1 was 

monitored. Compared to GUS-eGFP, eYFP-tagged BIR2 and BIR3 both suppressed 

the interaction between Cf-4-Myc and endogenous NbSOBIR1 (Fig. 5), indicating that 

overexpressed BIR2 and BIR3 inhibit the formation of the constitutive Cf-4/SOBIR1 

complex. No interaction between Cf-4-Myc and eYFP-tagged BIR2 or BIR3 was 

detected (Fig. 5). In addition, no interaction between NbSOBIR1 and eYFP-tagged 
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BIR2 or BIR3 was detected either (Fig. 5). The latter observation is reminiscent of a 

lack of detectable interaction between the BIRs and AtSOBIR1 in the absence of P19 

(Fig. S2), suggesting that the amount of endogenous NbSOBIR1 protein interacting 

with the eYFP-tagged BIR2 and BIR3 proteins is below the threshold of detection. As 

overexpressed BIR2 and BIR3 both interact with AtSOBIR1 in the presence of P19 

(Fig. 2), it is likely that both BIR2 and BIR3 target endogenous NbSOBIR1 to inhibit the 

formation of the constitutive Cf-4/SOBIR1 complex. 

 

 

 

 

Figure 5. Transiently co-expressed BIR2 and BIR3 inhibit the formation of the constitutive Cf-4-

SOBIR1 complex. Cf-4-Myc was transiently co-expressed with BIR2-eYFP, BIR3-eYFP or GUS-eGFP 

in leaves of N. benthamiana. Proteins were extracted and subjected to IP by using Myc- or GFP-affinity 

beads, followed by WB. αMyc was used to detect Cf-4-Myc, αSOBIR1 was used to detect endogenous 

NbSOBIR1 and αGFP was used to detect eGFP- and eYFP-tagged proteins. Note that, when compared 

to GUS-eGFP, eYFP-tagged BIR2 and BIR3 inhibit the interaction between Cf-4-Myc and endogenous 

NbSOBIR1 (IP: Myc; WB: αSOBIR1). The experiment was repeated twice with similar results, and 

representative results are shown. 

 

 

BIR2 and BIR3 negatively regulate RLP-mediated immune responses in 

Arabidopsis 

RLP-mediated defence has also been reported in Arabidopsis (Albert et al., 2015; 

Jehle et al., 2013a; Jehle et al., 2013b; Zhang et al., 2014; Zhang et al., 2013a). For 

instance, RLP42 recognizes Botrytis cinerea ENDOPOLYGALACTURONASE 3 

(BcPG3) to mediate a SOBIR1-dependent development of macroscopically visible 

necrotic symptoms in Arabidopsis accession Columbia-0 (Col-0) (Zhang et al., 2014). 

In addition, RLP23 mediates defence against infection by pathogens producing 

NECROSIS- AND ETHYLENE-INDUCING PROTEIN 1 (NEP1)-like proteins (NLPs), 

and recognition of the conserved immunogenic peptide NLP24 of NLPs by RLP23 

triggers a SOBIR1-dependent production of reactive oxygen species (ROS) in Col-0 

(Albert et al., 2015; Böhm et al., 2014b; Oome et al., 2014). 
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Figure 6. BIR2 and BIR3 negatively regulate RLP-

mediated immune responses in Arabidopsis 

thaliana. (A) BIR2 and BIR3 negatively regulate the 

development of RLP42/BcPG3-triggered necrotic 

symptoms. Arabidopsis leaves were infiltrated with 

1.5 µM BcPG3 (n = 8), and pictures were taken at 5 

dpi. Note that BcPG3-triggered necrotic symptoms 

are stronger in mutants of bir2 and bir3, but are 

suppressed in transgenic lines overexpressing BIR3 

(OE BIR3). (B, C) BIR2 (B) and BIR3 (C) negatively 

regulate the RLP23/NLP24-triggered ROS burst. 

Arabidopsis leaf discs were treated with either Milli-Q 

water as a control (Mock) or 1 µM NLP24 (n = 8). Note 

that the NLP24-triggered ROS burst is strongly 

enhanced in mutants of bir2 and bir3, but is not 

affected in transgenic lines overexpressing BIR3. 

These experiments were repeated three times with 

similar results, and representative results are shown. 

 

As BIR2 and BIR3 interact with AtSOBIR1 (Fig. 2), and negatively regulate SOBIR1-

dependent Cf-4 signalling in N. benthamiana (Fig. 4), we studied whether BIR2 and 

BIR3 also affect the SOBIR1-dependent immune responses mediated by RLP42 and 

RLP23 in Arabidopsis. Therefore, Arabidopsis mutants bir2-1, bir3-1 and bir3-2, and 

transgenic lines overexpressing BIR3 (Halter et al., 2014b; Imkampe et al., 2017), were 

tested for their responsiveness to BcPG3 and NLP24. Compared to Col-0, BcPG3-

triggered necrotic symptoms appeared earlier and were stronger in bir2-1, bir3-1 and 

bir3-2 mutants, but were suppressed in transgenic plants overexpressing BIR3 (Fig. 

6A). In addition, the NLP24-triggered ROS burst was strongly enhanced in bir2-1, bir3-

1 and bir3-2 mutants, but was not affected in transgenic plants overexpressing BIR3 

(Fig. 6B and 6C). These observations indicate that BIR2 and BIR3 negatively regulate 

immune responses mediated by both RLP42 and RLP23. 
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BIR4 also interacts with AtSOBIR1 (Fig. 2). Although BIR4 does not affect the 

AtSOBIR1-triggered HR (Fig. 1), it does suppress the Avr4-triggered HR in Cf-4-

transgenic N. benthamiana (Fig. 4). To study whether BIR4 regulates the SOBIR1-

dependent immune responses mediated by RLP42 and RLP23 in Arabidopsis, bir4-2 

and bir4-3 mutants (Wierzba, 2013) were tested for their responsiveness to BcPG3 

and NLP24. Compared to Col-0, the development of BcPG3-triggered necrotic 

symptoms was suppressed in bir4-2 and bir4-3 mutants (Fig. S3A). In addition, the 

NLP24-triggered ROS burst was suppressed in bir4-2 and bir4-3 mutants (Fig. S3B). 

These observations indicate that BIR4 is a positive regulator of immune responses 

mediated by both RLP42 and RLP23. 

 

BIR1 also interacts with AtSOBIR1 (Fig. 2). However, as bir1-1 mutants display a lethal 

phenotype (Gao et al., 2009), bir1-1 mutants could not be tested for their responses to 

BcPG3 and NLP24. 

 

Taken together, both BIR2 and BIR3 negatively regulate RLP-mediated immune 

responses in Arabidopsis, whereas BIR4 appears to positively regulate these 

responses. 

 

Discussion 

Heterologous expression studies in N. benthamiana plants facilitate studies on 

Cf-4 signalling 

Although Cf-4 originates from tomato, heterologously expressed Cf-4 in N. 

benthamiana mediates a signalling pathway that is proposed to be similar to the Cf-4 

signalling pathway in tomato plants (Gabriëls et al., 2006; Liebrand et al., 2012; 

Liebrand et al., 2013; Postma et al., 2016; Vossen et al., 2010). Moreover, transient 

overexpression of AtSOBIR1 in N. benthamiana triggers a constitutive immunity that 

appears to reflect signalling triggered by the Avr4-activated Cf-4/SOBIR1 complex 

(Liebrand et al., 2013; Postma et al., 2016; van der Burgh et al., 2019; Wu et al., 2018a). 

 

In this study, we found that transiently co-expressed BIR2 and BIR3 both interact with 

AtSOBIR1 and suppress AtSOBIR1-triggered constitutive immunity in N. benthamiana 

(Fig. 1 and 2). In addition, transiently co-expressed BIR2 and BIR3 both inhibit the 

formation of the constitutive Cf-4/SOBIR1 complex and suppress the Cf-4/Avr4-

triggered HR (Fig. 4 and 5). Although it remains unknown whether the tomato functional 

orthologues of BIR2 and BIR3 also interact with SlSOBIR1 to regulate Cf-4-mediated 

resistance to C. fulvum in tomato plants, the strategy of using heterologous expression 

studies offers an alternative way to study the role of tomato orthologues of BIR2 and 
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BIR3 in Cf-4 signalling. However, as BIR4 does not affect the AtSOBIR1-triggered HR 

but does suppress the Cf-4/Avr4-triggered HR (Fig. 1 and 4), it is worth noting that 

there are subtle differences between the signalling pathways triggered by AtSOBIR1 

and Cf-4/Avr4. Therefore, the role of a given regulator needs to be carefully checked 

by, for example, studying whether its orthologues indeed regulate Cf-4-mediated 

resistance to C. fulvum in tomato plants. 

 

The dynamic interaction between AtSOBIR1 and the BIRs might depend on BAK1 

Similar to the Avr4-activated Cf-4/SOBIR1 complex, AtSOBIR1, but not the kinase-

inactive mutant AtSOBIR1RD/N, activates downstream signalling in a manner requiring 

kinase activity of both SOBIR1 and BAK1, and involving the activation of downstream 

MAPKs (Liebrand et al., 2013; Postma et al., 2016; Stulemeijer et al., 2007; van der 

Burgh et al., 2019; Wu et al., 2018a). These observations suggest that overexpression 

of AtSOBIR1RD/N represents the resting state, while overexpression of AtSOBIR1 

represents the activated state of Cf-4/SOBIR1 signalling. 

 

BIRs are phosphorylated by AtSOBIR1, but not by AtSOBIR1RD/N (Fig. 3), indicating 

that SOBIR1 phosphorylates the associated BIRs when SOBIR1 is activated. In 

addition, when compared to AtSOBIR1, higher amounts of AtSOBIR1RD/N interact with 

the BIRs (Fig. S1 and S2), suggesting that the BIRs dissociate from SOBIR1 when the 

BIRs are phosphorylated. Although the molecular mechanisms behind the 

phosphorylation of the BIRs and their dissociation from SOBIR1 remain unknown, it is 

possible that the BIRs interact with SOBIR1 in the resting state, while in the activated 

state SOBIR1 phosphorylates the BIRs, leading to their dissociation from SOBIR1. 

 

BAK1 might be involved in the AtSOBIR1-mediated phosphorylation of the BIRs in both 

an indirect and a direct way. In this study, we found that phosphorylation of the BIRs 

fully depends on the kinase activity of AtSOBIR1 (Fig. 3). As BAK1 interacts with 

AtSOBIR1 and is required for full activation of AtSOBIR1 that is possibly caused by 

trans-phosphorylation events occurring between these two RLKs (van der Burgh et al., 

2019), it is likely that upon its association with AtSOBIR1, BAK1 phosphorylates 

AtSOBIR1, which subsequently phosphorylates the BIRs. In addition, BAK1 might also 

directly phosphorylate BIR2, BIR3 and BIR4, as it has been reported that BAK1 

phosphorylates BIR2, BIR3 and BIR4 in vitro (Halter et al., 2014b; Imkampe et al., 

2017). It remains unknown whether BAK1 also directly phosphorylates BIR1. However, 

as the kinase domain of BAK1 does not interact with that of BIR1 (Halter et al., 2014b), 

it is likely that this direct phosphorylation does not take place. 
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The cytosolic domain of BIRs might determine their specific roles in immunity 

The role of BIR4 in immunity has not been reported yet, whereas BIR1, BIR2 and BIR3 

have been demonstrated to differentially regulate BAK1-dependent plant immunity 

(Gao et al., 2009; Halter et al., 2014b; Imkampe et al., 2017; Liu et al., 2016). As all 

BIRs interact with BAK1 through their ectodomains in a similar manner, the different 

roles of BIR1, BIR2 and BIR3 in regulating immunity are supposed to be caused by 

their intracellular domains (Blaum et al., 2014; Hohmann et al., 2018; Ma et al., 2017). 

The cytosolic domain of all BIRs consists of a juxta membrane domain and a kinase 

domain (Blaum et al., 2014). Therefore, both their juxta membrane domains and kinase 

domains might determine the functional specificity of the BIRs. For instance, the 

characteristics of their kinase domains might determine the role of the BIRs. When 

compared to that of BIR2 and BIR3, the kinase domain of BIR1 possesses enzymatic 

activity and does not interact with the kinase domain of BAK1 (Blaum et al., 2014; Gao 

et al., 2009; Halter et al., 2014b; Imkampe et al., 2017; Liu et al., 2016), indicating that 

the intrinsic kinase activity of BIR1 might determine its specific role in regulating 

immunity. Alternatively, the juxta membrane domain might also determine their roles in 

regulating immunity. For example, it has been reported that the juxta membrane 

domain of BIR2 is intensively phosphorylated by BAK1, and the phosphorylated juxta 

membrane domain is supposed to interact with yet unknown components that might 

specify the role of BIR2 (Blaum et al., 2014). However, it is also possible that the entire 

cytosolic domain determines the specific roles of the BIRs. 

 

In this study, we found that the BIRs all interact with AtSOBIR1 (Fig. 2), and are all 

phosphorylated by AtSOBIR1 (Fig. 3). However, the BIRs differentially regulate both 

the AtSOBIR1-triggered HR and the Avr4-triggered HR (Fig. 1 and 4). These 

observations are reminiscent of the different roles of the BIRs in BAK1-dependent plant 

immunity (Gao et al., 2009; Halter et al., 2014b; Imkampe et al., 2017; Liu et al., 2016), 

indicating that the different roles of the BIRs in regulating SOBIR1-dependent immune 

signalling might also depend on their different intracellular domains. To further study 

which domain might determine the role of a given BIR member, the kinase domain, the 

juxta membrane domain or the entire cytosolic domain of this BIR member should be 

replaced by the corresponding domain from another BIR member, followed by testing 

the role of the recombinant BIR in regulating SOBIR1-dependent immune signalling. 

 

We unexpectedly found that BIR4 differentially regulates the HR triggered by 

constitutively active AtSOBIR1 and by the Avr4-activated Cf-4/SOBIR1 complex (Fig. 

1 and 4), and even functions as a positive regulator of RLP-mediated immune 

responses in Arabidopsis (Fig. S3). The molecular mechanism behind the different 

roles of BIR4 in regulating these immune responses in different plant species is 
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unknown. However, as in N. benthamiana the Avr4-triggered HR depends on the 

activity of endogenous NbSOBIR1, while both the AtSOBIR1-triggered HR and RLP-

mediated immune responses in Arabidopsis depend on the intrinsic activity of 

AtSOBIR1, it is possible that the differential roles of BIR4 might be related to unknown 

effects of the protein on activity of NbSOBIR1 and AtSOBIR1. 

 

BIR2 and BIR3 interact with AtSOBIR1, and maybe BAK1, to suppress AtSOBIR1-

triggered constitutive immunity 

In this study, we found that BIR2 and BIR3 interact with AtSOBIR1 (Fig. 2), and 

suppress AtSOBIR1-triggered constitutive immunity in N. benthamiana (Fig. 1). 

However, the molecular mechanism behind BIR2- and BIR3-mediated suppression of 

AtSOBIR1-triggered constitutive immunity remains unknown. As AtSOBIR1 forms 

homodimers and this homodimerization is supposed to initiate the auto-

phosphorylation of AtSOBIR1 that leads to constitutive immunity (van der Burgh et al., 

2019), further research is required to study whether BIR2 and BIR3 affect 

homodimerization and/or auto-phosphorylation of AtSOBIR1. 

 

It has been reported that BAK1 interacts with AtSOBIR1, and is required for the 

phosphorylation of AtSOBIR1 and AtSOBIR1-triggered constitutive immunity (van der 

Burgh et al., 2019). As BIR2 and BIR3 also interact with BAK1 (Halter et al., 2014b; 

Imkampe et al., 2017), it is likely that BIR2 and BIR3 also interact with BAK1 to inhibit 

the phosphorylation of AtSOBIR1, thereby suppressing AtSOBIR1-triggered 

constitutive immunity. Further research is required to study whether BIR2 and BIR3 

affect the interaction and/or phosphorylation events between SOBIR1 and BAK1. 

 

BIR2 and BIR3 interact with SOBIR1, and maybe BAK1, to negatively regulate 

RLP-mediated immune signalling 

In this study, we found that co-expressed BIR2 and BIR3 inhibit the constitutive 

interaction between Cf-4 and endogenous NbSOBIR1 and suppress the Cf-4/Avr4-

triggered HR (Fig. 4 and 5). Although no interaction between endogenous NbSOBIR1 

and co-expressed BIR2 or BIR3 could be shown (Fig. 5), BIR2 and BIR3 do interact 

with AtSOBIR1 (Fig. 2). Therefore, it is likely that BIR2 and BIR3 target endogenous 

NbSOBIR1 to inhibit its interaction with Cf-4, thereby suppressing the Avr4-triggered 

HR in Cf-4-transgenic N. benthamiana. However, this hypothesis needs to be carefully 

checked by studying whether the constitutive Cf-4/SOBIR1 complex is also affected by 

BIR1 and BIR4, as both BIR1 and BIR4 also interact with AtSOBIR1, but differentially 

regulate the Cf-4/Avr4-triggered HR (Fig. 4). Nevertheless, it is clear that BIR2 and 

BIR3 interact with SOBIR1, and negatively regulate both Cf-4 signalling in N. 

benthamiana and RLP-mediated immune signalling in Arabidopsis (Fig. 2, 4 and 6). 
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These observations together indicate that BIR2 and BIR3 interact with SOBIR1 to 

negatively regulate RLP-mediated immune signalling. 

 

In addition to their interaction with SOBIR1, BIR2 and BIR3 might also interact with 

BAK1 to negatively regulate RLP-mediated immune signalling. It has been 

demonstrated that BAK1 interacts with Cf-4 and RLP23 in a ligand-dependent manner, 

and that BAK1 is required for immunity mediated by these two RLPs (Albert et al., 2015; 

Postma et al., 2016). In addition, BAK1 and its paralogue BAK1-LIKE 1 (BKK1) are 

redundantly required for the development of BcPG3-triggered necrotic symptoms (see 

results in Chapter 5). Although an interaction between the RLP42/SOBIR1 complex 

and BAK1 has not been reported yet, BAK1 might also interact with RLP42 in a ligand-

dependent manner, as RLP42 has the conserved features of RLPs (Gust and Felix, 

2014; Liebrand et al., 2014). In this scenario, as BAK1 is recruited to both FLS2 and 

RLPs in a ligand-dependent manner (Albert et al., 2015; Chinchilla et al., 2007; 

Domazakis et al., 2018; Postma et al., 2016; Schulze et al., 2010; Wang et al., 2018c; 

Zhang et al., 2013a), and BIR2 and BIR3 interact with BAK1 to inhibit the ligand-

induced formation of the FLS2/BAK1 complex (Halter et al., 2014b; Imkampe et al., 

2017), it is likely that BIR2 and BIR3 also interact with BAK1 to inhibit the ligand-

induced recruitment of BAK1 to RLPs, thereby suppressing RLP-mediated immune 

signalling. Moreover, as BAK1 recruitment to the RLP/SOBIR1 complex is proposed to 

initiate trans-phosphorylation events between SOBIR1 and BAK1, leading to full 

activation of the RLP/SOBIR1/BAK1 complex (Postma et al., 2016; van der Burgh et 

al., 2019), it is likely that BIR2 and BIR3 also interact with BAK1 to inhibit the 

phosphorylation of both SOBIR1 and BAK1, thereby suppressing the activation of 

downstream signalling. 

 

Conclusion 

Taken together, we propose a model to illustrate the role of BIR2 and BIR3 in Cf-4 

signalling. Cf-4 constitutively interacts with SOBIR1, and BAK1 is recruited to the Cf-

4/SOBIR1 complex upon perception of Avr4 by Cf-4, resulting in the initiation of 

possible trans-phosphorylation events between SOBIR1 and BAK1 (Liebrand et al., 

2013; Postma et al., 2016; van der Burgh et al., 2019). Activation of the Cf-

4/SOBIR1/BAK1 complex subsequently triggers downstream signalling eventually 

leading to immunity. In the resting state (Fig. 7, left panel), both BIR2 and BIR3 

constitutively interact with SOBIR1. In addition, overexpressed BIR2 and BIR3 even 

inhibit the formation of the constitutive Cf-4/SOBIR1 complex to suppress Cf-4 

signalling. In the activated state (Fig. 7, right panel), SOBIR1 phosphorylates BIR2 and 

BIR3, leading to their dissociation from SOBIR1. In this proposed model, BIR2 and 
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BIR3 might also interact with BAK1 to regulate Cf-4 signalling. For instance, BIR2 and 

BIR3 interact with BAK1 to sequester it from the Cf-4/SOBIR1 complex, thereby 

avoiding auto-activation of the Cf-4/SOBIR1/BAK1 complex (Fig. 7, left panel). In 

addition, BAK1 might also phosphorylate BIR2 and BIR3, leading to their dissociation 

from BAK1 (Fig. 7, right panel). Moreover, as both BIR2 and BIR3 also negatively 

regulate SOBIR1- and BAK1-dependent immune responses mediated by RLP42 and 

RLP23 in Arabidopsis, the proposed model possibly also applies to RLP signalling in 

general. 

 

 

 

Figure 7. A model illustrating the role of BIR2 and BIR3 in Cf-4 signalling. Cf-4 constitutively 

interacts with SOBIR1, and BAK1 is recruited to the Cf-4/SOBIR1 complex upon perception of Avr4 by 

Cf-4, resulting in the initiation of possible trans-phosphorylation events between SOBIR1 and BAK1. 

Activation of the Cf-4/SOBIR1/BAK1 complex subsequently triggers downstream signalling eventually 

leading to immunity. In the resting state (left panel), BIR2 and BIR3 interact with SOBIR1. In addition, 

overexpressed BIR2 and BIR3 even inhibit the formation of the constitutive Cf-4/SOBIR1 complex. In 

the activated state (right panel), SOBIR1 phosphorylates BIR2 and BIR3, leading to their dissociation 

from SOBIR1. In addition, BIR2 and BIR3 might also interact with BAK1 to regulate Cf-4 signalling. Black 

lines and the light-yellow circle represent results from this study, grey arrows and grey circles represent 

published data, and black dashed lines and the white circle represent a hypothesis based on published 

data (see text for further details). P, phosphorylation; PM, plasma membrane. 

 

 

Materials and Methods 

Plant materials and growth conditions 

Arabidopsis thaliana (At) plants in the Columbia-0 (Col-0) background were used in 

this study. T-DNA insertion lines bir2-1 (GK-793F12), bir3-1 (Salk_132078) and bir3-2 

(Salk_116632), and the transgenic line OE BIR3 (35S::BIR3-FLAG) were described in 

published reports (Halter et al., 2014b; Imkampe et al., 2017). T-DNA insertion lines 
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bir4-2 (CSHL_ET9428) and bir4-3 (CSHL_ET11166) were described in a PhD thesis 

(Wierzba, 2013). Arabidopsis plants were grown in soil in a climate chamber under 12h 

of light at 21°C, and 12h of darkness at 19°C, with a relative humidity of 70%. 

 

Wild type (WT) and Cf-4-transgenic Nicotiana benthamiana (Nb) plants (Gabriëls et al., 

2006) were grown in soil in a climate chamber under 16h of light at 25ºC and 8h of 

darkness at 21ºC, with a relative humidity of 75%. 

 

Binary vectors for Agrobacterium-mediated transformation 

Binary vectors pBIN-KS-35S::AtSOBIR1-eGFP, pGWB20-35S::AtSOBIR1-Myc, 

pGWB20-35S::AtSOBIR1D489N-Myc, pGWB20-35S::Cf-4-Myc, pBIN-KS-35S::GUS-

eGFP, pMOG800-35S::Avr4 and pBIN61-35S::P19 have been described previously 

(Liebrand et al., 2013; van der Hoorn et al., 2000; Voinnet et al., 2015). The fragment 

of GUS in pENTR/D-TOPO-GUS (Liebrand et al., 2013) was transferred into pGWB20 

to generate pGWB20-35S::GUS-Myc. Binary vectors pB7YWG2-35S::BIR1-eYFP, 

pB7YWG2-35S::BIR2-eYFP, pB7YWG2-35S::BIR3-eYFP and pB7YWG2-35S::BIR4-

eYFP were described in published reporters (Halter et al., 2014b). Binary vectors were 

transformed to Agrobacterium tumefaciens strain C58C1. Infiltration of A. tumefaciens 

suspensions (agro-infiltrations) into leaves was performed as described previously (Wu 

et al., 2018a). Suspension of transformed cells expressing Avr4 was infiltrated at a final 

OD600 of 0.03, and the remaining cells were infiltrated at a final OD600 of 1. 

 

Hypersensitive response (HR) scoring 

Fully expanded leaves of four- to six-week-old WT and Cf-4-transgenic N. benthamiana 

plants were used for agro-infiltrations. The HR percentage was visually scored by 

determining the cell death intensity, ranging from 0, 25, 50, 75 to 100%, and the means 

of the HR percentages are indicated. The Student’s t-test was used for statistical 

analysis, and asterisks indicate a statistically significant difference (*** P < 0.001). 

 

Co-immunoprecipitation (co-IP) assays 

Co-IPs were performed as described previously (Liebrand et al., 2012). αGFP-HRP 

(Miltenyi Biotec GmbH) was used to detect eGFP- or eYFP-tagged proteins. αMyc 

(Santa Cruz Biotechnology) and αMouse-HRP (GE Healthcare) were used to detect 

Myc-tagged proteins. αSOBIR1 (Agrisera) and αRabbit-HRP (Agrisera) were used to 

detect NbSOBIR1. Band intensities in the IP and co-IP panels were measured by 

ChemiDoc (Bio-Rad), and the ratio of the co-IP signal to the IP signal was determined. 

The ratio of the indicated control group was set to 1, and the ratio of treatment groups 

was normalized to the control group, providing a number indicating the relative 

interaction level. A number above 1 indicates a higher interaction levels when 
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compared with the control group. 

 

Protein phosphorylation assays 

The protein phosphorylation assay was performed as described previously (van der 

Burgh et al., 2019). Band intensities were measured by ChemiDoc, and the ratio of 

Pro-Q (Invitrogen) signal to SYPRO Ruby (Invitrogen) signal was determined. The ratio 

of the control group was set to 1, and the ratio of treatment groups was normalized to 

the ratio of the control group, providing a number indicating the relative protein 

phosphorylation level. A number above 1 indicates a higher phosphorylation levels 

when compared with the control group. 

 

BcPG3-triggered necrotic symptom assays 

The BcPG3-triggered necrotic symptom assay was performed as described previously 

(Zhang et al., 2014). Briefly, BcPG3 protein was dissolved in 10 mM sodium acetate 

buffer (pH 4.2) to a concentration of 1.5 µM, and this solution was infiltrated in eight 

leaves from three five- to six-week-old Arabidopsis plants. Pictures were taken at 5 

days post-infiltration. 

 

Reactive oxygen species (ROS) measurements 

Rosette leaves of five- to six-week-old Arabidopsis plants were used. Eight leaf discs 

from four leaves of two plants were harvested by a disposable biopsy punch (Diameter: 

4 mm, Kai Medical), and were floated on 50 µL of Milli-Q (MQ) water in a 96-well culture 

plate (Greiner bio-one). The plate was kept in the dark at room temperature to eliminate 

auto luminescence. After overnight incubation, the MQ was carefully removed without 

damaging the leaf discs. Leaf discs were immediately mixed with a freshly prepared 

assay solution (in MQ) containing 50 µM luminol L-012 (Fujifilm) and 10 µg/mL 

horseradish peroxidase (Sigma). NLP24 was used at a final concentration of 1 µM. 

Subsequently, the luminescence generated by the ROS burst was measured by a 

microplate reader (CLARIOstar, BMG Labtech), with a programme of 60 cycles and 2 

min per cycle. Data were exported and plotted with GraphPad Prism7. 
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Supplementary information 

 

 

 

 

Figure S1. Kinase activity of AtSOBIR1 affects its interaction with the BIRs. C-terminally eYFP-

tagged BIRs were transiently co-expressed with C-terminally Myc-tagged GUS, AtSOBIR1 or 

AtSOBIR1RD/N, in the presence of P19 in leaves of N. benthamiana. Proteins were extracted and 

subjected to IP by using Myc-affinity beads, followed by WB. αMyc was used to detect Myc-tagged 

proteins, and αGFP was used to detect eYFP-tagged BIR proteins. Rubisco bands in the stain-free panel 

indicate equal loading. The experiment was repeated three times with similar results, and representative 

results are shown. 
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Figure S2. BIRs interact with higher amounts of kinase-inactive AtSOBIR1 in the presence of P19. 

(A-D) All BIR proteins interact with higher amounts of AtSOBIR1RD/N protein in the presence of P19, 

whereas no interaction between AtSOBIR1 and the BIRs is observed in the absence of P19. C-terminally 

eYFP-tagged BIRs were transiently co-expressed with AtSOBIR1-Myc in the presence or absence of 

P19, and with AtSOBIR1RD/N-Myc in the presence of P19, in leaves of N. benthamiana. Proteins were 

extracted and subjected to IP by using GFP-affinity beads, followed by WB. αGFP was used to detect 

eYFP-tagged BIR proteins, and αMyc was used to detect AtSOBIR1-Myc and AtSOBIR1RD/N-Myc. 

Rubisco bands in the stain-free panel indicate equal loading. The experiment was repeated three times 

with similar results, and representative results are shown. (E-H) Quantification of the relative amounts 

of co-purified AtSOBIR1 and AtSOBIR1RD/N as shown in (A-D). The relative amount of co-purified 

AtSOBIR1 was set to 1. 
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Figure S3. BIR4 is a positive regulator of RLP-mediated immune responses in Arabidopsis. (A) 

BIR4 is a positive regulator of the development of RLP42/BcPG3-triggered necrotic symptoms. 

Arabidopsis leaves were infiltrated with 1.5 µM BcPG3 (n = 8), and pictures were taken at 5 dpi. Note 

that the development of BcPG3-triggered necrotic symptoms is suppressed in mutants of bir4. (B) BIR4 

is a positive regulator of the RLP23/NLP24-triggered ROS burst. Arabidopsis leaf discs were treated 

with either Milli-Q water as a control (Mock) or 1 µM NLP24 (n = 8). Note that the NLP24-triggered ROS 

burst is suppressed in mutants of bir4. These experiments were repeated three times with similar results, 

and representative results are shown. 
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Abstract 

Receptor-like proteins (RLPs) and receptor-like kinases (RLKs) are cell surface 

receptors that are essential for detecting invading pathogens and subsequent 

activation of plant defence responses. RLPs lack an intracellular kinase domain to 

trigger downstream signalling leading to host resistance. The regulatory RLK SOBIR1 

constitutively interacts with the tomato RLP Cf-4, thereby providing Cf-4 with a kinase 

domain. SOBIR1 is required for Cf-4-mediated resistance to strains of the biotrophic 

fungal pathogen Cladosporium fulvum secreting the effector Avr4. Upon perception of 

this effector by the Cf-4/SOBIR1 complex, the central regulatory RLK SERK3a is 

recruited to the complex and defence signalling is triggered. SOBIR1 is also required 

for RLP-mediated resistance to bacterial, fungal and oomycete pathogens and we 

hypothesized that SOBIR1 is targeted by effectors of such pathogens to suppress host 

defence responses. In this study we show that Pseudomonas syringae pv. tomato 

DC3000 effector AvrPto interacts with Arabidopsis SOBIR1 and its orthologues of 

tomato and Nicotiana benthamiana, independent of SOBIR1 kinase activity. 

Interestingly, AvrPto suppresses Arabidopsis SOBIR1-induced cell death in N. 

benthamiana. Furthermore, AvrPto compromises Avr4-triggered cell death in Cf-4-

transgenic N. benthamiana, without affecting Cf-4/SOBIR1/SERK3a complex 

formation. Our study shows that the regulatory RLK of RLP receptors, SOBIR1, is 

targeted by a bacterial effector, which results in compromised defence responses. 
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Introduction 

The innate immune system of plants against invading pathogens consists of two layers, 

which are termed microbe-associated molecular pattern (MAMP)-triggered immunity 

(MTI) and effector-triggered immunity (ETI) (Dodds and Rathjen, 2010; Jones and 

Dangl, 2006). MAMPs are conserved structural components of pathogens, whereas 

effectors are typically in planta-induced proteins of microbial pathogens. Effectors 

suppress plant defence responses, thereby causing effector-triggered susceptibility 

(ETS) (Dodds and Rathjen, 2010; Jones and Dangl, 2006). Essentially, there are two 

sub-cellular locations of pathogen perception: the apoplast and the cytoplasm (Cui et 

al., 2009; Dodds and Rathjen, 2010; Zipfel, 2014). MAMPs and secreted effectors that 

end up in the apoplast are generally recognised by plasma membrane-associated 

pattern recognition receptors (PRRs) (Dodds and Rathjen, 2010; Zipfel, 2014). 

Effectors that are translocated from fungal or oomycete haustoria, which are 

specialised feeding structures that are formed in the host cells, or injected into the cell 

by the type three secretion system (TTSS) of bacteria, are perceived by cytoplasmic 

immune receptors (Dodds and Rathjen, 2010). These cytoplasmic receptors mostly 

carry a nucleotide binding site and leucine-rich repeats (NB-LRRs) (Dodds and Rathjen, 

2010). 

 

PRRs are either receptor-like kinases (RLKs) or receptor-like proteins (RLPs) (Couto 

and Zipfel, 2016; Zipfel, 2014). Compared to RLKs, RLPs lack an intracellular kinase 

domain to trigger downstream signalling. Recently it was observed that RLPs 

constitutively interact with the regulatory RLK SUPPRESSOR OF BAK1-

INTERACTING RECEPTOR-LIKE KINASE 1 (BIR1) (SOBIR1) and require SOBIR1 

for their function (Gust and Felix, 2014; Liebrand et al., 2013; Liebrand et al., 2014). 

Arabidopsis thaliana (At) SOBIR1 was originally identified as a suppressor of bir1-1, 

partially rescuing bir1 knock-out plants that mount a constitutive defence response 

(Gao et al., 2009). AtSOBIR1 was found to function as a positive regulator of cell death, 

as overexpression of AtSOBIR1 triggered enhanced basal defence and reduced 

colonisation by the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) 

DC3000 (Gao et al., 2009). Recently, the RLK SOMATIC EMBRYOGENESIS 

RECEPTOR KINASE 3 (SERK3)/BRASSINOSTEROID INSENSITIVE 1 (BRI1)-

ASSOCIATED RECEPTOR KINASE 1 (BAK1), further referred to as SERK3, has been 

reported as another suppressor of bir1-1 (Liu et al., 2016). Both SOBIR1 and SERK3 

are required for bir1-1-triggered autoimmunity, and interaction was found between 

SOBIR1 and SERK3 in BIR1-silenced Arabidopsis (Liu et al., 2016). 

 

The tomato (Solanum lycopersicum, Sl) RLP Cf-4 confers resistance to the pathogenic 
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biotrophic fungus Cladosporium fulvum, by recognition of the secreted effector Avr4 

(Joosten et al., 1994; Thomas et al., 1997). It was recently shown that SERK3 is 

required for Cf-4 signalling and is recruited to the Cf-4/SOBIR1 complex upon 

recognition of Avr4 (Postma et al., 2016). Increasing evidence on signalling by 

RLP/SOBIR1/SERK3-containing complexes indicates that SOBIR1 constitutively 

forms a complex with RLPs, whereas SERK3 is specifically recruited to the 

RLP/SOBIR1 bipartite RLK upon ligand recognition by the RLP (Albert et al., 2015; 

Zhang et al., 2013a). SOBIR1 and SERK3 are also required for tomato Ve1-, I- and 

Brassica napus LepR3-mediated resistance to Verticillium dahliae expressing Ave1 

(Liebrand et al., 2013), Fusarium oxysporum f. sp. lycopersici expressing Avr1 

(Catanzariti et al., 2017) and Leptosphaeria maculans expressing AvrLm1 (Ma and 

Borhan, 2015), respectively, although for these particular RLPs the association of 

SERK3 with the RLP/SOBIR1 complex remains to be shown. SOBIR1 is also required 

for the functionality of various additional RLPs playing a role in immunity (Hegenauer 

et al., 2016; Jehle et al., 2013a; Zhang et al., 2014), although the requirement of 

SERK3 for the functionality of these RLPs remains currently unknown. Furthermore, 

SOBIR1 is involved in resistance to the oomycete pathogen Phytophthora parasitica 

(Peng et al., 2015) and the fungus Magnaporthe oryzae (Takahashi et al., 2016). 

 

The Arabidopsis RLK FLAGELLIN-SENSING 2 (FLS2) confers resistance to Pst 

DC3000 (Gómez-Gómez and Boller, 2000; Zipfel et al., 2004). Flg22, a 22-amino-acid 

peptide derived from a conserved domain of bacterial flagellin, is perceived by FLS2 

together with the regulatory RLK SERK3 (Chinchilla et al., 2007; Felix et al., 1999; 

Gómez-Gómez and Boller, 2000; Heese et al., 2007; Schulze et al., 2010; Sun et al., 

2013b). Recognition of flg22 triggers a rapid defence response, including calcium 

spiking, reactive oxygen species (ROS) synthesis and MITOGEN-ACTIVATED 

PROTEIN KINASE (MAPK) activation (Boudsocq et al., 2010; Couto and Zipfel, 2016; 

Kadota et al., 2014). The receptor-like cytoplasmic kinase (RLCK) BOTRYTIS-

INDUCED KINASE1 (BIK1) constitutively interacts with FLS2 and SERK3, and 

association with FLS2 or SERK3 is not affected in single serk3- or fls2-knock-out 

mutants, respectively (Lu et al., 2010; Zhang et al., 2010). However, flg22-induced 

BIK1 phosphorylation depends on both FLS2 and SERK3, as BIK1 phosphorylation 

does not take place in fls2 or serk3 mutants (Lu et al., 2010). SERK3 phosphorylates 

BIK1 that in turn phosphorylates SERK3 and FLS2 (Lin et al., 2014; Lu et al., 2010). 

After flg22 perception, BIK1 is released from the FLS2/BAK1 complex and triggers 

early defence responses (Lu et al., 2010; Zhang et al., 2010). 

 

Pathogenic bacteria inject their effectors into the host cells via the TTSS to suppress 

MTI by directly interfering with PRR function or with downstream signalling pathways 
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(Bi and Zhou, 2017; Couto and Zipfel, 2016; Lee et al., 2013; Tang et al., 2017). For 

example, the effector AvrPto is injected into host cells by Pst DC3000 and localizes to 

the plasma membrane (Shan et al., 2000). AvrPto targets FLS2 and suppresses the 

phosphorylation of its kinase domain (Xiang et al., 2008). AvrPto likely also targets 

SERK3, thereby inhibiting BIK1 phosphorylation and MAPK activation (He et al., 2006; 

Lu et al., 2010; Shan et al., 2008; Xiang et al., 2011). 

 

The resistance gene Pto (for resistance against Pst race 0) encodes an RLCK with 

serine-threonine specificity (Loh and Martin, 1995), which competes with FLS2 for 

AvrPto to trigger ETI (Xiang et al., 2008). In tomato, Pto confers resistance to Pst 

DC3000 carrying AvrPto (Martin et al., 1993) in a Pseudomonas resistance and 

fenthion (Prf)-dependent manner. Transient overexpression of AvrPto in Pto/Prf-

transgenic Nicotiana benthamiana causes a hypersensitive response (HR) (Balmuth 

and Rathjen, 2007; Salmeron et al., 1994; Scofield et al., 1996). However, AvrPto does 

not affect association between Pto and Prf (Mucyn et al., 2006). 

 

SOBIR1 is generally required for RLP-mediated resistance to bacterial, fungal and 

oomycete pathogens (Albert et al., 2015; Catanzariti et al., 2017; Hegenauer et al., 

2016; Jehle et al., 2013a; Liebrand et al., 2013; Ma and Borhan, 2015; Peng et al., 

2015; Postma et al., 2016; Takahashi et al., 2016; Zhang et al., 2014; Zhang et al., 

2013a). Therefore, we hypothesized that this regulatory RLK is targeted by cytoplasmic 

effectors of such pathogens in order to suppress host defence responses. Here we 

show that tomato SOBIR1, its paralogue SlSOBIR1-like and its orthologues from 

Arabidopsis and N. benthamiana all interact with AvrPto in a manner independent of 

SOBIR1 kinase activity. In addition, AvrPto suppresses AtSOBIR1-induced constitutive 

immunity in N. benthamiana. Furthermore, AvrPto was found to suppress the Cf-

4/Avr4-triggered HR without affecting Cf-4/SlSOBIR1/SlSERK3a complex formation. 

 

Results 

AvrPto interacts with SOBIR1 in planta 

To investigate whether AvrPto interacts with SOBIR1, a binary construct containing C-

terminally haemagglutinin (HA) epitope-tagged AvrPto was generated. AvrPto-HA was 

co-infiltrated with C-terminally tagged SlSOBIR1-eGFP (Liebrand et al., 2013) in N. 

benthamiana by Agrobacterium-mediated transient expression (agro-infiltration). 

AvrPto-HA was also co-infiltrated with C-terminally tagged SlSERK3a-eGFP as a 

positive control, because AtSERK3 was earlier reported to be targeted by AvrPto (Shan 

et al., 2008). Co-immunoprecipitation (co-IP) experiments reveal that AvrPto-HA co-

purifies with SlSOBIR1-GFP upon pull-down of the latter by using GFP beads (Fig. 1A). 
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An interaction between SlSERK3a and AvrPto was also observed (Fig. 1A). In a 

reciprocal experiment in which SlSOBIR1, SlSERK3a and GUS were fused to HA and 

co-infiltrated with AvrPto-eGFP, a pull-down of SlSOBIR1 and SlSERK3a using HA 

beads also resulted in co-purification of AvrPto-eGFP (Fig. 1B). 

 

 

 

Figure 1. AvrPto interacts with SlSOBIR1 in planta. (A) AvrPto-HA interacts with SlSOBIR1-eGFP. 

C-terminally eGFP-tagged SlSOBIR1, SlSERK3a and GUS were co-expressed with AvrPto-HA by agro-

infiltration in N. benthamiana. Two days later, total proteins were extracted and subjected to 

immunoprecipitation using GFP_TrapA affinity beads. Total proteins (Input) and immunoprecipitated 

proteins (IP) were subjected to SDS-PAGE and blotted to PVDF membrane. Blots were probed with 

αGFP antibodies to detect the immunoprecipitated eGFP-tagged proteins, and with αHA antibodies to 

detect co-precipitated AvrPto-HA. CBB, coomassie brilliant blue. Experiments were performed at least 

three times and representative figures are shown. (B) AvrPto-eGFP interacts with SlSOBIR1-HA and 

SlSERK3a-HA. C-terminally HA-tagged SlSOBIR1, SlSERK3a and GUS were co-expressed with 

AvrPto-eGFP in N. benthamiana. Two days later, total proteins were extracted and subjected to 

immunoprecipitation using HA magnetic beads. Total proteins (Input) and immunoprecipitated proteins 

(IP) were subjected to SDS-PAGE and blotted to PVDF membrane. Blots were probed with αHA 

antibodies to detect the immunoprecipitated HA-tagged proteins, and with αGFP antibodies to detect 

co-precipitated AvrPto-eGFP. CBB, coomassie brilliant blue. Experiments were performed at least three 

times and representative figures are shown. 

 

 

In tomato, the SlSOBIR1 paralogue SlSOBIR1-like shares a high similarity in amino 
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acid sequence with SlSOBIR1, and in N. benthamiana two clear SOBIR1 paralogues 

are present (Liebrand et al., 2013). In addition, the function of SOBIR1 appears to be 

highly conserved, as both AtSOBIR1 and SlSOBIR1 interact with Cf-4 (Liebrand et al., 

2013), and AtSOBIR1 is able to complement the loss of Avr4-triggered cell death in 

NbSOBIR1(-like)-silenced Cf-4 transgenic N. benthamiana plants (Bi et al., 2016; 

Liebrand et al., 2013). To study if the SOBIR1 paralogue and its orthologues are also 

targeted by AvrPto, C-terminally eGFP-tagged SlSOBIR1-like and NbSOBIR1 were 

generated and, together with SlSOBIR1-eGFP and AtSOBIR1-eGFP (Bi et al., 2016; 

Liebrand et al., 2013), were co-infiltrated with AvrPto-HA in N. benthamiana. Co-IP 

experiments reveal that in all cases AvrPto co-purifies with the SOBIR1 variants (Fig. 

2). 

 

 

 

 

 

 

 

 

 

Figure 2. AvrPto interacts with SlSOBIR1, 

SlSOBIR1-like, AtSOBIR1 and NbSOBIR1. 

C-terminally eGFP-tagged GUS, SlSOBIR1, 

SlSOBIR1-like, AtSOBIR1 and NbSOBIR1 

were co-expressed with AvrPto-HA by agro-

infiltration in N. benthamiana. Two days later, 

total proteins were extracted and subjected to 

immunoprecipitation using GFP_TrapA affinity 

beads. Total proteins (Input) and 

immunoprecipitated proteins (IP) were 

subjected to SDS-PAGE and blotted to PVDF 

membrane. Blots were probed with αGFP 

antibodies to detect the immunoprecipitated 

eGFP-tagged proteins, and with αHA 

antibodies to detect co-precipitated AvrPto-HA. 

CBB, coomassie brilliant blue. Experiments 

were performed at least three times and 

representative figures are shown. 

 

 

Kinase activity of SOBIR1 is not required for its interaction with AvrPto 

SOBIR1 is a so-called “RD” kinase and by its constitutive interaction with RLPs, bi-

partite RLKs are formed. In this bi-partite RLK, SOBIR1 is thought to provide the 
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interacting RLP with a kinase domain to initiate defence signalling upon ligand 

recognition by the RLP (Gust and Felix, 2014; Liebrand et al., 2014). It has been 

reported that AvrPto targets Pto and FLS2, while the interaction is dependent on kinase 

activity of these two targets (Xiang et al., 2008; Xing et al., 2007). To determine if kinase 

activity of SOBIR1 is required for its interaction with AvrPto, eGFP-tagged wild-type 

and kinase-dead SOBIR1 variants (mutated in the catalytic aspartate (D) of the kinase 

domain) of Arabidopsis (AtSOBIR1D489N) and tomato SOBIR1 (SlSOBIR1D473N) 

(Liebrand et al., 2013) were co-infiltrated with AvrPto-HA. Co-IP experiments reveal 

that AvrPto co-purifies with all SOBIR1 variants upon their purification using GFP 

beads, indicating that kinase activity of SOBIR1 is not required for its interaction with 

AvrPto (Fig. 3). 

 

 

 

 

Figure 3. Kinase activity of SlSOBIR1 and 

AtSOBIR1 is not required for their 

interaction with AvrPto. C-terminally 

eGFP-tagged GUS, SlSOBIR1, kinase-dead 

SlSOBIR1D473N, AtSOBIR1 and kinase-dead 

AtSOBIR1D489N were co-expressed with 

AvrPto-HA by agro-infiltration in N. 

benthamiana. Two days later, total proteins 

were extracted and subjected to 

immunoprecipitation using GFP_TrapA 

affinity beads. Total proteins (Input) and 

immunoprecipitated proteins (IP) were 

subjected to SDS-PAGE and blotted to 

PVDF membrane. Blots were probed with 

αGFP antibodies to detect the 

immunoprecipitated eGFP-tagged proteins, 

and with αHA antibodies to detect co-

precipitated AvrPto-HA. CBB, coomassie 

brilliant blue. Experiments were performed 

at least three times and representative 

figures are shown. 

 

Overexpression of AtSOBIR1 induces constitutive immunity, which requires a 

functional kinase domain 

SOBIR1 is a positive regulator of immunity (Gao et al., 2009), and we anticipated that 

the protein would constitutively induce an immune response, visualised as cell death, 

when it accumulates at relatively high levels. To investigate this, eGFP-tagged 

AtSOBIR1, SlSOBIR1, SlSOBIR1-like and NbSOBIR1 were transiently overexpressed  
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Figure 4. Constitutive immunity induced by overexpression of AtSOBIR1 is dependent on a 

functional kinase domain. (A) Transient expression of AtSOBIR1 induces cell death in N. tabacum 

and N. benthamiana. C-terminally eGFP-tagged AtSOBIR1, SlSOBIR1, SlSOBIR1-like and NbSOBIR1 

were transiently expressed by agro-infiltration at an OD of 1; in N. benthamiana all constructs were co-

expressed with the silencing suppressor P19 at an OD of 1. Pictures were taken at 2 days post-infiltration 

(dpi) for N. tabacum and at 3 dpi for N. benthamiana. See also Supplementary Fig. S1A. (B) Transient 

expression of C-terminally eGFP-tagged kinase-dead AtSOBIR1D489N does not induce cell death in N. 

tabacum or N. benthamiana. The experiment was performed as described for panel A. See also 

Supplementary Fig. S1A. (C) MAPKs are activated upon Avr4 recognition by Cf-4, and upon 

overexpression of AtSOBIR1. Left, 2 µM of Avr4 or Avr9 protein was infiltrated in Cf-4 transgenic N. 

benthamiana plants and after 15 min total protein was extracted and analysed for MAPK activation using 

anti-p42/p44-erk antibody. Right, C-terminally eGFP-tagged AtSOBIR1, SlSOBIR1, SlSOBIR1-like and 

NbSOBIR1 were transiently co-expressed with P19 in N. benthamiana. At 2 dpi total protein was 

extracted and analysed for MAPK activation using anti-p42/p44-ERK antibody. (D) MAPKs are not 

activated upon overexpression of AtSOBIR1D489N. The experiment was performed as described for panel 

C. Experiments were performed at least three times and representative figures are shown. 

 

 

in leaves of N. tabacum by agro-infiltration. Interestingly, only overexpression of 

AtSOBIR1 induced cell death, which was visible within two to three days after agro-

infiltration (Fig. 4A). The other SOBIR1 variants that were tested did not exhibit this 

constitutive immunity symptom. Although protein accumulation was not tested in N. 

tabacum, the same constructs were expressed in N. benthamiana and resulted in clear 
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protein accumulation for all constructs (discussed below) (Supplementary Fig. S1A). 

To determine if kinase activity of AtSOBIR1 is specifically required to induce 

constitutive immunity, eGFP-tagged AtSOBIR1D489N was transiently overexpressed in 

leaves of N. tabacum (Fig. 4B). This kinase-dead SOBIR1 mutant did not induce cell 

death upon its transient overexpression, indicating that a functional kinase domain is 

required for AtSOBIR1 to induce constitutive immunity in N. tabacum. This suggests 

that the constitutive immune response is triggered as a result of perturbation of the 

immune system of the plant, through constitutive activation of downstream immune 

signalling components. 

 

The same constructs were tested for constitutive immune activation in N. benthamiana. 

No cell death was observed for any of the SOBIR1 variants when expressed alone 

(data not shown), although all proteins do accumulate (Supplementary Fig. S1A and 

B). However, when co-expressed with the silencing suppressor P19 (Voinnet et al., 

2015), cell death could be observed for AtSOBIR1 at two to three days after infiltration, 

and again not for any of the other tested SOBIR1 variants (Fig. 4A, Supplementary Fig. 

S1). N. tabacum is generally more sensitive to overexpression of immunity-related 

proteins, and probably therefore does not require co-expression of a silencing 

suppressor to provoke AtSOBIR1 constitutive immunity (van der Hoorn et al., 2000; 

Zhang et al., 2013b). 

 

To obtain additional support that this cell death phenotype indeed reflects an immune 

response, we analysed MAPK activation, which is a key downstream step in defence 

activation (Stulemeijer et al., 2007; Xu et al., 2014). Upon Avr4 recognition by Cf-4 in 

stable transgenic N. benthamiana expressing tomato Cf-4, immune blots showed a 

typical MAPK activation pattern (Fig. 4C). Notably, induction of cell death upon 

AtSOBIR1 overexpression in N. benthamiana also coincided with MAPK activation (Fig. 

4C and 4D). In conclusion, these data show that the cell death caused by AtSOBIR1 

is dependent on its kinase activity and represents a constitutive immune response. 

 

AvrPto suppresses AtSOBIR1-induced constitutive immunity 

To determine whether AvrPto is able to suppress the cell death response induced by 

overexpression of AtSOBIR1, AvrPto-eGFP and GUS-eGFP were co-infiltrated with 

AtSOBIR1-eGFP and P19 in N. benthamiana. Co-infiltration of GUS-eGFP does not 

affect AtSOBIR1-induced cell death, whereas the cell death response is strongly 

suppressed by AvrPto-eGFP, indicating that AtSOBIR1-induced constitutive immunity 

is suppressed by AvrPto (Fig. 5). 
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Figure 5. Constitutive immunity 

induced by overexpression of 

AtSOBIR1 is suppressed by AvrPto. 

AtSOBIR1-eGFP and P19 were co-

expressed with GUS-eGFP or AvrPto-

eGFP by agro-infiltration in N. 

benthamiana at an OD of 1. Pictures 

were taken at 4 dpi. Cell death at 4 dpi 

was scored by its intensity. The means 

of the cell death percentages are 

shown. Asterisks indicate a statistically 

significant difference according to a 

Student’s t-test (*** P < 0.0001), with n 

= 20. Experiments were performed at 

least three times and representative 

figures are shown. 

 

 

AvrPto suppresses the Avr4-triggered cell death in Cf-4-transgenic N. 

benthamiana plants 

SOBIR1 is required for the Cf-4-mediated cell death upon recognition of Avr4 (Liebrand 

et al., 2013). Furthermore, kinase activity of SOBIR1 is necessary for Cf-4 function as 

a kinase-inactive variant of AtSOBIR1 fails to complement the loss of Avr4-triggered 

cell death in NbSOBIR1(-like)-silenced Cf-4-transgenic N. benthamiana plants (Bi et 

al., 2016; Liebrand et al., 2013). 

 

To study if AvrPto is able to suppress the Avr4-triggered cell death through suppression 

of SOBIR1-dependent defence signalling, AvrPto-eGFP and GUS-eGFP were 

transiently overexpressed in Cf-4-transgenic N. benthamiana plants, two days before 

agro-infiltration of Avr4. Figure 6 shows that cell death triggered by Avr4 is strongly 

suppressed upon infiltration of AvrPto-eGFP, when compared to infiltration of GUS-

eGFP. Together with the observation that AvrPto suppresses AtSOBIR1-induced 

constitutive immunity (Fig. 5), the suppression of Avr4-triggered cell death by AvrPto 

indicates that AvrPto compromises Avr4-triggered cell death through suppression of 

SOBIR1-mediated defence signalling. 
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Figure 6. The Avr4-triggered cell 

death in Cf-4 transgenic N. 

benthamiana plants is suppressed 

by AvrPto. AvrPto-eGFP and GUS-

eGFP were expressed at an OD of 1 in 

Cf-4 transgenic N. benthamiana plants 

at two days before agro-infiltration of 

Avr4 at an OD of 0.02. Pictures were 

taken at 5 dpi of Avr4 infiltration. Cell 

death at 5 dpi was scored by the 

intensity. The means of the cell death 

percentages are shown. Asterisks 

indicate a statistically significant 

difference according to a Student’s t-

test (*** P < 0.0001), with n = 15. 

Experiments were performed at least 

three times and representative figures 

are shown. 

 

 

AvrPto does not affect Cf-4/SlSOBIR1/SlSERK3a complex formation 

Recently it was shown that SlSERK3a is involved in the Cf-4-triggered signalling 

pathway (Postma et al., 2016). SOBIR1 constitutively interacts with Cf-4 (Liebrand et 

al., 2013), whereas SlSERK3a interacts with Cf-4 in an Avr4-dependent manner, as 

SlSERK3a is specifically recruited to the Cf-4/SlSOBIR1 complex in the presence of 

Avr4 (Postma et al., 2016). Silencing of either NbSOBIR1(-like) or NbSERK3a/b 

compromises the Avr4-triggered cell death (Liebrand et al., 2013; Postma et al., 2016). 

 

To study the effect of AvrPto on Cf-4/SlSOBIR1/SlSERK3a complex formation, AvrPto-

HA was co-infiltrated with Cf-4-eGFP, SlSOBIR1-HA and SlSERK3a-Myc, followed by 

infiltration of Avr4 protein. Figure 7 shows that Cf-4-eGFP and SlSOBIR1-HA are 

invisible in the input, but are readily detectable in the immunoprecipitate, which is 

consistent with our earlier published studies (Liebrand et al., 2013; Postma et al., 2016). 

Co-IP experiments reveal that AvrPto does not affect the interaction between Cf-4 and 

SlSOBIR1. Moreover, the recruitment of SlSERK3a to the Cf-4/SlSOBIR1 complex 

upon infiltration of Avr4 protein is not affected (Fig. 7). These results indicate that 

AvrPto does not suppress the Avr4-triggered cell death by hampering Cf-

4/SlSOBIR1/SlSERK3a complex formation upon Avr4 recognition by Cf-4. 
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Figure 7. Avr4-mediated SlSERK3a recruitment to the Cf-

4/SlSOBIR1 complex is not affected by AvrPto. Cf-4-

eGFP, SlSOBIR1-HA and SlSERK3a-Myc were co-

expressed with either GUS-HA or AvrPto-HA by agro-

infiltration in N. benthamiana. Two days later, Avr4 or Avr9 

protein (2 µM) was infiltrated in the same area and leaves 

were harvested 30 min later. Total proteins were extracted 

and subjected to immunoprecipitation using GFP_TrapA 

affinity beads. Total proteins (Input) and immunoprecipitated 

proteins (IP) were subjected to SDS-PAGE and blotted to 

PVDF membrane. Blots were probed with αGFP antibodies 

to detect immunoprecipitated Cf-4-eGFP, with αHA 

antibodies to detect co-precipitated SlSOBIR1-HA, and with 

αMyc antibodies to detect co-precipitated SlSERK3a-Myc. 

The lower αHA panel from the input shows an overexposed 

blot to reveal accumulation of AvrPto-HA. CBB, coomassie 

brilliant blue. Experiments were performed at least three 

times and representative figures are shown. 

 

 

 

Discussion 

In this study, we provide evidence that AvrPto interacts with AtSOBIR1 and its 

orthologues from tomato and N. benthamiana in a manner independent of 

SOBIR1kinase activity. Overexpression of AtSOBIR1 induces constitutive immunity, 

which is suppressed by AvrPto. In addition, AvrPto also suppresses Cf-4/Avr4-triggered 

cell death without affecting Cf-4/SlSOBIR1/SlSERK3a complex formation. 

 

AtSOBIR1 induces a constitutive immune response 

AtSOBIR1 is a functional orthologue of NbSOBIR1 (Liebrand et al., 2013). In contrast 

to NbSOBIR1 and SlSOBIR1, overexpression of AtSOBIR1 in N. tabacum or N. 
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benthamiana induces constitutive immunity, which is observed as cell death (Fig. 4A). 

This observation is in agreement with the cell death observed upon overexpression of 

AtSOBIR1 in Arabidopsis (Gao et al., 2009). The lack of constitutive immune activity 

of NbSOBIR1 and SlSOBIR1 could be an effect of SOBIR1 signalling regulation in N. 

tabacum and N. benthamiana. The signalling capacity of immune receptors is tightly 

regulated, as immune homeostasis has to be maintained and its de-regulation may be 

lethal (Couto et al., 2016). 

 

A way of regulating immune signalling activity is at the level of phosphorylation of the 

kinase domain of the signalling components. For instance, the Arabidopsis 

phosphatases PP2As and PP2C38, associating with SERK3 and BIK1, respectively, 

were found to negatively regulate the activity of their target kinases (Couto et al., 2016; 

Segonzac et al., 2014). Potential intrinsic differences between phosphatases from 

Arabidopsis and Solanaceous plants, involved in negatively regulating SOBIR1 

signalling, could explain the lack of constitutive immune activity of SlSOBIR1 or 

NbSOBIR1, in contrast to AtSOBIR1, when expressed in Solanaceous plants. It is likely 

that Solanaceous plants can fine-tune the activity of endogenous versions of SOBIR1 

in a more controlled manner than the activity of heterologously expressed AtSOBIR1. 

Thus, it could be that endogenous phosphatases of N. tabacum and N. benthamiana 

can properly suppress Solanaceous SOBIR1 immune signalling, whereas these 

phosphatases might for example have lower affinity for the more distantly related 

orthologue AtSOBIR1. This could result in a higher basal level of phosphorylation of 

the kinase domain of AtSOBIR1. This higher level of phosphorylation might perturb the 

immune system of the plant and trigger a constitutive immune response in N. tabacum 

and N. benthamiana, which is also reflected by constitutive activation of MAPK 

signalling (Fig. 4C). 

 

AvrPto suppresses Cf-4/SlSOBIR1/SlSERK3a-triggered cell death, without 

affecting complex formation 

AvrPto has been reported to suppress cell death triggered by Pst strain T1 in N. 

benthamiana (Kang et al., 2004). In addition, AvrPto is able to suppress the 

flg22/elf18/elf26-triggered immune response, the latter two are fragments of the 

bacterial MAMP ELONGATION FACTOR-TEMPERATURE UNSTABLE (EF-Tu) that is 

perceived by the RLK EF-Tu RECEPTOR (EFR) (Shan et al., 2008; Xiang et al., 2008; 

Zipfel et al., 2006). Here we show that AvrPto is able to suppress AtSOBIR1-induced 

constitutive immunity (Fig. 5), as well as the Cf-4/Avr4-triggered cell death (Fig. 6). 

Previously, it was reported that AvrPto fails to suppress the cell death triggered by Cf-

9/Avr9 (Kang et al., 2004). Cf-9 also interacts with SOBIR1 (Liebrand et al., 2013) and 

we anticipate that Cf-9 requires SOBIR1 for its function. The absence of AvrPto-
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mediated suppression of Cf-9/Avr9-induced cell death might be caused by the use of 

a lower amount of Agrobacterium expressing AvrPto (OD600 = 0.4, as compared to OD 

= 1.0 in our studies). Furthermore, Kang et al. (2004) co-infiltrated AvrPto with Cf-

9/Avr9, whereas in our study AvrPto was infiltrated two days before infiltration of Avr4 

in Cf-4 transgenic N. benthamiana. 

 

It has been shown that AvrPtoB, which is another TTSS effector of Pst DC3000 (Pedley 

and Martin, 2003), and AvrPto both interact with FLS2 and SERK3, whereas only the 

association of AvrPtoB with FLS2 gets stronger upon flg22 treatment (Göhre et al., 

2008; Shan et al., 2008; Xiang et al., 2008). In addition, the flg22-induced FLS2-SERK3 

interaction is suppressed by both AvrPtoB and AvrPto (Shan et al., 2008). Furthermore, 

the flg22-induced dissociation of BIK1 from FLS2 and SERK3 is also suppressed by 

AvrPto (Lu et al., 2010; Zhang et al., 2010). In view of developmental regulation, 

SERK3 is involved in the BRASSINOLIDE (BR)-triggered signalling pathway, since 

serk3 mutants show reduced sensitivity to BR (Li et al., 2002). SERK3 constitutively 

interacts with the BR receptor BRI1 (Li et al., 2002), and this interaction is also 

suppressed by AvrPto (Shan et al., 2008). 

 

Altogether, these observations indicate that AvrPto suppresses flg22-triggered 

immunity by interrupting PRR complex formation with the essential co-receptor SERK3, 

and suppresses the formation of BRI1/SERK3 complex that is involved in BR-mediated 

developmental regulation (Shan et al., 2008). In this study, we show that AvrPto is able 

to suppress Cf-4/Avr4-triggered cell death, without affecting the constitutive Cf-

4/SlSOBIR1 complex and the Avr4-induced recruitment of SlSERK3a to the Cf-

4/SlSOBIR1 complex (Fig. 6 and 7). As AvrPto interacts with both SlSOBIR1 and 

SlSERK3 (Fig. 1), AvrPto might interfere in the phosphorylation status of SOBIR1 

and/or SERK3 to suppress Cf-4/Avr4-triggered cell death (Fig. 6). 

 

TTSS effectors interfere in host protein phosphorylation 

Effector-mediated modifications of defence-related proteins is an effective way to 

suppress the immune response, and various TTSS effectors have been shown to 

interfere with the phosphorylation status of important host kinase proteins, including 

PRRs, RLCKs and MPKs (Bi and Zhou, 2017; Couto and Zipfel, 2016; Lee et al., 2013; 

Macho and Zipfel, 2015; Tang et al., 2017).  

 

Pseudomonas HopAO family members all have tyrosine phosphatase activity, which 

is required for pathogen virulence (Bretz et al., 2003; Castaneda-Ojeda et al., 2017). 

For instance, the phosphatase catalytic activity of HopAO1 is required for suppressing 

callose deposition and MAPK activation upon bacterial colonisation of Arabidopsis 
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(Castaneda-Ojeda et al., 2017; Macho et al., 2014; Underwood et al., 2007). 

Furthermore, it was reported that the kinase domain of EFR is targeted by HopAO1, 

which directly dephosphorylates EFR kinase activity, but does not affect the elf18-

induced interaction between EFR and SERK3 (Macho et al., 2014). 

 

The regulatory RLK SERK3 is also a central target of bacterial effectors (Yasuda et al., 

2017). For instance, HopF2 targets SERK3 to suppress BIK1 phosphorylation, thereby 

compromising MAPK activation (Wu et al., 2011; Zhou et al., 2014). In addition, 

AvrPtoB targets and dephosphorylates SERK3 to suppress FLS2 signalling (Cheng et 

al., 2011). FLS2 and EFR are also targets of AvrPtoB, which leads to degradation of 

these two receptors through ubiquitination (Göhre et al., 2008). However, AvrPtoB 

does not affect the kinase activity of FLS2 and EFR (Göhre et al., 2008). Furthermore, 

AvrPtoB also targets Arabidopsis LysM-RLK CHITIN RECEPTOR KINASE1 (CERK1) 

and degrades the protein, and this effector also appears to suppress CERK1 kinase 

activity (Gimenez-Ibanez et al., 2009). Additionally, kinase activity of the AvrPtoB 

TOMATO-INTERACTING 9 (Bti9) protein, the closest tomato homologue of CERK1, is 

also suppressed by AvrPtoB (Zeng et al., 2012).  

 

Cytoplasmic RLCKs, which play a role downstream of PRRs, are phosphorylated by 

ligand-activated PRRs and in their turn trans-phosphorylate the kinase domain of these 

PRRs (Couto and Zipfel, 2016). Phosphorylation of the RLCK AVRPPHB 

SUSCEPTIBLE 1 (PBS1) (Swiderski and Innes, 2001) is required for its interaction with 

RESISTANCE TO PSEUDOMONAS SYRINGAE 5 (RPS5) (Ade et al., 2007; Warren 

et al., 1998). PBS1 is cleaved by HopAR1 (AvrPphB) from Pst DC 3000 to activate 

RPS5-mediated auto immunity (Ade et al., 2007; Shao et al., 2003). In addition, 

HopAR1 also cleaves BIK1 to suppress the flg22-induced signalling pathway (Zhang 

et al., 2010). Furthermore, BIK1 is also dephosphorylated by the Xanthomonas TTSS 

effector AvrAC (Feng et al., 2012). 

 

Activation of the MAPK cascade is a common downstream event in plant resistance to 

pathogens, and the kinase activity of these MAPKs is modified by several bacterial 

effectors (Couto and Zipfel, 2016). HopF2 interacts with MKK5 to prevent its auto-

phosphorylation (Wang et al., 2010c), and HopAI1 targets MPK3, MPK6 and MPK4 to 

dephosphorylate them (Zhang et al., 2007; Zhang et al., 2012). 

 

AvrPto has many targets, including FLS2, EFR, SERK3 and Pto (Büttner, 2016). AvrPto 

binds to the kinase domain of FLS2 and EFR, thereby acting as a kinase inhibitor and 

blocking FLS2 and EFR auto-phosphorylation to compromise flg22/elf26-triggered 

immunity (Xiang et al., 2008). AvrPto also interacts with BAK1 (Shan et al., 2008), but 
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whether AvrPto directly suppresses SERK3 kinase activity remains currently unknown. 

Surprisingly, the association between BRI1 and SERK3 is interrupted by AvrPto, but 

the phosphorylation of BRI1 and SERK3 upon BR treatment remains unaffected (Shan 

et al., 2008). Furthermore, AvrPto targets Pto, thereby suppressing Pto kinase activity 

(Xing et al., 2007). Taken together, it appears that AvrPto functions as a kinase inhibitor 

in suppressing the kinase activity of its interactor. In this study, we found that AvrPto 

targets both SOBIR1 and SERK3 (Fig. 1). Therefore, we anticipate that AvrPto might 

play a role in altering the phosphorylation status of SOBIR1 and/or SERK3 to suppress 

Cf-4/Avr4-triggered cell death (Fig. 6), without affecting Cf-4/SlSOBIR1/SlSERK3a 

complex formation (Fig. 7). 

 

The requirement of kinase activity of targeted proteins for their interaction with 

effectors 

Targeting of host kinases by pathogen effectors is a common strategy to suppress MTI. 

In most cases, the kinase domain itself is targeted and kinase activity of the targeted 

proteins plays a role in the interaction. For example, AvrAC interacts with BIK1 to 

uridylylate the BIK1 phosphorylation site (Feng et al., 2012). Kinase activity of BIK1 is 

not required for the interaction, but it affects the uridylylation by AvrAC (Feng et al., 

2012). 

 

As mentioned above, AvrPtoB targets the kinase domain of SERK3, Pto, FLS2, CERK1 

and Bti9 (Gimenez-Ibanez et al., 2009; Göhre et al., 2008; Kim et al., 2002; Shan et 

al., 2008; Zeng et al., 2012). Kinase activity of SERK3 and Pto is required for the 

interaction with AvrPtoB (Cheng et al., 2011; Dong et al., 2009). However, whether 

kinase activity of FLS2, CERK1 and Bti9 is required for their interaction with AvrPtoB 

is unknown. 

 

Kinase activity of Pto is required for its interaction with AvrPto. It has been shown that 

the threonine 204 mutant PtoT204N, which has low kinase activity, only weakly interacts 

with AvrPto, whereas the kinase-inactive variant PtoS226D completely loses its 

interaction with the effector (Xing et al., 2007). Threonine 204 of Pto is highly conserved 

among the kinase domains of SERK3, SERK4, FLS2 and EFR (Shan et al., 2008). In 

SERK3, threonine 455 is equivalent to threonine 204 of Pto and a SERK3T455N mutant 

has reduced kinase activity (Lin et al., 2014). However, this substitution in SERK3 does 

not affect its interaction with AvrPto (Shan et al., 2008). It has been shown that Pto has 

evolved to compete for AvrPto interaction with FLS2 through its ATP-binding site (Xing 

et al., 2007), and has higher affinity for AvrPto than FLS2 (Xiang et al., 2008). AvrPto 

targets the ATP-binding site in the kinase domain of FLS2, and a mutation (K898H) in 

the ATP-binding site of FLS2, which is anticipated to have a lower kinase activity, 
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abolishes its interaction with AvrPto (Xiang et al., 2008; Xing et al., 2007). Although it 

is unknown whether the kinase domain of SOBIR1 by itself is sufficient for interaction 

with AvrPto, kinase activity of SOBIR1 appears not to be required (Fig. 3). This 

observation reveals different requirements for the interaction of AvrPto with its targets, 

indicating that AvrPto utilizes different mechanisms to target and affect plant kinases 

involved in defence signalling. 

 

Materials and Methods 

Plant materials and growth conditions 

Nicotiana benthamiana, Cf-4-transgenic N. benthamiana (Gabriëls et al., 2006) and N. 

tabacum were grown under 16h of light at 25°C and 8h of darkness at 21°C in climate 

chambers with a relative humidity of 75%. 

 

Binary vectors for Agrobacterium infiltrations (agro-infiltrations) 

A fragment consisting of the AvrPto coding sequence in an entry vector was transferred 

to the destination vector pBIN-KS (for C-terminally tagging with eGFP) to generate 

AvrPto-eGFP, and pGWB14 (for C-terminally tagging with the HA epitope) to generate 

AvrPto-HA. SlSERK3a-HA, SlSOBIR1-HA, SlSOBIR1-like-eGFP, SlSOBIR1D473N-

eGFP, NbSOBIR1-eGFP, GUS-eGFP and GUS-HA were generated from entry vectors 

which have been described previously (Bi et al., 2016; Liebrand et al., 2013). 

SlSERK3a-eGFP, SlSOBIR1-eGFP, SlSOBIR1-Myc, Cf-4-eGFP, AtSOBIR1-eGFP, 

AtSOBIR1D489N-eGFP and SlSERK3a-Myc have been described previously (Bi et al., 

2016; Liebrand et al., 2013; Postma et al., 2016). Silencing suppressor P19, which was 

included in all co-IP experiments, has been described previously (Voinnet et al., 2015). 

 

Binary vectors were transformed to Agrobacterium tumefaciens strain C58C1, carrying 

helper plasmid pCH32. Infiltration of Agrobacterium into plant leaves was performed 

as described at an OD600 of 1, unless indicated otherwise (van der Hoorn et al., 2000). 

 

Co-immunoprecipitations (co-IPs) and immunoblotting 

Co-IPs were performed as described previously (Liebrand et al., 2012). The following 

antibodies were used: anti-p42/p44-ERK (New England Biolabs), in combination with 

goat anti-rabbit (Sigma) as a secondary antibody, anti-GFP (Miltenyi Biotec GmbH), 

anti-HA (clone 3F10; Roche Applied Science), anti-cMyc (9E10; Santa Cruz 

Biotechnology), with sheep anti-mouse (Amersham) as a secondary antibody. 
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Supplementary information 

 

 

 

Figure S1. All SOBIR1 variants accumulate in planta. (A) Accumulation levels of At-, Sl- and 

NbSOBIR1 without and with silencing suppressor P19. C-terminally eGFP-tagged SOBIR1 variants 

were transiently expressed in N. benthamiana with an OD of 1. After 2 days, total proteins were extracted 

and subjected to immunoprecipitation using GFP_TrapA affinity beads. Immunoprecipitated proteins (IP) 

were subjected to SDS-PAGE and blotted to PVDF membrane. Blots were probed with αGFP antibodies 

to detect immunoprecipitated eGFP-tagged proteins (upper panels). Total protein staining indicates the 

amount of protein that was loaded (lower panel). Bands with the expected size of full-length AtSOBIR1-

GFP, SlSOBIR1-GFP and NbSOBIR1-GFP are indicated with an asterisk. (B) Accumulation levels of 

AtSOBIR1 and AtSOBIR1D489N. The experiment was performed as described for panel A. 
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Abstract 

The transfer of well-studied native and chimeric pattern recognition receptors (PRRs) to 

susceptible plants is a proven strategy to improve host resistance. In most cases, the 

ectodomain determines PRR recognition specificity, while the endodomain determines the 

intensity of the immune response. Here we report the generation and characterization of the 

chimeric receptor EFR-Cf-9, which carries the ectodomain of the Arabidopsis thaliana EF-Tu 

receptor (EFR) and the endodomain of the tomato Cf-9 resistance protein. Both transient and 

stable expression of EFR-Cf-9 triggered a strong hypersensitive response (HR) upon elf18 

treatment in tobacco. Co-immunoprecipitation and virus-induced gene silencing studies 

showed that EFR-Cf-9 constitutively interacts with the regulatory RLK SUPPRESSOR OF 

BIR1-1 (SOBIR1) and requires both SOBIR1 and kinase-active BRI1-ASSOCIATED KINASE 

1 (BAK1) for its function. Transgenic plants expressing EFR-Cf-9 were more resistant to the 

(hemi)biotrophic bacterial pathogens Pseudomonas amygdali pv. tabaci (Pta) 11528 and P. 

syringae pv. tomato DC3000. These transgenic plants mounted an HR in response to high 

doses of Pta 11528 and of the necrotrophic bacterium Pectobacterium carotovorum. Taken 

together, these data indicate that the EFR-Cf-9 chimera is a valuable tool for both investigating 

the molecular mechanisms responsible for the activation of defence responses by PRRs, and 

for potential biotechnological use to improve crop disease resistance. 
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Introduction 

Plants have evolved an innate immune system that relies on the recognition of potential 

pathogens by a defined pool of membrane and cytosolic receptors. The first layer of 

plant immunity comprises plasma membrane pattern recognition receptors (PRRs) that 

recognize microbe-associated molecular patterns (MAMPs), thereby mounting MAMP-

triggered immunity (MTI) (Couto and Zipfel, 2016; Dangl et al., 2013; Dodds and 

Rathjen, 2010; Jones and Dangl, 2006). Successful pathogens often produce effector 

proteins capable of suppressing MTI and preventing an effective immune response 

(Dodds and Rathjen, 2010; Jones and Dangl, 2006). As a countermeasure, plants have 

evolved pathogen strain-specific immune receptors, so-called resistance (R) proteins, 

which are capable of recognizing particular effectors and subsequently activate 

effector-triggered immunity (ETI) (Dodds and Rathjen, 2010; Jones and Dangl, 2006). 

Although leading to outputs that are qualitatively similar to those of MTI, ETI is 

generally stronger and faster, and often includes a rapid programmed cell death (PCD) 

of the host cells at the site of infection, referred to as hypersensitive response (HR) 

(Dodds and Rathjen, 2010; Jones and Dangl, 2006). 

 

Cell surface PRRs are either receptor-like kinases (RLKs) or receptor-like proteins 

(RLPs), of which the latter lack an intracellular kinase domain (Boutrot and Zipfel, 2017; 

Zipfel, 2014). Both types of receptors possess an ectodomain for ligand recognition 

that in many cases is mainly composed of leucine-rich repeats (LRRs) (Boutrot and 

Zipfel, 2017; Zipfel, 2014). In tomato (Solanum lycopersicum, Sl), the well-studied RLP 

Cf-4 triggers a strong HR-associated immunity against the biotrophic pathogenic 

fungus Cladosporium fulvum secreting the effector Avr4 (Joosten et al., 1997; Thomas 

et al., 1997). Cf-4 shares identical transmembrane (TM) and cytoplasmic domains with 

Cf-9 (Thomas et al., 1997), which confers resistance to C. fulvum secreting the effector 

Avr9 (Jones et al., 1994; van den Ackerveken et al., 1992; van Kan et al., 1991). The 

regulatory RLK SUPPRESSOR OF BIR1-1/EVERSHED (SOBIR1/EVR, hereafter 

referred to as SOBIR1) is required for Cf-4-mediated resistance to C. fulvum (Liebrand 

et al., 2013) and employs its TM domain to constitutively interact with Cf-4 (Bi et al., 

2016). Increasing evidence suggests that SOBIR1 constitutively interacts with several 

RLPs, providing the RLP/SOBIR1 complex with a kinase domain to trigger downstream 

signalling pathways (Albert et al., 2015; Böhm et al., 2014a; Domazakis et al., 2018; 

Gust and Felix, 2014; Hegenauer et al., 2016; Liebrand et al., 2013; Liebrand et al., 

2014; Ma and Borhan, 2015; Zhang et al., 2014; Zhang et al., 2013a). An additional 

regulatory RLK, BAK1, the orthologue of the Arabidopsis thaliana (At) BRI-

ASSOCIATED RECEPTOR KINASE 1/SOMATIC EMBRYOGENESIS RECEPTOR 

KINASE 3 (BAK1/SERK3, hereafter referred to as AtBAK1), is recruited to the Cf-
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4/SOBIR1 complex after perception of Avr4 by Cf-4 and is required for Cf-4-mediated 

resistance (Postma et al., 2016). 

 

Elf18, an 18-amino-acid N-terminal epitope of the bacterial elongation factor Tu (EF-

Tu) (Kunze et al., 2004), is recognized by the Arabidopsis LRR-RLK EF-Tu receptor 

(EFR) and triggers MTI (Zipfel et al., 2006). The ‘prototypical’ elf18 peptide from 

Escherichia coli (MSKEKFERTKPHVNVGTI; elf18D, hereafter referred to as elf18) and 

those from Erwinia amylovora and E. chrysanthemi are identical and show full activity, 

whereas elf18 peptides with slightly varying sequences, as found in additional bacteria, 

show different activity (Kunze et al., 2004). For example, elf18C from Agrobacterium 

strains, and elf18F, shared by different Pseudomonas species, including P. amygdali 

pv. tabaci (Pta) 11528, are fully active, whereas elf18B and elf18G, found in 

Xanthomonas campestris pv. campestris (Xcc) B100 and P. syringae pv. tomato (Pst) 

DC3000, respectively, trigger a weaker response (Lacombe et al., 2010). Besides elf18, 

a widely studied MAMP is flg22, an epitope of the bacterial flagellin that is recognized 

by the LRR-RLK FLAGELLIN-SENSING 2 (FLS2) (Felix et al., 1999; Gómez-Gómez 

and Boller, 2000; Zipfel et al., 2004). 

 

Interfamily transfer of PRRs is an effective strategy for improving resistance of plants 

to a wide range of infectious microbes (Dangl et al., 2013). For example, EFR confers 

broad-spectrum resistance to bacterial pathogens in tomato and Nicotiana 

benthamiana (Nb) (Lacombe et al., 2010), and also in the monocot rice (Schwessinger 

et al., 2015). The rice resistance protein Xa21, which confers resistance to Pst DC3000 

upon transfer to Arabidopsis (Holton et al., 2015), has also been transferred to crops 

like citrus, tomato and banana to confer resistance to Xanthomonas species (Afroz et 

al., 2011; Mendes et al., 2010; Tripathi et al., 2014). Strategies based on stacking 

multiple resistance genes are also pursued to avoid that the R gene-mediated 

resistance might be overcome by pathogens. For example, transgenic potato 

(Solanum tuberosum) plants expressing three R genes against Phytophthora infestans 

show robust resistance (Chen and Ow, 2017; Halpin, 2005; Zhu et al., 2012). 

 

Recent research provides evidence that engineering novel recombinant PRRs by 

domain swapping to obtain chimeric receptors that combine useful features of different 

PRRs is a promising option to breed for durable and wide spectrum resistance (Boutrot 

and Zipfel, 2017; De Lorenzo et al., 2011). Significant progress has been achieved, 

leading to the indication that the ectodomain of a chimeric receptor retains the ligand 

perception ability, while the endodomain maintains the output intensity (Albert et al., 

2010; Brutus et al., 2010; He et al., 2000; Holton et al., 2015; Kishimoto et al., 2010; 

Kouzai et al., 2013; Schwessinger et al., 2015; Thomas et al., 2017). For instance, we 
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have previously reported that the chimera FLS2-EFR, carrying the ectodomain of FLS2 

and the kinase domain of EFR, recognizes flg22 and induces an EFR-like response in 

N. tabacum (Nt, tobacco), which lacks an endogenous EFR receptor (Lacombe et al., 

2010). This response typically results in a higher ethylene production than that induced 

by FLS2 upon perception of flg22 (Brutus et al., 2010). WALL-ASSOCIATED KINASE 

1 (WAK1) is a receptor of oligogalacturonides (OGs) and triggers defence responses 

upon perception of this so-called damage-associated molecular pattern (DAMP). Upon 

OG treatment, a chimera comprising the ectodomain of WAK1 and the EFR kinase 

domain triggers an EFR-like response (Brutus et al., 2010). On the other hand, a 

reciprocal EFR-WAK1 chimera recognizes elf18 to induce a stronger OG/WAK1-like 

oxidative burst response than that triggered by EFR upon perception of elf18 (Brutus 

et al., 2010). However, the downstream signalling components employed by the 

transferred PRRs and chimeras are largely unknown, and the signalling pathways that 

are triggered in the plant from which the PRR originates and those in the recipient plant 

might not be conserved. 

 

In this work, we aimed to obtain a strong MAMP-dependent resistance response in 

tobacco, by exploiting the EFR-mediated recognition of the broad-spectrum bacterial 

MAMP elf18 and the ability of Cf-9 to trigger a strong HR upon its activation (Jones et 

al., 1994; van den Ackerveken et al., 1992; van Kan et al., 1991; Zipfel et al., 2006). 

Tobacco SR1 plants transiently expressing the chimera EFR-Cf-9, harbouring the 

ectodomain of EFR and the TM and cytoplasmic domain of Cf-9 (hereafter referred to 

as the endodomain), indeed mount a strong elf18-triggered HR. We show that chimeric 

EFR-Cf-9 protein constitutively interacts with SOBIR1 and requires both SOBIR1 and 

BAK1 for functionality. Transgenic tobacco plants expressing EFR-Cf-9 activate an HR 

upon elf18 treatment and show enhanced resistance to the (hemi)biotrophic bacterial 

pathogens Pta 11528 and Pst DC3000. 

 

Results 

EFR-Cf-9 recognizes elf18C to trigger a strong HR in tobacco plants 

We have previously reported that the ectodomain of EFR (Lys649EFR) is functional in 

an EFR-WAK1 chimera and perceives elf18, while the ectodomain of FLS2 (Arg806FLS2) 

is functional in an FLS2-EFR chimera (eJMC in the original article) and perceives flg22 

(Brutus et al., 2010). Here, we fused the ectodomains of EFR or FLS2 to the 

endodomain (Trp811Cf-9) of Cf-9 (Jones et al., 1994), to obtain EFR-Cf-9 and FLS2-Cf-

9 chimeras, respectively (Fig. 1). Both chimeras were in turn fused to eGFP and 

transiently expressed by agro-infiltration in leaves of tobacco plants stably 

overexpressing Avr9 (Hammond-Kosack et al., 1998) or transiently co-expressing Avr9. 
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Figure 1. Overview of the structure of the 

chimeric receptors. The coding regions of 

EFR, Cf-9 and FLS2 are indicated in dark grey, 

white and light grey, respectively. The arrows 

indicate the junction between the EFR or FLS2 

ectodomain and the Cf-9 transmembrane (TM) 

domain, with the corresponding residues 

included in the chimeras. SP, signal peptide; 

LRR, leucine-rich repeat; eJM, external 

juxtamembrane; iJM, internal juxtamembrane; 

K, kinase. 

 

 

 

 

Figure 2. EFR-Cf-9 recognizes elf18C and triggers an HR. EFR-Cf-9, EFR and Cf-9, all fused to 

eGFP, were transiently expressed in WT N. tabacum SR1 (left) and N. tabacum Samsun (right) plants 

(n = 4). Two days after agro-infiltration, leaves were treated with Milli-Q water (MQ) or 100 nM elf18C 

and pictures were taken after two days. As a positive control, eGFP-tagged EFR-Cf-9, EFR and Cf-9 

were also co-infiltrated with an Agrobacterium strain driving expression of Avr9, and pictures were taken 

at 12 days post-infiltration (dpi). At these time points, all leaves agro-infiltrated with EFR-Cf-9 and 

subsequently infiltrated with el18C, and all leaves co-expressing Cf-9 and Avr9 showed necrosis of at 

least half of the infiltrated area, whereas none of the other leaves showed any HR-like symptoms. 

Experiments were repeated three times with similar results. Representative images are shown. 

 

 

In parallel, EFR-eGFP, FLS2-eGFP and Cf-9-eGFP fusions were agro-infiltrated as 

controls. Leaf areas transiently expressing eGFP-tagged EFR, EFR-Cf-9, FLS2 and 

FLS2-Cf-9 did not exhibit any symptom, while leaves co-expressing Cf-9-eGFP and 

Avr9, as expected, displayed a clear HR (Fig. S1 and S2). These results indicate that 

the chimeras are not responsive to Avr9 and do not per se induce HR-like symptoms. 

Next, whether EFR-Cf-9 and FLS2-Cf-9 are functional and trigger a ligand-dependent 

HR-like response was tested. Upon infiltration with 100 nM elf18C, leaf areas 

transiently expressing EFR-Cf-9-eGFP showed a strong HR, similar to the Cf-9-
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eGFP/Avr9 control, in two different tobacco cultivars (SR1 and Samsun) (Fig. 2). In 

contrast, leaf areas transiently expressing FLS2-Cf-9-eGFP did not show visible 

symptoms upon treatment with 100 µM flg22 (Fig. S2), suggesting that FLS2-Cf-9-

eGFP is not functional in tobacco. 

 

Together, these data show that EFR-Cf-9 recognizes elf18C to trigger a strong Cf-

9/Avr9-like HR, indicating that while the ectodomain of EFR retains the ability to 

perceive the elf18C peptide, its fusion to the endodomain of Cf-9 results in an output 

similar to that of the native Cf-9. 

 

 

 

 

 

Figure 3. Both FLS2-Cf-9 and EFR-Cf-9 interact with SOBIR1. (A) eGFP-tagged tomato (Sl) SOBIR1 

was transiently co-expressed with Myc-tagged Cf-4, FLS2, EFR, FLS2-Cf-9 and EFR-Cf-9. (B) Myc-

tagged SlSOBIR1 was transiently co-expressed with eGFP-tagged FLS2, EFR, FLS2-Cf-9 and EFR-Cf-

9. Agrobacteria driving expression of the various constructs were infiltrated at a final OD600 of 1. After 

two days, proteins were extracted and immunoprecipitated (IP) using GFP-Trap beads. Proteins were 

detected by immunoblot (WB) using α-GFP and α-Myc antibodies. Equal loading is indicated by Rubisco 

band. Experiments were repeated three times and representative images are shown. 

 

 

EFR-Cf-9 functionality requires SOBIR1 and BAK1 

It has been reported that the TM domain of SOBIR1 is required for its interaction with 

Cf-4 (Bi et al., 2016) and that the regulatory RLKs SOBIR1 and BAK1 are both required 

for the function of Cf-4 (Liebrand et al., 2013; Postma et al., 2016). Cf-9 shares an 

identical endodomain with Cf-4 (Thomas et al., 1997) and also interacts with SOBIR1 
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(Liebrand et al., 2013). We therefore investigated whether EFR-Cf-9 also interacts with 

tomato SOBIR1 (henceforth indicated as SlSOBIR1). EFR-Cf-9-Myc was generated 

and co-expressed with SOBIR1-eGFP in N. benthamiana. In parallel, FLS2-Cf-9 (as 

the non-functionality of this chimera might be due to a possible lack of interaction with 

SOBIR1), Cf-4-eGFP, FLS2-eGFP and EFR-eGFP were agro-infiltrated as controls. 

Immunoprecipitation (IP) of SlSOBIR1 using GFP-Trap beads demonstrated that Cf-4 

was co-precipitated with SlSOBIR1 (Fig. 3A), which is consistent with our previous 

finding (Liebrand et al., 2013). In addition, FLS2-Cf-9 and EFR-Cf-9 were also co-

purified with SlSOBIR1 (Fig. 3A), indicating that, similar to the Cf proteins, both 

chimeras constitutively interact with SlSOBIR1. In reverse co-immunoprecipitation 

assays (co-IPs), IP of both FLS2-Cf-9-eGFP and EFR-Cf-9-eGFP resulted in the co-

precipitation of SlSOBIR1-Myc (Fig. 3B). In both cases, the FLS2 and EFR wild-type 

proteins did not interact with SlSOBIR1 (Fig. 3A and B), confirming the specificity of 

SOBIR1 for RLPs (Gust and Felix, 2014; Liebrand et al., 2013; Liebrand et al., 2014). 

 

 

 

Figure 4. SOBIR1 and BAK1 are required for the EFR-Cf-9-dependent elf18C-triggered HR. eGFP-

tagged EFR, Cf-9 and EFR-Cf-9 were either transiently expressed with Avr9, or expressed alone, in N. 

tabacum Samsun plants silenced for NtSOBIR1/SOBIR1-like, NtSERK3a/b or GUS (n = 4). Agrobacteria 

driving expression of the constructs were infiltrated at a final OD600 of 1, except for the positive control 

Rx (D460V), which was infiltrated at an OD600 of 0.1. At 2 dpi, leaves were treated with Milli-Q water 

(MQ) or 100 nM elf18C. Pictures were taken at two days after treatment with elf18C or, in the case of 

Cf-9-Avr9 interaction, at 12 days after co-infiltration of Cf-9 and Avr9. Experiments were repeated three 

times with similar results and representative images are shown. 

 

 

Next, we investigated whether EFR-Cf-9 requires SOBIR1 and/or BAK1 to trigger an 

HR upon perception of elf18C. Tobacco Samsun plants were used for silencing 

NtSOBIR1/SOBIR1-like and NtSERK3a/b, orthologues of SOBIR1 and BAK1, 

respectively (Heese et al., 2007; Liebrand et al., 2013). eGFP-tagged EFR, Cf-9 and 
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EFR-Cf-9 were either transiently co-expressed with Avr9, or expressed alone in the 

silenced plants followed by treatment with Milli-Q (MQ) water or 100 nM elf18C. 

Consistent with earlier studies (Liebrand et al., 2013; Postma et al., 2016), silencing of 

NtSOBIR1/SOBIR1-like and of NtSERK3a/b strongly suppressed the HR triggered by 

the Cf-9/Avr9 combination, but did not affect the ability of the plant to mount PCD 

triggered by Rx (D460V) (Fig. 4), which is a constitutively active form of the Rx gene, 

providing resistance against Potato Virus X (PVX) (Bendahmane et al., 2002). The 

EFR-Cf-9-dependent elf18C-triggered HR was also severely compromised in the 

silenced plants, indicating that both NtSOBIR1/SOBIR1-like and NtSERK3a/b are 

required for EFR-Cf-9 functionality (Fig. 4). Control plants, which were inoculated with 

Tobacco Rattle Virus carrying the β-glucuronidase (GUS) gene (TRV-GUS), did not 

show any defect in the EFR-Cf-9-dependent HR (Fig. 4). 

 

Figure 5. EFR-Cf-9- dependent elf18C-triggered HR 

requires kinase activity of BAK1. EFR-Cf-9-eGFP 

was transiently co-expressed with the kinase-dead 

mutant AtBAK1-RD/N, the hypoactive mutant AtBAK1-

5, the kinase-dead mutant AtSOBIR1-RD/N-eGFP and 

GUS-eGFP at a final OD600 of 1 (n = 5) in N. tabacum 

Samsun plants. At 2 dpi, leaves were treated with 100 

nM elf18C, and pictures were taken at 2 days after 

treatment. Bars in the bottom panel show the average 

percentage of the infiltrated area showing necrosis ± 

SD (n = 5). The asterisks indicate significant difference 

with GUS-GFP, determined by Student’s t test (* P < 

0.05, *** P < 0.001). Experiments were repeated three 

times with similar results, and representative images 

are shown (top panel). 

 

 

Kinase activity of both SOBIR1 and BAK1 is required for the function of Cf-4 (Liebrand 

et al., 2013; Postma et al., 2016). The AtBAK1-5 mutant contains a point mutation in 

its kinase domain, which causes this protein to have a slightly lower kinase activity than 

BAK1 itself (Schwessinger et al., 2011). In addition, AtBAK1-5 has a dominant-negative 

effect on the BAK1-dependent immune response mediated by FLS2 and EFR 

(Schwessinger et al., 2011). In order to study whether kinase activity of BAK1 is also 

required for EFR-Cf-9 functionality, and whether the kinase-dead variant AtSOBIR1-

RD/N (Liebrand et al., 2013) displays a dominant-negative effect similar to the 

hypoactive kinase AtBAK1-5 and kinase-dead AtBAK1-RD/N mutants (Schwessinger 

et al., 2011), EFR-Cf-9-eGFP was transiently co-expressed with AtBAK1-RD/N, 

AtBAK1-5, AtSOBIR1-RD/N-eGFP and GUS-eGFP, followed by treatment with 100 nM 
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elf18C. The EFR-Cf-9-dependent elf18C-triggered HR was not affected by GUS-eGFP, 

but was reduced by AtBAK1-RD/N and even more compromised by AtBAK1-5 (Fig. 5), 

indicating that both BAK1 mutants have a dominant-negative effect on the EFR-Cf-9-

triggered HR, possibly because the overexpressed BAK1 mutants compete away the 

endogenous NtSERK3a/b from the activated EFR-Cf-9-containing signalling complex. 

We conclude that the EFR-Cf-9-dependent elf18C-triggered HR depends on the kinase 

activity of BAK1. Unlike AtBAK1-RD/N and AtBAK1-5, AtSOBIR1-RD/N-eGFP did not 

affect the HR (Fig. 5). Considering that RLPs constitutively interact with SOBIR1, 

whereas the recruitment of BAK1 to the signalling complex is ligand-dependent, it is 

possible that transiently expressed AtSOBIR1-RD/N-eGFP may fail to displace the 

endogenous NtSOBIR1/SOBIR1-like protein that is bound to EFR-Cf-9. 

 

Taken together, these data indicate that both SOBIR1 and BAK1 are required for the 

EFR-Cf-9-dependent elf18C-triggered HR, and that BAK1 has to be kinase-active. 

 

EFR-Cf-9-transgenic tobacco plants are differentially responsive to elf18 

variants 

An untagged version of EFR-Cf-9 was stably expressed in tobacco SR1 plants. 

Fourteen primary transformants were obtained, of which five had detectable 

expression of EFR-Cf-9 (Fig. 6A) and were therefore propagated. Two independent 

lines (K1A and K5A) showed a 3:1 segregation ratio for kanamycin resistance, 

suggesting that they carried an insertion in a single locus, and were selected for further 

characterization. Transgenic plants were morphologically identical to the parental 

plants (Fig. 6B). To verify that the chimera was properly expressed and localized, 

trypsin digestion of microsomal leaf proteins from WT and K1A plants was performed, 

followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. 

Six peptides corresponding to the ectodomain of EFR (coverage of 15.49; score of 

16.31) were found only in extracts from the transgenic plants (Fig. S3), confirming that 

EFR-Cf-9 is expressed and is likely membrane-localized. No peptide corresponding to 

the chimera was found in WT extracts. 

 

Subsequently, the functionality of EFR-Cf-9 in K1A and K5A plants was assessed. Only 

leaves from both transgenic lines mounted an HR upon elf18C treatment, at 

concentrations ranging from 1 nM to 10 μM (Fig. 6C). Responsiveness to different elf18 

variants was also tested in line K1A, revealing that an HR was triggered also by elf18B 

and elf18G, although to a lesser extent when compared with elf18C (Fig. S4). This 

suggests that, although the EFR ectodomain was fused to the endodomain of Cf-9, the 

structure of the ligand still determines the output. To obtain a more quantitative 

evaluation of the response mediated by EFR-Cf-9, and to assess whether the presence  
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Figure 6. EFR-Cf-9-transgenic plants do not show morphological changes and recognize elf18C 

to trigger HR. (A) Expression of EFR-Cf-9 in leaves of WT plants and five primary transformants (K1A, 

K2A, K3A, K5A and K6A) was evaluated by RT-PCR, using Tob66 as a control. (B) Picture of 

representative four-week-old WT and transgenic K1A and K5A plants. (C) Fully expanded leaves of four-

week-old WT and EFR-Cf-9-transgenic plants (K1A and K5A) (n > 3) were infiltrated with elf18C at the 

indicated concentrations. Pictures were taken at 5 dpi. All leaves from transgenic plants showed necrosis 

of at least 50% of the area infiltrated with elf18C, whereas those infiltrated with water and all WT leaves 

failed to display HR-like symptoms. Experiments were repeated three times and representative images 

are shown. 

 

 

of EFR-Cf-9 might cause an elevated basal defence response, the expression of the 

marker genes Avr9/Cf-9 RAPIDLY ELICITED-132 (ACRE-132) (Durrant et al., 2000) 

and HAIRPIN INDUCED 1 (HIN1) (Gopalan et al., 1996) was analysed. Transcript 

levels of both genes were similar in MQ water-treated WT and K1A plants, indicating 

that EFR-Cf-9 does not affect basal defence (Fig. S5). In addition, as expected, WT 

plants did not respond to any of the elf18 variants tested, whereas they showed a 
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significantly increased expression of ACRE-132 and HIN1 after flg22 elicitation (Fig. 

S5). In contrast, treatment of K1A plants with elf18C induced a significant increase in 

transcript levels for ACRE-132 and HIN1, which were even higher than in plants treated 

with flg22 (Fig. S5). Moreover, treatment with elf18B and elf18G also resulted in 

increased transcript levels for ACRE-132 and HIN1, but to a lesser extent than for 

elf18C (Fig. S5), which supports our finding that elf18C triggers a stronger HR than the 

elf18 variants (Fig. S4). On the other hand, WT and K1A plants displayed similar 

expression levels of both genes in response to flg22 (Fig. S5), indicating that EFR-Cf-

9 does not affect the endogenous NtFLS2-mediated response to flg22. 

 

Together, these data indicate that transgenic tobacco plants expressing EFR-Cf-9 are 

not altered in their basal defence and in their responsiveness to flg22. Moreover, the 

EFR-Cf-9-transgenic plants respond more efficiently to elf18C than to the different 

elf18 variants. 

 

Transgenic tobacco plants expressing EFR-Cf-9 show enhanced resistance to 

(hemi)biotrophic bacterial pathogens 

To study whether the EFR-Cf-9-mediated immune response eventually leads to 

resistance against bacterial pathogens, WT and transgenic K1A and K5A plants were 

inoculated with the (hemi)biotrophic bacterial pathogens Pta 11528 and Pst DC3000 

at a dose of OD600 = 0.002 (corresponding to 104 CFU/mL). Compared to WT, a clear 

reduction in bacterial colonization was found in both transgenic lines inoculated with 

Pta 11528 and, to an even greater extent, Pst DC3000 (Fig. 7A and B). To verify that 

EFR-Cf-9 indeed triggers an HR not only in response to the purified elf18 peptides, but 

also to bacterial infection, different doses (OD600 = 0.002, 0.02 and 0.2) of Pta 11528 

were inoculated on WT, K1A and K5A plants. Within 48h, leaf sectors of the transgenic 

plants inoculated with the two higher doses of bacteria (OD600 = 0.02 and 0.2) 

displayed HR-like symptoms, whereas WT plants did not show any symptoms with all 

doses of bacteria (Fig. 8A). 

 

We also tested the susceptibility of these transgenic plants to the necrotrophic 

bacterium Pectobacterium carotovorum subsp. carotovorum strain DSMZ 30169, 

which is the causal agent of bacterial soft rot (Toth et al., 2003). It was reported that 

inoculation with P. carotovorum is able to induce an EFR-dependent response in 

Arabidopsis, indicating the presence of an elf18-like MAMP (Lacombe et al., 2010). 

Leaves inoculated with P. carotovorum at an OD600 of 0.02 (corresponding to about 105 

CFU/mL) showed a 10-fold increase in bacterial count at 24h, with no significant 

differences between WT and the transgenic lines (Fig. 7C). Notably, HR-like symptoms 

were also observed in K1A and K5A, but not in WT plants after inoculation with this  
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Figure 7. EFR-Cf-9-transgenic plants show 

altered resistance to bacterial pathogens. 

Fully expanded leaves of four-week-old 

untransformed plants (WT) and EFR-Cf-9-

transgenic plants (K1A and K5A) were 

inoculated with Pseudomonas amygdali pv. 

tabaci (Pta) 11528 (A) or P. syringae pv. tomato 

DC3000 (B) at an OD600 of 0.002 (approximately 

104 CFU/mL), or P. carotovorum (C) at OD600 of 

0.02 (approximately 105 CFU/mL). Bacterial 

colonization was determined at the indicated 

time points (n > 3 for each time point). Asterisks 

indicate statistically significant differences 

between WT and transgenic lines, according to 

Student’s t-test (*** P < 0.0001). 

 

 

 

bacterium (Fig. 8B). These observations suggest that EF-Tu of P. carotovorum is 

recognized by EFR-Cf-9 and triggers an HR that is not able to promote colonization by 

this pathogen. 

 

The fungal pathogen Botrytis cinerea does not produce an elf18-like MAMP and its 

colonization in Arabidopsis is not affected by the lack of EFR (Brutus et al., 2010). 

Consistently, when B. cinerea was inoculated onto WT and transgenic K1A and K5A 
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leaves, no differences in disease severity was observed (Fig. S6), indicating that the 

ectodomain of EFR-Cf-9 does not recognize any MAMP from B. cinerea and that basal 

defence is not enhanced by the presence of the chimera. 

 

Taken together, these data indicate that pathogen-derived elf18-like MAMPs activate 

EFR-Cf-9-dependent immunity resulting in an HR, which restricts (hemi)biotrophic 

bacteria colonization, but does not affect colonization by necrotrophic bacteria or fungi. 

 

 

 

 

Figure 8. EFR-Cf-9 transgenic plants show 

hypersensitive response to high doses of 

bacterial pathogens. Leaf sectors of fully 

expanded leaves of four-week-old untransformed 

plants (WT) and EFR-Cf-9 K1A and K5A 

transgenic plants were inoculated with (A) Pta 

11528 at OD600 of 0.002, 0.02 or 0.2 (about 104, 

105 or 106 CFU/mL, respectively), or (B) with 

Pectobacterium carotovorum at OD600 of 0.02 or 

0.2, corresponding to a bacterial density of about 

105 or 106 CFU/mL, respectively (n > 3 for each 

treatment). Pictures were taken at 48h (A) or 24h 

(B) after inoculation. Experiments were repeated 

three times with similar results, and 

representative images are shown. Images of 

representative leaves are shown. 

 

 

Discussion 

The chimera EFR-Cf-9 recognizes elf18 to trigger a strong immune response 

Interfamily transfer of PRRs is a promising strategy to confer broad spectrum 

resistance to pathogens, and it has been successfully employed with EFR, Xa21 and 

Ve1 (Afroz et al., 2011; Holton et al., 2015; Lacombe et al., 2010; Mendes et al., 2010; 

Schwessinger et al., 2015; Song et al., 2017b; Tripathi et al., 2014). Engineering 

chimeric receptors that combine the properties of two separate PRRs is another 

effective strategy to improve host resistance. Current research on chimeric PRRs has 

revealed that the ectodomain determines ligand specificity, while the endodomain 

determines output intensity (Brutus et al., 2010; He et al., 2000; Holton et al., 2015; 

Kishimoto et al., 2010; Kouzai et al., 2013; Schwessinger et al., 2015). Here we 

generated the chimera EFR-Cf-9 (Fig. 1), which combines the ectodomain of EFR that 
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provides broad-spectrum recognition of bacterial pathogens, with the endodomain of 

Cf-9 that induces a strong HR-associated immune response. We demonstrated that, 

when expressed in tobacco plants, EFR-Cf-9 recognizes elf18 to trigger an HR (Fig. 

2). We also showed that, similar to the Cf proteins (Liebrand et al., 2013; Postma et 

al., 2016), EFR-Cf-9 interacts with SOBIR1 (Fig. 3) and requires both SOBIR1 and 

BAK1 for its function (Fig. 4). In addition, EFR-Cf-9 also recognizes pathogen-derived 

elf18 or elf18-like MAMPs to activate immunity (Fig. 7) and triggers an HR during 

bacterial infection (Fig. 8). Moreover, EFR-Cf-9 retains the recognition specificity of 

EFR, as this chimera triggers a stronger response upon treatment with elf18C in 

comparison to elf18 variants with lower EFR-eliciting activity (Fig. S4 and S5). 

 

In contrast to EFR-Cf-9, FLS2-Cf-9 failed to trigger an HR upon treatment with flg22 

(Fig. S2), although FLS2-Cf-9 also interacts with SOBIR1 in N. benthamiana (Fig. 3). 

Since the FLS2 ectodomain is functional in FLS2-EFR (Brutus et al., 2010) and the Cf-

9 endodomain is functional in EFR-Cf-9 (Fig. 2), it is possible that the selected point of 

junction between the ectodomain of FLS2 and the endodomain of Cf-9 might not be 

optimal for functionality of this specific chimera. 

 

Early transduction events mediated by the EFR-Cf-9 chimera are similar to those 

employed by Cf-9 

Although interfamily PRR transfer and expression of chimeric PRRs can provide broad 

resistance to pathogens (Afroz et al., 2011; Holton et al., 2015; Lacombe et al., 2010; 

Schoonbeek et al., 2015), the downstream signalling components employed by these 

receptors are barely known. Studies have revealed that the signalling partners 

downstream of the perception event are not always conserved in the recipient plant. 

For example, OsSERK2, which is phylogenetically closely related to AtSERK1 and 

AtSERK2, is required for the functionality of transgenically expressed EFR in 

resistance to X. oryzae pv. oryzae (Xoo) in rice (Chen et al., 2014). However, in 

Arabidopsis, AtSERK1 and AtSERK2 are not required for EFR function (Roux et al., 

2011), indicating that EFR utilizes different SERKs in Arabidopsis and rice. In addition, 

specific downstream signalling components may act in an opposite manner in different 

species. For instance, the Xa21-binding (XB) protein OsXB24 is an ATPase that 

negatively affects both Xa21- and EFR-mediated immunity in rice (Chen et al., 2010; 

Schwessinger et al., 2015), whereas its orthologue plays a positive role in EFR-

mediated immunity in Arabidopsis (Holton et al., 2015).  

 

Ectopic expression of chimeric receptors allows to address the requirement of specific 

protein domains for interaction with partners participating in downstream signalling. For 

example, both EFR-Xa21 and native Xa21 form a constitutive complex with OsSERK2, 

4



Chapter 4 

90 
 

indicating that the association of OsSERK2 with Xa21 does not specifically require the 

Xa21 ectodomain. In Arabidopsis, both Xa21 and EFR-Xa21 interact with BAK1 in a 

ligand-dependent manner (Schwessinger et al., 2015). In this study, we show that EFR-

Cf-9 constitutively interacts with SOBIR1 and requires SOBIR1 for its function (Fig. 3 

and 4). EFR-Cf-9 is anticipated to also form a complex with BAK1 upon elf18 treatment, 

as the chimera also requires kinase-active BAK1 for its function (Fig. 5). It should be 

noted that AtBAK1-5 had a stronger effect than AtBAK1-RD/N on suppressing EFR-

Cf-9-mediated HR (Fig. 5). The interaction between AtBAK1 and EFR is kinase activity-

independent and EFR has a higher affinity to AtBAK1-5 than to wild-type AtBAK1 

(Schwessinger et al., 2011), explaining why AtBAK1-5 is more efficient than AtBAK1-

RD/N in suppressing EFR-Cf-9 activity. 

 

SOBIR1 constitutively interacts with Cf-4, which shares an identical endodomain with 

Cf-9 (Thomas et al., 1997), whereas it does not interact with the RLKs FLS2 and EFR 

and is not required for RLK-mediated immunity (Gust and Felix, 2014; Liebrand et al., 

2013; Liebrand et al., 2014). The external juxtamembrane region of EFR-Cf-9 does not 

carry the typical stretch of acidic amino acids that are thought to play a role in the 

interaction of Cf-9 with SOBIR1 (Bi et al., 2016; Gust and Felix, 2014). However, EFR-

Cf-9 does interact with SOBIR1, suggesting that the TM of Cf-9, which contains an 

extensive GxxxGxxxGxxxG dimerization motif, is sufficient for interaction with SOBIR1 

(Bi et al., 2016). The requirement of the GxxxG motif for the interaction between 

SOBIR1 and EFR-Cf-9 needs to be investigated by performing site-directed 

mutagenesis of this motif in future studies. Together, this indicates that the endodomain, 

and in particular the TM, of Cf-9 provides the chimera EFR-Cf-9 with the features 

necessary for Cf-9/Cf-4 signalling. These features enable EFR-Cf-9 to constitutively 

interact with SOBIR1, form a ligand-dependent complex with BAK1, and eventually 

mount an HR. 

 

Transgenic expression of EFR-Cf-9 affects resistance against bacterial 

pathogens 

In tomato, Cf proteins mediate a strong resistance to the C. fulvum strains carrying the 

proper avirulence genes (Joosten et al., 1997; Stergiopoulos and de Wit, 2009). It is 

widely accepted that this resistance is largely based on the HR resulting from the 

activation of the Cf protein, which leads to localized cell death that restricts pathogen 

spread. However, the strong resistance mediated by Cf genes has a narrow specificity 

and is easily overcome by mutations in the corresponding Avr genes of the pathogen 

(van den Burg et al., 2003). On the other hand, PRR-mediated immunity triggered upon 

recognition of MAMPs is effective against a wide range of microbes but is weaker than 

that of Cf proteins (Boutrot and Zipfel, 2017). Hence, the generation of a chimera 
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containing the ectodomain of a PRR and the endodomain of a Cf protein might combine 

the beneficial features of PRRs and Cf proteins and enable the chimera to recognize 

MAMPs and mount an HR, leading to a strong immunity to a wide range of microbes. 

 

EFR-Cf-9 recognizes elf18 to mount an HR (Fig. 2), suggesting that it might also 

recognize pathogen-derived elf18 to activate immunity. Indeed, transgenic tobacco 

plants expressing EFR-Cf-9 showed a significantly reduced susceptibility to two 

(hemi)biotrophic bacterial pathogens, Pta 11528 and Pst DC3000 (Fig. 7A and B). In 

addition, inoculation of a high dose of Pta 11528 causes an HR in the transgenic plants 

(Fig. 8A), indicating that EFR-Cf-9 recognizes both the purified elf18 peptide and the 

pathogen-derived EF-Tu, and that this recognition effectively restricts bacterial growth. 

However, compared to Pst DC3000, EFR-Cf-9-mediated resistance to Pta 11528 is 

less efficient (Fig. 7A and B), suggesting that Pta 11528 might partially suppress the 

EFR-Cf-9-mediated immune response. 

 

Inoculation of the EFR-Cf-9-transgenic plants with the necrotrophic bacterium P. 

carotovorum also resulted in HR-like symptoms (Fig. 8B), since P. carotovorum carries 

a form of EF-Tu that is able to activate EFR (Lacombe et al., 2010). The EFR-Cf-9-

triggered HR was expected to promote the growth of this necrotrophic bacterium. 

However, no significant difference in P. carotovorum colonization between WT and 

transgenic plants was found at 24h post-inoculation (Fig. 7C). Possibly, the EFR-Cf-9-

triggered HR promotes colonization by P. carotovorum at a later time point. 

 

Conclusion 

This work indicates that the EFR-Cf-9 chimera is functional in tobacco plants, since it 

recognizes elf18 to trigger an HR, which fits our current view on the ectodomain of a 

PRR determining the ligand specificity, and the endodomain determining the output 

intensity. In addition, EFR-Cf-9 constitutively interacts with SOBIR1, and the EFR-Cf-

9-mediated HR triggered by elf18 is dependent on SOBIR1 and BAK1. These 

observations are reminiscent of our working model for Cf-4/Cf-9 and indicate that the 

endodomain of Cf-9 confers EFR-Cf-9 the repertoire of Cf-9/Cf-4-like signalling. 

Moreover, transgenic tobacco plants expressing EFR-Cf-9 do not show altered basal 

defence but are resistant to (hemi)biotrophic bacteria, suggesting a potential 

biotechnological use of this chimeric receptor to improve crop disease resistance. 

Furthermore, our construction of the EFR-Cf-9 chimera reveals that it is possible to 

customize crop immunity by the generation of chimeric receptors containing features 

of a varying ligand recognition range and immune response intensity. 
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Materials and Methods 

Plant materials and growth conditions 

Nicotiana benthamiana, N. tabacum Samsun, N. tabacum SR1, Avr9-transgenic N. 

tabacum SR1 (Hammond-Kosack et al., 1998) and EFR-Cf-9-transgenic N. tabacum 

SR1 plants were grown under 16h of light at 25°C, and 8h of darkness at 21°C in 

climate chambers with a relative humidity of 75%. 

 

Constructs 

The DNA fragments representing the coding sequence (CDS) of the ectodomain of 

EFR (Lys649EFR) and FLS2 (Arg806FLS2) (Brutus et al., 2010) were fused to the CDS 

of the transmembrane and cytoplasmic domain of Cf-9 by splicing overlapping 

extension polymerase chain reaction (SOE-PCR) (Higuchi et al., 1988), to generate 

DNA fragments encoding EFR-Cf-9 and FLS2-Cf-9, respectively, and cloned into the 

binary vector pBI121 under the control of the 35S promoter. In addition, these two 

fragments were also inserted into pK7FWG2.0 to generate 35S:EFR-Cf-9-eGFP and 

35S:FLS2-Cf-9-eGFP, and inserted into pGWB20 to generate 35S:EFR-Cf-9-10xMyc 

and 35S:FLS2-Cf-9-10xMyc. 

 

Construction of SlSOBIR1-eGFP, AtSOBIR1-RD/N-eGFP, SlSOBIR1-Myc, Cf-4-Myc, 

FLS2-Myc and EFR-Myc was reported earlier (Liebrand et al., 2013). AtBAK1-5 and 

AtBAK1-RD/N were described in a published report (Schwessinger et al., 2011). Binary 

vectors carrying 35S:Cf-9 and 35S:Avr9 in pMOG800 have been described previously 

(van der Hoorn et al., 2000). All plasmids were transferred to Agrobacterium 

tumefaciens strain C58C1, carrying the helper plasmid pCH32.  

 

Generation of transgenic tobacco plants 

Transformation of tobacco plants was performed according to established methods 

(Horsch et al., 1988). Briefly, A. tumefaciens carrying the 35S:EFR-Cf-9 plasmid were 

suspended in an infection medium composed as follows: Murashige-Skoog (MS) basal 

medium, 3% w/v sucrose, 200 µM acetosyringone, 0.001% v/v Silwet. Leaf discs of 1 

cm in diameter from four-week-old tobacco SR1 leaves were incubated in the infection 

medium for 30 min at 25ºC. Leaf discs were then placed on co-culturing MS medium 

containing Gamborg’s vitamin mix, 1 mg/L 6-BAP, 0.1 mg/L NAA, 200 µM 

acetosyringone at 25°C in the dark for two days. Infected explants were then 

transferred to fresh solid MS medium supplemented with vitamin mix, 1 mg/L 6-BAP, 

0.1 mg/L NAA, 200 mg/L timentin, 200 mg/L cefotaxime and 200 µg/mL kanamycin at 

25°C in the light for 30 days for shoot regeneration. Regenerated shoots were 

transferred to fresh solid MS medium supplemented with vitamin mix, 0.1 mg/L NAA, 
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200 mg/L timentin, 200 mg/L cefotaxime and 200 µg/L kanamycin at 25°C in the light 

for 30 days for root regeneration. From about 1200 co-cultivated leaf explants, 14 

primary transformants were obtained and transferred to soil for propagation. Five 

transformants had detectable transgene expression and were propagated; of these, 

two (K1A and K5A) showed a 3:1 segregation ratio for kanamycin resistance and were 

therefore selected for further characterization. 

 

Hypersensitive response assays 

The elf18 (elf18D) and flg22 peptides were synthesized by EZBiolab (Carmel, IN, USA). 

The other elf18 peptides were kind gifts of Cyril Zipfel (The Sainsbury Laboratory, 

Cambridge, UK). For HR assays in N. tabacum SR1 and N. tabacum Samsun plants, 

fully expanded leaves were infiltrated with Agrobacterium suspensions at an OD600 of 

1, except for Rx (D460V) that was infiltrated with an OD600 of 0.1 (Liebrand et al., 2013; 

Postma et al., 2016). Milli-Q water (MQ) and elf18 and/or flg22 peptides were infiltrated 

at 2 days post-infiltration (dpi) at the indicated concentrations. Leaves were examined 

for development of an HR between 2 and 12 dpi. For each treatment, at least three 

leaves taken from separate plants were agro-infiltrated. 

 

Virus-induced gene silencing (VIGS) 

VIGS plasmids pTRV1-RNA1, pTRV2-PDS, pTRV2-GUS, pTRV2-SlSOBIR1/SOBIR1-

like and pTRV2-SlSERK3a/b were described previously (Liebrand et al., 2013; Postma 

et al., 2016). In brief, two-week-old N. tabacum Samsun plants were subjected to VIGS, 

for which Agrobacterium cultures harbouring a pTRV2 plasmid were mixed with 

pTRV1-RNA1 at a final OD600 of 0.8. After about three weeks, fully expanded leaves 

were used for HR assays. 

 

Co-immunoprecipitation and immunoblot assays 

Co-IPs were performed as described previously (Liebrand et al., 2012). α-GFP-HRP 

(Miltenyi Biotec GmbH) was used to detect eGFP-tagged proteins, while α-cMYC 

(Santa Cruz Biotechnology) and α-Mouse-HRP (GE Healthcare) were used to detect 

Myc-tagged proteins. 

 

Pathogenicity assays 

Pseudomonas amygdali pv. tabaci (Pta) 11528 and P. syringae pv. tomato (Pst) 

DC3000 were grown in 5 mL of low salt Bertani-Luria (LSBL) medium at 28°C for 24h 

at 200 rpm until OD600 was 1. Bacteria were centrifuged for 10 min at 2,500xg, the 

supernatant was discarded, and bacteria were rinsed twice with sterile water. Bacteria 

were suspended in an infiltration medium containing 10 mM MgCl2 at the indicated 

doses. 
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Pectobacterium carotovorum subsp. carotovorum strain DSMZ 30169 was obtained 

from DSMZ GmbH (Germany). Bacteria were grown in liquid LB at 28°C for 16h, 

centrifuged at 8,000g for 10 min, and washed with sterile water. Bacteria were then 

suspended in 50 mM potassium phosphate buffer, pH 7.0 and inoculated at the 

indicated doses. 

 

Bacteria were syringe-infiltrated into leaf sectors of four-week-old tobacco plants (six 

sectors per leaf, three leaves per genotype). Inoculated plants were returned to 

greenhouse and bacterial count was determined after 0 and 120h (for Pta 11528 and 

Pst DC3000) or 24h (for P. carotovorum). Briefly, inoculated leaf sectors were sterilized 

for 1 min in EtOH 70%, washed for 1 min in sterile water, and leaf discs (diameter = 

0.4 mm) were cut from each sector. Discs were ground with a pestle in 100 μL of sterile 

water, then additional 900 μL of water were added; samples were vortexed, and serial 

dilutions were plated on LB solid medium. Plates were incubated at 28ºC for two days, 

and colonies were counted for each dilution. 

 

Detached tobacco leaves were inoculated with Botrytis cinerea strain SF1, which was 

isolated from cabbage (Ferrari et al., 2003a), as previously described (Manfredini et 

al., 2005). 

 

Expression analysis of the EFR-Cf-9 chimera and the defence-related genes 

HIN1 and ACRE132 

For analysis of the expression of EFR-Cf-9, total RNA was extracted from leaf sectors 

of four-week-old plants with Tri-reagent (Sigma) and treated with Turbo-DNase I 

(Ambion). First-strand cDNA was synthesized using ImProm-II Reverse Transcriptase 

(Promega, Madison, WI, USA). Expression of EFR-Cf-9 was evaluated by PCR using 

specific primers (5’-CAAATTCCATCCCTCGCTTA-3’ and 5’-

TCTTTTCTTGTGCTTTTTCATTTTC-3’). The tobacco actin gene Tob66 (accession n. 

U60491) was amplified using the following primers: 5’-CTGCCATGTATGTTGCTATT-3’ 

and 5’-AGTCTCCAACTCTTGCTCAT-3’. 

 

For quantitative analysis of HIN1 and ACRE132 expression, leaf sectors from four-

week-old plants were infiltrated with water or elicitors at the concentration of 100 nM. 

After 48h, infiltrated leaf sectors were collected from 3 separate plants for each 

genotype. Total RNA was extracted using NucleoZol reagent (Machery-Nagel GmbH, 

Düren, Germany), treated with RQ1 DNase (Promega), and first-strand cDNA was 

synthesized using ImProm-II reverse transcriptase (Promega). qRT-PCR analysis was 

performed using a CFX96 Real-Time System (Bio-Rad), using the GoTaq Real-Time 

PCR System (Promega). Three technical replicates were performed for each sample, 
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and data were analysed with LinRegPCR, developed at Amsterdam University Medical 

Centers (AMC) (Ruijter et al., 2009). Expression levels of each gene, relative to EF1a, 

were determined as previously described (Ferrari et al., 2006), and expressed in 

arbitrary units. Primer pairs were the following: HIN1, 5’-

CTGCAACCCATGTAGCTGTC-3’ and 5’-TGTGGTGGACAAATCGAACT-3’; 

ACRE132, 5’-GCTGGCGGTTATCAAGAAGT-3’ and 5’-TGAAACCCATGATTGCATTT-

3’. EF1a, 5’-GCTCCCACTTCAGGATGTTT-3’ and 5’-CCAACATTGTCACCAGGAAG-

3’. 

 

Mass spectrometry 

Membrane-enriched protein fractions from one leaf of a WT SR1 plant and of a 

transgenic K1A plant were extracted as previously described (Mattei et al., 2016). 

Proteins were separated by SDS-PAGE, and lanes were cut into 10 slices, that were 

subjected to in-gel trypsin digestion. Peptides were analysed by LTQ liquid 

chromatography (LC) Orbitrap MS/MS, and protein identification was performed by 

MaxQuant platform and Proteome Discoverer as previously described (Mattei et al., 

2016). 
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Figure S1. EFR-Cf-9 does not trigger an HR in tobacco plants expressing Avr9. eGFP-tagged EFR, 

Cf-9 and EFR-Cf-9 were transiently expressed in Avr9-transgenic N. tabacum SR1 plants at a final OD600 

of 1. For each construct, at least three leaves taken from separate plants were agro-infiltrated. Pictures 

were taken at 3 days post-infiltration (dpi). The infiltrated areas are indicated by white dashed lines. 

Under these conditions, all leaves agro-infiltrated with Cf-9-eGFP, and none of the other samples, 

showed necrosis of at least half of the infiltrated area. This experiment was repeated three times with 

similar results. Representative images are shown. 

 

 

 

Figure S2. FLS2-Cf-9 does not trigger an HR in tobacco plants upon treatment with flg22. eGFP-

tagged FLS2, Cf-9 and FLS2-Cf-9 were either expressed alone (first and third column) or transiently co-

expressed with Avr9 (second column) and followed by treatment with Milli-Q (MQ) water (first column) 

or 100 μM flg22 (third column) after two days. Agrobacteria driving expression of the various constructs 

were infiltrated at a final OD600 of 1. Pictures were taken at 4 dpi with the elicitor or at seven days of 

co-expression with Avr9. The infiltrated areas are indicated by white dashed lines. For each treatment, 

at least three leaves per construct, taken from separate plants, were infiltrated. Under these conditions, 

all leaves co-expressing Avr9 and Cf-9-eGFP showed necrosis of at least half of the infiltrated area, 

whereas none of the other samples showed HR-like symptoms. This experiment was repeated three 

times with similar results. Representative images are shown. 

 

  

water EFR-eGFP Cf-9-eGFP EFR-Cf-9-eGFP 

Avr9 transgenic N. tabacum  
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Figure S3. Identification of EFR-Cf-9 in microsomal fractions of transgenic tobacco plants. Amino 

acid sequence of the EFR-Cf-9 chimeric receptor. The five peptides identified by mass spectrometry in 

microsomal protein fractions extracted from transgenic EFR-Cf-9-expressing K1A leaves are underlined. 

SP, signal peptide; LRR, leucine-rich repeat; eJM, external juxtamembrane; TM, transmembrane; iJM, 

internal juxtamembrane. 

 

 

 

 

Figure S4. EFR-Cf-9-transgenic plants recognize different elf18 variants. Fully expanded leaves of 

four-week-old untransformed (WT) and transgenic tobacco plants expressing EFR-Cf-9 (K1A) plants 

were treated with Milli-Q (MQ) water or with flg22, elf18C, elf18B or elf18G at a concentration of 100 

nM. For each peptide, at least four leaves per genotype taken from independent plants were infiltrated. 

Pictures were taken at 40 hours post-infiltration. The infiltrated area is indicated by the white dashed 

line. At this time point, all leaves from K1A plants infiltrated with el18C, elf18B or elf18C showed necrosis 

of at least half of the infiltrated area, whereas those infiltrated with flg22 or water, and all leaves from 

WT plants, failed to display any HR-like symptoms. This experiment was repeated three times with 

similar results, and representative images are shown. 
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Figure S5. Defence-related genes ACRE132 and HIN1 are differentially up-regulated in transgenic 

plants expressing EFR-Cf-9 upon treatment with elf18 variants. Quantitative RT-PCR was used to 

determine ACRE-132 (A) and HIN1 (B) expression levels in WT and EFR-Cf-9-expressing transgenic 

K1A plants upon treatment with Milli-Q (MQ) water or with elf18C, elf18B, elf18G and flg22 at a 

concentration of 100 nM. RNA was extracted from infiltrated leaf sectors obtained from three separate 

plants for each genotype. Bars represent average ± SD of three replicates. Different letters indicate 

statistically significant differences, according to one-way ANOVA followed by Tukey’s significance test 

(P < 0.05). This experiment was repeated twice with similar results. 

 

Figure S6. Transgenic plants expressing EFR-Cf-9 show 

unaltered susceptibility to Botrytis cinerea. Leaves of soil-

grown four-week-old WT and transgenic plants expressing EFR-

Cf-9 (K1A and K5A) were inoculated with B. cinerea spore 

suspension, and lesion areas were measured at 48 hours post-

infiltration. Bars indicate average lesion area ± standard error (n > 

18). No significant difference was observed between WT and 

transgenic lines (K1A and K5A), according to Student’s t-test (P > 

0.5). 
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Abstract 

Receptor-like proteins (RLPs) and receptor-like kinases (RLKs) are cell surface 

receptors that regulate immunity and development in various plant species. RLPs are 

structurally similar to RLKs, but lack an intracellular kinase domain to activate 

downstream signalling components. In plant immunity, both RLPs and RLKs form 

ligand-induced complexes with the regulatory RLK BRI1-ASSOCIATED RECEPTOR 

KINASE 1 (BAK1) to activate downstream signalling. In addition to interacting with 

BAK1, RLPs also constitutively interact with the regulatory RLK SUPPRESSOR OF 

BIR1-1 (SOBIR1) and require this RLK to activate downstream immune signalling. The 

RLP CLAVATA2 (CLV2) is involved in regulation of plant development, which is 

mediated by the secreted endogenous CLV3 peptide in various plant species. 

Previously, an interaction between the tomato orthologues of CLV2 and SOBIR1 was 

reported, but the significance of this interaction remains unknown. As the function of 

SOBIR1 and CLV2 is conserved across plant species, we aimed to investigate the 

significance of this interaction in Arabidopsis thaliana (further referred to as 

Arabidopsis). In this study, we observed that Arabidopsis CLV2 interacts with SOBIR1, 

as well as with BAK1. Our studies on both SOBIR1/BAK1-dependent immune 

responses and CLV2-dependent CLV3 signalling revealed that CLV2 affects the 

immune response, whereas SOBIR1 participates in the CLV2-dependent regulation of 

the rosette leaf number. Additionally, we aimed to identify downstream components 

required for CLV3 signalling. Since the Arabidopsis G-protein β subunit AGB1 and the 

G-protein γ subunits AGG1 and AGG2 are required for CLV3 signalling in the shoot 

and for signalling triggered by the well-characterized RLK FLAGELLIN-SENSING 2 

(FLS2), which mediates defence against bacterial pathogens, we speculated that other 

regulators of FLS2 signalling might also play a role in CLV3 signalling. With the usage 

of the root growth inhibition assay employing a synthetic peptide of CLV3 (CLV3p), 

which is a routine assay to study the involvement of components in the CLV3-triggered 

signalling pathway, we observed that these G-protein subunits are also required for the 

response to CLV3p in the root. However, Gα-containing subunits, which associate with 

the Gβ and Gγ subunits to form a typical heterotrimeric complex, are not required for 

CLV3 signalling in the root. We furthermore found that other tested regulators of FLS2 

signalling are not involved in the signalling pathway triggered by CLV3p in the root. 
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Introduction 

Receptor-like proteins (RLPs) and receptor-like kinases (RLKs) containing leucine-rich 

repeats in their ectodomains are the two major classes of cell surface plant receptors, 

and recognize extracellular signals to regulate immunity and development (Boutrot and 

Zipfel, 2017; Jamieson et al., 2018; van der Burgh and Joosten, 2019; Wang et al., 

2010a). Compared with RLKs, RLPs lack an intracellular kinase domain to activate 

downstream components. When involved in immunity, RLPs and RLKs recognize 

extracellular immunogenic patterns, which include so-called microbe-associated 

molecular patterns (MAMPs) and pathogen-derived extracellular effectors, to initiate 

extracellularly-triggered immunity (Dodds and Rathjen, 2010; Jones and Dangl, 2006; 

van der Burgh and Joosten, 2019). Furthermore, RLKs also recognize secreted 

endogenous signals to regulate various developmental processes, yet specific ligands 

for RLPs involved in development have not been reported (Jamieson et al., 2018; 

Wang et al., 2010a). 

 

RLP-mediated immunity has been demonstrated in various plant species (Boutrot and 

Zipfel, 2017; van der Burgh and Joosten, 2019; Wan et al., 2019). For instance, the 

tomato (Solanum lycopersicum, Sl) RLP Cf-4 confers resistance to strains of the 

biotrophic fungus Cladosporium fulvum secreting the effector Avr4 (Joosten et al., 1994; 

Thomas et al., 1997). In Arabidopsis thaliana (At, further referred to as Arabidopsis), 

RLP23 mediates defence against infection by a broad range of pathogens producing 

the MAMP NECROSIS- AND ETHYLENE-INDUCING PROTEIN 1 (NEP1)-like 

proteins (NLPs), and recognition of the immunogenic peptide NLP24 triggers the 

production of reactive oxygen species (ROS) (Albert et al., 2015; Oome et al., 2014). 

Another example is the observation that Arabidopsis RLP42 recognizes the MAMP 

ENDOPOLYGALACTURONASE3 (PG3) of the necrotrophic fungus Botrytis cinerea to 

activate downstream immune responses, eventually leading to the development of 

necrotic symptoms (Zhang et al., 2014). It has been generally observed that RLPs, 

including Cf-4 and RLP23, constitutively interact with the regulatory RLK 

SUPPRESSOR OF BIR1-1 (SOBIR1), and form ligand-induced complexes with the 

regulatory RLKs, referred to as SOMATIC EMBRYOGENESIS RECEPTOR-LIKE 

KINASE (SERK) proteins, to activate downstream immune signalling (Albert et al., 

2015; Domazakis et al., 2018; Du et al., 2015; Gust and Felix, 2014; Liebrand et al., 

2013; Liebrand et al., 2014; Postma et al., 2016; van der Burgh and Joosten, 2019; 

Wang et al., 2018c; Zhang et al., 2013a). RLP42 also constitutively interacts with 

SOBIR1 and requires this regulatory RLK to activate downstream immune signalling 

(Zhang et al., 2014). However, it was also shown that RLP42 signalling is not affected 

by a loss-of-function mutation in the gene encoding BRI1-ASSOCIATED RECEPTOR 
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KINASE 1 (BAK1), which is also known as SERK3 (Zhang et al., 2014), probably due 

to functional redundancy of the various SERKs. 

 

Besides playing a role in immunity, RLPs also function in development (Jamieson et 

al., 2018; Wang et al., 2010a). Arabidopsis CLAVATA2 (CLV2), also known as RLP10, 

is one of the most well-known RLPs involved in development and is involved in 

regulation of developmental processes mediated by various CLV3/ENDOSPERM 

SURROUNDING REGION (ESR)-related (CLE) members (Fiers et al., 2005; Jeong et 

al., 1999; Kayes and Clark, 1998; Miwa et al., 2008). CLV2 constitutively interacts with 

CORYNE/SUPPRESSOR OF OVEREXPRESSION OF LLP1-2 (CRN/SOL2, further 

referred to as CRN), which is a pseudokinase and lacks an obvious ectodomain, and 

both CLV2 and CRN require each other for their re-localization from the endoplasmic 

reticulum to the plasma membrane (Bleckmann et al., 2010; Miwa et al., 2008; Müller 

et al., 2008; Nimchuk et al., 2011; Zhu et al., 2010b). The CLV2/CRN complex is 

involved in perception of the well-studied CLE member CLV3, which a secreted peptide 

derived from stem cells in the shoot apical meristem (SAM) (Clark et al., 1995; Fletcher 

et al., 1999). Studies have revealed that CLV3 is primarily perceived by the RLK CLV1, 

which functions in parallel to the RLKs BARELY ANY MERISTEMs (BAMs) and 

RECEPTOR-LIKE PROTEIN KINASE 2/TOADSTOOL 2 (RPK2/TOAD2; further 

referred to as RPK2) (Casamitjana-Martinez et al., 2003; Clark et al., 1993; Clark et 

al., 1997; DeYoung et al., 2006; Kinoshita et al., 2010; Shinohara and Matsubayashi, 

2015; Somssich et al., 2016b). However, the exact role of the CLV2/CRN complex in 

perception of CLV3 remains unclear (Somssich et al., 2016b), since CLV2 does not 

bind CLV3 (Shinohara and Matsubayashi, 2015) and the pseudokinase CRN lacks the 

ability to activate downstream signalling (Nimchuk et al., 2011). 

 

In addition to playing a role in the shoot, the CLV2/CRN complex is also required for 

CLE signalling in the root (Fiers et al., 2005; Miwa et al., 2008). Both overexpression 

of various CLE genes and exogenous application of synthetic peptides corresponding 

to the conserved CLE domain of these CLEs inhibit root elongation (Fiers et al., 2005; 

Hobe et al., 2003; Kinoshita et al., 2007; Miwa et al., 2008). In addition, the CLV2/CRN 

complex is generally required for CLE-mediated suppression of root elongation, 

although the mechanism behind the role of CLV2/CRN is not clear (Fiers et al., 2005; 

Miwa et al., 2008; Müller et al., 2008). For instance, both overexpression of CLV3 and 

application of a synthetic CLV3 peptide (CLV3p) trigger a CLV2/CRN-dependent short 

root phenotype (Fiers et al., 2005; Miwa et al., 2008; Müller et al., 2008). In addition, 

CLV2 and CRN are also required for suppression of root elongation triggered by 

CLE9/10p (which corresponds to the identical CLE domain of CLE9 and CLE10, and 

is further referred to as CLE9p) and CLE45p, which inhibit the formation of protoxylem 
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and protophloem, respectively (Depuydt et al., 2013; Kondo et al., 2011). 

 

The RLK FLAGELLIN-SENSING 2 (FLS2) recognizes the MAMP flg22, which is a 22-

amino-acid immunogenic peptide of bacterial flagellin, to mediate defence against 

bacterial pathogens in various plant species (Felix et al., 1999; Gómez-Gómez and 

Boller, 2000; Hann and Rathjen, 2007; Robatzek et al., 2007; Takai et al., 2008; Zipfel 

et al., 2004). The FLS2 signalling pathway is well studied, and various positive and 

negative regulators of FLS2 signalling have been identified in Arabidopsis (Couto and 

Zipfel, 2016; Wan et al., 2019; Zhou et al., 2019). Concerning positive regulators of 

FLS2 signalling, for instance the regulatory RLK BAK1 functions as a co-receptor for 

FLS2 in recognizing flg22, which functions as a kind of molecular glue to stabilize the 

heterodimerization of the ectodomains of FLS2 and BAK1, resulting in the activation of 

the FLS2/BAK1 complex (Chinchilla et al., 2007; Schulze et al., 2010; Sun et al., 

2013b). The receptor-like cytoplasmic kinase (RLCK) BOTRYTIS-INDUCED KINASE1 

(BIK1) interacts with the kinase domains of both FLS2 and BAK1 (Lu et al., 2010; 

Zhang et al., 2010). Upon flg22 perception, activated BAK1 phosphorylates BIK1, 

which trans-phosphorylates, and subsequently dissociates from, the FLS2/BAK1 

complex (Lin et al., 2014; Lu et al., 2010; Zhang et al., 2010). Activated BIK1 then 

phosphorylates the plasma membrane-associated NADPH oxidase RESPIRATORY 

BURST OXIDASE HOMOLOG D (RBOHD), which is the main enzyme mediating ROS 

production in FLS2 signalling (Kadota et al., 2014; Li et al., 2014b). The FLS2/BIK1 

complex also associates with the Arabidopsis heterotrimeric G-protein complex 

consisting of the Gα-containing subunits EXTRA-LARGE G-PROTEIN 2 (XLG2) and 

XLG3, the G-protein β subunit AGB1 and the G-protein γ subunits AGG1 and AGG2 

(further referred to as AGG1/2) (Liang et al., 2016). This G-protein complex promotes 

the stabilization of BIK1 in the resting state, and probably contributes to the activation 

of RBOHD upon flg22 perception (Liang et al., 2016; Wang et al., 2018a). Furthermore, 

perception of flg22 also activates downstream mitogen-activated protein kinase (MAPK) 

cascades, thereby initiating a series of downstream responses (Asai et al., 2002; Bi et 

al., 2018; Gao et al., 2008; Meng and Zhang, 2013). Concerning negative regulators 

of FLS2 signalling, for instance the pseudokinases BAK1-INTERACTING 

RECEPTOR-LIKE KINASE 2 (BIR2) and BIR3 both sequester BAK1 from FLS2 to 

negatively regulate the flg22-induced FLS2/BAK1 complex formation (Halter et al., 

2014b; Imkampe et al., 2017). In addition, the serine/threonine protein phosphatase 

type 2C (PP2C) subunit PP2C38 dephosphorylates BIK1 and functions redundantly 

with its paralogue PP2C48 to negatively regulate FLS2 signalling (Couto et al., 2016). 

 

Although various CLV3 receptors in the SAM have been identified, only a few 

downstream components required for CLV3 signalling are known (Somssich et al., 
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2016b). For instance, the Gβ subunit AGB1 and the Gγ subunits AGG1/2 function 

downstream of CLV1, RPK2 and CLV2 to regulate CLV3 signalling in the shoot (Ishida 

et al., 2014). As AGB1 and AGG1/2 are also required for FLS2 signalling (Liang et al., 

2016; Liang et al., 2018; Wang et al., 2018a), it implicates that other regulators of FLS2 

signalling probably also play a role in CLV3 signalling. As mentioned above, various 

regulator of FLS2 signalling are known and a series of Arabidopsis mutants or 

transformants of these regulators have been reported (Couto and Zipfel, 2016; Wan et 

al., 2019; Zhou et al., 2019). In addition, the root length assay employing CLV3p offers 

a simple and direct method to screen for downstream components required for CLV3 

signalling (Fiers et al., 2005). Therefore, examining the responsiveness of Arabidopsis 

mutants and transformants, which display impaired FLS2 signalling, to CLV3p should 

allow the identification of novel components required for CLV3 signalling in the root. 

 

Previously, an interaction between the tomato orthologues of CLV2 and SOBIR1 was 

reported (Liebrand et al., 2013), however the significance of this interaction has 

remained unknown. As the roles of SOBIR1 and CLV2 are conserved across plant 

species (Albert et al., 2015; Kayes and Clark, 1998; Liebrand et al., 2013; Xu et al., 

2015; Zhang et al., 2014), we aimed to investigate the significance of this interaction 

in Arabidopsis. In this study, an interaction between CLV2 and SOBIR1 from 

Arabidopsis is also observed. Since SOBIR1 is required for RLP-mediated immune 

signalling, while CLV2 is required for CLE signalling, we investigated whether CLV2 

affects SOBIR1-dependent RLP-mediated immune signalling, and whether SOBIR1 

plays a role in CLV2-dependent CLE signalling. Additionally, we also aimed to identify 

downstream components required for CLV3 signalling with the usage of the root length 

assay employing CLV3p, which allows efficiently screen for components required for 

CLV3 signalling (Fiers et al., 2005). Based on the speculation that some regulators of 

FLS2 signalling might also play a role in CLV3 signalling, we collected various 

Arabidopsis mutants or transformants displaying impaired FLS2 signalling and 

examined their responsiveness to exogenous application of CLV3p in the root. 

 

Results 

CLV2 interacts with SOBIR1 when transiently co-expressed in Nicotiana 

benthamiana 

We first studied whether, next to the tomato orthologues, AtCLV2 also interacts with 

AtSOBIR1. Therefore, AtCLV2-eGFP was transiently co-expressed with AtSOBIR1-

Myc in leaves of N. benthamiana. Co-expression of β-glucuronidase (GUS)-eGFP and 

AtSOBIR1-Myc was included as a negative control, while co-expression of SlCLV2-

eGFP and SlSOBIR1-Myc was included as a positive control. In addition, co-
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expression of the reciprocal combinations AtCLV2-eGFP and SlSOBIR1-Myc, as well 

as SlCLV2-eGFP and AtSOBIR1-Myc, was also included. All these different 

combinations were expressed in the presence of the silencing suppressor P19, which 

promotes overall protein accumulation (Voinnet et al., 2015). Immunoprecipitation of 

SlCLV2-eGFP resulted in the co-purification of SlSOBIR1-Myc (Fig. 1), which is 

consistent with the previous finding that SlCLV2 interacts with SlSOBIR1 (Liebrand et 

al., 2013). In addition, AtSOBIR1-Myc co-purified with AtCLV2-eGFP (Fig. 1), indicating 

that AtCLV2 also interacts with AtSOBIR1. Moreover, AtCLV2 and SlSCLV2 also 

interact with SlSOBIR1 and with AtSOBIR1, respectively (Fig. 1). Taken together, these 

observations indicate that the interaction between CLV2 and SOBIR1 is conserved in 

both Arabidopsis and tomato. 

 

 

 

 

Figure 1. CLV2 interacts with SOBIR1 when transiently co-expressed in Nicotiana benthamiana. 

Both CLV2 and SOBIR1 from Arabidopsis thaliana (At) and tomato (Solanum lycopersicum, Sl) were 

used. CLV2-eGFP or β-glucuronidase (GUS)-eGFP were co-expressed with SOBIR1-Myc in the 

presence of the silencing suppressor P19 in leaves of N. benthamiana. Proteins were extracted and 

subjected to immunoprecipitation (IP) by using GFP-affinity beads, followed by western blotting (WB). 

αGFP antibody was used to detect CLV2-eGFP and GUS-eGFP, and αMyc antibody was used to detect 

SOBIR1-Myc. Rubisco bands in the stain-free panel indicate equal loading. The experiment was 

repeated three times with similar results, and representative results are shown. 

 

 

AtCLV2 and AtCRN participate in immune responses that are either dependent 

or independent of AtSOBIR1 

As AtCLV2 (further referred to as CLV2) interacts with AtSOBIR1 (further referred to 

as SOBIR1) (Fig. 1), we studied whether CLV2 affects SOBIR1-dependent immune 
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responses mediated by RLP42 and RLP23, and also studied whether SOBIR1 is 

involved in CLV2-dependent CLE signalling. AtCRN (further referred to as CRN) was 

also included in these studies, as CRN constitutively interacts with CLV2 and is 

required for CLV2-dependent CLE signalling (Bleckmann et al., 2010; Fiers et al., 2005; 

Miwa et al., 2008; Müller et al., 2008; Zhu et al., 2010b). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. CLV2 and CRN participate in immune 

responses that are either dependent or independent of 

SOBIR1 in Arabidopsis. (A) CLV2 and CRN affect the 

development of BcPG3-triggered necrotic symptoms. Six 

rosette leaves from two plants of each line were infiltrated 

with a 1.5 µM BcPG3 protein solution, and pictures were 

taken at 6 days post-infiltration (dpi). (B, C) CLV2 and CRN 

affect the production of reactive oxygen species (ROS) 

triggered by NLP24 (B) and flg22 (C). Eight leaf discs from 

four leaves of two plants per line were used for the ROS 

assay. Milli-Q water was used as a control (Mock). These 

experiments were repeated three times with similar results, 

and representative results are shown. 

 

 

Consistent with the published data that RLP42 recognizes BcPG3 to trigger SOBIR1-

dependent necrotic symptoms (Zhang et al., 2014), BcPG3 triggered necrotic 

symptoms in Arabidopsis accession Columbia (Col-0), whereas this necrosis was 

completely suppressed in the loss-of-function mutant sobir1-13 (further referred to as 

sobir1) (Fig. 2A). In addition, the development of BcPG3-triggered necrotic symptoms 

was also suppressed in the loss-of-function mutants clv2-gabi (further referred to as 

clv2) and crn-3 (further referred to as crn), but to a lesser extent than in the sobir1 

mutant (Fig. 2A). We furthermore observed that the NLP24-triggered ROS burst was 

suppressed in the sobir1 mutant (Fig. 2B), which is consistent with the published data 

that RLP23 recognizes NLP24 to trigger a SOBIR1-dependent ROS burst (Albert et al., 

2015). Moreover, the NLP24-triggered ROS burst was also suppressed in the clv2 and 
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crn mutants, but again to a lesser extent than in the sobir1 mutant (Fig. 2B). The 

partially impaired SOBIR1-dependent RLP-mediated immune response in the clv2 and 

crn mutants might be caused by the functional redundancy of CLV2 and CRN 

orthologues (Wang et al., 2010b; Wu et al., 2016a). In addition, as CLV2 and CRN 

contribute to the accumulation level of their interactors (Hazak et al., 2017; Jeong et 

al., 1999), the SOBIR1 protein might accumulate at a lower level in the clv2 and crn 

mutants, resulting in an impaired RLP-mediated immune response. Taken together, 

these observations indicate that both CLV2 and CRN play a role in SOBIR1-dependent 

RLP-mediated immune responses in Arabidopsis. 

 

To study whether the role of CLV2 and CRN in immunity is specific for SOBIR1-

dependent RLP signalling, we subsequently studied whether CLV2 and CRN affect the 

SOBIR1-independent FLS2 signalling. Consistent with the published data that SOBIR1 

is not required for FLS2 signalling (Albert et al., 2015; Zhang et al., 2013a), the flg22-

triggered ROS burst was not affected in the sobir1 mutant (Fig. 2C). However, when 

compared with both Col-0 and the sobir1 mutant, the clv2 and crn mutants produced 

lower amounts of ROS upon treatment with flg22 (Fig. 2C), indicating that CLV2 and 

CRN do also play a role in the SOBIR1-independent FLS2 signalling. Possibly, CLV2 

and CRN interact with co-receptors of FLS2, such as BAK1 (see below), thereby 

modulating FLS2 signalling. 

 

SOBIR1 participates in the CLV2/CRN-dependent regulation of the rosette leaf 

number 

The interaction between CLV2 and SOBIR1 indicates that SOBIR1 might play a role in 

CLV2/CRN-dependent developmental signalling. CLV2 and CRN are required for CLV3 

signalling in the shoot, which negatively regulates the number of Arabidopsis rosette 

leaves and carpels, and the SAM size (Clark et al., 1995; Miwa et al., 2008; Müller et 

al., 2008). In addition, CLV2 and CRN are also required for suppression of root 

elongation triggered by various CLE peptides, including CLV3p, CLE9p and CLE45p 

(Depuydt et al., 2013; Fiers et al., 2005; Kondo et al., 2011; Miwa et al., 2008; Müller 

et al., 2008). Therefore, we studied whether SOBIR1 also plays a role in these 

processes. 

 

We first studied whether SOBIR1 regulates the rosette leaf number of Arabidopsis 

plants. Consistent with the published data that CLV3 signalling negatively regulates 

the rosette leaf number (Clark et al., 1995), when compared with Col-0, the clv2 and 

crn mutants developed more rosette leaves (Fig. 3 and S1A). We also found that the 

sobir1 mutant developed more rosette leaves than Col-0 (Fig. 3 and S1A), indicating 

that SOBIR1 plays a role in regulating the rosette leaf number. Furthermore, when 
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compared with the clv2, crn and sobir1 single mutants, the generated clv2 sobir1 and 

crn sobir1 double mutants developed even more rosette leaves (Fig. 3 and S1A). This 

indicates that, while functioning together to regulate the rosette leaf number, both the 

CLV2/CRN complex and SOBIR1 might have additional interactors that also play a role 

in this process. 

 

 

 
 

Figure 3. SOBIR1 participates in the CLV2/CRN-dependent regulation of the rosette leaf number 

in Arabidopsis. Six to eight plants per line were used, and rosette leaves were dissected and counted. 

The Student’s t-test was used for statistical analysis, and asterisks indicate a statistically significant 

difference (n.s.: not significant; * P < 0.05; ** P < 0.01). The experiment was repeated three times with 

similar results, and representative results are shown. 

 

 

We also studied whether SOBIR1 regulates the carpel number of siliques. Compared 

with Col-0, the clv2 and crn mutants developed more carpels (Fig. S1B and S1C), 

which is consistent with published data (Kayes and Clark, 1998; Miwa et al., 2008; 

Müller et al., 2008). However, similar to Col-0, the sobir1 mutant developed two carpels 

(Fig. S1B and S1C), indicating that SOBIR1 does not play a role in regulating carpel 

numbers. In addition, the clv2 sobir1 and crn sobir1 double mutants developed the 

same number of carpels as the clv2 and crn single mutants (Fig. S1B and S1C), 

suggesting that SOBIR1 is not involved in the CLV2/CRN-dependent regulation of the 

carpel number. 

 

We then studied whether SOBIR1 regulates the SAM size. Consistent with the 

published data that CLV2 is required for CLV3-mediated termination of the SAM in 

Arabidopsis (Fiers et al., 2006), treatment with CLV3p caused SAM termination in Col-

0, but not in the clv2 mutant (Fig. S1D). In addition, CLV3p also caused SAM 

termination in the sobir1 mutant, but not in the clv2 sobir1 double mutant (Fig. S1D), 

indicating that SOBIR1 is not involved in the CLV2-dependent CLV3-mediated 
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regulation of the SAM size. We did not test SAM development in the crn mutant and 

the crn sobir1 double mutant upon treatment with CLV3p. However, considering the 

observation that SOBIR1 is not involved in the CLV2/CRN-dependent regulation of the 

carpel number (Fig. S1B and S1C), and also not in the CLV2-dependent CLV3-

mediated regulation of the SAM size (Fig. S1D), it is likely that SOBIR1 is also not 

involved in the CRN-dependent CLV3-mediated regulation of the SAM size. 

 

We further studied whether SOBIR1 regulates root elongation. Consistent with the 

published data that CLV2 and CRN are required for suppression of root elongation 

triggered by CLV3p (Fiers et al., 2005; Miwa et al., 2008; Müller et al., 2008), CLV3p 

caused a short root phenotype in Col-0, but not in the clv2 and crn mutants (Fig. S1E 

and S1F). CLV3p also caused a short root phenotype in the sobir1 mutant (Fig. S1E 

and S1F). However, this peptide did not suppress root elongation in the clv2 sobir1 and 

crn sobir1 double mutants, an observation which is similar to that of the clv2 and crn 

single mutants (Fig. S1E and S1F). These observations indicate that SOBIR1 is not 

required for the CLV2/CRN-dependent response to CLV3p in the root. CLV2 and CRN 

are also required for suppression of root elongation triggered by CLE9p and CLE45p 

(Depuydt et al., 2013; Kondo et al., 2011). However, we observed that SOBIR1 is not 

required for the response to these CLE peptides in the root either (Fig. S1G and S1H). 

 

Taken together, SOBIR1 participates in the CLV2/CRN-dependent regulation of the 

rosette leaf number in Arabidopsis, but SOBIR1 is not involved in CLV2/CRN-

dependent CLE signalling in the shoot and in the root. 

 

CLV2 interacts with BAK1, but this regulatory RLK appears not to be required 

for the response to CLV3p in the root 

Both SOBIR1 and BAK1 act as regulatory RLKs for RLPs involved in immunity (Gust 

and Felix, 2014; Liebrand et al., 2014; van der Burgh and Joosten, 2019; Wan et al., 

2019). As CLV2 interacts with SOBIR1 (Fig. 1), we studied whether CLV2 also interacts 

with BAK1. Therefore, BAK1-Myc was transiently co-expressed with CLV2-eGFP or 

GUS-eGFP, in the presence of P19, in leaves of N. benthamiana. Immunoprecipitation 

of CLV2-eGFP, but not GUS-eGFP, resulted in co-purification of BAK1-Myc (Fig. 4A), 

indicating that BAK1 also interacts with CLV2 when transiently co-expressed in N. 

benthamiana. 

 

The observed interaction between CLV2 and BAK1 indicates that CLV2 might play a 

role in BAK1-dependent signalling. As CLV2 regulates RLP23- and FLS2-mediated 

immune responses (Fig. 2B and 2C) and both RLP23 and FLS2 require BAK1 for their 

functionality (Albert et al., 2015; Chinchilla et al., 2007; Schulze et al., 2010), CLV2 
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might also regulate RLP23 and FLS2 signalling through its interaction with BAK1. As 

BAK1 was reported not to be required for RLP42 signalling (Zhang et al., 2014), and 

BAK1 and BAK1‐LIKE 1 (BKK1, also known as SERK4) are the two major SERKs, with 

BKK1 to a lesser extent, that are redundantly required for RLP23 and FLS2 signalling 

(Albert et al., 2015; Roux et al., 2011), we studied whether BAK1 and BKK1 are also 

redundantly required for RLP42 signalling. We found that the development of BcPG3-

triggered necrotic symptoms was not affected in the T-DNA insertion mutant bak1-4 

and the point mutant bak1-5 (Fig. S2A), both of which display defects in immunity 

(Roux et al., 2011; Schwessinger et al., 2011). However, this necrosis was completely 

suppressed in the bak1-5 bkk1-1 double mutant (Fig. S2A), indicating that, similar to 

their redundant roles in RLP23 and FLS2 signalling (Albert et al., 2015; Roux et al., 

2011), BAK1 and BKK1 are also redundantly required for RLP42 signalling. Collectively, 

it is likely that CLV2 interacts with BAK1 and affects BAK1-dependent immune 

responses mediated by RLPs and FLS2. 

 

 

 

 

Figure 4. CLV2 interacts with BAK1, however BAK1 and its paralogue BKK1 appear not to be 

required for the response to CLV3p in the root. (A) CLV2 interacts with BAK1. CLV2-eGFP or GUS-

eGFP were co-expressed with BAK1-Myc in the presence of P19 in leaves of N. benthamiana. Proteins 

were extracted and subjected to IP by using GFP-affinity beads, followed by WB. αGFP antibody was 

used to detect CLV2-eGFP and GUS-eGFP, and αMyc antibody was used to detect BAK1-Myc. Rubisco 

bands in the stain-free panel indicate equal loading. (B) BAK1 and BKK1 appear not to be required for 

the response to CLV3p in the root. CLV3p was used at a final concentration of 10 nM, and MQ water 

was used as a control (Mock). The Student’s t-test was used for statistical analysis, and asterisks 

indicate a statistically significant difference (*** P < 0.001). These experiments were repeated three 

times with similar results, and representative results are shown. 

 

 

The interaction between BAK1 and CLV2 also suggests that BAK1 might play a role in 
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CLV2-dependent CLE signalling. Therefore, we studied whether BAK1 and BKK1 are 

required for the CLV2-dependent response to CLV3p in the root and found that the 

bak1 single mutants and the bak1-5 bkk1-1 double mutant were still sensitive to CLV3p 

(Fig. 4B). As BAK1 and its paralogues display high functional redundancy in 

developmental signalling (Ma et al., 2016; Meng et al., 2015; Meng et al., 2016; Zhang 

et al., 2016b), we also examined serk1-1 and serk2-1 single mutants and different 

higher order combinations of various serk mutants for their responsiveness to CLV3p. 

Since serk1-1 serk2-1 double mutants are male sterile (Albrecht et al., 2005; 

Colcombet et al., 2005), the serk1-1 serk2-1(+/-) (where (+/-) indicates that the indicated 

gene is heterozygous), serk1-1(+/-) serk2-1 bak1-4 and serk1-1 serk2-1(+/-) bkk1-1 

mutants were used. In addition, as bak1-4 bkk1-1 double mutants display a lethal 

phenotype (He et al., 2007), the bak1-4(+/-) bkk1-1 and serk2-1 bak1-4(+/-) bkk1-1 

mutants were used. We found that the serk1-1 and serk2-1 single mutants, and the 

serk1-1 serk2-1(+/-) mutant were also sensitive to CLV3p (Fig. S2B). In addition, the 

serk1-1 bak1-4 and serk1-1 bkk1-1 double mutants were also sensitive to CLV3p (Fig. 

S2B). Moreover, the serk1-1(+/-) serk2-1 bak1-4, serk1-1 serk2-1(+/-) bkk1-1 and serk2-

1 bak1-4(+/-) bkk1-1 mutants were also sensitive to CLV3p (Fig. S2B). Collectively, 

these observations indicate that the SERKs appear not to be required for the response 

to CLV3p in the root. 

 

The Gβ subunit AGB1, and Gγ subunits AGG1/2 are required for the response to 

CLV3p in the root 

Although various CLV3 receptors in the SAM have been identified, downstream 

components required for CLV3 signalling are barely known (Somssich et al., 2016b). 

As the G-protein subunits AGB1 and AGG1/2 are required for CLV3-triggered signalling 

in the shoot and also for FLS2 signalling (Ishida et al., 2014; Liang et al., 2016; Liang 

et al., 2018; Wang et al., 2018a), we speculated that there might be more downstream 

components overlapping between the signalling pathways triggered by CLV3 receptors 

and FLS2. Since the root length assay allows to efficiently screen for downstream 

components required for CLV3 signalling, we examined Arabidopsis mutants and 

transformants, which display impaired FLS2 signalling, for their responsiveness to 

CLV3p in the root. 

 

We first examined whether AGB1 and AGG1/2 are required for suppression of root 

elongation triggered by CLV3p. We found that the agb1 mutant was insensitive to 

treatment with CLV3p (Fig. 5A), indicating that AGB1 is also required for the response 

to CLV3p in the root. In addition, the agg1 agg2 double mutant, but not the agg1 and 

agg2 single mutants, was also insensitive to CLV3p (Fig. 5B), indicating that AGG1 

and AGG2 are redundantly required for the response to CLV3p in the root. 
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In addition to AGB1 and AGG1/2, the Arabidopsis G-protein family also contains the 

Gα subunit GPA1, three XLG proteins that all contain a Gα domain in their C-terminus 

(Ding et al., 2008), and another Gγ subunit referred to as AGG3 (Li et al., 2012). Except 

for AGG3 and XLG1, the other G-protein subunits are all required for FLS2 signalling, 

with XLG2 and XLG3 being redundantly required (Liang et al., 2016; Liang et al., 2018). 

In addition, the GTPase-accelerating protein REGULATOR OF G-PROTEIN 

SIGNALING 1 (RGS1) inactivates Gα subunits to stabilize the heterotrimeric G-protein 

complex, thereby negatively regulating FLS2 signalling (Liang et al., 2018). 

Arabidopsis mutants of all these different signalling components were additionally 

tested for their responsiveness to CLV3p. We found that the rgs1, gpa1, xlg2 and xlg3 

single mutants and the xlg2 xlg3 double mutant all developed a short root phenotype 

upon treatment with CLV3p (Fig. S3), indicating that RGS1, GPA1, XLG2 and XLG3 

are not required for the response to CLV3p in the root. Although XLG1 is not required 

for FLS2 signalling (Liang et al., 2016), we also tested the xlg1, xlg1 xlg2 xlg3 and 

gpa1 xlg1 xlg2 xlg3 mutants for their responsiveness to treatment with CLV3p, and 

found that none of these Gα-containing subunits is required for the response to CLV3p 

in the root (Fig. S3B). Additionally, AGG3, which requires GPA1 and AGB1 to regulate 

organ size and shape in Arabidopsis (Li et al., 2012), is also not required for the 

response to CLV3p in the root (Fig. S3A). Taken together, we found that RGS1, GPA1, 

XLG2 and XLG3, which are all required for FLS2 signalling, are not required for the 

response to CLV3p in the root. In addition, XLG1 and AGG3 also appear not to play a 

role in the response to CLV3p in the root. 

 

 

 

Figure 5. AGB1 and AGG1/2 are required for the response to CLV3p in the root. (A) AGB1 is 

required for the response to CLV3p in the root. (B) AGG1 and AGG2 are redundantly required for the 

response to CLV3p in the root. CLV3p was used at a final concentration of 10 nM, and MQ water was 

used as a control (Mock). The Student’s t-test was used for statistical analysis, and asterisks indicate a 

statistically significant difference (n.s.: not significant; *** P < 0.001). These experiments were repeated 

three times with similar results, and representative results are shown. 
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Various additional regulators of FLS2 signalling are not required for the 

response to CLV3p in the root 

As AGB1 and AGG1/2 are involved in signalling pathways triggered by CLV3 receptors 

and also by FLS2 (Fig. 5) (Ishida et al., 2014; Liang et al., 2016; Liang et al., 2018; 

Wang et al., 2018a), we examined more Arabidopsis mutants and transformants, which 

display impaired FLS2 signalling, for their responsiveness to treatment with CLV3p in 

the root. 

 

We found that the pseudokinases BIR2 and BIR3, which sequester BAK1 from FLS2 

to negatively regulate FLS2/BAK1 complex formation (Halter et al., 2014b; Imkampe 

et al., 2017), are not required for the response to CLV3p in the root (Fig. S4A and S4B). 

In addition, BIR4, which is the closest paralogue of BIR3 (Halter et al., 2014b) and has 

not been functionally characterized, is also not required for this response (Fig. S4C). 

 

The RLCK BIK1 and its paralogue AVRPPHB SUSCEPTIBLE 1-LIKE 1 (PBL1) function 

downstream of the FLS2/BAK1 complex and activate ROBHD to produce ROS (Li et 

al., 2014b; Lu et al., 2010; Zhang et al., 2010). However, BIK1, PBL1 and RBOHD all 

appear not to be required for the response to CLV3p in the root (Fig. S4D and S4E). In 

agreement with this, the protein phosphatases PP2C38 and PP2C48, which 

dephosphorylate BIK1 to negatively regulate FLS2 signalling (Couto et al., 2016), are 

also not required for the response to CLV3p in the root (Fig. S4F). Furthermore, the 

additional RLCKs BR-SIGNALING KINASE1 (BSK1), PATTERN‐TRIGGERED 

IMMUNITY COMPROMISED RLCK 1 (PCRK1) and PCRK2, which all play a role in 

FLS2 signalling (Kong et al., 2016; Shi et al., 2013), are also not required for the 

response to CLV3p in the root (Fig. S4D). Additionally, BSK8 and BSK12, which are 

paralogues of BSK1 and have not been functionally characterized, are also not 

required for this response (Fig. S4D). 

 

A typical MAPK cascade consists of three tiers of protein kinases, namely MAP kinase 

kinase kinases (MAPKKKs), MAP kinase kinases (MKKs) and MAP kinases (MPKs) 

(Meng and Zhang, 2013), and the cascade MAPKKK3/5-MKK4/5-MPK3/6 is required 

for FLS2 signalling (Asai et al., 2002; Bi et al., 2018). It has furthermore been reported 

that the MAPKKK ENHANCED DISEASE RESISTANCE 1 (EDR1) interacts with 

MKK4/5 to negatively regulate the activity of MPK3/6 (Geissler et al., 2015; Zhao et al., 

2014), and that MPK11 negatively regulates FLS2 signalling by an unknown 

mechanism (Bethke et al., 2012). However, EDR1, MPK3 and MPK11 are all not 

required for the response to CLV3p in the root (Fig. S4G). So far, various 

phosphorylation substrates of MPK6 in FLS2 signalling have been identified, including 

the transcription factors (TFs) ETHYLENE RESPONSE FACTOR 104 (ERF104) and 
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TANDEM ZINC FINGER PROTEIN 9 (TZF9), and MPK3/6-TARGETED VQP 1 (MVQ1), 

the latter which belongs to a class of VQ motif-containing proteins and interacts with 

various TFs (Bethke et al., 2009; Feilner et al., 2005; Maldonado-Bonilla et al., 2013; 

Pecher et al., 2014). However, ERF104, TZF9 and MVQ1 are also not required for the 

response to CLV3p in the root (Fig. S4H). 

 

Taken together, we found that various regulators of FLS2 signalling, as well as some 

paralogues of these regulators, are not required for the response to CLV3p in the root. 

 

Discussion 

CLV2 interacts with both SOBIR1 and BAK1 

SOBIR1 functions as a regulatory RLK for RLPs involved in immunity (Gust and Felix, 

2014; Liebrand et al., 2014; van der Burgh and Joosten, 2019; Wan et al., 2019), and 

this RLK employs its GxxxG motif-containing trans-membrane (TM) domain to interact 

with Cf-4 (Bi et al., 2016). Such a motif is also present in the TM domain of most RLPs, 

including Cf-4 and Cf-9, the latter which confers resistance to strains of C. fulvum 

secreting the effector Avr9 (Gust and Felix, 2014; Jones et al., 1994; van den 

Ackerveken et al., 1992). The Cf-4 and Cf-9 proteins share an identical C-terminal half, 

including the GxxxG motif-containing TM domain (Thomas et al., 1997). Since the 

GxxxG motif is required for the functionality of the Cf-9 protein (Wulff et al., 2004), it 

suggests that such a motif might be essential for RLPs to interact with SOBIR1. 

However, since some RLPs like CLV2, which do not have such a GxxxG motif in their 

TM domain, also interact with SOBIR1 (Fig. 1) (Gust and Felix, 2014; Liebrand et al., 

2013). Collectively, these observations suggest that the GxxxG motif is dispensable for 

some RLPs to interact with SOBIR1. Alternatively, in addition to the GxxxG motif, the 

oppositely charged juxtamembrane domains of SOBIR1 and RLPs may also be 

responsible for their interaction (Gust and Felix, 2014). 

 

It is known that RLPs involved in immunity recruit BAK1 in a ligand-dependent manner 

(Gust and Felix, 2014; Liebrand et al., 2014; van der Burgh and Joosten, 2019; Wan 

et al., 2019). However, this appears not to be the case for the interaction between 

BAK1 and RLPs involved in development. For instance, BAK1 constitutively interacts 

with TOO MANY MOUTHS (TMM) and RLP44, which are involved in regulation of 

stomatal development and plant growth, respectively (Holzwart et al., 2018; Meng et 

al., 2015; Nadeau and Sack, 2002; Wolf et al., 2014; Yang and Sack, 1995). Hence, 

the observed constitutive interaction between CLV2 and BAK1 is not unexpected (Fig. 

4A). Nevertheless, since it has also been reported that CLV2 does not co-purify with 

BAK1 when co-expressed in Arabidopsis protoplasts (Zhu et al., 2010b), and that 
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BAK1 does not co-localize with CLV2 and CRN at the plasma membrane when co-

expressed in leaves of N. benthamiana (Bleckmann et al., 2010), further research is 

required to study whether indeed CLV2 interacts with BAK1 in Arabidopsis in vivo. 

 

The CLV2/CRN complex might modulate various cellular signalling processes 

through its interactors 

It has been demonstrated that TMM and RLP44 regulate stomatal development and 

plant growth, respectively (Holzwart et al., 2018; Nadeau and Sack, 2002; Wolf et al., 

2014; Yang and Sack, 1995). However, instead of functioning as ligand-binding 

receptors, both TMM and RLP44 function as signalling modulators to regulate these 

developmental processes (Holzwart et al., 2018; Lee et al., 2012; Lin et al., 2017; Wolf 

et al., 2014). For instance, stomatal development is regulated by the secreted 

endogenous peptides EPIDERMAL PATTERNING FACTOR 1 (EPF1) and EPF2, 

which trigger the association of their receptors, RLKs of the ERECTA family (ERf), and 

the co-receptor BAK1 (Hara et al., 2007; Hunt and Gray, 2009; Meng et al., 2015; 

Shpak et al., 2005). Both the ERfs and BAK1 constitutively interact with TMM, which 

in its turn contributes to ERf-mediated recognition of EPF1/2 (Lee et al., 2012; Lin et 

al., 2017; Meng et al., 2015). Another example is the observation that RLP44 regulates 

plant growth through activating brassinosteroid and phytosulfokine signalling (Holzwart 

et al., 2018; Wolf et al., 2014), which are mediated by the RLKs BRASSINOSTEROID 

INSENSITIVE 1 (BRI1) and PHYTOSULFOKINE RECEPTOR 1 (PSKR1), respectively 

(Amano et al., 2007; Li and Chory, 1997; Matsubayashi et al., 2006; Matsubayashi et 

al., 2002). Both BRI1 and PSKR1 recruit BAK1 upon ligand perception (Li et al., 2002; 

Nam and Li, 2002; Wang et al., 2015), and RLP44 in its turn functions as a scaffold to 

stabilize the BRI1/BAK1 and PSKR1/BAK1 complexes (Holzwart et al., 2018; Wolf et 

al., 2014). 

 

Although CLV2 is required for CLV3 signalling, CLV2 does not bind CLV3 (Shinohara 

and Matsubayashi, 2015). Studies have also revealed that CLV2 and CRN require 

each other for their re-localization from the endoplasmic reticulum to the plasma 

membrane, where the CLV2/CRN complex interacts with the RLKs CLV1 and BAM3, 

which are receptors of CLV3 and CLE45, respectively (Bleckmann et al., 2010; Hazak 

et al., 2017; Ogawa et al., 2008; Shinohara and Matsubayashi, 2015; Zhu et al., 2010b). 

In addition, CLV2 and CRN are required for the accumulation of the CLV1 and BAM3 

proteins, respectively (Hazak et al., 2017; Jeong et al., 1999). Collectively, these 

observations suggest that CLV2 does not act as a receptor to recognize extracellular 

signals at the plasma membrane but forms a constitutive complex with CRN to 

modulate CLE signalling through regulating the accumulation of CLE receptors. In this 

case, since both CLV2 and CRN, as well as CLV1, are required for CLV3-mediated 
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regulation of the rosette leaf number in Arabidopsis (Clark et al., 1995), it is likely that 

the CLV2/CRN complex regulates the accumulation of CLV1 to participate in CLV3 

signalling in rosette leaves. In addition, the observed suppressive effect of SOBIR1 on 

the amount of rosette leaves (Fig. 3 and S1A) might be due to impaired CLV3 signalling. 

Since SOBIR1 facilitates the accumulation of Cf-4 (Liebrand et al., 2013), SOBIR1 

probably controls the accumulation of CLV2 to indirectly participate in this 

developmental process. Moreover, CLV2 and CRN probably also support the 

accumulation of SOBIR1 and BAK1, thereby resulting in impaired SOBIR1- and/or 

BAK1-related immune responses in rosette leaves as observed in the clv2 and crn 

mutants (Fig. 2 and S2A). However, it remains unknown why SOBIR1 does not affect 

the CLV2/CRN-dependent CLE signalling in regulating SAM size, carpel number and 

root elongation (Fig. S1B to S1H), probably SOBIR1 is not co-expressed with CLV2 

and CRN in these plant tissues. 

 

SERKs are redundantly required for CLE signalling 

Besides functioning as regulatory proteins for RLPs and as co-receptors for RLKs in 

immunity, SERKs also function as co-receptors for RLKs mediating developmental 

processes, including the regulation of organ abscission, stomatal development and 

vascular development in Arabidopsis (Gust and Felix, 2014; Liebrand et al., 2014; Ma 

et al., 2016; Meng et al., 2015; Meng et al., 2016; van der Burgh and Joosten, 2019; 

Wan et al., 2019; Zhang et al., 2016b). For instance, the CLE peptide TRACHEARY 

ELEMENT DIFFERENTIATION INHIBITORY FACTOR (TDIF), which is identical to the 

CLE domain of CLE41 and CLE44, regulates vascular development through its 

recognition by the RLK TDIF RECEPTOR/PHLOEM INTERCALATED WITH XYLEM 

(TDR/PXY) and the co-receptors SERKs (Fisher and Turner, 2007; Hirakawa et al., 

2008; Ito et al., 2006; Zhang et al., 2016a; Zhang et al., 2016b). While single and 

double mutants of the serks respond normally to TDIF, a serk1-1 serk2-1 bak1-4 triple 

mutant displays a moderate defect in TDIF signalling and this defect is more apparent 

in a serk1-1 serk2-1 bak1-5 triple mutant (Zhang et al., 2016b). In addition, the SERKs 

are similarly required for the regulation of organ abscission and stomatal development 

(Meng et al., 2015; Meng et al., 2016). These reports indicate that the various SERKs 

are redundantly required in developmental processes and that serk1-1 serk2-1 bak1-

4 and serk1-1 serk2-1 bak1-5 triple mutants should be used to reveal developmental 

defects. 

 

In this study, we found that the SERKs appear not to be required for the response to 

CLV3p in the root (Fig. S2B), which is consistent with an earlier report describing that 

the individual SERKs are not required for suppression of root elongation mediated by 

various CLE peptides (Hazak et al., 2017). However, since the serk1-1(+/-) serk2-1 
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bak1-4 mutant used in this study still contains one functional SERK1 allele, we cannot 

rule out the possibility that the heterozygous allele serk1-1(+/-) may suppress a potential 

moderate defect of this mutant in responding to CLV3p. Therefore, serk1-1 serk2-1 

bak1-4 and serk1-1 serk2-1 bak1-5 triple mutants should be further tested for their 

responsiveness to CLV3p in the root, in order to study whether indeed the SERKs are 

required for CLV3 signalling. 

 

The Gβ subunit AGB1 and the Gγ subunits AGG1/2 might function downstream 

of CLV2 in the Arabidopsis CLE signalling pathway 

A typical heterotrimeric G-protein complex consists of Gα, Gβ and Gγ subunits, and is 

kept in an inactivated state by plasma membrane-associated GTPase-accelerating 

proteins such as RGS1 (Pandey, 2019), which is exemplified by the RGS1-coupled 

heterotrimeric G-protein complex involved in FLS2 signalling pathway (Liang et al., 

2016; Liang et al., 2018). However, this is not the case for CLV3 signalling in 

Arabidopsis, as only the Gβ subunit AGB1 and the Gγ subunits AGG1/2 are required 

for CLV3 signalling in the shoot (Ishida et al., 2014) and in the root (Fig. 5 and S3). In 

addition, the requirement of Gα-containing subunits for CLV3 signalling differs in 

different plant species, since GPA1 and XLGs are not required for CLV3 signalling in 

Arabidopsis (Ishida et al., 2014) (Fig. S3), whereas the maize (Zea mays, Zm) GPA1 

orthologue COMPACT PLANT2 (CT2), which functions redundantly with ZmXLGs, 

interacts with the maize CLV2 orthologue FACIATED EAR2 (FEA2) to regulate CLV3 

signalling (Bommert et al., 2013; Wu et al., 2018b). Furthermore, it has been recently 

reported that FEA2 forms distinct complexes with ZmCRN and CT2 and participates in 

perception of different ZmCLE peptides to regulate the SAM size (Je et al., 2018). 

Collectively, these observations suggest a differential requirement of G-protein 

subunits for CLE signalling in different plant species. 

 

In Arabidopsis, both CLV2 and the RLK RPK2 are required for CLV3 signalling (Fiers 

et al., 2005; Kinoshita et al., 2010), and they function redundantly with AGB1 and 

AGG1/2 to regulate the SAM size (Ishida et al., 2014). In this scenario, AGB1 and 

AGG1/2 might function downstream of either CLV2 or RPK2, or both of them. 

Nevertheless, AGB1 and AGG1/2 are also required for RLP23 signalling (Wan et al., 

2018), which supports the notion that AGB1 and AGG1/2 function downstream of RLPs. 

 

The tested downstream components playing a role in FLS2 signalling are not 

required for CLV3 signalling in the root 

Although cell surface receptors recognize their respective ligands to mediate distinct 

signalling outputs, studies on signalling pathways triggered by different receptors have 

revealed various similarities for these receptors in employing downstream components. 
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For instance, SERKs form ligand-induced complexes with receptors mediating 

immunity, such as FLS2 and Cf-4, and with receptors mediating development, such as 

BRI1 and TDR/PXY (Chinchilla et al., 2007; Gust and Felix, 2014; Li et al., 2002; 

Liebrand et al., 2014; Ma et al., 2016; Nam and Li, 2002; Postma et al., 2016; Schulze 

et al., 2010; van der Burgh and Joosten, 2019; Wan et al., 2019; Zhang et al., 2016b). 

Increasing evidence has also revealed that downstream cytoplasmic RLCKs are the 

direct substrates of receptor complexes, as, for example, both FLS2- and BRI1-

mediated signalling require the RLCKs BIK1 and BSK1 (Liang and Zhou, 2018; Lin et 

al., 2013b). Furthermore, the activation of downstream MAPKs is another common 

theme, such as the MAPK members MKK4/5 and MPK3/6 are generally required for 

immunity and development mediated by cell surface receptors (Meng and Zhang, 2013; 

Xu and Zhang, 2015; Zhang et al., 2018). 

 

In addition to the commonalities, the establishment of specific signalling pathways, 

which allows to precisely respond to different extracellular stimuli, is vital for plants to 

maintain the homeostasis between immunity and development. So far, some 

determinants have been demonstrated to contribute to signalling specificity. First, 

receptors involved in either immunity or development have differential requirements of 

specific co-receptors. For instance, BAK1 and BKK1 are primarily required for 

receptors, like FLS2, in immunity, while BAK1 and SERK1 are more important than 

SERK2 and BKK1 in developmental processes mediated by receptors, such as the 

ERfs (Ma et al., 2016; Meng et al., 2015; Meng et al., 2016; Roux et al., 2011; Zhang 

et al., 2016b). In addition, CLV3-INSENSITIVE RECEPTOR KINASEs (CIKs), which 

are paralogues of the SERKs, function as regulatory RLKs for CLV1 and RPK2 to 

control CLV3 signalling in the shoot (Hu et al., 2018). It has also been shown that a 

different sub-localization of certain receptors and their interactors in specific 

nanodomains is another determinant that contributes to signalling specificity (Burkart 

and Stahl, 2017; Ott, 2017), as FLS2 and BRI1 localize to distinct nanodomains with 

BAK1 and BIK1 (Bucherl et al., 2017; Hutten et al., 2017; Somssich et al., 2015). 

Additionally, overlapping components involved in multiple signalling pathways can 

define their specific roles via the employment of differential phospho-sites, such as 

phosphorylation of BAK1 at residues Y403, S602, T603, S604 and S612 is required 

for its role in FLS2 signalling, but not in BRI1 signalling (Perraki et al., 2018; 

Schwessinger et al., 2011). Furthermore, strikingly, RLP44 is phosphorylated in vivo, 

and the phospho-site S268 is important for RLP44 to activate BRI1 signalling, but not 

PSKR1 signalling (Gómez et al., 2019; Wolf et al., 2014). 

 

So far, although various CLV3 receptors in the SAM have been identified, downstream 

components required for CLV3 signalling are barely known (Somssich et al., 2016b). 
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As the G-protein subunits AGB1 and AGG1/2 are required for both CLV3- and flg22-

triggered signalling (Fig. 5) (Ishida et al., 2014; Liang et al., 2016; Liang et al., 2018; 

Wang et al., 2018a), we speculated that more overlapping components might be 

present in the signalling pathways triggered by both CLV3 and flg22. However, since 

none of the additionally tested downstream components playing a role FLS2 signalling 

is required for the response to CLV3p in the root (Fig. S4), we conclude that the 

downstream components involved in the CLV3-triggered signalling pathway are quite 

different from those involved in the flg22-triggered signalling pathway. 

 

The CLV2/CRN complex forms higher order complexes with different RLKs to 

perform its diverse roles 

Since the RLP CLV2 was found to be required for CLV3 signalling in the SAM (Jeong 

et al., 1999; Kayes and Clark, 1998), efforts have been devoted to search for RLKs 

that can provide CLV2 with a kinase domain to initiate downstream signalling. The 

plasma membrane-associated kinase CRN was supposed to provide such a kinase 

domain, as it constitutively interacts with CLV2 and functions in the same signalling 

pathway as CLV2 (Bleckmann et al., 2010; Miwa et al., 2008; Müller et al., 2008; Zhu 

et al., 2010b). However, as CRN is a pseudokinase (Nimchuk et al., 2011), the 

CLV2/CRN complex does probably require additional kinase-active RLKs to activate 

downstream responses (Pan et al., 2016). So far, CLV2 and/or CRN have been shown 

to interact with the RLKs CLV1, BAM3, CIKs, SOBIR1 and BAK1 (Bleckmann et al., 

2010; Hazak et al., 2017; Hu et al., 2018; Zhu et al., 2010b) (Fig. 1 and 4A). However, 

none of these RLKs participates in all CLV2/CRN-dependent signalling pathways, and 

none of them functions in the same signalling pathway as the CLV2/CRN complex 

(Anne et al., 2018; Bleckmann et al., 2010; Durbak and Tax, 2011; Hu et al., 2018; Zhu 

et al., 2010b). Therefore, we hypothesize that the CLV2/CRN complex forms higher 

order complexes with different RLKs in different signalling pathways to perform its 

diverse roles. 

 

Here we propose a model to illustrate the diverse roles of the CLV2/CRN complex (Fig. 

6). In this model, the CLV2/CRN complex functions as a modulator to regulate 

signalling mediated by different receptors, probably through regulating the 

accumulation of these receptors and/or their regulatory proteins. For instance, the 

CLV2/CRN complex employs CRN to interact with CLV1, and participates in CLV1 

signalling to regulate the SAM size and the carpel number in Arabidopsis (Bleckmann 

et al., 2010; Durbak and Tax, 2011; Zhu et al., 2010b) (Fig. 6A). The CLV2/CRN 

complex also employs CRN to interact with the CIKs that are regulatory RLKs for CLV1 

and RPK2, and forms higher order complexes with CLV1 and RPK2 to regulate the 

SAM size and the carpel number (Hu et al., 2018; Kinoshita et al., 2010) (Fig. 6A). The 
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CLV2/CRN complex possibly also cooperates with RPK2 through the CIKs to regulate 

CLE signalling in the root (Fig. 6A), as the CLV2/CRN complex, RPK2 and the CIKs 

are all required for the response to multiple CLE peptides in the root (Anne et al., 2018; 

Fiers et al., 2005; Hu et al., 2018; Kinoshita et al., 2010; Miwa et al., 2008; Müller et 

al., 2008). In addition, the CLV2/CRN complex interacts with BAM3, which mediates 

recognition of CLE45 to regulate root length (Depuydt et al., 2013; Hazak et al., 2017) 

(Fig. 6B). The CIKs might also be involved in CLE45 signalling, as the CIKs are 

required for the response to CLE45p in the root (Anne et al., 2018; Hu et al., 2018). 

Moreover, the CLV2/CRN complex employs CLV2 to interact with SOBIR1 and BAK1 

(Fig. 1 and 4A), thereby affecting immune responses depending on SOBIR1 and BAK1 

(Fig. 2, S2A and 6C). Furthermore, SOBIR1, and probably also BAK1, participates in 

CLV2/CRN-dependent regulation of the rosette leaf number (Fig. 3 and 6D), a process 

which also requires CLV3 and CLV1 (Clark et al., 1995). 

 

Materials and Methods 

Plant materials and growth conditions 

Arabidopsis thaliana (At, further referred to as Arabidopsis) plants in the Columbia-0 

(Col-0) background were used in this study and are listed in Table S1. sobir1-13 

(SALK_009453) (Leslie et al., 2010) and clv2-gabi (GK-686A09) (Kleinboelting et al., 

2012) are T-DNA insertion mutants, and crn-3 is an EMS mutant with a point mutation 

at Q296 resulting in a truncated kinase domain (Somssich et al., 2016a). To generate 

the clv2 sobir1 and crn sobir1 double mutants, the sobir1-13 mutant was crossed to 

the clv2-gabi and crn-3 mutants, and homozygous double mutants were identified 

among the F2 progeny. Double mutants clv2-gabi sobir1-13 were identified by PCR 

genotyping, and double mutants crn-3 sobir1-13 were identified by PCR genotyping 

followed by AflII restriction digestion of the PCR fragment for crn-3 homozygous 

selection (Table S2). 

 

Arabidopsis plants were grown in soil under 12h of light at 21°C, and 12h of darkness 

at 19°C in a climate chamber, with a relative humidity of 70%. Nicotiana benthamiana 

plants were grown under 16h of light at 25°C and 8h of darkness at 21ºC, in a climate 

chamber, with a relative humidity of 75%. 

 

Binary vectors for Agrobacterium-mediated transformation 

The coding sequence of AtCLV2 was inserted into the entry vector pENTR/D-TOPO 

and subsequently transferred to the binary vector pBIN-KS-35S::GWY-eGFP to 

generate pBIN-KS-35S::AtCLV2-eGFP. Tomato SlCLV2 in the binary vector pBIN-KS-

35S::SlCLV2-eGFP was described previously (Liebrand et al., 2013). Binary vectors  
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Figure 6. A model illustrating the diverse roles of the CLV2/CRN complex in immunity and 

development in Arabidopsis. In this model, the CLV2/CRN complex functions as a modulator to 

regulate signalling mediated by different receptors, probably through regulating the accumulation of 

these receptors and/or their regulatory proteins. (A) The CLV2/CRN complex interacts with CLV1 

through CRN and participates in CLV1 signalling to regulate the SAM size and the carpel number. In 

addition, the CLV2/CRN complex also employs CRN to interact with the CIKs that are regulatory RLKs 

for CLV1 and RPK2, thereby forming higher order complexes with CLV1 and RPK2 to regulate the SAM 

size and the carpel number. Moreover, the CLV2/CRN complex possibly cooperates with RPK2 through 

the CIKs to regulate CLE signalling in the root. (B) The CLV2/CRN complex interacts with BAM3, which 

mediates recognition of CLE45 to regulate root length. (C) The CLV2/CRN complex employs CLV2 to 

interact with SOBIR1 and BAK1 and participates in SOBIR1/BAK1-dependent immune signalling 

mediated by RLPs, as well as in BAK1-dependent FLS2 signalling. (D) SOBIR1, and probably also 

BAK1, participates in the CLV2/CRN-dependent regulation of the rosette leaf number. Note that the 

information shown in (A) and (B) is based on published data (see text for further details). Bold black 

lines represent interactions between various RLKs and the CLV2/CRN complex through either CLV2 or 

CRN. Grey lines represent interactions between receptors and their regulatory proteins. The dashed 

line indicates an anticipated role. 
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pGWB20-35S::AtSOBIR1-Myc, pGWB20-35S::SlSOBIR1-Myc, pBIN-KS-35S::GUS- 

eGFP and pBIN61-35S::P19 were described previously (Liebrand et al., 2013). Binary 

vectors were transformed to Agrobacterium tumefaciens strain C58C1 carrying helper 

plasmid pCH32. Infiltration of A. tumefaciens suspensions into leaves was performed 

as described previously (Wu et al., 2018a). Suspensions of the transformed 

Agrobacterium cells were infiltrated in leaves of N. benthamiana plants at a final OD600 

of 1. 

 

Co-immunoprecipitations (co-IPs) and immunoblotting 

Co-IPs were performed as described previously (Liebrand et al., 2012). αGFP-HRP 

(Miltenyi Biotec GmbH) was used to detect eGFP-tagged proteins. αMyc (Santa Cruz 

Biotechnology) and αMouse-HRP (GE Healthcare) were used to detect Myc-tagged 

proteins. 

 

BcPG3-triggered necrotic symptoms assays 

The BcPG3-triggered necrotic symptom assay was performed as described previously 

(Zhang et al., 2014). Briefly, BcPG3 protein was dissolved in 10 mM sodium acetate 

buffer (pH 4.2) to a concentration of 1.5 μM, and this solution was infiltrated in rosette 

leaves of Arabidopsis plants. Pictures were taken at 6 days post-infiltration (dpi). 

 

Reactive oxygen species (ROS) measurements 

The ROS measurement assay was performed as described (Chapter 2). flg22 and 

NLP24 were used at a final concentration of 100 nM and 1 µM, respectively. Milli-Q 

(MQ) water was used as a control. 

 

Root length assays 

Arabidopsis seeds were sterilised under gaseous Cl2 (5 mL 37% HCl, 50 mL NaClO 

and 50 mL of MQ) for 4h and grown on ½ Murashige & Skoog (Duchefa Biochemie) 

plates. Different peptides were used as indicated, and MQ water was used as a control. 

Thirty sterile seeds per line were used for the root length assay. The plates were cold-

treated at 4°C in the dark for 3 days and subsequently transferred to a climate chamber 

with settings as mentioned above. Photos were taken at 7 days after germination (dag), 

and the root length was measured by Image J. 

 

CLV3p-triggered shoot apical meristem (SAM) termination assays 

Arabidopsis seeds were prepared as the root length assay. CLV3 peptide was used at 

a final concentration of 10 µM, and MQ water was used as a control. Thirty sterile 

seeds per line were used. Photos were taken at about 20 dag. 
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Supplementary information 

 

 

Figure S1. SOBIR1 is not required for CLE signalling in the shoot and in the root. (A) Dissected 

rosette leaves from the indicated Arabidopsis plants with their corresponding leaf numbers. (B, C) 

SOBIR1 is not involved in the CLV2/CRN-dependent regulation of the carpel number. Twenty to thirty 

plants per line were used, and siliques from the primary stem were used for carpel number counting. (D) 

SOBIR1 is not required for the CLV2-dependent SAM termination triggered by CLV3p. CLV3p was used 

at a final concentration of 10 µM. (E, F) SOBIR1 is not required for the CLV2/CRN-dependent response 

to CLV3p in the root. CLV3p was used at a final concentration of 10 nM. (G, H) SOBIR1 is not required 

for the response to CLE9p and CLE45p in the root. CLE9p and CLE45p were used at a final 

concentration of 5 µM and 1 µM, respectively. Note that a different loss-of-function mutant clv2-1, which 

is an EMS mutant in the Ler background with a point mutation at Q33 resulting in a premature stop 

codon, was used for treatment with CLE45p. (D-H) MQ water was used as a control (Mock). The 

Student’s t-test was used for statistical analysis, and asterisks indicate a statistically significant 

difference (n.s.: not significant; *** P < 0.001). These experiments were repeated three times with similar 

results, and representative results are shown. 
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Figure S2. BAK1 and BKK1 are redundantly required for the development of BcPG3-triggered 

necrotic symptoms, but BAK1 and BKK1, as well as their paralogues, appear not to be required 

for the response to CLV3p in the root. (A) BAK1 and BKK1 are redundantly required for the 

development of BcPG3-triggered necrotic symptoms. Six rosette leaves from two plants of each line 

were infiltrated with a 1.5 µM BcPG3 protein solution, and pictures were taken at 6 dpi. (B) SERKs 

appear not to be required for the response to CLV3p in the root. CLV3p was used at a final concentration 

of 10 nM, and MQ water was used as a control (Mock). (+/-) indicates the indicated gene is heterozygous. 

The Student’s t-test was used for statistical analysis, and asterisks indicate a statistically significant 

difference (*** P < 0.001). These experiments were repeated three times with similar results, and 

representative results are shown. 

 

 

 

Figure S3. RGS1 and the G-protein subunits GPA1, AGG3 and the XLGs are not required for the 

response to CLV3p in the root. (A) RGS1, GPA1 and AGG3 are not required for the response to CLV3p 

in the root. (B) The XLGs, as well as GPA1, are not required for the response to CLV3p in the root. 

CLV3p was used at a final concentration of 10 nM, and MQ water was used as a control (Mock). The 

Student’s t-test was used for statistical analysis, and asterisks indicate a statistically significant 

difference (*** P < 0.001). These experiments were repeated three times with similar results, and 

representative results are shown. 
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Figure S4. None of the tested FLS2 signalling regulators or their paralogues is required for the 

response to CLV3p in the root. (A-C) The pseudokinases BIR2 (A), BIR3 (B) and BIR4 (C) are not 

required for the response to CLV3p in the root. Note that BIR2 and BIR3 interact with BAK1 to negatively 

regulate FLS2 signalling, and that BIR4 has not been functionally characterized. (D) Various RLCKs are 

not required for the response to CLV3p in the root. Note that BSK1 interacts with FLS2, and that the 

BSK1 paralogues, BSK8 and BSK12, have not been functionally characterized. (E) RBOHD is not 

required for the response to CLV3p in the root. (F) The protein phosphatases PP2C38 and PP2C48 are 

not required for the response to CLV3p in the root. (G) The MAPKKK EDR1 and the MAPKs MPK3 and 

MPK11 are not required for the response to CLV3p in the root. (H) ERF104, TZF9 and MVQ1 are also 

not required for the response to CLV3p in the root. Note that ERF104, TZF9 and MVQ1 are all 

phosphorylation substrates of MPK6 in FLS2 signalling. CLV3p was used at a final concentration of 10 

nM, and MQ water was used as a control (Mock). The Student’s t-test was used for statistical analysis, 

and asterisks indicate a statistically significant difference (*** P < 0.001). These experiments were 

repeated three times with similar results, and representative results are shown. 
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Table S1. Arabidopsis plants used in this study 

Name Background Reference 

Col-0 - - 

Ler - - 

clv2-gabi Col-0 Kleinboelting et al., 2012 

clv2-1 Ler Jeong et al., 1999 

crn-3 Col-0 Somessich et al., 2016a 

sobir1-13 Col-0 Gao et al., 2009 

bak1-4 Col-0 Meng et al., 2015 

bak1-5 Col-0 Schwessinger et al., 2011 

bak1-5 bkk1-1 Col-0 Schwessinger et al., 2011 

serk1-1 Col-0 Meng et al., 2015 

serk2-1 Col-0 Meng et al., 2015 

serk1-1 serk2-1(+/-) Col-0 Meng et al., 2015 

serk1-1 bak1-4 Col-0 Meng et al., 2015 

serk1-1 bkk1-1 Col-0 Meng et al., 2015 

bak1-4(+/-) bkk1-1 Col-0 Meng et al., 2015 

serk1-1(+/-) serk2-1 bak1-4 Col-0 Meng et al., 2015 

serk1-1 serk2-1(+/-) bkk1-1 Col-0 Meng et al., 2015 

serk2-1 bak1-4(+/-) bkk1-1 Col-0 Meng et al., 2015 

agb1-2 Col-0 Lorek et al., 2013 

agg1-1c Col-0 Liang et al., 2016 

agg2-1 Col-0 Liang et al., 2016 

agg1 agg2 Col-0 Liang et al., 2016 

rgs1-1 Col-0 Lorek et al., 2013 

gpa1-3 Col-0 Ding et al., 2007 

gpa1-4 Col-0 Li et al., 2012 

gpa1-101 Col-0 Li et al., 2012 

agg3-3 Col-0 Li et al., 2012 

xlg1-1 Col-0 Ding et al., 2007 

xlg2-1 Col-0 Ding et al., 2007 

xlg3-4 Col-0 Ding et al., 2007 

xlg1-1 xlg2-1 Col-0 Ding et al., 2007 

xlg1-1 xlg3-4 Col-0 Ding et al., 2007 

xlg2-1  xlg3-4 Col-0 Ding et al., 2007 

xlg1-1 xlg2-1 xlg3-4 Col-0 Ding et al., 2007 

gpa1-3 xlg1-1 xlg2-1 xlg3-4 Col-0 Ding et al., 2007 

bir2-1 Col-0 Halter et al., 2014 

OE BIR2 Col-0 Halter et al., 2014 

bir3-1 Col-0 Imkampe et al., 2017 

bir3-2 Col-0 Imkampe et al., 2017 

OE BIR3 Col-0 Imkampe et al., 2017 

BIR3-GFP in bir3-2 Col-0 Imkampe et al., 2017 

bir4-2 Col-0 Wierzba Michael 2014 

bir4-3 Col-0 Wierzba Michael 2014 

bik1 Col-0 Zhang et al., 2010 

pbl1 Col-0 Zhang et al., 2010 

bik pbl1 Col-0 Zhang et al., 2010 

bsk1-1 Col-0 Shi et al., 2013 

bsk8-1 Col-0 Shi et al., 2013 

bsk12-1 Col-0 Shi et al., 2013 

pcrk1-2 Col-0 Kong et al., 2016 

pcrk2-1 Col-0 Kong et al., 2016 

pcrk1 pcrk2 Col-0 Kong et al., 2016 

rbohd Col-0 Kadota et al., 2014 

RBOHD in rbohd Col-0 Kadota et al., 2014 

35S:RBOHD Col-0 Kadota et al., 2014 

pp2c38-1 Col-0 Couto et al., 2016 

pp2c48-1 Col-0 Couto et al., 2016 

pp2c38 pp2c48 Col-0 Couto et al., 2016 

PP2C38-GFP Col-0 Couto et al., 2016 

edr1-1 Col-0 Geissler et al., 2015 

mpk3-1 Col-0 Bethke et al., 2012 

mpk11 Col-0 Bethke et al., 2012 

erf104 Col-0 Bethke et al., 2009 

tzf9 Col-0 Maldonado-Bonilla et al., 2013 

TZF9 in tzf9 Col-0 Maldonado-Bonilla et al., 2013 

mvq1 Col-0 Pecher et al., 2014 

MVQ1-OE Col-0 Pecher et al., 2014 
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Table S2. Primers used for generating the 
 clv2 sobir1 and crn sobir1 double mutants  

Primer name Sequence 

sobir1-13-LP 5’-TGCTGGATGGAAAGTGGTATC-3’ 

sobir1-13-RP 5’-ACCCACGAATCATTCACAGAG-3’ 

LBb1.3 5’-ATTTTGCCGATTTCGGAAC-3’ 

clv2-gabi-LP 5’-CGGATTACGTACTGAATCAAACC-3’ 

clv2-gabi-RP 5’-ACTAAGAGACGGACGAGAGGC-3’ 

LBb Gabi  5’-ATATTGACCATCATACTCATTGC-3’ 

crn-3-F 5’-TGTTGGATTCTGAGTTTGAGC-3’ 

crn-3-R 5’-TGATATTTGAAGCACCTGTTACCTT-3’ 
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Introduction 

Plants rely on cell surface receptors to recognize extracellular signals to activate 

downstream signalling in the regulation of defence and development. Cell surface 

receptors are either receptor-like kinases (RLKs) that contain a ligand-binding 

ectodomain, a transmembrane domain and an intracellular kinase domain, or receptor-

like proteins (RLPs) that are structurally similar to RLKs but only contain a short 

cytoplasmic tail (Monaghan and Zipfel, 2012). According to the motifs present in their 

ectodomains, cell surface receptors can be subdivided into different groups, with RLKs 

and RLPs containing leucine-rich repeat (LRR) motifs forming the largest group of cell 

surface receptors (Böhm et al., 2014a; Boutrot and Zipfel, 2017; Li et al., 2016c; Ranf, 

2017; Saijo et al., 2018). 

 

So far, various LRR-RLKs and LRR-RLPs have been demonstrated to play roles in 

defence and development (Boutrot and Zipfel, 2017; Jamieson et al., 2018; Li et al., 

2016c; Ma et al., 2016; van der Burgh and Joosten, 2019; Wan et al., 2019; Wang et 

al., 2010a). Increasing evidence has revealed that both LRR-RLKs and LRR-RLPs 

acting as ligand-binding receptors require regulatory LRR-RLKs for their functionality, 

and some regulatory LRR-RLKs can even act as co-receptors since they also directly 

bind extracellular ligands (Gust and Felix, 2014; Hohmann et al., 2017; Liebrand et al., 

2014; Ma et al., 2016; Song et al., 2017a; van der Burgh and Joosten, 2019; Wan et 

al., 2019). Ligand perception triggers the formation and activation of receptor 

complexes, which subsequently phosphorylate downstream signalling components, 

such as receptor-like cytoplasmic kinases (RLCKs), leading to the activation of a series 

of intracellular responses, including the activation of mitogen-activated protein kinase 

(MAPK) cascades (Couto and Zipfel, 2016; Cui et al., 2018; Liang and Zhou, 2018; 

Zhang et al., 2018; Zhou et al., 2019). In addition to positive regulators required for 

signal transduction, negative regulators have also been reported to prevent 

deregulated signalling activation in the absence of ligand perception, or to control the 

duration and amplitude of the activated cellular responses (Couto and Zipfel, 2016; 

Mithoe and Menke, 2018; Tang et al., 2017). This chapter provides an overview of the 

various regulatory proteins required for the functionality of LRR-type cell surface 

receptors, with a focus on those controlling the formation, activation and abundance of 

cell surface receptor complexes. The objective of this chapter is to place the findings 

of this thesis in a broader perspective, based on results obtained from recent studies 

on the regulation of LRR-type cell surface receptor complexes involved in defence and 

development. 

 

LRR-type cell surface receptors involved in defence and development 

LRR-RLKs and LRR-RLPs involved in defence 
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Cell surface receptors recognize extracellular immunogenic patterns (ExIPs) to initiate 

extracellularly-triggered immunity (ExTI) (van der Burgh and Joosten, 2019). An ExIP 

can be any ExTI-triggering extracellular molecule, including microbe-associated 

molecular patterns (MAMPs), host-derived extracellular danger signals and microbial 

extracellular effectors (Boller and Felix, 2009; Cook et al., 2015; Dodds and Rathjen, 

2010; Gust et al., 2017; Jones and Dangl, 2006; Kanyuka and Rudd, 2019; Thomma 

et al., 2011; van der Burgh and Joosten, 2019). To successfully colonize host cells, 

plant pathogens secrete effectors to suppress ExTI, whereas the effectors translocated 

into the host cells can be recognized by intracellular receptors, which are mainly 

nucleotide-binding leucine-rich repeat (NB-LRR) proteins (Dodds and Rathjen, 2010; 

Jones and Dangl, 2006; van der Burgh and Joosten, 2019). Activation of intracellular 

receptors leads to intracellularly-triggered immunity (InTI), which is normally 

associated with the development of a hypersensitive response (HR) (Dodds and 

Rathjen, 2010; Jones and Dangl, 2006; van der Burgh and Joosten, 2019). ExTI 

typically is not associated with an HR, although some cell surface receptors do cause 

an HR upon recognition of their matching ExIP (Dodds and Rathjen, 2010; Jones and 

Dangl, 2006; van der Burgh and Joosten, 2019). However, in principle, both ExTI and 

InTI are sufficient to provide resistance to pathogens (van der Burgh and Joosten, 

2019). 

 

So far, many LRR-RLKs have been demonstrated to mediate plant defence (Boutrot 

and Zipfel, 2017; van der Burgh and Joosten, 2019; Wan et al., 2019). FLAGELLIN-

SENSING 2 (FLS2) is the most well-characterized LRR-RLK and recognizes bacterial 

flagellin to mediate defence against infection by bacterial pathogens in various plant 

species, including Arabidopsis thaliana (further referred to as Arabidopsis), Nicotiana 

benthamiana, tomato (Solanum lycopersicum, Sl) and rice (Oryza sativa) (Chinchilla 

et al., 2006; Felix et al., 1999; Gómez-Gómez and Boller, 2000; Hann and Rathjen, 

2007; Robatzek et al., 2007; Takai et al., 2008; Zipfel et al., 2004). A structural study 

revealed that flg22, which is a 22-amino-acid immunogenic peptide of flagellin, directly 

binds to the ectodomain of FLS2 and triggers the activation of downstream immune 

responses (Sun et al., 2013b). EFR is another well-known RLK that recognizes the 

bacterial elongation factor-Tu (EF-Tu) epitope elf18 to mediate defence against 

bacterial infection in Brassicaceae (Zipfel et al., 2006). Additionally, the 23-amino-acid 

peptide PROPEP1 (Pep1), which is an endogenously secreted signal in Arabidopsis, 

is directly recognized by the RLK PROPEP1 RECEPTOR 1 (PEPR1) and PEPR2 to 

activate defence (Krol et al., 2010; Tang et al., 2015; Yamaguchi et al., 2010; 

Yamaguchi et al., 2006). Furthermore, the rice RLK XA21 confers resistance to the 

bacterial pathogen Xanthomonas oryzae pv. oryzae upon recognition of the 21-amino-

acid peptide RaxX21 derived from REQUIRED FOR ACTIVATION OF XA21 (RaxX) 
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(Pruitt et al., 2015; Song et al., 1995). Besides the receptors mentioned above, many 

additional LRR-RLKs have also been demonstrated to mediate defence in Arabidopsis 

and tomato (Boutrot and Zipfel, 2017; van der Burgh and Joosten, 2019; Wan et al., 

2019). 

 

Similar to LRR-RLKs, LRR-RLPs can also function as receptors to mediate plant 

defence (Boutrot and Zipfel, 2017). For instance, the tomato RLPs Cf-4 and Cf-9 confer 

resistance to strains of the fungal pathogen Cladosporium fulvum that secrete the 

cysteine-rich effectors referred to as avirulence factor 4 (Avr4) and Avr9, respectively 

(Jones et al., 1994; Joosten et al., 1994; Thomas et al., 1997; van den Ackerveken et 

al., 1992; van Kan et al., 1991). In N. benthamiana, XYLOGLUCAN-SPECIFIC 

ENDOGLUCANASE (XEG1), a MAMP derived from the oomycete pathogen 

Phytophthora sojae, triggers the development of an HR upon its recognition by the RLP 

RESPONSE TO XEG1 (RXEG1) (Ma et al., 2015; Wang et al., 2018c). Additionally, 

Arabidopsis RLP23 mediates defence against infection by pathogens producing 

NECROSIS- AND ETHYLENE-INDUCING PROTEIN 1 (NEP1)-like proteins (NLPs) 

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

LRR-RLPs have been demonstrated to mediate defence in tomato and Arabidopsis as 

well (Boutrot and Zipfel, 2017; van der Burgh and Joosten, 2019; Wan et al., 2019). 

 

LRR-RLKs and LRR-RLPs involved in development 

Many Arabidopsis RLKs have been demonstrated to directly bind endogenously 

secreted peptides to regulate various developmental processes (Hohmann et al., 2017; 

Ma et al., 2016; Shinohara and Matsubayashi, 2015; Song et al., 2017a). For instance, 

the RLK BRASSINOSTEROID INSENSITIVE1 (BRI1) directly recognizes brassinolide 

(BL), which is the most active form of the brassinosteroids, to regulate plant growth 

(Hothorn et al., 2011; Li and Chory, 1997; She et al., 2011). In addition, the RLK 

PHYTOSULFOKINE RECEPTOR1 (PSKR1) directly recognizes PHYTOSULFOKINE 

(PSK) to regulate multiple developmental processes (Amano et al., 2007; 

Matsubayashi, 2014; Matsubayashi et al., 2002; Wang et al., 2015). Moreover, the RLK 

HAESA (HAE) directly recognizes INFLORESCENCE DEFICIENT IN ABSCISSION 

(IDA) to promote organ abscission (Butenko et al., 2003; Cho et al., 2008; Santiago et 

al., 2016), while RLKs of the ERECTA family (ERfs) directly recognize EPIDERMAL 

PATTERNING FACTOR1 (EPF1) and EPF2 to regulate stomatal development (Hara 

et al., 2007; Hunt and Gray, 2009; Lin et al., 2017; Shpak et al., 2005). Furthermore, 

the RLK CLAVATA1 (CLV1) directly recognizes the stem cell-secreted peptide CLV3 to 

regulate the activity of the shoot apical meristem (SAM) (Clark et al., 1993; Clark et al., 

1995; Clark et al., 1997; Fletcher et al., 1999; Ogawa et al., 2008; Shinohara and 

Matsubayashi, 2015). CLV3 belongs to the CLV3/ENDOSPERM SURROUNDING 
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REGION (ESR)-related (CLE) family, consisting of 32 members in Arabidopsis (Jun et 

al., 2008). CLE45 is recognized by the RLK BARELY ANY MERISTEM 3 (BAM3) to 

regulate root elongation (Depuydt et al., 2013; Hazak et al., 2017), while the CLE 

member TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR (TDIF) 

is directly recognized by the RLK TDIF RECEPTOR/PHLOEM INTERCALATED WITH 

XYLEM (TDR/PXY, further referred to as TDR) to regulate vascular development 

(Fisher and Turner, 2007; Hirakawa et al., 2008; Ito et al., 2006; Zhang et al., 2016a). 

 

So far, only a few Arabidopsis RLPs and some of their related orthologues have been 

reported to play a role in development (Jamieson et al., 2018; Wang et al., 2010a; Wu 

et al., 2016a). For instance, the RLP CLV2 is involved in the regulation of SAM growth 

and root elongation mediated by CLV3 and CLE45, respectively (Depuydt et al., 2013; 

Hazak et al., 2017; Jeong et al., 1999; Kayes and Clark, 1998). In addition, the RLP 

TOO MANY MOUTHS (TMM) is involved in EPF1/2-mediated regulation of stomatal 

development (Nadeau and Sack, 2002; Yang and Sack, 1995). Recently, it was 

reported that RLP44 is involved in the regulation of cell wall integrity and vascular 

development through activating BRI1 and PSKR1 signalling (Holzwart et al., 2018; 

Wolf et al., 2014). However, it is worth noting that these three LRR-RLPs do not 

function as receptors but appear to act as regulatory proteins of LRR-RLK receptor 

complexes involved in development (see below). 

 

Complex formation of LRR-type cell surface receptors with their regulatory LRR-

RLKs 

The somatic embryogenesis receptor kinase (SERK) family consists of five members, 

namely SERK1, SERK2, SERK3/BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1), 

SERK4/BKK1 (BAK1-LIKE 1) and SERK5, which all contain five LRRs in their 

ectodomain (He et al., 2007). SERK5 contains a mutation in the arginine-aspartate 

(RD) motif of its kinase domain, which abolishes its function in BRI1 signalling (He et 

al., 2007; Wu et al., 2015). BAK1 and the related SERK homologues form ligand-

induced complexes with LRR-RLK receptors involved in defence and development, as 

well as with LRR-RLP receptors involved in defence, leading to the notion that the 

SERKs function as regulatory RLKs for LRR-type receptors (Gust and Felix, 2014; 

Liebrand et al., 2014; Ma et al., 2016; van der Burgh and Joosten, 2019; Wan et al., 

2019). For instance, BAK1 forms ligand-induced complexes with the RLKs FLS2, EFR, 

PEPR1/2, BRI1, PSKR1, HAE, the ERfs and TDR (Chinchilla et al., 2007; He et al., 

2007; Ma et al., 2016; Meng et al., 2015; Meng et al., 2016; Roux et al., 2011; Tang et 

al., 2015; Wang et al., 2015; Zhang et al., 2016b), and the RLPs Cf-4, RXEG1 and 

RLP23 (Albert et al., 2015; Postma et al., 2016; Wang et al., 2018c) (Fig. 1). BAK1 

also acts as a co-receptor for FLS2, since the ectodomains of FLS2 and BAK1 directly 
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bind flg22, which triggers and stabilizes the heterodimerization of the ectodomains of 

FLS2 and BAK1 (Sun et al., 2013b). A similar molecular mechanism also holds for the 

heterodimerization of BAK1 with BRI1, HAE and TDR through their ectodomains 

(Santiago et al., 2016; Santiago et al., 2013; Sun et al., 2013a; Zhang et al., 2016b). 

The heterodimerization of PSKR1 and BAK1 is structurally similar to the RLK/BAK1 

complexes mentioned above, except that BAK1 does not directly bind PSKR1-bound 

PSK (Hohmann et al., 2017; Song et al., 2017a; Wang et al., 2015). So far, it remains 

unknown whether the various SERKs heterodimerize with RLPs through their 

ectodomains. 

 

Recently, CIK1 (CLAVATA3 INSENSITIVE RECEPTOR KINASE 1), CIK2, CIK3 and 

CIK4 were reported to be redundantly required for various CLE-regulated 

developmental processes, including the regulation of the SAM mediated by CLV3 and 

its receptor CLV1 (Anne et al., 2018; Hu et al., 2018). The CIKs are paralogues of the 

SERKs, and also contain five LRRs in their ectodomain (Hu et al., 2018). Unlike the 

SERKs that form a ligand-induced complex with cell surface receptors, the CIKs 

constitutively interact with CLV1 in a ligand-independent manner (Hu et al., 2018). So 

far, it remains elusive whether the CIKs heterodimerize with CLV1 through their 

ectodomains and play a role in SERK-dependent signalling. 

 

Besides forming a ligand-induced complex with the SERKs, RLPs involved in defence 

also constitutively interact with the regulatory RLK SUPPRESSOR OF BIR1-1 

(SOBIR1) (Gust and Felix, 2014; Liebrand et al., 2014; van der Burgh and Joosten, 

2019; Wan et al., 2019). For instance, SOBIR1 constitutively interacts with the RLPs 

Cf-4, RXEG1 and RLP23 (Albert et al., 2015; Liebrand et al., 2013; Wang et al., 2018c) 

(Fig. 1). SOBIR1 also contains five LRRs in its ectodomain (Hohmann and Hothorn, 

2019). However, the ectodomain of SOBIR1 is not required for its constitutive 

interaction with Cf-4 but is required for its role in Cf-4 signalling (Bi et al., 2016). So far, 

the contribution of the ectodomain of SOBIR1 to its role in RLP-mediated immune 

signalling remains unclear, and whether the regulatory RLK SOBIR1 also functions as 

a co-receptor for RLPs remains to be elucidated. 

 

In addition to participating in plant defence mediated by RLPs, SOBIR1 also plays a 

role in development mediated by RLKs (Leslie et al., 2010; Milhinhos et al., 2019). It 

was shown that SOBIR1, which is also known as EVERSHED, functions as a negative 

regulator in controlling organ abscission (Leslie et al., 2010). As introduced above, 

organ abscission is mediated by the endogenously secreted peptide IDA, which is 

directly recognized by the RLK HAE and the SERK co-receptors (Butenko et al., 2003; 

Cho et al., 2008; Meng et al., 2016; Santiago et al., 2016). Although the exact 
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mechanism by which SOBIR1 is involved in organ abscission remains unknown, 

SOBIR1 appears to promote the internalization of HAE to mediate its negative role in 

regulating organ abscission (Leslie et al., 2010; Liljegren, 2012; Patharkar and Walker, 

2018). Furthermore, it was recently shown that SOBIR1 prevents precocious fibre 

formation to control vascular development, in a manner that likely requires interaction 

with the RLK ERECTA (Milhinhos et al., 2019). However, the molecular mechanism 

behind the role of SOBIR1 in RLK-mediated developmental signalling remains to be 

elucidated. 

 

Plasma membrane-associated RLKs and RLPs control complex formation of 

LRR-type cell surface receptors with their regulatory LRR-RLKs 

As introduced above, LRR-type cell surface receptors form a complex with their 

regulatory LRR-RLKs. In addition, BAK1 and related SERKs also act as a co-receptor 

for some LRR-RLK receptors involved in defence and development. Emerging 

evidence reveals that these receptor complexes include additional plasma membrane-

associated RLKs with either LRR or malectin-like domains, and LRR-RLPs. These 

regulatory proteins might not function as co-receptors but appear to control complex 

formation of LRR-type receptors with their regulatory LRR-RLKs (Fig. 1). 

 

LRR-RLKs control complex formation of LRR-type receptors with their regulatory LRR-

RLKs 

APEX is the paralogue of the SERKs and CIKs, and also contains five LRRs in its 

ectodomain (Smakowska-Luzan et al., 2018). Recently, it was shown that APEX 

functions as a scaffold to regulate the formation of receptor complexes (Smakowska-

Luzan et al., 2018). For instance, APEX constitutively interacts with PEPR1/2 in a 

ligand-independent manner and controls PEPR1/2-mediated immune signalling in a 

dose-dependent manner (Smakowska-Luzan et al., 2018). In addition, APEX also 

plays a role in FLS2 and BRI1 signalling, and negatively regulates flg22-induced 

FLS2/BAK1 complex formation (Smakowska-Luzan et al., 2018) (Fig. 1). However, the 

molecular mechanism underlying the role of APEX in regulating complex formation 

remains elusive. 

 

Arabidopsis BAK1-INTERACTING RECEPTOR-LIKE KINASE 2 (BIR2) and BIR3 also 

contain five LRRs and negatively regulate the formation of receptor complexes 

involved in defence and development (Halter et al., 2014a; Hohmann et al., 2018; 

Imkampe et al., 2017; Ma et al., 2017). In the resting state, BIR2 sequesters BAK1 

from FLS2 (Halter et al., 2014b) (Fig. 1). Upon flg22 perception, BAK1 phosphorylates 

BIR2, resulting in its dissociation from BAK1 that subsequently associates with FLS2 

(Halter et al., 2014b). Similar to BIR2, BIR3 also targets BAK1 to negatively regulate 
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the flg22-induced formation of the FLS2/BAK1 complex, except that BIR3 also targets 

FLS2 (Imkampe et al., 2017) (Fig. 1). Additionally, BIR3 interacts with BRI1 and BAK1, 

and the association of BIR3 with BAK1 through their ectodomains and endodomains 

controls the formation of the BRI1/BAK1 complex (Großeholz et al., 2019; Halter et al., 

2014b; Imkampe et al., 2017) (Fig. 1). Moreover, tomato BIR3 also interacts with BAK1 

and negatively regulates FLS2 and BRI signalling (Huang et al., 2017). Furthermore, 

BAK1 employs distinct but overlapping regions of its ectodomain to interact with that 

of the BIRs and ligand-bound FLS2 and BRI1, while the latter two have a higher affinity 

for BAK1 than the BIRs (Hohmann et al., 2018; Ma et al., 2017). Currently, the 

molecular mechanism underlying the different roles of the BIRs in BAK1-dependent 

signalling pathways remains unknown, but it has been proposed that the endodomain 

of the BIRs, consisting of a juxta membrane domain and a kinase domain, might be 

responsible for their specific roles in different signalling pathways (Blaum et al., 2014; 

Hohmann et al., 2018; Ma et al., 2017). 

 

 

 

Figure 1. Overview of the regulators controlling the formation, activation and abundance of cell 

surface LRR-type receptor complexes involved in plant immunity and development. The RLK 

receptors FLS2 and BRI1 form a ligand-induced complex with their co-receptor BAK1 to mediate plant 

immunity and development, respectively. The RLP receptors RLP23 and Cf-4 constitutively interact with 

the regulatory RLK SOBIR1, and also recruit the regulatory RLK BAK1 upon ligand perception, leading 

to activation of defence responses. Plasma membrane-associated proteins interacting with FLS2, BRI1, 

BAK1 and SOBIR1 are marked by #, &, * and ^. In addition, proteins marked by $ perform their regulatory 

roles probably through controlling complex formation of receptors with the co-receptor BAK1. Note that 

the E3 ubiquitin ligases PUB12/13 ubiquitinate FLS2 in a manner depending on BAK1, and that the Pst 

DC3000 effector AvrPtoB directly suppresses kinase activity of BAK1. Positive and negative regulators 

of these receptor complexes are indicated by green and red boxes, respectively. Possible regulatory 

roles and proposed functions are indicated by dashed boxes and dashed lines, respectively (see text 

for details). 
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Besides negatively regulating signalling mediated by RLKs, BIR2 and BIR3 also 

negatively regulate immune responses mediated by RLPs (Fig. 1). For example, BIR2 

and BIR3 were found to negatively regulate RLP23 signalling in Arabidopsis (Chapter 

2), which is consistent with a recent report describing that RLP23 signalling is 

enhanced in bir2 loss-of-function mutants (Wan et al., 2018). In addition, BIR2 and 

BIR3 also suppress Cf-4-mediated signalling (Chapter 2). These observations are 

reminiscent of the negative role of BIR2 and BIR3 in FLS2 and BRI1 signalling (Halter 

et al., 2014a; Imkampe et al., 2017). Since BAK1 forms a ligand-induced complex with 

the RLKs FLS2 and BRI1 and with the RLPs RLP23 and Cf-4 (Albert et al., 2015; 

Chinchilla et al., 2007; He et al., 2007; Liebrand et al., 2013), BIR2 and BIR3 probably 

also target BAK1 to inhibit ligand-induced association of BAK1 with RLPs (Fig. 1). 

Notably, BIR2 and BIR3 also target SOBIR1 to negatively regulate RLP-mediated 

immune signalling (Fig. 1), since these two BIR members interact with SOBIR1, and 

even appear to inhibit the formation of the constitutive Cf-4/SOBIR1 complex (Chapter 

2). So far, the molecular mechanisms behind the interaction of SOBIR1 with BIR2 and 

BIR3 and the inhibition of Cf-4/SOBIR1 complex formation by these two BIR members 

remain unknown. Further research is needed to address which domains of the BIRs 

and of SOBIR1 are required for their interaction. In addition, further research on 

whether the BIRs employ a similar mechanism to interact with SOBIR1 and BAK1 

would shed light on our understanding of the role of the BIRs in controlling the 

formation and activation of the Cf-4/SOBIR1/BAK1 complex. 

 

BIR1 and BIR4 are paralogues of BIR2 and BIR3 (Halter et al., 2014b). Similar to BIR2 

and BIR3, BIR1 and BIR4 also have five LRRs and interact with SOBIR1 and BAK1 

(Halter et al., 2014b; Hohmann et al., 2018; Ma et al., 2017) (Chapter 2). However, it 

is worth noting that BIR1 and BIR4 function differently from BIR2 and BIR3 in regulating 

defence. For instance, unlike the other BIRs, BIR1 is a kinase-active RLK (Blaum et 

al., 2014; Gao et al., 2009; Halter et al., 2014a; Imkampe et al., 2017). In addition, the 

knockout mutant bir1-1 causes auto-immunity, which is proposed to depend on the 

activation of unknown NB-LRRs that might guard the integrity of BIR1 (Gao et al., 2009). 

Moreover, this auto-immunity also depends on SOBIR1 and BAK1, which form a 

complex in the absence of BIR1 (Gao et al., 2009; Liu et al., 2016). Formation of the 

SOBIR1/BAK1 complex subsequently activates downstream immune responses, 

thereby contributing to the auto-immunity of bir1-1 (Gao et al., 2009; Liu et al., 2016). 

Notably, BIR1 is involved in antiviral infection in a manner that is likely independent of 

its negative role in triggering auto-immunity (Guzmán-Benito et al., 2019). Furthermore, 

BIR1 does not affect immune responses mediated by FLS2 and RLPs (Gao et al., 2009; 

Liu et al., 2016) (Chapter 2). Additionally, unlike the other BIRs that negatively regulate 

immune responses, BIR4 functions as a positive regulator of immune responses 
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mediated by RLPs (Chapter 2). The molecular mechanism behind the different roles of 

the BIRs remains largely unknown, but the different roles of the BIRs might also be 

determined by the interactions with SOBIR1 and BAK1 through their endodomains. 

 

RLKs containing similar amounts of LRRs in their ectodomain as ligand-binding 

receptors can also control the formation of LRR-RLK receptor complexes, which is 

exemplified by the RLK FLS2-INTERACTING RECEPTOR (FIR) (Smakowska-Luzan 

et al., 2018). FIR interacts with both FLS2 and BAK1, and positively regulates flg22-

induced FLS2/BAK1 complex formation (Smakowska-Luzan et al., 2018) (Fig. 1). In 

addition, FIR also interacts with BRI1 and is required for BRI1 signalling (Smakowska-

Luzan et al., 2018) (Fig. 1). So far, it remains unknown whether FIR regulates the 

association of BAK1 with BRI1, as well as with other RLKs and RLPs involved in 

defence and development. 

 

LRR-RLPs control complex formation of LRR-type receptors with their regulatory LRR-

RLKs 

Recently, it has been reported that RLP44 participates in the regulation of development 

through the activation of BRI1 and PSKR1 signalling (Holzwart et al., 2018; Wolf et al., 

2014). RLP44 constitutively interacts with BRI1, PSKR1 and BAK1, and functions as a 

scaffold to stabilize the BRI1/BAK1 (Fig. 1) and PSKR1/BAK1 complexes (Holzwart et 

al., 2018; Wolf et al., 2014). Furthermore, the RLP TMM participates in the regulation 

of stomatal development, a process that is mediated by the secreted peptides EPF1/2 

(Hara et al., 2007; Hunt and Gray, 2009). TMM forms a constitutive complex with the 

ERfs to directly recognize EPF1/2 (Lee et al., 2012; Lin et al., 2017). Moreover, TMM 

also constitutively interacts with the SERKs and probably stabilizes the ligand-induced 

interaction between the ERfs and the SERKs (Meng et al., 2015). TMM also interacts 

with SOBIR1 (Liebrand et al., 2013), but the biological function of the TMM/SOBIR1 

complex remains unknown. 

 

The RLP CLV2 might also function as a regulatory protein to control receptor complex 

formation. CLV2 forms a constitutive complex with the pseudokinase CORYNE (CRN) 

to participate in various CLE signalling pathways (Fiers et al., 2005; Jeong et al., 1999; 

Kayes and Clark, 1998; Miwa et al., 2008). For instance, the CLV2/CRN complex 

participates in CLV3 signalling through the employment of CRN to interact with CLV1 

and the CIK regulatory RLKs (Bleckmann et al., 2010; Durbak and Tax, 2011; Hu et al., 

2018; Zhu et al., 2010b). In addition, a recent report revealed that CLV2 itself also 

constitutively interacts with CIK2 (Ren et al., 2019). However, it remains unknown 

whether the CLV2/CRN complex regulates the interaction between CLV1 and the CIKs. 

In addition, the CLV2/CRN complex is involved in BAM3-mediated CLE45 signalling, 
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probably through regulating the interaction between BAM3 and yet unknown regulatory 

RLKs, which might be the CIKs as they are also required for CLE45 signalling (Anne 

et al., 2018; Hazak et al., 2017; Hu et al., 2018). 

 

Besides functioning in development, the CLV2/CRN complex also participates in 

defence responses mediated by RLPs and FLS2 (Chapter 5, and Fig. 1). Similar to 

RLPs involved in defence and TMM, CLV2 also constitutively interacts with SOBIR1 

(Gust and Felix, 2014; Liebrand et al., 2013; Liebrand et al., 2014; van der Burgh and 

Joosten, 2019; Wan et al., 2019) (Chapter 5). A previous study revealed that the GxxxG 

motif in the transmembrane domain of SOBIR1 is required for its interaction with CLV2 

and Cf-4, of which the latter also carries such a GxxxG motif (Bi et al., 2016). However, 

this motif is not present in the transmembrane domain of CLV2 and TMM (Gust and 

Felix, 2014), suggesting that this motif is dispensable for RLPs to interact with SOBIR1, 

or that these RLPs interact with SOBIR1 in different ways. Since the ectodomain of 

SOBIR1 is required for Cf-4 functionality (Bi et al., 2016), the ectodomain of SOBIR1 

and the C-terminal part of the ectodomain of Cf-4 probably interact to allow ligand 

perception or signal initiation. Considering that the C-terminal part of the ectodomain 

of Cf-4 is different from that of CLV2 and TMM (Gust and Felix, 2014), these RLPs 

might interact with SOBIR1 in different ways. Furthermore, CLV2 also constitutively 

interacts with BAK1 (Chapter 5), an observation that is divergent from the ligand-

induced association of BAK1 with cell surface receptors (Gust and Felix, 2014; 

Liebrand et al., 2014; Ma et al., 2016; van der Burgh and Joosten, 2019; Wan et al., 

2019). However, the observed constitutive interaction between BAK1 and CLV2 is 

reminiscent of the constitutive association of BAK1 with RLP44 and TMM (Meng et al., 

2015; Wolf et al., 2014), indicating that BAK1 might employ a different mechanism to 

interact with RLPs that do not function as ligand-binding receptors. This speculation is 

supported by the fact that the amino acid sequence of CLV2, TMM and RLP44 is 

divergent in the C-terminal part of the ectodomain, which is anticipated to be important 

for RLPs to interact with BAK1 (Catanzariti et al., 2017; Gust and Felix, 2014). The 

molecular mechanism behind the role of the CLV2/CRN complex in regulating defence 

responses remains unknown. However, since the CLV2/CRN complex controls the 

accumulation of its interactors (Hazak et al., 2017; Jeong et al., 1999), this complex 

may regulate the accumulation of the SOBIR1 and BAK1 proteins, thereby indirectly 

regulating plant defence responses. Furthermore, since SOBIR1 is required for the 

accumulation of Cf-4 (Liebrand et al., 2013), SOBIR1 might also facilitate the 

accumulation of CLV2, thereby participating in CLV2-dependent CLV3 signalling to 

regulate rosette leaf numbers (Chapter 5). 
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Malectin-like domain-containing RLKs control complex formation of LRR-type 

receptors and their regulatory LRR-RLKs  

IMPAIRED OOMYCETE SUSCEPTIBILITY 1 (IOS1) contains two LRRs and a 

malectin-like domain in its ectodomain (Hok et al., 2011). IOS1 is required for immune 

responses mediated by various cell surface receptors, including FLS2 and EFR (Yeh 

et al., 2016). In addition, IOS1 constitutively interacts with FLS2, EFR and BAK1, and 

positively regulates flg22-induced FLS2/BAK1 complex formation (Yeh et al., 2016) 

(Fig. 1). 

 

It is worth noting that ligand-binding RLKs containing malectin-like domains can also 

function as scaffolds to control complex formation of LRR-RLK receptors with their 

regulatory LRR-RLKs (Franck et al., 2018; Li et al., 2016a). For instance, ANXUR1 

(ANX1) and ANX2, which both contain two malectin-like domains in their ectodomain, 

function redundantly to prevent pollen tube rupture during fertilization upon recognition 

of the endogenously secreted peptides RAPID ALKALINIZATION FACTOR 1 (RALF4) 

and RALF19 (Boisson-Dernier et al., 2009; Ge et al., 2017; Miyazaki et al., 2009). In 

addition, ANX1 and ANX2 function redundantly to negatively regulate plant immunity 

(Mang et al., 2017). Moreover, ANX1 constitutively interacts with FLS2 and forms a 

ligand-stimulated complex with BAK1 (Mang et al., 2017) (Fig. 1). However, the 

association of ANX1 with BAK1 suppresses flg22-induced FLS2/BAK1 complex 

formation (Mang et al., 2017). 

 

The RLK FERONIA (FER) is the closest paralogue of ANX1 and ANX2 (Li et al., 2016a). 

FER contains two malectin-like domains and recognizes yet unknown RALF peptides 

to regulate pollen tube reception during fertilization (Escobar-Restrepo et al., 2007; 

Huck et al., 2003; Rotman et al., 2003). In addition, FER directly recognizes RALF1 

and RALF23 to inhibit seedling growth (Haruta et al., 2014; Stegmann et al., 2017). 

Similar to ANX1, FER also constitutively interacts with FLS2 and associates with BAK1 

in a ligand-stimulated manner (Stegmann et al., 2017) (Fig. 1). However, unlike ANX1, 

FER positively regulates flg22-induced FLS2/BAK1 complex formation (Stegmann et 

al., 2017). 

 

Recently, it was shown that the glycosylphosphatidylinositol-anchored protein 

LORELEI-LIKE GPI-ANCHORED PROTEIN 1 (LLG1) heterodimerizes with FER in a 

RALF23-dependent manner (Xiao et al., 2019). Similar to FER, LLG1 is also required 

for flg22-induced FLS2/BAK1 complex formation through its interaction with FLS2 and 

BAK1 (Shen et al., 2017; Xiao et al., 2019) (Fig. 1). In addition, LLG1 is also required 

for the phosphorylation of the RLCK BOTRYTIS-INDUCED KINASE1 (BIK1) (Shen et 

al., 2017), which is a direct phosphorylation substrate of the FLS2/BAK1 complex (Lin 
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et al., 2014; Lu et al., 2010; Zhang et al., 2010). Interestingly, activation of 

RALF23/LLG1/FER signalling inhibits flg22-induced FLS2/BAK1 complex formation, 

leading to the suppression of FLS2 signalling (Stegmann et al., 2017; Xiao et al., 2019). 

Notably, it has also been reported that RALF23 suppresses BRI1 signalling (Srivastava 

et al., 2009), suggesting that the FER/LLG1 complex also regulates BRI1/BAK1 

complex formation (Fig. 1). So far, the molecular mechanism behind the negative role 

of RALF23 on the formation of these LRR-type receptor complexes through the 

FER/LLG1 complex remains elusive. In addition, it also remains unknown whether the 

FER/LLG1 complex regulates the formation of additional LRR-type receptor complexes. 

 

RLCKs as phosphorylation substrates of LRR-type cell surface receptor 

complexes 

RLCKs as phosphorylation substrates of LRR-RLK receptor complexes involved in 

defence 

Emerging evidence reveals that RLCKs function as phosphorylation substrates of 

LRR-RLK receptor complexes involved in defence (Cui et al., 2018; Liang and Zhou, 

2018). The Arabidopsis RLCK family contains 149 members that can be subdivided 

into 17 subfamilies based on the amino acid sequence of their kinase domain (Shiu et 

al., 2004). In addition, the RLCK VII subfamily consists of 46 members that can be 

further subdivided into nine clades based on the full-length amino acid sequence of 

these proteins (Rao et al., 2018). 

 

Recently, it was reported that members of the RLCK VII-5, -7 and -8 clades are 

redundantly required for FLS2 and EFR signalling (Rao et al., 2018). Among these 

RLCKs, the RLCK VII-8 clade member BIK1 for example is a direct phosphorylation 

substrate of the FLS2/BAK1 complex (Lin et al., 2014; Lu et al., 2010; Zhang et al., 

2010) (Fig. 1). In the resting state, BIK1 interacts with both FLS2 and BAK1 (Lu et al., 

2010; Zhang et al., 2010). Upon flg22 perception, activated BAK1 phosphorylates BIK1, 

which in its turn trans-phosphorylates and subsequently dissociates from the 

FLS2/BAK1 complex (Lin et al., 2014; Lu et al., 2010; Zhang et al., 2010). Additionally, 

members of the RLCK VII-6 clade function redundantly to negatively regulate FLS2 

signalling (Rao et al., 2018). Among these RLCK VII-6 members, AVRPPHB 

SUSCEPTIBLE 1-LIKE 13 (PBL13) dynamically interacts with the plasma membrane-

associated NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOG D 

(RBOHD), which is the key enzyme mediating ROS production in FLS2 signalling 

(Kadota et al., 2014; Li et al., 2014b; Lin et al., 2015). Kinase activity of PBL13 is 

required for its negative role in FLS2 signalling (Lin et al., 2015), suggesting that PBL13 

might get phosphorylated and dissociate from RBOHD upon activation of the 

FLS2/BAK1 complex. 
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Members from other RLCK families are also required for FLS2 signalling. For instance, 

the RLCK XII subfamily member BRASSINOSTEROID-SIGNALING KINASE 1 (BSK1) 

constitutively interacts with FLS2 (Shi et al., 2013) (Fig. 1). Upon flg22 perception, 

BSK1 dissociates from FLS2 (Shi et al., 2013), a process that is likely driven by 

phosphorylation of BSK1. In addition, perception of flg22 triggers the phosphorylation 

of the tomato RLCK VIII subfamily member PTO-INTERACTING PROTEIN1b (PTI1b), 

of which its kinase activity is required for FLS2 signalling (Giska and Martin, 2019; 

Schwizer et al., 2017). However, it remains unknown whether phosphorylation of Pti1b 

is directly mediated by FLS2 or BAK1. 

 

RLCKs as phosphorylation substrates of LRR-RLK receptors involved in development 

Besides being a positive regulator of FLS2 signalling, BIK1 and BSK1 also play a role 

in BRI1 signalling. BIK1 constitutively interacts with BRI1, while activated BRI1 

phosphorylates BIK1 leading to its dissociation from BIR1 (Lin et al., 2013a) (Fig. 1). 

The dynamic association of the BRI1/BIK1 complex is reminiscent of the FLS2/BIK1 

complex (Lin et al., 2013a; Lu et al., 2010; Zhang et al., 2010). However, unlike its 

positive role in FLS2 signalling, BIK1 negatively regulates BRI1 signalling (Lin et al., 

2013a; Lu et al., 2010; Zhang et al., 2010). In addition, BAK1 is required for 

phosphorylation of BIK1 and for the dissociation of the FLS2/BIK1 complex, whereas 

BAK1 is not required for BRI1-mediated direct phosphorylation of BIK1 and for the 

dissociation of the BRI1/BIK1 complex (Lin et al., 2014; Lin et al., 2013a; Lu et al., 

2010; Zhang et al., 2010). Although it is not fully understood, the differential 

phosphorylation of BIK1 by BAK1 and BRI1 might determine the different roles of BIK1 

in FLS2 and BRI1 signalling (Lin et al., 2013a). Since BRI1 is an RD kinase with strong 

kinase activity, while FLS2 is a non-RD kinase with weak kinase activity (Schwessinger 

et al., 2011), it appears that the BAK1-independent phosphorylation of BIK1 triggered 

by an RD kinase receptor might determine a negative role of BIK1. Unlike BIK1 playing 

different roles in BRI1 and FLS2 signalling, BSK1 is a positive regulator for both BRI1 

and FLS2 signalling (Tang et al., 2008) (Fig. 1). Similar to the dynamic association of 

the FLS2/BSK1 complex, BSK1 also dissociates from BRI1 upon treatment with BL 

(Tang et al., 2008). In addition, BRI1 directly phosphorylates BSK1 (Tang et al., 2008). 

Furthermore, the RLCK VII subfamily member CONSTITUTIVE DIFFERENTIAL 

GROWTH 1 (CDG1) is required for BRI1 signalling, while BRI1 directly interacts with, 

and phosphorylates CDG1 (Kim et al., 2011) (Fig. 1). 

 

RLCK VII members are also required for signalling triggered by other LRR-RLK 

receptors. The RLCK VII-7 clade member PBL30, which is also known as CAST AWAY 

(CST), functions as an inhibitor of organ abscission likely through cooperating with 

SOBIR1 in regulating the internalization of HAE (Burr et al., 2011; Liljegren, 2012). 
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CST interacts with HAE and SOBIR1 (Burr et al., 2011), but it remains unknown 

whether CST is phosphorylated by these two kinases. Furthermore, members of the 

RLCK VII-6 and -8 clades are redundantly required for PSKR1-mediated regulation of 

root elongation (Rao et al., 2018). As the positive regulatory role of the RLCK VII-8 

clade member BIK1 in FLS2 signalling appears to depend on BAK1-mediated 

phosphorylation, it is likely that BIK1 is also phosphorylated by BAK1 upon activation 

of PSKR1 signalling. 

 

RLCKs involved in immune signalling pathways mediated by LRR-RLP receptors 

RLCKs acting as a direct phosphorylation substrate of the RLP/SOBIR1/BAK1 

complex have not been reported yet. Recently, it was reported that BIK1 negatively 

regulates RLP23 signalling (Wan et al., 2018). As discussed above, BIK1 also 

negatively regulates developmental signalling mediated by the RD kinase BRI1, and 

this negative role of BIK1 appears to depend on BRI1-mediated direct phosphorylation 

of BIK1 in a BAK1-independent manner (Lin et al., 2013a). Hence, it is likely that the 

negative regulatory role of BIK1 in RLP23 signalling might be caused by 

phosphorylation of BIK1 via an unknown RD kinase. In this scenario, a potential 

candidate can be SOBIR1, which is an RD kinase and constitutively interacts with 

RLP23 to form a bi-molecular RD RLK (Albert et al., 2015; Gust and Felix, 2014; 

Liebrand et al., 2014; van der Burgh et al., 2019) (Fig. 1). Further characterization of 

the involvement of the various identified BIK1 phospho-sites (Lin et al., 2014; Xu et al., 

2013) for its phosphorylation mediated by SOBIR1, but not by BAK1, will help to 

understand whether indeed the negative role of BIK1 is specified by its phosphorylation 

by an RD kinase, like SOBIR1 and BRI1, in a manner independent of BAK1. 

Furthermore, the RLCK VII-6 clade member Avr9/Cf-9 INDUCED KINASE 1 (ACIK1) 

is required for the HR triggered by Cf-9/Avr9 and Cf-4/Avr4 in N. benthamiana 

(Rowland et al., 2005). ACIK1 is the orthologue of Arabidopsis PBL13, which 

negatively regulates FLS2 signalling and targets RBOHD to prevent flg22-triggered 

ROS production (Lin et al., 2015). In addition, NbRBOHB, the orthologue of 

Arabidopsis RBOHD, negatively regulates the development of the Cf-9/Avr9-triggered 

HR (Zhu et al., 2010a). Collectively, these data suggest that ACIK1 exerts its positive 

role in regulating the Cf-9/Avr9-triggered HR probably through targeting NbRBOHB. 

 

Intracellular protein phosphatases regulate the activation of LRR-type cell 

surface receptor complexes 

So far, some protein phosphatases have been shown to participate in various cellular 

processes through dephosphorylating different targets, which include ligand-binding 

receptors, regulatory LRR-RLKs and downstream RLCKs (Couto and Zipfel, 2016; 

Mithoe and Menke, 2018; Uhrig et al., 2013). Here, an overview of phosphatases 
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targeting receptor complexes involved in defence and development is provided. 

 

Protein phosphatases dephosphorylate LRR-RLK receptor complexes involved in 

defence 

Several protein phosphatases have been shown to target FLS2, BAK1 and BIK1 to 

negatively regulate FLS2 signalling. For instance, the protein phosphatase type 2C 

(PP2C) subunit KINASE ASSOCIATED PROTEIN PHOSPHATASE (KAPP) targets 

FLS2 to negatively regulate flg22-triggered immune responses (Gómez-Gómez et al., 

2001) (Fig. 1). In addition, the serine/threonine protein phosphatase type 2A (PP2A) 

subunits A1, B’ŋ, B’ζ and C4 constitutively interact with BAK1 and suppress its kinase 

activity (Segonzac et al., 2014) (Fig. 1). Moreover, the PP2C subunits PP2C38 and 

PP2C48 function redundantly to negative regulate FLS2 signalling through targeting 

the FLS2/BIK1 complex (Couto et al., 2016). PP2C38 dephosphorylates BIK1, while 

activated BIK1 phosphorylates this protein phosphatase subunit, leading to its 

dissociation from both FLS2 and BIK1 (Couto et al., 2016) (Fig. 1). 

 

Kinase activity of some other LRR-RLK receptors involved in defence is also controlled 

by protein phosphatases. For instance, XA21-mediated defence is negatively 

regulated by the ATPase XB24 (Chen et al., 2010). XB24 interacts with XA21 and 

keeps XA21 in an inactive state by promoting auto-phosphorylation of XA21 on specific 

residues, while ligand binding triggers the dissociation of the XA21/XB24 complex and 

the activation of XA21 (Chen et al., 2010). Activated XA21 associates with the PP2C 

subunit XA21 BINDING PROTEIN 15 (XB15), which targets and dephosphorylates 

XA21 to negatively regulate plant immunity (Park et al., 2008). Functional orthologues 

of XB24 and XB15 also regulate plant immunity in Arabidopsis (Holton et al., 2015). 

Similar to the interaction between XB24 and XA21, the Arabidopsis XB24 orthologue 

dissociates from EFR upon elf18 perception (Holton et al., 2015). However, unlike 

XB24, Arabidopsis XB24 appears to be a positive regulator of EFR signalling, which 

might be caused by a mutation in its ATPase motif (Holton et al., 2015). Furthermore, 

the Arabidopsis XB15 orthologues POLTERGEIST-LIKE 4 (PLL4) and PLL5 also 

negatively regulate EFR signalling, despite that PLL4 and PLL5 dissociate from EFR 

upon elf18 perception (Holton et al., 2015). 

 

Protein phosphatases dephosphorylate LRR-RLK receptors involved in development 

Besides targeting FLS2, KAPP also targets and dephosphorylates CLV1 to negatively 

regulate CLV3 signalling (Stone et al., 1998; Williams et al., 1997). Furthermore, kinase 

activity of BRI1 is regulated by the PP2C subunit BRI1 KINASE INHIBITOR 1 (BKI1), 

which negatively regulates BRI1 signalling (Wang and Chory, 2006) (Fig. 1). In the 

resting state, BKI1 constitutively associates with BRI1 to prevent its activation (Wang 
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and Chory, 2006). Upon BL perception, activated BRI1 phosphorylates BKI1, resulting 

in its dissociation from BRI1 (Jaillais et al., 2011; Wang and Chory, 2006). Furthermore, 

a group of PP2A subunits negatively regulates BRI1 signalling, and the PP2A subunit 

B’ŋ predominantly targets and dephosphorylates activated BRI1 (Wang et al., 2016b) 

(Fig. 1). 

 

Protein phosphatases dephosphorylate LRR-RLP receptor complexes involved in 

defence 

Currently, protein phosphatases directly targeting the RLP/SOBIR1/BAK1 complex 

involved in defence remain unknown. However, BAK1, SOBIR1 and possibly the RLP 

itself might be targets of yet unknown protein phosphatases. 

 

Recently, it was reported that RLP23 signalling is negatively regulated by the PP2A 

subunits A1 and C4 (Wan et al., 2018). Since PP2A-A1 and PP2A-C4 target and 

dephosphorylate BAK1 to negatively regulate FLS2 signalling (Segonzac et al., 2014), 

these two protein phosphatases probably also target BAK1 to negatively regulate 

RLP23 signalling (Fig. 1). 

 

The kinase activity of SOBIR1 might also be regulated by yet unknown phosphatases 

(van der Burgh et al., 2019) (Chapter 3). SOBIR1 is a positive regulator of plant 

immunity and overexpression of SOBIR1 triggers constitutive immunity in Arabidopsis 

(Gao et al., 2009). Consistent with this finding, transient overexpression of Arabidopsis 

SOBIR1 in N. benthamiana and N. tabacum also triggers constitutive immunity, which 

is associated with the development of an HR (Chapter 3). The Arabidopsis SOBIR1-

triggered constitutive immunity is proposed to be caused by auto-phosphorylation of 

SOBIR1, which subsequently trans-phosphorylates BAK1 that promotes 

phosphorylation of SOBIR1 in turn (van der Burgh et al., 2019). In addition, Arabidopsis 

SOBIR1-triggered constitutive immunity also involves the activation of downstream 

MAPKs (Chapter 3). Similar phosphorylation events might also occur upon activation 

of RLP/SOBIR1/BAK1-mediated signalling (van der Burgh et al., 2019). However, 

transient overexpression of SOBIR1 orthologues of tomato and N. benthamiana does 

not trigger an HR (Chapter 3). Since the essential kinase motifs are highly conserved 

among the various SOBIR1 orthologues (van der Burgh, 2018), the differential ability 

of the various SOBIR1 orthologues in triggering constitutive immunity might be caused 

by non-conserved regions in their kinase domains. Alternatively, yet unknown protein 

phosphatases in N. benthamiana might have a lower affinity for the kinase domain of 

Arabidopsis SOBIR1, which may result in the failure to keep overexpressed 

Arabidopsis SOBIR1 in check by dephosphorylation. Compromised dephosphorylation 

might lead to excessive phosphorylation of SOBIR1, which results in SOBIR1-triggered 
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constitutive immunity (van der Burgh et al., 2019) (Chapter 3). 

 

Besides SOBIR1 and BAK1, the LRR-RLP receptors themselves might also be targets 

of protein phosphatases. Research on cell surface chimeric receptor proteins revealed 

that the ectodomain of a chimera retains the ligand perception ability, while the 

transmembrane and cytoplasmic domains maintain the signalling output intensity 

(Albert et al., 2010; Brutus et al., 2010; He et al., 2000; Holton et al., 2015; Kishimoto 

et al., 2010; Kouzai et al., 2013; Schwessinger et al., 2015; Thomas et al., 2017). 

Based on this observation, an attempt was made to engineer the immune system of N. 

tabacum plants for providing a strong defence response against bacterial infection, by 

exploiting the EFR-mediated recognition of the MAMP elf18 and the ability of Cf-9 to 

trigger a strong HR. To reach this goal, the chimeric receptor protein EFR-Cf-9 was 

generated by fusing the ectodomain of EFR to the transmembrane and cytoplasmic 

domains of Cf-9, which are in fact identical to those of Cf-4 (Thomas et al., 1997). 

Transient and stable transgenic assays in N. tabacum revealed that the EFR-Cf-9 

chimera recognizes the MAMP elf18 to trigger a strong HR (Chapter 4), which is similar 

to the HR triggered by Cf-9/Avr9 and Cf-4/Avr4. In addition, transgenic N. tabacum 

plants expressing the chimera EFR-Cf-9 mediate elf18-induced defence that arrests 

the growth of biotrophic bacterial pathogens (Chapter 4). Notably, these transgenic 

plants even trigger an HR upon inoculation with a high dose of a bacterial pathogen 

(Chapter 4). Furthermore, the elf18/EFR-Cf-9-triggered HR was shown to depend on 

SOBIR1 and BAK1 (Chapter 4). As SOBIR1 is not required for EFR signalling, it was 

concluded that fusing the transmembrane and cytoplasmic domains of Cf-9 to the 

ectodomain of EFR enables the chimeric protein EFR-Cf-9 to interact with SOBIR1 and 

trigger an HR upon treatment with elf18 (Chapter 4). Since the transmembrane domain 

of Cf-9 is overall similar to that of other RLPs, whereas the cytoplasmic tail of RLPs is 

variable (Gust and Felix, 2014), it is likely that the cytoplasmic tail of Cf-9 is responsible 

for the elf18/EFR-Cf-9-triggered HR. Indeed, a recent study revealed that the 

cytoplasmic tail of Cf-9 is important for its functionality, as substitution of the putative 

phospho-site threonine (T) at position 835 by aspartate, which mimics phosphorylation, 

attenuates the Cf-9/Avr9-triggered HR (Chakrabarti et al., 2016). This observation 

suggests that the cytoplasmic C-terminal tail of Cf-9 might be phosphorylated at T835 

to keep Cf-9 in an inactive resting state, while yet unknown protein phosphatases 

prevent phosphorylation of T835 to sustain Cf-9 signalling upon recognition of Avr9. 

Furthermore, it has been recently reported that RLP44 is phosphorylated on the serine 

(S) residue at position 268 in its cytoplasmic tail (Gómez et al., 2019). Notably, 

phosphorylation of RLP44 at S268 is responsible for its interaction with BRI1 and its 

function in BR signalling activation, whereas the phosphorylation status at this 

phospho-site does not affect RLP44 interaction with PSKR1 and its function in PSK 
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signalling activation (Gómez et al., 2019; Wolf et al., 2014). Although the specific 

protein phosphatases controlling the phosphorylation status of Cf-9 and RLP44 remain 

unknown, these findings support the notion that the cytoplasmic tail of RLPs is required 

for their functionality and plays a role in determining the signalling output in a 

phosphorylation-dependent manner. 

 

Intracellular E3 ubiquitin ligases regulate the abundance of LRR-type cell 

surface receptor complexes 

E3 ubiquitin ligases are a class of enzymes that ubiquitinate proteins involved in 

various cellular processes, resulting in degradation of these proteins (Chen and 

Hellmann, 2013). Currently, E3 ubiquitin ligases have been shown to negatively 

regulate the abundance of LRR-RLK receptor complexes involved in defence and 

development (Couto and Zipfel, 2016; Li et al., 2014a; Mithoe and Menke, 2018). E3 

ubiquitin ligases that either positively or negatively regulate immune responses 

mediated by LRR-RLPs have also been reported (Gilroy et al., 2011; González-

Lamothe et al., 2006; He et al., 2015; Orosa et al., 2017; Rowland et al., 2005; van den 

Burg et al., 2008; Yang et al., 2006), but E3 ubiquitin ligases directly targeting LRR-

RLP receptor complexes remain currently unknown. 

 

E3 ubiquitin ligases regulate the abundance of LRR-RLK receptor complexes involved 

in defence 

Several plant U-box (PUB) E3 ubiquitin ligases have been shown to target the 

FLS2/BAK1/BIK1 complex to negatively regulate FLS2 signalling. For instance, PUB12 

and PUB13 (further referred to as PUB12/13) constitutively interact with the kinase 

domain of BAK1 (Lu et al., 2011). Upon flg22 perception, activated BAK1 

phosphorylates PUB12/13, which subsequently associate with FLS2 and ubiquitinate 

this receptor for degradation (Lu et al., 2011) (Fig. 1). The abundance of the BIK1 

protein is negatively regulated by PUB25 and PUB26 (Fig. 1), as well as by their closest 

paralogues PUB22 and PUB23 (Trujillo et al., 2008; Wang et al., 2018a). PUB25 and 

PUB26 predominantly interact with unphosphorylated BIK1, and ubiquitinate non-

activated BIK1 to trigger its degradation (Wang et al., 2018a). 

 

In rice, the E3 ubiquitin ligase XB3 is a positive regulator of XA21 signalling (Wang et 

al., 2006). XA21 interacts with and phosphorylates XB3, which positively regulates the 

accumulation of XA21 protein through an unknown mechanism (Wang et al., 2006). 

 

E3 ubiquitin ligases regulate the abundance of LRR-RLK receptors involved in 

development 

Besides ubiquitinating FLS2 for degradation, PUB12/13 also negatively regulate the 
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abundance of BRI1 protein (Fig. 1), despite the fact that the molecular mechanisms 

underlying PUB12/13-mediated degradation of FLS2 and BRI1 are different (Lu et al., 

2011; Zhou et al., 2018). For instance, BAK1 is required for phosphorylation of 

PUB12/13 and their subsequent association with FLS2, whereas BRI1 forms a ligand-

stimulated complex with PUB12/13 and directly phosphorylates these two E3 ubiquitin 

ligases (Lu et al., 2011; Zhou et al., 2018). BRI1-mediated phosphorylation of 

PUB12/13 results in their enhanced activity, which promotes the ubiquitination and 

degradation of BRI1 (Zhou et al., 2018). 

 

E3 ubiquitin ligases regulate the abundance of signalling components required for 

immune responses mediated by LRR-RLP receptors 

E3 ubiquitin ligases that directly target LRR-RLP receptor complexes involved in 

defence remain unknown. However, four E3 ubiquitin ligases Avr9/Cf-9 RAPIDLY 

ELICITED 74 (ACRE74), ACRE189 and ACRE276 have been reported to play a role 

in Cf-4 and Cf-9 signalling with yet unknown mechanisms (Gilroy et al., 2011; 

González-Lamothe et al., 2006; Rowland et al., 2005; van den Burg et al., 2008; Yang 

et al., 2006). Furthermore, it has been shown that the E3 ubiquitin ligase POZ/BTB 

CONTAINING G-PROTEIN 1 (POB1) negatively regulates Cf-4 and Cf-9 signalling 

through ubiquitinating ACRE276 for degradation (He et al., 2015; Orosa et al., 2017). 

 

Bacterial effectors target LRR-type cell surface receptor complexes to suppress 

defence 

To successfully colonize host cells, pathogens secrete extracellular and/or intracellular 

effectors to suppress defence triggered by cell surface receptors (van der Burgh and 

Joosten, 2019). For instance, C. fulvum secretes the lysin-motif-containing 

extracellular effector EXTRACELLULAR PROTEIN 6 (Ecp6) to bind chitin fragments 

that are released from its cell walls by plant chitinases, resulting in inhibition of chitin-

triggered immunity (Bolton et al., 2008; de Jonge et al., 2010). In addition, the bacterial 

pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 employs its type III 

secretion system (T3SS) to inject at least 28 different T3SS effectors (T3Es) into its 

host cells (Cunnac et al., 2009). In addition, some of these T3Es have been shown to 

suppress FLS2 signalling in different ways (Büttner, 2016; Lee et al., 2013; Xin and He, 

2013). Here, an overview is provided of bacterial T3Es regulating kinase activity and 

abundance of receptor complexes involved in defence. 

 

T3Es suppress the activation of cell surface receptor complexes 

The Pst DC3000 T3E AvrPto is a well-known bacterial effector that suppresses defence 

responses triggered by various cell surface receptors (Büttner, 2016; He et al., 2006; 

Shan et al., 2008). AvrPto interacts with the kinase domains of FLS2 and EFR, and 
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functions as a kinase inhibitor to suppress auto-phosphorylation of these two RLK 

receptors (Xiang et al., 2008) (Fig. 1). In addition, the association of AvrPto with FLS2 

inhibits flg22-induced phosphorylation of BIK1 and subsequent dissociation of the 

FLS2/BIK1 complex, thereby suppressing FLS2 signalling (Xiang et al., 2011; Zhang 

et al., 2010). Moreover, AvrPto also interacts with BAK1 and inhibits the flg22-induced 

formation of the FLS2/BAK1 complex, although contradicting reports on this aspect 

have been published (Shan et al., 2008; Xiang et al., 2011; Zhou et al., 2014). Still, 

these findings suggest that AvrPto functions as a kinase inhibitor and probably also as 

a regulatory protein to control the formation of the FLS2/BAK1 complex to suppress 

FLS2 signalling. Furthermore, AvrPto even inhibits BL-induced BRI1/BAK1 complex 

formation, leading to compromised BRI1 signalling (Shan et al., 2008). AvrPto does 

not interact with BRI1 and appears not to suppress the BL-induced phosphorylation of 

BRI1 and BAK1 (Shan et al., 2008). Considering that AvrPto targets the RLCKs BSK1 

and CDG1, which are two direct phosphorylation substrates of BRI1 (Kim et al., 2011; 

Shan et al., 2008; Tang et al., 2008; Xiang et al., 2011), AvrPto probably inhibits BRI1-

mediated phosphorylation of these two RLCKs to suppress BRI1 signalling. 

Collectively, these findings suggest that AvrPto functions as a kinase inhibitor and as 

a regulatory protein controlling receptor complex formation, to suppress signalling 

mediated by LRR-RLK receptors. 

 

AvrPto also suppresses Cf-4 signalling and constitutive immunity mediated by 

Arabidopsis SOBIR1 in N. benthamiana (Chapter 3). Despite the contradicting reports 

about the interaction between AvrPto and BAK1 (Shan et al., 2008; Xiang et al., 2011; 

Zhou et al., 2014), an interaction between AvrPto and BAK1 was found (Chapter 3). In 

addition, AvrPto also interacts with the different SOBIR1 variants of Arabidopsis, 

tomato and N. benthamiana (Chapter 3). However, the interaction of AvrPto with BAK1 

and SOBIR1 does not affect the Avr4-induced formation of the Cf-4/SOBIR1/BAK1 

complex (Chapter 3). Considering that AvrPto inhibits the kinase activity of its 

interactors (Xiang et al., 2008), AvrPto is proposed to inhibit the kinase activity of 

SOBIR1 and BAK1 to suppress Cf-4 signalling (Fig. 1). Alternatively, since AvrPto 

targets the RLCKs BSK1 and CDG1 (Xiang et al., 2011), AvrPto might also target yet 

unknown RLCKs functioning downstream of the Cf-4/SOBIR1/BAK1 complex. 

 

The Pst DC3000 T3E HopAO1, which is a tyrosine phosphatase, negatively regulates 

immune signalling mediated by EFR and FLS2 (Bretz et al., 2003; Macho et al., 2014; 

Underwood et al., 2007). In addition, HopAO1 directly targets the kinase domains of 

EFR and FLS2, and suppresses the kinase activity of EFR and, probably also of FLS2 

(Macho et al., 2014) (Fig. 1). Another example is the Pst DC3000 T3E HopF2, which 

is a mono-ADP-ribosyltransferase and suppresses immune responses triggered by 
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EFR and FLS2 (Wang et al., 2010c; Wu et al., 2011). HopF2 interacts with BAK1 and 

probably inhibits its kinase activity through ADP-ribosylation (Fig. 1), resulting in 

inhibition of flg22-induced BIK1 phosphorylation (Wu et al., 2011; Zhou et al., 2014). 

Furthermore, the Xanthomonas campestris pv. campestris T3E AvrAC functions as a 

uridylyl transferase to inhibit the kinase activity of various RLCK VII subfamily members 

including BIK1 (Fig. 1), thereby suppressing defence responses mediated by EFR and 

FLS2 (Feng et al., 2012). 

 

T3Es suppress the accumulation of functional cell surface receptor complexes 

AvrPtoB is another well-known Pst DC3000 T3E that interacts with FLS2, EFR and 

BAK1, and possesses E3 ligase activity to ubiquitinate FLS2 and EFR for degradation 

(Göhre et al., 2008; Shan et al., 2008) (Fig. 1). In addition, AvrPtoB also inhibits the 

formation of the FLS2/BAK1 complex, and the activation of BAK1 (Cheng et al., 2011; 

Shan et al., 2008). 

 

The Pst DC3000 T3E HopU1 is a mono-ADP-ribosyltransferase, which inhibits the 

ligand-induced synthesis of FLS2 and EFR proteins (Fig. 1), through ADP ribosylation 

of the RNA-binding protein GLYCINE-RICH PROTEIN 7 (GRP7) (Fu et al., 2007; 

Jeong et al., 2011; Nicaise et al., 2013). GRP7 binds the FLS2 transcript, as well as 

the FLS2 protein (Nicaise et al., 2013). HopU1 disrupts complex formation of GRP7 

with the FLS2 transcript, but not with the FLS2 protein, eventually resulting in a lower 

abundance of the FLS2 protein (Nicaise et al., 2013). 

 

The Pst DC3000 T3E HopB1 constitutively associates with FLS2 and functions as a 

serine protease that specifically cleaves activated BAK1, thereby suppressing 

activation of downstream immune responses (Li et al., 2016b) (Fig. 1). In addition, the 

P. syringae pv. phaseolicola T3E AvrPphB functions as a cysteine protease to cleave 

multiple RLCK VII subfamily members including BIK1, thereby suppressing defence 

responses mediated by FLS2 and EFR (Zhang et al., 2010) (Fig. 1). 

 

Concluding remarks 

Plant cell surface LRR-RLK and LRR-RLP receptors play an important role in 

responding to extracellular signals through the activation of overlapping, but distinct 

signalling pathways. Studying the molecular mechanism underlying receptor-triggered 

responses occurring at any cellular level will benefit our understanding of how plants 

react to extracellular stimuli. Earlier research revealed that both LRR-RLK and LRR-

RLP receptors require BAK1 as a regulatory RLK, while LRR-RLP receptors 

additionally require the regulatory RLK SOBIR1 for their functionality. Notably, recent 

studies on receptor complexes also revealed the involvement of plasma membrane-
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associated and cytoplasmic regulators that either positively or negatively regulate the 

formation, activation and abundance of functional receptor complexes. These findings 

have not only led to a much better understanding of how receptor complexes are 

controlled and activated prior to and upon ligand perception, but also pointed out some 

similar but also distinct scenarios for the role of regulators in controlling receptor 

signalling. For instance, BIR2 and BIR3 have similar but yet different functions in 

regulating signalling mediated by LRR-RLK and LRR-RLP receptors through 

controlling the association of receptors with their regulatory LRR-RLKs. Notably, the 

molecular mechanism behind the role of a certain regulator in controlling the activity of 

different cell surface receptor complexes might be different, as for example PUB12/13 

regulate the abundance of the FLS2 and BRI1 proteins in a BAK1-dependent and -

dependent manner, respectively. More importantly, as the development-regulating 

ligand-binding receptors ANX1/2 and FER also regulate defence through their direct 

involvement in LRR-RLK receptor complexes mediating immunity, it will be interesting 

to study whether ANX1/2 and FER, as well as other malectin-like domain-containing 

receptors, function as regulatory nodes that balance the trade-off between defence 

and development. Up till now, our knowledge on the molecular mechanism underlying 

the regulation of receptor complexes is still limited. It is conceivable that with further 

research on the general and specific roles of the currently known and additionally 

characterized regulators that control the formation, activation and abundance of the 

various cell surface receptor complexes, a new level of complexity of the mechanisms 

underlying the regulation of receptor complexes will emerge. This will eventually lead 

to an even better understanding of cell surface receptor networks, which will lay a basis 

for further engineering of plant immunity with the aim to secure future food production. 
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Summary 

Plants are continuously invaded by microbes, some of which are potential pathogens. 

Therefore, plants have evolved roughly two layers of defence to protect themselves 

against invaders. The first layer is mediated by cell surface receptors, which are either 

receptor-like kinases (RLKs) or receptor-like proteins (RLPs). RLKs contain a ligand-

binding ectodomain, a transmembrane domain and an intracellular kinase domain. 

RLPs are structurally similar to RLKs concerning their ectodomain and transmembrane 

domain, but only contain a short cytoplasmic tail instead of a kinase domain. According 

to the motifs present in their ectodomains, cell surface receptors can be subdivided 

into different groups, with those containing leucine-rich repeat (LRR) motifs as the 

largest group. Activation of cell surface receptors upon recognition of extracellular 

immunogenic patterns (ExIPs) results in extracellularly-triggered immunity (ExTI) to 

arrest pathogen colonization. ExIPs can be any ExTI-triggering extracellular molecule, 

including microbe-associated molecular patterns (MAMPs) and extracellular effectors. 

Adapted pathogens suppress ExTI to colonize their host plants through the 

employment of effectors, of which the ones that are translocated into host cells can be 

recognized by intracellular receptors. These intracellular receptors are typically 

nucleotide binding leucine rich repeat proteins, and their activation results in 

intracellularly triggered immunity, which constitutes the second layer of plant defence. 

 

So far, various LRR-containing RLKs and RLPs have been functionally characterized. 

For instance, the RLK FLAGELLIN-SENSING 2 (FLS2) recognizes the MAMP flg22, 

which is an immunogenic epitope of bacterial flagellin, to mediate defence against 

bacterial infection in higher plants. In addition, the RLK ELONGATION FACTOR-TU 

RECEPTOR (EFR) recognizes the MAMP elf18, which is an immunogenic epitope of 

bacterial elongation factor-Tu (EF-Tu), to mediate defence against bacterial infection 

in Brassicaceae. Furthermore, the tomato RLPs Cf-4 and Cf-9 confer resistance to 

strains of the biotrophic fungal pathogen Cladosporium fulvum secreting the effectors 

Avr4 and Avr9, respectively. RLPs constitutively interact with the regulatory RLK 

SUPPRESSOR OF BIR1-1 (SOBIR1) in a ligand-independent manner. In addition, 

both RLKs and RLPs form a ligand-dependent complex with the regulatory RLK BRI1-

ASSOCIATED RECEPTOR KINASE 1/SOMATIC EMBRYOGENESIS RECEPTOR 

KINASE 3 (BAK1/SERK3, further referred to as BAK1). The recruitment of BAK1 to 

RLKs and RLPs results in the activation of cell surface receptor complexes that 

subsequently activate downstream immune responses. 

 

The work described in this thesis was aimed at gaining more insight into the molecular 

mechanisms of Cf-4/SOBIR1 signalling. In Chapter 1, the plant innate immune system 

is introduced. In addition, I provide an overview of the early signalling events occurring 
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in RLK- and RLP-mediated immunity in this chapter, including examples of such events 

taking place in FLS2 and Cf-4 signalling, respectively. Furthermore, RLKs and RLPs 

involved in development are introduced, and an overview of the composition of RLK 

receptor complexes is provided. 

 

Cf-4 constitutively interacts with SOBIR1 in a ligand-independent manner, and the Cf-

4/SOBIR1 complex recruits BAK1 upon Avr4 recognition. Establishment of the Cf-

4/SOBIR1/BAK1 complex is proposed to trigger phosphorylation of the intracellular 

kinase domains of SOBIR1 and BAK1, and subsequently trigger the development of a 

hypersensitive response (HR), which is a form of programmed cell death that restricts 

pathogen invasion. The components involved in controlling the Avr4-induced formation 

and subsequent activation of the Cf-4/SOBIR1/BAK1 complex remain unknown. Since 

the Arabidopsis thaliana (At, further referred to as Arabidopsis) RLKs BAK1-

INTERACTING RECEPTOR-LIKE KINASE 2 (BIR2) and BIR3 (further referred to as 

BIR2/3), were previously reported to negatively regulate FLS2 signalling through 

controlling the establishment of the FLS2/BAK1 complex, we set out to study whether 

BIR2/3 also play a role in Cf-4 signalling (Chapter 2). Transient overexpression of 

AtSOBIR1 in Nicotiana benthamiana triggers constitutive immunity that reflects Avr4-

activated Cf-4 signalling, and provides a tool to study the signalling events occurring 

downstream of the Cf-4/SOBIR1 complex. We show that BIR2/3 interact with 

AtSOBIR1 and suppress AtSOBIR1-triggered constitutive immunity. In addition, BIR2/3 

likely target endogenous NbSOBIR1, thereby inhibiting the association of endogenous 

NbSOBIR1 with Cf-4 and suppressing the Cf-4/Avr4-triggered HR. We also show that 

AtSOBIR1, but not the kinase-inactive mutant AtSOBIR1D489N, phosphorylates BIR2/3. 

Furthermore, the interaction with BIR2/3 is more apparent for AtSOBIR1D489N than for 

AtSOBIR1. These observations suggest that BIR2/3 interact with SOBIR1 in the resting 

state, while perception of Avr4 triggers auto-phosphorylation of SOBIR1 that 

subsequently phosphorylates BIR2/3, leading to their dissociation from SOBIR1. 

 

As SOBIR1 is required for RLP-mediated defence against infection by a wide range of 

pathogens, we hypothesized that SOBIR1 might be targeted by intracellular effectors 

to suppress Cf-4/SOBIR1-mediated signalling. In Chapter 3, it is shown that AvrPto, 

an effector of the bacterial pathogen Pseudomonas syringae pv. tomato (Pst) DC3000, 

interacts with SOBIR1 from Arabidopsis, tomato and N. benthamiana. This interaction 

is independent of SOBIR1 kinase activity. We show that overexpression of AvrPto 

suppresses AtSOBIR1-triggered constitutive immunity, as well as the Cf-4/Avr4-

triggered HR without affecting Cf-4/SOBIR1/BAK1 complex formation. Collectively, 

these results suggest that AvrPto targets the regulatory RLK SOBIR1 to compromise 

plant defence. 
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Studies on chimeric cell surface receptor proteins revealed that the ectodomain of a 

chimera retains the ability to perceive the ligand, whereas the transmembrane and 

cytoplasmic domains determine the signalling output. MAMP-triggered immunity 

generally results in a relatively weak immune response when compared with effector-

triggered immunity. In Chapter 4, we aimed to obtain a strong MAMP-dependent 

immune response in N. tabacum by exploiting the EFR-mediated recognition of the 

MAMP elf18 and the ability of Cf-9 to trigger a strong HR. To this end, the chimeric 

receptor protein EFR-Cf-9 was generated by fusing the ectodomain of EFR to the 

transmembrane and cytoplasmic domains of Cf-9. We show that transiently 

overexpressed EFR-Cf-9 recognizes elf18 to trigger a strong HR in N. tabacum. In 

addition, EFR-Cf-9 interacts with SOBIR1, and requires both SOBIR1 and BAK1 for its 

functionality. Moreover, transgenic N. tabacum plants expressing EFR-Cf-9 do not 

display altered basal defence, but recognize elf18 to trigger an HR. These transgenic 

plants are resistant to the biotrophic bacterial pathogens Pst DC3000 and P. amygdali 

pv. tabaci (Pta) 11528, through recognition of pathogen-derived EF-Tu. Notably, these 

transgenic plants even mount an HR upon inoculation with a high dose of Pta 11528. 

Taken together, these results indicate that the chimeric receptor EFR-Cf-9 recognizes 

elf18 to confer strong SOBIR1- and BAK1-dependent resistance to biotrophic bacterial 

pathogens. 

 

Arabidopsis CLAVATA2 (CLV2) is an RLP that associates with the pseudokinase 

CORYNE (CRN) to participate in regulation of the activity of the shoot apical meristem, 

mediated by the endogenously secreted peptide CLV3. The loss-of-function mutants 

clv2, crn and clv3 display various developmental phenotypes, including an increased 

number of rosette leaves when compared to wild-type plants. Previously, an interaction 

between tomato SOBIR1 and CLV2 was reported. However, the significance of this 

interaction remains unknown. In Chapter 5, we show that Arabidopsis CLV2 not only 

interacts with SOBIR1, but also with BAK1. Hence, we set out to investigate the 

significance of these interactions, in relation to SOBIR1- and/or BAK1-dependent 

immune responses mediated by RLPs and FLS2, and in relation to CLV2-dependent 

CLV3 signalling. We show that the CLV2/CRN complex positively regulates immune 

responses mediated by RLPs and FLS2, probably through facilitating the accumulation 

of the SOBIR1 and BAK1 proteins. In addition, SOBIR1 participates in the CLV3-

mediated regulation of the rosette leaf number, probably through facilitating CLV2 

accumulation. However, whether BAK1 plays a role in this process remains unknown. 

In this chapter, we also aimed to identify downstream components required for CLV3 

signalling. We show that the Arabidopsis G-protein β subunit AGB1 and the G-protein 

γ subunits AGG1 and AGG2, which are required for FLS2 signalling and CLV3 
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signalling in the shoot, are also required for suppression of root elongation upon 

exogenous application of a synthetic CLV3 peptide. However, other G protein subunits 

that are required for FLS2 signalling are not required for this process. Furthermore, we 

show that many additional components that are required for FLS2 signalling are not 

required for CLV3 signalling in the root. We conclude that the requirement of 

downstream components for signalling triggered by flg22 on the one hand, and CLV3 

on the other hand, is different. 

 

In Chapter 6, the main results of the work described in this thesis are discussed and 

placed in a broader perspective. I provide an overview of our current understanding of 

the regulation of LRR-type cell surface receptor complexes involved in defence and 

development, with a focus on the regulators controlling the formation, activation and 

abundance of cell surface receptor complexes. 
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