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CHAPTER 1 

 

In Rhizobium-legume (RL) symbiosis, rhizobia can invade roots of legume 

plants, ultimately leading to the formation of specialized symbiotic organs, termed 

nodules, in which the bacteria differentiate and reduce atmospheric dinitrogen  

into ammonia in exchange for plant carbohydrates (Oldroyd & Downie 2008; Oldroyd 

et al., 2011). The onset of this interaction requires mutual signaling: plant flavonoids 

(secondary metabolites) are exuded by the root under nitrogen starvation and,  

in response, rhizobia secrete lipo-chitooligosaccharides, termed Nodulation (Nod) 

factors (NFs) (Zhang et al., 2009a and refs therein). These NFs generally play a central 

role in RL symbiosis (Masson-Boivin et al., 2009). They consist of three to five ß 1-4-

linked N-acetylglucosamine (GlcNAc) residues with an N-linked fatty acid moiety 

attached to the non-reducing terminal sugar (D’Haeze & Holsters 2002). Additional 

decorations of the GlcNAc backbone, and length and degree of saturation  

of the fatty acid chain, differ between rhizobial strains and serve as a principle 

determinant of the specificity of RL interaction. For example, the NF of S. meliloti  

is N-acylated with an unsaturated C16 fatty acid (mostly C16:2), O-acetylated  

at the non-reducing, and O-sulphated at the reducing terminal sugar. The latter 

modification allows S. meliloti to nodulate Medicago spp., but not pea (Pisum sativum), 

which requires non-sulphated NF produced by Rhizobium leguminosarum.  

In the following summary, I will give a short description of developmental 

steps during RL symbiosis, followed by a presentation of selected molecular 

components involved in NF signaling. The main focus will be the NF-dependent 

responses and putative NF receptors in Medicago truncatula (Medicago), Lotus 

japonicus (Lotus) and Sesbania rostrata (Sesbania): three model legume species  



 12 

that differ with respect to rhizobia strains that nodulate them, anatomy and physiology  

of nodules formed, and mechanisms of rhizobia infection. Finally, other molecules 

structurally related to the putative NF receptors but involved in different processes,  

i.e. in the arbuscular mycorrhiza symbiosis and innate immunity, will be described. 

 

1. Developmental steps in Medicago truncatula-Sinorhizobium meliloti root nodule 

symbiosis 

In many RL interactions that result in the formation of root nodules (including 

that of Medicago - S. meliloti), infection of the host root starts with specific adhesion  

of compatible rhizobia to root hairs (RHs), i.e. specialized extensions of root epidermal 

cells (see Figure 1 step 1). This step involves both surface polysaccharides and secreted 

proteins (Downie 2010). As NFs are accumulated and immobilized in cell walls  

of the root epidermis (Goedhart et al., 2003 and refs therein), RHs are likely exposed to 

a localized elevated concentration of NF which activates symbiotic signaling  

(see below) and is postulated to serve as a positional cue for redirecting RH growth. 

Deformation of RHs is restricted to a so-called susceptible zone characterized by 

actively growing RHs (Gage 2004; Esseling et al., 2004), and is the first morphological 

response to the perception of rhizobia or NFs (observed within 1-6h after application of 

10
-11

M NF). Continuous re-establishing of off-axis growth at the tip of the RH (Gage 

2004) results in the entrapment of bacteria inside the curled RH tip within 24h after 

inoculation (hai) with rhizobia (timing of subsequent events is presented after [Timmers 

et al., 1999; Lohar et al., 2006]). NF is required and sufficient for this process (Esseling 

et al., 2003 and refs therein). 

Entrapped bacteria form a microcolony before initiating (within 48hai)  

the epidermal infection program: a local cell wall degradation and invagination of  
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the plant cell membrane within the crook of the curl (Oldroyd et al., 2011). 

Subsequently, the plasma membrane (PM) invagination is extended into a tubular 

structure within the RH cytoplasm, termed the infection thread (IT) (see Figure 1  

step 2). Its growth is realized via an inverted tip growth-like mechanism that involves 

vesicular trafficking and cytoskeleton functions on the plant side, and continuous 

division of bacteria at the tip of the growing IT (Brewin 2004; Gage 2004; Fournier  

et al., 2008; Timmers 2008; Oldroyd et al., 2011). As a result, the IT grows from  

the curl towards the RH cell base and further traverses cortical cell layers, guiding  

the bacteria towards a nodule primordium (see below). The transcellular growth  

of the IT is guided by a specific polarized arrangement of the cytoplasm (called pre-IT)  

in the underlying cortical cells. Presumed high local concentrations of NF within  

the RH curl are proposed to act as a switch for the IT initiation (Miwa et al., 2006b), 

and continued production of NFs seems essential for IT growth (see below). Moreover, 

bacterial mutants with defects in surface polysaccharides are impaired in the initiation 

or progression of ITs, indicating that additional rhizobial polysaccharides play  

an important role in infection (Gibson et al., 2008; Deakin & Broughton 2009; Downie 

2010). Especially exopolysaccharide I (EPSI or succinoglycan) is proposed to have  

a signalling function in Medicago, modulating a plant defense response to rhizobial 

infection (see Chapter 6) and further defining host-specificity of the RL symbiosis 

(Simsek et al., 2007; Jones & Walker 2008).  

Also pericycle and cortical cells respond in a local manner to compatible 

rhizobia or NF: activation of the pericycle cells opposite a protoxylem pole 

(approximately 16-24hai) is followed by dedifferentiation of cells in the inner,  

and subsequently middle cortex, which start dividing and form a nodule primordium 

within 24-48hai (see Figure 1 step 2). An elaborate IT network (Monahan-Giovanelli  
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et al., 2006) spreads into a central region of the nodule primordium within 72hai  

(see Figure 1 step 3) to provide bacteria for the NF-dependent (at least in legume 

species forming indeterminate-type nodules, see below) endocytotic(-like) release 

(Brewin 2004; Gibson et al., 2008; Ivanov et al., 2010). This results in the formation  

of organelle-like structures, termed symbiosomes, containing a bacterium enclosed by  

a host-derived symbiosome (or peribacteroid) membrane. Bacteria within symbiosomes 

undergo morphological and metabolic differentiation into their symbiotic state (able to 

reduce N2), termed bacteroid. This process is imposed and regulated by the host 

(Kereszt et al., 2011) and seems to be NF-independent (Schlaman et al., 1991). 

Simultaneously, the symbiosome membrane acquires specialized functions to regulate 

metabolite exchange between bacteroids and cytoplasm of the host nodule cell (Gibson 

et al., 2008; Den Herder & Parniske 2009; Oldroyd et al., 2011). Additional rhizobial 

surface polysaccharides play important roles both in bacterial release from the IT  

and in bacteroid persistence inside nodule cells (Gibson et al., 2008). 

 

Figure 1. Developmental stages during formation of an indeterminate nodule. 

Step 1) Emerging RHs in the susceptible root zone respond to NF secreted by rhizobia: the tip of the RH curls 

around the attached rhizobia (in red), entrapping the dividing bacteria in a tight pocket (an infection focus). 

Simultaneously, NF perception induces periclinal cell divisions in the underlying pericycle (opposite  

a protoxylem pole), followed by inner cortical cell proliferation (marked with *).  

Step 2) ITs (in red) emerge from the RH curl and grow transcellulary towards the dividing cortical cells. 

Simultaneously, additional cortical cell layers divide, leading to the formation of a nodule primordium.  

Step 3) Invasion of ITs into the nodule primordium is concomitant with the establishment of a nodule 

primordium meristem (in blue). From this stage, development of the nodule primordium is driven by  

the activity of this persistent meristem.  

Step 4) Continuous cell division activity and growth of the ITs into cell layers underlying the meristem lead to 

a zonation observed in fully mature nodules with: the meristem, the invasion zone, the interzone, the fixation 

zone, and the senescence zone. 

After Popp & Ott (2011), changed.  

* Expression of MtNFP and MtLYK3 in specific cell layers during RL interaction is highlighted (after 

Limpens et al. [2005], Arrighi et al. [2006], Mbengue et al. [2010], Haney et al. [2011]). 
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Cortical cell divisions must be provoked from a distance, given  

the accumulation and immobilization of NFs in plant cell walls. Therefore, NF signaling 

in the root epidermis is predicted to activate complex hormonal signaling  

(with a prominent role of ethylene and auxin-to-cytokinin level) in the underlying cell 

layers that determine nodule positioning and organogenesis (Crespi and Frugier 2008; 

Desbrosses & Stougaard 2011; Oldroyd et al., 2011). Development and functioning  

of nodules are host-determined and vary substantially among legume species (Den 

Herder & Parniske 2009). Elongated indeterminate nodules produced e.g., by Medicago 

spp. and pea, require the activation of inner cortex cell layers and are characterized by  

the persistence of an apical meristem. At full maturation, they display a spatial 

differentiation gradient visible as different developmental zones (see Figure 1 step 4): 

the apical meristem (zone I); the invasion (prefixation) zone II with invading ITs  

and release of rhizobia; the interzone II/III; the fixation zone III with infected  

and uninfected cells and bacteroids actively reducing N2; and the senescence zone IV 

(Maunory et al., 2010 and refs therein). Similar differentiation steps occur during 

development of round-shaped determinate nodules produced e.g., by soybean (Glycine 

max) and Lotus spp., but in a time-sequential manner. In addition, determinate nodules 

arise from the outer or central cortex and have a transient meristem. 

Successful formation of functional nodules requires an integration of two 

seperate programs: the infection process initiated in the root epidermis,  

and the development of a nodule primordium in the cortex (Frugier et al., 2008; 

Oldroyd & Downie 2008). Identification of various mutants (Popp & Ott 2011) affected 

in IT initiation/growth, in which cortical cell divisions are still present but the level  

of nodule organogenesis is dictated by the extent of IT growth, confirms the close 

synchronization between these two programs. However, the mechanism(s) responsible 
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for this coordination is currently not known. In addition, the total number of functional 

nodules is controlled by autoregulatory mechanisms that limit the extent of nodulation 

upon the formation of first nodules or in a situation of sufficient availability of ammonia  

in the soil (Ferguson et al., 2011; Mortier et al., 2012). 

 

2. Molecular events in Medicago truncatula-Sinorhizobium meliloti interaction 

In the following paragraph, I will present molecular events that take place  

in RHs upon NF perception (combining the findings in different legume species),  

and then characterize putative receptors and molecular components required for NF 

signaling in Medicago and Lotus (see Figure 2). Subsequently, the molecular 

components required for initiation of the epidermal infection program, and signaling 

events driving the organogenesis of a nodule will be presented.  

 

2a) NF-induced responses in the root hair cell  

The NF is required and sufficient for the induction of early host responses  

in the RH (see Figure 2) and in the cortex. In many legume species, distinct patterns  

of sustained oscillations of [Ca
2+

] in (Sieberer et al., 2009; Krebs et al., 2012)  

and around (Harris et al., 2003; Shaw & Long 2003 and refs therein; Kosuta et al., 

2008) the nucleus, termed Ca
2+ 

spiking, can be induced with subnanomolar to picomolar 

[NF]. Nanomolar to subnanomolar [NF] induces a rapid (den Hartog et al., 2003)  

and transient activation of phospholipase C (PLC) and D, resulting in phospholipid 

signaling and accumulation of phosphatidic acid (PA) and diacylglycerol pyrophosphate 

in vetch (Vicia sativa) roots (den Hartog et al., 2001). PLD activation has also been 

reported in Medicago and Lotus roots and soybean RHs (Charron et al., 2004; Wan  

et al., 2005; Serna-Sanz et al., 2011 used submicromolar [NF]). In addition, a rapid  
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and transient increase in reactive oxygen species (ROS) production in RHs has been 

shown in bean (Phaseolus vulgaris) (Cárdenas et al., 2008), and activation/translocation 

of yet-unidentified small GTP-binding proteins has been reported in cowpea (Vigna 

unguiculata) roots (Kelly & Irving 2003; Kelly-Skupek & Irving 2006). Induction  

of many genes encoding components involved in Ca
2+

 transport/ binding or ROS 

metabolism as early as 1hai in Medicago roots indicates the essential signaling role  

of Ca
2+ 

and ROS during the initiation of RL symbiosis (Lohar et al., 2006).  

The most thoroughly studied of the RH responses to NF is Ca
2+

 spiking,  

which can be elicited within 10 minutes with NF concentration down to 10
-12

-10
-13 

M 

(Oldroyd et al., 2001), and mimics RH response to compatible rhizobia (Wais et al., 

2002; Harris et al., 2003). The same range of [NF] is sufficient for triggering changes  

in the host root transcriptome, as demonstrated by the induction of so-called early 

nodulin (ENOD) gene expression (e.g. Charron et al., 2004 and refs therein; Miwa  

et al., 2006a) in the root epidermis and cortex (see below). Impairment of the generation 

or perception of Ca
2+

 spiking affects the induction of NF-responsive genes, implicating 

nuclear calcium oscillations as the switch for NF-mediated gene regulation (Charron  

et al., 2004 and refs therein; Oldroyd & Downie, 2006; Miwa et al., 2006a; see below). 

Activation of PLD, and possibly of PLC is required for induction of expression  

of several ENOD genes (Charron et al., 2004 and refs therein), and these enzymes  

are postulated to generate (a) potential second messenger(s), such as PA, that would 

provide the link between NF perception at the PM and regulation of gene expression 

(see below). On the other hand, identification of genes whose transcriptional regulation 

seems to be independent from Ca
2+

 spiking (Weidmann et al., 2004; Kistner et al., 

2005; Sanchez et al., 2005; Amiour et al., 2006; Lohar et al., 2007; Massoumou et al., 

2007; Siciliano et al., 2007; Kuhn et al., 2010; Murray et al., 2011; Takeda et al., 2011) 
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indicates that NF-responsive genes are regulated via more than one signaling pathway. 

The transient ROS production in the root epidermis in response to NF is postulated  

to regulate expression of some early NF-responsive genes (Ramu et al., 2002). 

Another process that seems to be independent from Ca
2+

 spiking is NF-induced 

rearrangement of the actin cytoskeleton (Esseling et al., 2004) observed in RHs of many 

legume species and implicated in RH deformation response (Timmers 2008; Yokota  

et al., 2009; Oldroyd et al., 2011). As the NF-induced RH curling is a form of polarized 

tip growth (Lee & Yang 2008; Cárdenas 2009), this process is likely regulated by Ca
2+

 

(but not in a form of Ca
2+

 spiking), phospholipids, and ROS signaling (Ivashuta et al., 

2005; Lohar et al., 2007; Pelleg-Grossman et al., 2007; Cárdenas et al., 2008). So far, 

RH deformations and/or curling have been shown to require homologs of known small 

GTPases from ROP and RAB families (Pelleg-Grossman et al., 2007; Blanco et al., 

2009; Liu et al., 2010; Riely et al., 2011), as well as legume-specific molecular 

components (Lohar et al., 2007 and refs therein).  

Finally, NFs induce Ca
2+ 

influx at the RH tip, as well as cell membrane 

depolarization associated with ion fluxes across the plasma membrane, but as these 

responses require much higher (approximately 10
-8 

M) [NF] (Cárdenas et al., 2000; 

Shaw & Long, 2003; Smit et al., 2005; Miwa et al., 2006b;), their function during  

the establishment of RL symbiosis is currently not understood.  

 

2b) Genetic components of the early NF signaling located at the plasma membrane  

In model legume species, early responses to compatible rhizobia/NF depend on  

the function of (a) receptor-like kinase(s) (RLKs): Medicago MtNFP (for Nod Factor 

Perception), and Lotus LjNFR1 and LjNFR5 (for Nod Factor Receptor 1 and 5) (Ben 

Amor et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003, 2007; El Yahyaoui et al., 
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2004; Mitra et al., 2004a; Miwa et al., 2006b; Høgslund et al., 2009; Nakagawa et al., 

2010; Serna-Sanz et al., 2011). MtNFP, LjNFR1, and LjNFR5 share a similar structure: 

a putative ligand-binding extracellular region (ExR) predicted to contain three LysM 

domains, a single-pass transmembrane (TM) helix, and an intracellular region (InR) 

containing a Ser/Thr protein kinase domain (KD) (Madsen et al., 2003; Radutoiu et al., 

2003; Arrighi et al., 2006; Mulder et al., 2006). MtNFP promoter is active already  

in the epidermis of uninoculated roots and is responsive to inoculation  

with rhizobia (Arrighi et al., 2006; for MtNFP role at later steps of RL symbiosis,  

see below). In silico docking of compatible NF structures to the modeled LysM 

domain(s) of MtNFP and LjNFR5, and structure-function studies demonstrating 

 the dependence of the biological activity of these LysM-RLKs on the specific structure 

of NF support their function as putative NF receptors (Mulder et al., 2006; Radutoiu  

et al., 2007; Bek et al., 2010; Bensmihen et al., 2011). In addition, co-expression  

of LjNFR1 and LjNFR5 genes in Medicago and Lotus filicaulis allows nodule 

organogenesis and (inefficient) infection of these species with bacterial strains normally 

nodulating only Lotus (Radutoiu et al., 2007). Therefore, both LjNFR1 and LjNFR5  

are postulated to act as putative NF receptors and to co-function in the determination  

of specificity of RL interaction. However, no direct binding of NFs to any of these 

proteins has been shown so far.  

Similarly, not much is known about the signaling mechanism employed by 

these LysM-RLKs. The kinase domain of LjNFR1 is able to autophosphorylate  

and transphosphorylate the LjNFR5 InR in vitro, and kinase activity seems to be 

essential for LjNFR1 biological activity (Madsen et al., 2011; Tόth et al., 2012).  

On the contrary, LjNFR5 and MtNFP possess inactive KDs and most likely do not show 

or rely on the intrinsic phosphorylation activity to signal (Radutoiu et al., 2003; Arrighi 
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et al., 2006; Madsen et al., 2011; Lefebvre et al., 2012). Instead, they are predicted to 

form a receptor complex: LjNFR5 with LjNFR1 and MtNFP with an unknown LysM-

RLK (Radutoiu et al., 2003, 2007; Arrighi et al., 2006; Smit et al., 2007). Recent 

findings that MtNFP is not directly responsible for the recognition of a sulphate group 

on the S. meliloti NF during the early steps of NF signaling (Bensmihen et al., 2011) 

supports the hypothesis that another LysM-RLK-encoding gene in Medicago (Limpens 

et al., 2003; Arrighi et al., 2006) may constitute a yet-unidentified NF receptor. 

An additional RLK in Medicago, MtDMI2/MtNORK (for Does not Make Infections 

2/Nodulation Receptor Kinase; from now on referred to as MtDMI2)  

and Lotus, LjSymRK (for Symbiosis Receptor-like Kinase), is localized in the root 

epidermis (Bersoult et al., 2005; Kevei et al., 2007; Den Herder et al., 2012).  

It possesses an N-terminal domain of unknown homology and three Leucine-rich 

repeats (LRRs) in its ExR, and an active protein KD in its InR (Endre et al., 2002; 

Stracke et al., 2002; Yoshida & Parniske 2005; Kosuta et al., 2011; Tόth et al., 2012). 

Nodulation defects of Mtdmi2 and Ljsymrk mutants can be rescued by their orthologs 

from species within the Rosids clade, nodulated by different rhizobia strains  

or by Frankia bacteria (Gherbi et al., 2008; Markmann et al., 2008), indicating that  

this LRR-RLK does not contribute to specificity of RL interaction. MtDMI2/LjSymRK  

is required for cortical cell divisions and efficient RH curling in response to the NF 

(Catoira et al., 2000; Esseling et al., 2004 and refs therein; for MtDMI2 role at later 

steps of RL symbiosis, see below). It also functions during arbuscular mycorrhiza (AM) 

symbiosis, where it is required for intracellular passage of fungus through outer root 

tissue layers (Kosuta et al., 2011 and refs therein; Demchenko et al., 2004 and refs 

therein; Genre et al., 2005 and refs therein; Morandi et al., 2005).  
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Figure 2. The NF signaling in a root hair cell in legumes.  

The molecular components are labeled above.. Thin black arrows indicate direction of ion fluxes or products 

of enzymatic activities. Predicted signaling events are indicated with thick arrows Hypothesized signaling 

events and processes are indicated with dashed arrows.  

NF is postulated to be perceived at the PM by two LysM-RLKs (in green) forming a complex (underlined): 

MtNFP/LjNFR5 is postulated to interact with a kinase-active (marked with a red star) MtLYK/LjNFR1.  

Signal transduction is likely to be mediated by the kinase activity of the latter protein, and is postulated  

to result in activation of an LRR-RLK (in yellow), MtDMI2/LjSymRK. Additional components associated 

with the PM and (postulated) to function in the NF signaling include: NADPH oxidase (in orange); PLC  

and PLD (in purple); and Ca2+ channel and Ca2+ ATPase (in grey). NADPH oxidase, PLC, and PLD  

are activated rapidly upon NF perception (via unknown mechanisms) and are postulated to generate secondary 

signals for generation of Ca2+ spiking. These signals could be: H2O2, phosphatidic acid (PA) or inositol 

phosphates (IP3).  

NF-induced signaling at the PM activates the Ca2+ spiking (indicated in red) in and around the nucleus.  

The Ca2+ spiking is generated via synchronous release and uptake of Ca2+ from the sarco/ER by an unknown 

Ca2+ channel and a Ca2+ ATPase (MtMCA8), respectively, and requires function of (an) ion channel(s), 

MtDMI1/LjPollux and LjCASTOR, and of nucleopore complex (in brown). Ca2+ spiking plays an essential 

role in regulation of NF-responsive gene expression (indicated with a black arrow), including Early Nodulin 

genes. A nuclear complex including a Ca2+/calmodulin-dependent kinase, MtDMI3/LjCCaMK, and MtIPD3/ 

LjCYCLOPS is postulated to interact with two main transcriptional regulators, Mt/LjNSP1 and Mt/LjNSP2, 

which translocate to the nucleus (indicated with a blue arrow) and dimerize upon NF perception.  

A set of genes is regulated independent of Ca2+ spiking, likely via a parallel signaling pathway activated by 

the LysM-RLK complex (indicated with a green arrow). 
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Aberrant RH curling observed in the Mtdmi2/Ljsymrk mutants places  

the encoded LRR-RLK downstream of MtNFP and LjNFR1/LjNFR5 in the NF 

signaling pathway (Esseling et al., 2004). During both RL and AM symbioses, 

MtDMI2/LjSymRK is required for the induction of Ca
2+

 spiking (Wais et al., 2000; 

Oldroyd et al., 2001; Shaw & Long, 2003; Miwa et al., 2006b; Sieberer et al., 2009; 

Chabaud et al., 2011 and refs therein; Sieberer et al., 2012) and transcriptional 

reprogramming (see below) in response to, respectively, NF and diffusible signals 

secreted by the AM fungus, termed Mycorrhization (Myc) factors. However, an exact 

mechanism of the postulated MtDMI2/LjSymRK activation via the NF receptor 

(complex) (Radutoiu et al., 2003), as well as downstream signaling from this LRR-RLK 

remain largely unknown. LjSymRK is able to phosphorylate the LjNFR5 InR in vitro 

(Madsen et al., 2011), although the effect of this phosphorylation on nodulation remains 

to be demonstrated. MtDMI2/LjSymRK InR interacts in vivo, respectively, with  

a 3-hydroxy-3-methylglutaryl coenzyme A reductase 1 (MtHMGR1) and an ARID 

DNA-binding protein, termed SymRK-Interacting Protein 1 (LjSIP1) (Kevei et al., 

2007; Zhu et al., 2008). However, distinct isoforms of HMGRs display metabolic 

specialization, and a specific branch of the mevalonate/isoprenoid pathway in which 

MtHMGR1 is involved has to be identified before one can predict its function during 

RL and/or AM symbiosis. LjSIP1 specifically binds the LjNIN promoter in vitro  

and is proposed to control the induction of this putative transcriptional regulator  

in response to rhizobia inoculation (see below) but it remains to be analyzed when  

and where this activity is required for LjSymRK function in vivo. Interestingly, protein 

encoded by LjSymRK homologs from monocots that lack the N-terminal and one LRR 

domain in their ExR, are able to rescue only the AM phenotype of the Ljsymrk mutant 

(Gherbi et al., 2008; Markmann et al., 2008), indicating that domain composition  
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of the LjSymRK ExR is important for its function in AM. In addition, a point mutation 

within LjSymRK ExR uncouples the epidermal and cortical symbiotic programs in both 

RL and AM symbioses (Kosuta et al., 2011). This suggests that LjSymRK (and possibly 

also of MtDMI2) may perceive non-equivalent signals in the tissue-dependent manner, 

possibly including activation by the putative NF/Myc factor receptors, and direct/ 

indirect perception of a yet-unknown external stimulus. In fact, RHs of the Mtdmi2/ 

Ljsymrk mutant show an increased susceptibility to mechanical stimuli, which may 

provide a clue to understanding of MtDMI2/LjSymRK role during root endosymbioses 

(Esseling et al., 2004; Holsters 2008).  

 

2c) NF-induced Ca
2+ 

spiking and gene expression in the root epidermis  

Following NF perception at the PM, the majority of components implicated in 

the NF signaling are linked to the nucleus. These include components involved in  

the generation of Ca
2+

 spiking: (a) putative Ca
2+ 

channel(s) and Ca
2+ 

ATPase(s)/pump(s) 

(MtMCA8) involved, respectively, in Ca
2+

 release from and sequestration in the sarco/ 

endoplasmic reticulum (Oldroyd & Downie 2006; Capoen et al., 2011); (a) predicted 

cation channel(s) located in the nuclear envelope, termed MtDMI1 (for Does not Make 

Infections 1)/LjPOLLUX and LjCASTOR (Ané et al., 2004; Peiter et al., 2007; Riely  

et al., 2007; Charpentier et al., 2008 and refs therein; Capoen et al., 2011),  

that are proposed to regulate activity of Ca
2+ 

channel(s) located on the same membrane 

system or function as counter ion channels during Ca
2+ 

release; and three putative 

nucleoporins (LjNUP85, LjNUP133 and LjNENA), which are probably involved in 

transport or localization of the factor(s) needed for the induction of Ca
2+

 spiking 

(Kanamori et al., 2006; Saito et al., 2007; Groth et al., 2010). A nuclear Ca
2+

/ 

calmodulin-dependent kinase (CCaMK), termed MtDMI3 (for Does not Make 
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Infections 3)/LjCCaMK, and a coiled-coil protein, termed MtIPD3/LjCYCLOPS  

(for Interacting Protein of DMI3), are proposed to form a complex whose activity  

is regulated in response to Ca
2+

 spiking (Lévy et al., 2004; Mitra et al., 2004b; Smit  

et al., 2005; Gleason et al., 2006; Tirichine et al., 2006; Messinese et al., 2007; Yano  

et al., 2008; Horváth et al., 2011).  

Components involved in the generation and perception of Ca
2+ 

spiking  

are required for the transcriptional reprogramming in response to the NF (see refs  

for the respective components, and El Yahyaoui et al., 2004; Mitra et al., 2004a; Kistner 

et al., 2005; Middleton et al., 2007; Høgslund et al., 2009; Murray et al., 2011).  

They are also required for transcriptional reprogramming in response to Myc factors 

(see refs for the respective components, and Harris et al., 2003; Kistner et al., 2005; 

Sanchez et al., 2005; Amiour et al., 2006; Lohar et al., 2007; Siciliano et al., 2007  

and refs therein; Kuhn et al., 2010; Takeda et al., 2011 and refs therein). Therefore,  

they constitute a so-called common symbiosis (SYM) pathway (CSP), and the genes 

encoding them are termed common symbiosis (SYM) genes (Kistner & Parniske 2002). 

Constitutive active LjCCaMK variants (Tirichine et al., 2006; Yano et al., 2008) allow 

the establishment of AM and RL symbioses independently of the Ca
2+

 spiking (Madsen 

et al., 2010; Hayashi et al., 2010; the involvement of LjNENA has not been studied). 

Therefore, the sole role of these components seems to be LjCCaMK activation.  

On the contrary, LjNFR1 and LjNFR5 are required for RH curling and IT initiation  

in Lotus, indicating that other signals, in addition to Ca
2+ 

spiking, are required for 

rhizobial infection via RHs (Held et al., 2010; Madsen et al., 2010; Hayashi et al., 

2010). It remains to be shown whether the same is true in Medicago. 

The identification of CSP has raised questions on the mechanism that confers 

specific host responses to NF or Myc factor(s). It has been suggested that the respective 
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receptors induce parallel signaling pathways, whose integration would modulate  

the host responses according to the identity of the microsymbiont. Corroborating  

this model, genes expressed specifically during AM symbiosis are not induced  

in nodules formed spontaneously in Lotus (Takeda et al., 2011) due to the constitutive 

activity of LjCCaMK. Therefore, induction of a single signaling pathway  

(i.e. the CCaMK-mediated trascriptional reprogramming) does not seem to result in 

switching on the entire and specific host symbiotic program, in agreement with  

the identification of genes whose expression is independent of the CSP. 

Transcriptional reprogramming during RL interaction depends on: two master 

regulators from GRAS family, MtNSP1/LjNSP1 and MtNSP2/LjNSP2 (for Nodulation 

Signaling Pathway 1 and 2) (Catoira et al., 2000; Oldroyd & Shaw 2003; Mitra et al., 

2004a; Kaló et al., 2005; Smit et al., 2005, Heckmann et al., 2006; Murakami et al., 

2006; Hirsch et al., 2009); various transcription factors (see especially El Yahyaoui  

et al., 2004; Lohar et al., 2006; Udvardi et al., 2007), and one membrane-anchored 

putative transcriptional regulator, MtNIN1/LjNIN (for Nodule Inception) (Schauser  

et al., 1999; Marsh et al., 2007). The early transcriptional reprogramming in response to 

rhizobia/NF involves genes related to signal transduction and gene regulation, 

cytoskeleton structure and cell wall composition, and stress/defense-related genes  

(see Lohar et al., 2006; El Yahyaoui et al., 2004; Kouchi et al., 2004; Høgslund et al., 

2009; and Chapters 2 and 6 for discussion). 

 

2d) NF-dependent infection through root hair cells 

The NF is the major bacterial signal required for the invasion of host roots  

by rhizobia. There are stringent requirements towards the NF structure in species 

forming indeterminate-type nodules: a significant reduction in IT numbers, as well as 
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arrest and impairment of IT growth and structure is a common response to rhizobia 

mutants defective in the modification(s) of the NF GlcNAc backbone (Downie & Surin, 

1990; Ardourel et al., 1994; Geurts et al., 1997; Walker & Downie, 2000; Catoira et al., 

2001; Wais et al., 2002; Limpens et al., 2003; Goormachtig et al., 2004a). In contrast, 

these altered NFs are still capable of inducing RH deformations, Ca
2+ 

spiking, gene 

expression, and cortical cell divisions (see refs above and Wais et al., 2000; Oldroyd  

et al., 2001; Charron et al., 2004). In order to explain different requirements of the host 

responses for the modification(s) of the GlcNAc backbone, a single NF receptor  

with different affinities for various NF structures has been suggested by Oldroyd et al. 

(2001). In this model, induction of downstream signaling components essential for  

the initiation of IT requires a higher level of NF receptor activation, which is achieved 

only with the fully decorated NF structure. On the contrary, receptor activation  

with suboptimal NF structures can still initiate RH deformations and cortical cell 

divisions but is insufficient for IT formation. Corroborating this model, the efficiency  

of Ca
2+

 spiking induction by differently modified chitin oligosaccharides (COs) depends 

on their concentration used for root elicitation (Walker et al., 2000; Oldroyd et al., 

2001; Wais et al., 2002). Alternatively, Ardourel et al. (1994) have proposed  

the existence of two different receptors in legume species forming indeterminate-type 

nodules: the less stringent signaling receptor involved in the early, pre-infection step, 

and the more stringent entry receptor essential for the infection. 

MtNFP is proposed to constitute (part of) the signaling receptor, and (part of) 

the entry receptor (Arrighi et al., 2006; Smit et al., 2007; Bensmihen et al., 2011).  

In support of the latter hypothesis, a knock-down of MtNFP expression impairs the IT 

growth (Arrighi et al., 2006), and Leu 154 (denoted as Leu 127 in Mulder et al., 2006), 

positioned in the second LysM domain of MtNFP, is essential for efficient infection  
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of Medicago by S. meliloti (Bensmihen et al., 2011). As this residue is predicted  

to interact with the fatty acid moiety of the S. meliloti NF (Mulder et al., 2006),  

it is possible that MtNFP provides a stringent recognition of the NF lipo-chito-

oligosaccharidic backbone (Bensmihen et al., 2011).  

In addition to MtNFP, MtLYK3/MtHCL (for LysM domain-containing RLK 3/ 

Root Hair Curling; from now on referred to as MtLYK3) and MtLYK4 are involved in 

the infection process in a NF structure-dependent manner (Limpens et al., 2003; Smit  

et al., 2007). The lack of IT formation or abnormal morphology of infrequently formed 

ITs (and a reduction of nodule numbers in case of MtLYK3 knock-down) is observed  

in plants with knocked-down MtLYK3 and MtLYK4 expression only upon their 

inoculation with a S. meliloti mutant producing aberrant NF structure. MtLYK3  

is expressed in the epidermis of uninoculated roots (Mbengue et al., 2010),  

and the localization of MtLYK3-GFP (for Green Fluorescent Protein) fusion at the cell 

periphery of RHs and along the IT membrane (Haney et al., 2011) agrees with  

the proposed function of MtLYK3 in initiation and growth of ITs. In addition, Mtlyk3 

loss-of-function mutant plants are strongly impaired in the formation of tight RH curls 

containing rhizobial microcolonies, and pre-IT and IT formation, but show wild-type 

RH deformations and Ca
2+

 spiking, reduced cortical cell divisions, and partial 

transcriptional reprogramming in response to rhizobia/NF (Wais et al., 2000; Catoira  

et al., 2001; El Yahyaoui et al., 2004; Mitra et al., 2004a; Middleton et al., 2007).  

Both MtLYK3 and MtLYK4 encode LysM-RLKs with predicted three extracellular 

LysM domains and an intracellular KD (Limpens et al., 2003; Arrighi et al., 2006).  

In addition, MtLYK3 shows in vitro auto- and trans-phosphorylation activity,  

and is negatively regulated by an E3 ubiquitin ligase, MtPUB1 (for Plant U-box Protein 

1; Mbengue et al., 2010). As both MtNFP and MtLYK3 function during the infection 
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process in a NF-dependent manner, they are postulated to form a NF receptor complex 

in Medicago (Arrighi et al., 2006; Smit et al., 2007; Bensmihen et al., 2011).  

NFs continue to be produced by rhizobia within ITs (Schlaman et al., 1991; 

Timmers et al., 1998; Den Herder et al., 2007). In addition, upon mixed inoculation  

of Sesbania roots with two rhizobial strains: fast growing, defective in NF production 

(nod-) and slow growing, defective in surface polysaccharide synthesis (nod+), distant 

NF signaling provided by the nod+ strain impairs the IT progress through the cortex 

(Den Herder et al., 2007). Therefore, NF signaling plays an essential role  

in the regulation of IT growth. Initiation and growth of ITs in Medicago, Lotus  

and Sesbania require the function of common SYM genes (Capoen et al., 2005, 2009; 

Godfroy et al., 2006; Yano et al., 2008; Horváth et al., 2011; Ovchinnikova et al., 

2011), indicating that Ca
2+

 spiking is required also at the stage of rhizobial infection. 

Corroborating this, outer cortical cells exhibit low frequency Ca
2+

 spiking during  

the pre-infection stage that changes into high-frequency spiking concomitantly  

with intracellular infection (Miwa et al., 2006a; Sieberer et al., 2012). In addition,  

NF signaling displays a remarkable regulatory effect in Sesbania which can be infected 

via two alternating mechanisms: epidermal ITs are formed in RH initials only during 

non-flooded conditions, whereas upon water-lodging cortical ITs originate from 

infection pockets formed in cracks at the sites of lateral root emergence (Capoen et al., 

2010; see below). In this species, a specific NF-induced Ca
2+

 spiking pattern in RH 

initials correlates with and allow for the initiation/growth of IT (Capoen et al., 2009).  

Additional components involved in the IT progression include: an E3 ubiquitin 

ligase, MtLIN/LjCERBERUS (Kiss et al., 2009; Yano et al., 2009); a protein containing 

a Major Sperm Protein domain and several ankyrin repeats, MtVAPYRIN, possibly 

involved in membrane biogenesis or trafficking (Murray et al., 2011); a coiled-coil 
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protein, MtRPG (Arrighi et al., 2008); two flotillins (Haney & Long 2010)  

and a remorin, Mt/LjSYMREM1 (Lefebvre et al., 2010; Tóth et al., 2012). 

 

2e) NF role in the intracellular accommodation of bacteroids 

In alfalfa (Medicago sativa), NFs have been localized in the infection zone  

of nodules, particularly in association with the ITs and in the cytoplasm of infected cells 

(Timmers et al., 1998). Additionally, in Medicago the expression of MtNFP, MtLYK3, 

and common SYM genes is localized first in the apex of a young nodule, and later on,  

in the invasion zone of a mature nodule (Bersoult et al., 2005; Limpens et al., 2005; 

Arrighi et al., 2006; Riely et al., 2007; Messinese et al., 2007; Mbengue et al., 2010; 

Haney et al., 2011; Ovchinnikova et al., 2011). Knock-down of MtDMI2 or its ortholog 

from Sesbania, SrSymRK, specifically in the nodule results in an extensive IT growth  

in the nodule and the lack of symbiosome formation (Capoen et al., 2005; Limpens  

et al., 2005), indicating the role of MtDMI2/SrSymRK in IT growth-restriction  

and switching on the endocytosis program. In addition, a function in symbiosome 

formation has been demonstrated also for other common SYM genes of Medicago 

(Godfroy et al., 2006; Heckmann et al., 2006; Chen et al., 2007, 2009; Banba et al., 

2008; Markmann et al., 2008; Horváth et al., 2011; Ovchinnikova et al., 2011).  

On the contrary, the CSP involvement during IT growth and symbiosome formation  

in Lotus is currently not clear. Loss-of-function of LjSymRK does not abolish infection 

of nodules formed due to the constitutive activity of LjCCaMK (Madsen et al., 2010; 

Hayashi et al., 2010), and a rice (Oryza sativa) ortholog, OsSymRK, is able to restore 

the formation of functional nodules in Ljsymrk but not in Mtdmi2 mutants (Banba et al., 

2008). On the contrary, presumed reduction of LjSymRK accumulation mediated by  

an E3 ubiquitin ligase, LjSINA4 (for Seven in Absentia 4), impairs IT and symbiosome 
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formation (Den Herder et al., 2012). In addition, rice and Nicotiana benthamiana 

orthologs, OsNSP1 and NbNSP1, can fully complement the Ljnsp1 mutant (Heckmann 

et al. 2006; Yokota et al., 2010). Furthermore, LjNFR1 and LjNFR5 are not expressed  

in nodules (Madsen et al., 2003; Radutoiu et al., 2003), and local production of NF  

is not required for the correct symbiosome development in the determinate-type nodules 

formed by Sesbania (Den Herder et al., 2007). Therefore, NF signaling seems to be 

required for intracellular accommodation of rhizobia only in the indeterminate-type 

nodules (Limpens et al., 2005; Horváth et al., 2011; Ovchinnikova et al., 2011). 

 

2f) Different requirements for the NF structure during epidermal vs cortical infection 

In some tropical legume species, the epidermal barrier to rhizobial infection 

can be overcome at sites of lateral root emergence (termed crack entry or intercellular 

invasion). After colonization of the crack, bacteria gain access to the developing nodule 

primordium intercellularly or by inducing the formation of intracellular ITs in the root 

cortex cells (Goormachtig et al., 2004b; Sprent 2007). In Sesbania, the crack entry  

by Azorhizobium caulinodans involves ethylene- and ROS-dependent formation  

of infection pockets in the cortex, and intracellular ITs in the root cortex cells 

(Goormachtig et al., 2004a and refs therein; Capoen et al., 2010). Cortical infection  

is also a NF-dependent process (D’Haeze et al., 1998, 2000; Op den Camp et al., 2011) 

but shows a less stringent requirement for the NF structure: e.g. A. caulinodans mutants 

producing aberrantly modified NF display, although reduced, ability to invade Sesbania 

via cortical infection, whereas they are completely incapable of intracellular infection 

via RH initials (D’Haeze et al., 2000; Goormachtig et al., 2004a). Therefore,  

the stringent NF recognition seems to be necessary only for the formation of ITs  

in the epidermis but not in the cortex (Capoen et al., 2010). 
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Recently, cortical infection has been reported for various Lotus mutants 

affected in the epidermal but not the cortical symbiotic program, i.e. capable of nodule 

organogenesis (Karas et al., 2005; Yokota et al., 2009; Madsen et al., 2010; Groth et al., 

2010; Kosuta et al., 2011). Mesorhizobium loti invasion of Lotus root via cracks  

at the site of nodule emergence or on the surface of developing nodules is stimulated by 

ethylene (Groth et al., 2010), and bacterial accumulation in intercellular pockets  

is followed by the initiation of cortical ITs in the NF-dependent manner (Madsen et al., 

2010). Remarkably, formation of the cortical ITs is independent of LjNFR1/LjNFR5, 

suggesting that these putative receptors are specifically required for the infection 

through RHs, whereas other NF receptors might be involved in the initiation of ITs  

by the root/nodule cortex cells. In contrast, no evidence for the crack entry in Medicago 

has been found to date (Miyahara et al., 2010). Even more surprising is an observation 

of infrequent formation of rhizobia invaded nodules on Lotus roots inoculated with  

M. loti nod- mutant (Madsen et al., 2010). In this case, rhizobial infection involves  

the intercellular epidermal entry and an invasion mechanism of nodule cells  

via formation of an intracellular infection peg, termed single-cell pegentry. Infection 

threads (epidermal or cortical) are never observed upon inoculation with M. loti nod- 

mutants, confirming the strict requirement for NF during IT formation. This invasion 

mode resembles the direct uptake of rhizobia from intercellular infection pockets by 

nodule primordium cells in several tropical legume species (Goormachtig et al., 2004b). 

 

2g) CCaMK-dependent nodule organogenesis in the cortex 

Constitutive activation of CCaMK allows complete nodule formation 

independent of NF perception, suggesting that it plays a central role during nodule 

organogenesis (Gleason et al., 2006; Tirichine et al., 2006; Yano et al., 2008).  
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In Sesbania, SrCCaMK is required for A. caulinodans infection via RH initials  

but not for crack entry (Capoen et al., 2009). Therefore, the absence of nodule 

primordia upon SrCCaMK knock-down has demonstrated SrCCaMK role in nodule 

primordium formation in a cell autonomous manner, consistent with SrCCaMK 

expression in the nodule primordium and in the infection zone of a mature nodule. 

Spontaneous nodulation (i.e. without rhizobia or NF perception) requires NSP1, NSP2, 

and NIN (Gleason et al., 2006; Marsh et al., 2007; Middleton et al., 2007; Madsen  

et al., 2010; Hayashi et al., 2010), whereas MtIPD3/ LjCYCLOPS appears to be less 

essential for this process (Kistner et al., 2005; Yano et al., 2008; Horváth et al., 2011; 

Ovchinnikova et al., 2011). Transcriptional reprogramming associated with nodule 

primordium formation involves genes implicated in cell cycle; transcription  

and translation; cell wall biosynthesis and remodeling; and secondary and hormone 

metabolism (El Yahyaoui et al., 2004; Kouchi et al., 2004; Høgslund et al., 2009).  

The role of NF-dependent cytokinin and auxin signaling during initiation  

and differentiation of a nodule, as well as characterization of other molecular 

components involved in nodule organogenesis (Frugier et al., 2008; Vernié et al., 2008; 

Zhang et al., 2009a and refs therein; Heckmann et al., 2011; Oldroyd et al., 2011; Plet 

et al., 2011 and refs therein) is beyond the scope of this chapter. However, it should be 

noted that a constitutive active version of a cytokinin receptor, MtCRE1/LjLHK1  

(for Cytokinin Response 1/Lotus Histidine Kinase 1) (Gonzalez-Rizzo et al., 2006; 

Murray et al., 2007; Plet et al., 2011), functioning downstream of MtDMI2/LjCCaMK 

(Hayashi et al., 2010; Madsen et al., 2010), is able to restore nodule organogenesis  

but not infection in the Ljccamk mutant (Madsen et al., 2010). Moreover, invasion  

of nodules formed on roots of Ljnfr1 nfr5 double mutants via the cortical infection  

is possible only if nodule organogenesis is driven by constitutive active LjCCaMK  
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and not via constitutive active LjLHK1. Therefore, LjCCaMK seems to regulate nodule 

organogenesis via or in co-operation with cytokinin signaling and it seems to regulate 

the infection process.  

 

3. Signaling pathway(s) shared between Rhizobium-legume and arbuscular 

mycorrhiza endosymbioses 

AM constitutes an evolutionarily old symbiosis between fungi  

of the Glomeromycota phylum and a wide range of plant species, including legumes 

(Bonfante & Genre 2010; Humphreys et al., 2010). Ongoing identification of the role  

of Medicago and Lotus common SYM genes in AM (see refs on page 21 and 25,  

and Yokota et al., 2010; Horváth et al., 2011; Ovchinnikova et al., 2011; Murray et al., 

2011), and of their phylogenetic and functional conservation in non-nodulating species 

capable of establishing AM (Charpentier & Oldroyd 2010; Gough & Cullimore, 2011) 

supports the hypothesis of AM being „the mother of plant root symbioses“.  

More specifically, it is postulated that certain molecular and cellular processes operating 

during AM symbiosis have been recruited from the AM during later evolution of RL 

symbiosis (Ivanov et al., 2012 and refs therein; see Chapter 6).  

Because putative NF receptors are not essential for the establishment of AM 

symbiosis (Wegel et al., 1998; Ben Amor et al., 2003; Radutoiu et al., 2003),  

it is generally assumed that AM symbiosis is controlled by other receptor(s) specific  

for Myc factor(s). Interestingly, a single MtNFP-like putative receptor of Parasponia 

andersonii (Parasponia), PaNFP, is involved in interactions of this nonlegume species 

with both Sinorhizobium sp. NGR234 and Glomus intraradices (Op den Camp et al., 

2011). Knock-down of PaNFP results in the lack of intracellular accommodation  

of rhizobia and AM fungus. Findings in Parasponia indicate that during evolution,  
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a Myc factor receptor, as part of the CSP, was recruited to function in RL symbiosis 

(Streng et al., 2011), and that structural diversification of present NF and Myc factor 

receptors is a result of subsequent gene duplication and neofunctionalization for specific 

ligand recognition (Zhang et al., 2009b; Young et al., 2011).  

Recently, sulphated and nonsulphated tetrameric and pentameric LCOs 

secreted by G. intraradices have been proposed as specific Myc factors that stimulate 

mycorrhization both on legume and non-legume species (Maillet et al., 2011). Close 

structural similarity of G. intraradices putative Myc factors to S. meliloti NFs raises 

questions about the specificity of the signals used by both microsymbionts. (Maillet  

et al., 2011; see Gough & Cullimore 2011 for discussion). In comparison with  

the sulphated Myc LCO, the non-sulphated Myc factor enhances the number  

of mycorrhizal infection sites but is less active in promoting lateral root formation 

(Maillet et al., 2011). The higher activity of the sulphated Myc LCO for the latter 

response is suggested to result from the (unspecific) induction of the NF signaling 

pathway, which also shows a stimulatory effect in this respect in Medicago (Oláh et al., 

2005). However, whether or not MtNFP is involved in the stimulation of lateral root 

formation also in response to non-sulphated putative Myc factor is unclear  

at the moment (Ben Amor et al., 2003; Oláh et al., 2005; Maillet et al., 2011). Since 

MtNFP is dispensable for perinuclear Ca
2+

 spiking in Medicago roots in response to 

Gigaspora margarita spore exudate (Chabaud et al., 2011), the putative Myc factors are 

likely to be perceived via (a) specific receptor(s) other than the putative NF receptors. 

Accumulating evidence indicates the existence of at least two parallel signaling 

pathways - dependent and independent of the CSP (see refs on page 26 and Genre et al., 

2005; Oláh et al., 2005) - are induced by AM fugal diffusible signal(s). Whether these 

pathways operate in parallel or in series (i.e. one prior to and the second upon contact 
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with root epidermis) or are activated via (an) identical or different Myc factor(s), 

remains to be identified. 

 

4. Plant LysM domain-containing proteins involved in innate immunity 

 Plants have evolved a robust and inducible innate immune system to defend 

against pathogens (Jones & Dangl 2006). First inducible responses are launched by 

recognition of pathogen/microbe-associated molecular patterns (PAMPs/MAMPs)  

or damage-associated molecular patterns (DAMPs) via surface receptors (Boller & Felix 

2009; Thomma et al., 2011). Perception of the conserved molecular components 

characteristic of a whole class of microbes (i.e. PAMPs/MAMPs) or effects  

of the pathogenic action of microbes (i.e. DAMPs) on the surface of plant cells trigger 

basal or PAMP-triggered immunity (PTI) resulting in the synthesis of many defense-

related proteins and secondary metabolites.  

Insoluble chitin, a ß 1-4-linked GlcNAc homopolymer present in fungal cell 

walls, is presumed to be digested by extracellular chitinases into shorter chitin 

oligosaccharides (COs) that function as a PAMP. Their ability to activate innate 

immunity in plants and animals (Ramonell et al., 2005 and refs therein; Miya et al., 

2007; Lee et al., 2008; Kishimoto et al., 2010; Lenardon et al., 2010) strongly depends 

on the degree of polymerization and acetylation (Shibuya & Minami 2001; Hamel & 

Beaudoin 2010). Plant cell responses to COs resemble those triggered by other PAMPs 

(Garcia-Brugger et al., 2006; Nicaise et al., 2009; Boudsocq et al., 2010; Ranf et al., 

2011; Segonzac et al., 2011; Manzoor et al., 2012), and include: a burst in intracellular 

[Ca
2+

]; ROS production; induction of mitogen-activated protein kinase (MAPK) 

cascade; activation of PLC; transcriptional reprogramming; increased chitinase activity; 

synthesis of phytoalexins; and deposition of callose and cell wall lignification 
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(Ramonell et al., 2002; Zhang et al., 2002; den Hartog et al., 2003 and refs therein; 

Wan et al., 2004; Libault et al., 2007; Miya et al., 2007; Wan et al., 2008; Gimenez-

Ibanez et al., 2009; Hamel & Beaudoin 2010; Kishi-Kaboshi et al., 2010; Shimizu  

et al., 2010; Segonzac et al., 2011). A complex signaling cascade induced upon COs 

stimulation is being revealed, with a recently demonstrated hierarchy of molecular 

responses in N. benthamiana (Segonzac et al., 2011); interaction network between 

MAPKs and TFs in A. thaliana (Arabidopsis) (Son et al., 2012); and a postulated 

formation of a “defensome”, composed of a putative chitin receptor complex, a ROP 

(OsRac1), and several (co-)chaperons in rice (Chen et al., 2010) (see Figure 3). 

In Arabidopsis, chitin signaling is linked to a LjNFR1/MtLYK3 homolog, 

AtCERK1/LysM-RLK1 (for Chitin Elicitor Receptor Kinase 1; from now on referred to  

as AtCERK1) (Miya et al., 2007; Wan et al., 2008; Zhang et al., 2009b and refs 

therein). AtCERK1 is predicted to posses three LysM domains in its ExR, and activity 

of its intracellular KD is required for CO-dependent phosphorylation of AtCERK1  

in vivo; ROS production; activation of MAPK cascade; and transcriptional 

reprogramming (Miya et al., 2007; Wan et al., 2008; Gimenez-Ibanez et al., 2009; 

Petutschnig et al., 2010). Knock-out of AtCERK1 abolishes Arabidopsis resistance  

to Alternaria brassicicola, Botrytis cinerea, Erysiphe cichoracearum, and Pseudomonas 

syringae pv. tomato DC3000 (Miya et al., 2007; Wan et al., 2008; Gimenez-Ibanez  

et al., 2009; Willmann et al., 2011; Brotman et al., 2012), indicating that AtCERK1 

functions in innate immunity against fungal and bacterial pathogens. Corroborating this, 

attenuation of AtCERK1 function constitutes an important step for the bacterial 

virulence (Gimenez-Ibanez et al., 2009; Wu et al., 2011). In addition, AtCERK1 has 

recently been implicated in COs-induced abiotic (salinity and heavy metals) stress 

signaling (Brotman et al., 2012).  
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In addition, AtCERK1/OsCERK1 has recently been shown to co-function  

with two LysM domain-containing extracellular proteins, AtLYM1/AtLYM3  

and OsLYP4/OsLYP6, respectively, in peptidoglycan (PGN) signaling (Willmann et al., 

2011; Liu et al., 2012a) (see Figure 3). AtCERK1/OsCERK1 does not bind PGN  

but is involved in signal transduction upon binding of this PAMP/MAMP to AtLYM1  

and AtLYM3 or OsLYP4 and OsLYP6, respectively (Petutschnig et al., 2010; 

Willmann et al., 2011; Liu et al., 2012a). 

Similarly, COs signaling and resistance to a fungal pathogen in rice  

are mediated by an AtCERK1 ortholog, OsCERK1, and three extracellular LysM 

domain-containing proteins, OsCEBiP (for Chitin Elicitor-Binding Protein), OsLYP4 

(for Lysin domain-containing protein 4), and OsLYP6 (Kaku et al., 2006; Kishimoto  

et al., 2010; Shimizu et al., 2010; Liu et al., 2012a). OsCEBiP, OsLYP4 and OsLYP6 

are putative extracellular LysM proteins anchored to the PM, predicted to possess  

two or three LysM domains (Kaku et al., 2006; Fliegmann et al., 2011; Liu et al., 

2012a). OsCEBiP and OsLYP4&6, but not OsCERK1, show high affinity for COs  

and are postulated to activate OsCERK1 upon COs binding (Shimizu et al., 2010; Liu  

et al., 2012a). On the contrary, AtCERK is able to bind chitin and COs (Iizasa et al., 

2010; Petutschnig et al., 2010; Liu et al., 2012b). Since Arabidopsis genome contains 

three OsCEBiP homologs (Wan et al., 2008) of which at least one (AtLYM2) encodes a 

protein able to bind chitin (Petutschnig et al., 2010), it remains to be shown whether 

AtCERK1 activation is autonomous or requires (a) LysM protein(s). Identification of 

chitin perception components in other plant species (Fliegmann et al., 2011; Zeng et al., 

2012) should reveal whether they rely on a similar or different mechanism of chitin/CO 

perception. 
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Figure 3. The CERK1-mediated signaling in a plant cell in response to peptidoglycan (PGN)  

and chitooligosaccharides (COs). 

The molecular components are labeled above. Thin black arrows indicate direction of ion fluxes or products  

of enzymatic activities. Predicted signaling events and processes are indicated with thick black arrows. 

Hypothesized signaling events and processes are indicated with dashed arrows.  

To the left: two LysM proteins, AtLYM1 and AtLYM3 in Arabidopsis (and possibly OsLYP4 and OsLYP6  

in rice), are postulated to form a complex (underlined) and bind peptidoglycan (PGN) at the PM. 

At/OsCERK1 (in green) is postulated to form a complex (underlined) with AtLYM1&3 or OsLYP4&6, 

respectively, and become activated upon their binding to PGN. To the right: OsCEBiP, OsLYP4 and OsLYP6 

bind COs at the PM. They are postulated to form complexes with OsCERK1 (in green), and to activate it  

upon COs binding. Similar complexes involving AtCERK1 or NbCERK1 remain to be shown. In both PGN- 

and COs-induced signaling, kinase activity of At/OsCERK1 (marked with a red star) is postulated to trigger 

(via an unknown mechanism) an influx of extracellular Ca2+ (Ca2+ channel and Ca2+ ATPase required for this 

are in grey). The resulting increase of cytosolic [Ca2+] is postulated to activate PM-associated NADPH 

oxidase (in orange) directly via Ca2+ binding or indirectly via phosphorylation by a Ca2+-activated calcium-

dependent protein kinase [CDPK]. Activation of PLC (in purple), and the resulting generation of secondary 

signals: phosphatidic acid (PA) and inositol phosphates (IP3) is shown in response to COs perception. 

Activation of mitogen-activated protein kinase (MAPK) cascade (boxed) requires an oxidative burst signal 

(including H2O2), and results in activation (via phosphorylation) of multiple transcription factors (TFs).  

Upon activation, TFs translocate (indicated with a blue arrow) to the nucleus and regulate expression of PGN- 

and COs-responsive genes.  


