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CHAPTER 6  CONCLUDING REMARKS 

 

Symbiosis with nitrogen-fixing Rhizobium and Frankia bacteria provides 

legume and actinorrhiza species with a nitrogen source so that they need no chemical 

fertilizers for supporting growth. As the usage of chemical fertilizers has a significant 

negative impact on the environment (Brentrup & Palliere 2008; Dawson & Hilton 2011) 

and is costly, improvement of symbiotic performance in legume species is a remarkable 

opportunity for sustainable agriculture. On the contrary, many economically important 

plant species cannot establish symbiosis with rhizobia. The prospects of introducing this 

trait into crops – the holy grail of the symbiosis community – requires understanding  

of the origins of root nodule symbioses (with both Rhizobium and Frankia bacteria)  

and of the underlying molecular processes (Charpentier & Oldroyd 2010).  

The current consensus is that AM symbiosis has evolved at least 400 Million 

years ago (Humphreys et al., 2010; Wang et al., 2010) and provided certain traits  

for the more recent (approximately 70 Million years ago) evolution of the RL symbiosis 

(Bonfante & Genre 2008; Parniske 2008; Doyle 2011). For example, it has been 

postulated that a specific rearrangement of the actin cytoskeleton and cytoplasm  

at the pre- and infection stage (Genre et al., 2005, 2008) and a specific exocytotic 

pathway required for the formation of a membrane compartment for accommodation  

of the microsymbiont (Ivanov et al., 2012) have been recruited from AM by the RL 

symbiosis. In addition, recent findings indicate that the latter interaction likely co-opted 

the complete signaling pathway, i.e. the receptor and downstream CSP,  

for the perception of the microsymbiont and triggering of the symbiotic program  

from the AM. First of all, Myc factors secreted by G. intraradices have shown to be 

sulphated and nonsulphated tetrameric and pentameric LCOs, and hence resemble  
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the NF produced by rhizobia (Maillet et al., 2011). Secondly, a single LysM-RLK  

in P. andersonii, PaNFP, has been implicated in interactions of this nonlegume species 

with both Sinorhizobium sp. NGR234 and G. intraradices (Op den Camp et al., 2011). 

Because Myc factors and NFs are structurally similar (with NFs showing higher 

structural variation) and are putatively perceived by related receptors, LCO signaling  

is not unique to legumes (as previously believed) but is likely widespread in plants,  

and might be evolutionarily as old as AM symbiosis. The findings presented in this 

Thesis indicate that besides the striking similarities between signaling in RL and AM 

symbioses, there are also similarities with stress/defense signaling, which may be even 

more ancient. Here, selected aspects of NF binding, formation of putative NF receptor 

complex, and signal transduction will be revisited with an aim of pinpointing 

similarities and differences in NF, Myc factor, and chitin/COs signaling. 

 

Possible mechanisms of MtNFP and MtLYK3 interaction 

Knock-down of MtNFP and MtLYK3 has a similar disrupting effect on IT 

growth, and therefore the encoded LysM-RLKs are postulated to co-function during 

regulation of rhizobial intracellular invasion (Limpens et al., 2003; Arrighi et al., 2006; 

Smit et al., 2007; Bensmihen et al., 2011). Here, we showed that simultaneous 

accumulation of MtNFP and MtLYK3 (or MtLYK2) in Nicotiana leaf triggers CD  

and a defense(-like) response, indicating a functional interaction of these LysM-RLKs 

in this heterologous plant system. One of the explanations for the apparent  

co-functioning of these LysM-RLKs in both nodulation and CD induction is that they 

interact with and activate different downstream signaling component(s)  

and the triggered parallel pathways converge at the later point. Alternatively, MtNFP 

and MtLYK3 might form a receptor complex to signal for nodulation and CD induction, 
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although this notion has not been confirmed directly in either Medicago or Nicotiana. 

However, in situ molecular interaction studies between the putative NF receptors have 

so far been limited to the heteromerization tendency of the kinase-inactive MtLYK3 

(this study) or LjNFR1 (Madsen et al., 2011) with, respectively, MtNFP and LjNFR5 

upon their transient production in Nicotiana leaf. While these studies have indicated 

modest heteromerization potential of the kinase-inactive MtLYK3/LjNFR1 (discuss 

ed in Chapter 3), physical interaction between WT NF receptors remains to be shown. 

Therefore, at the moment both hypotheses can be true and even a combination  

of the two alternatives cannot be ruled out. 

In the light of recent findings on the evolutionary origin of RL symbiosis,  

the postulated interaction of MtNFP/LjNFR5 and MtLYK3/LjNFR1 is highly 

interesting. In short, gene duplication events underlie the significant expansion  

of LysM-RLK-encoding genes in legumes (Shiu et al., 2004; Zhang et al., 2009b),  

and the maintenance and neofunctionalization of duplicated gene copies is postulated  

to play an essential role during the evolution of RL symbiosis (Doyle 2011; Young  

et al., 2011). The recruitment of a duplicated copy of the LysM-RLK gene  

in the MtNFP/LjNFR5 clade, presumably functioning upstream the CSP in AM 

symbiosis, and its specialization due to co-evolution of legumes and rhizobia is thought 

to result in the present structure of MtNFP/LjNFR5 receptor (Streng et al., 2011). 

Sequence alterations, especially in the second LysM domain in this duplicated receptor, 

are believed to result in its specialization for stringent recognition of rhizobial signal, 

the NF (Gough & Cullimore 2011). However as there is currently no proof  

for the involvement of a protein encoded by a gene in the MtLYK3/LjNFR1 clade  

in AM symbiosis, it is not clear whether the ancestors of these putative NF receptors 

have already co-functioned prior the recruitment by the RL symbiosis. As the recently 
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identified MtNFP homolog in P. andersonii, PaNFP, is a putative pseudokinase (Gough 

& Cullimore 2011), the involvement of a yet-unidentified receptor component  

is conceivable but remains to be shown. On the other hand, while MtLYK3/LjNFR1  

and AtCERK1 are likely descendants of a common ancestor (Zhang et al., 2009b  

and refs therein), no MtNFP/LjNFR5-like protein has so far been implicated  

in AtCERK1-mediated chitin or PGN signaling. Instead, OsCERK1 is hypothesized  

to interact with and become activated by (an) extracellular LysM protein(s), termed 

LYMs or LYPs (Zhang et al., 2009b; Fliegmann et al., 2011 and refs therein),  

upon its/their binding to COs/PGN (Shimizu et al., 2010; Liu et al.,2012a). A similar 

activation of AtCERK1 by the LysM proteins, AtLYM1 and AtLYM3, upon their 

binding to PGN has been suggested by Willmann et al. (2011). If the postulated 

physical interaction between MtNFP/LjNFR5 and MtLYK3/LjNFR1 is confirmed 

conclusively, it may indicate that the ancient forms of these LysM-RLKs already  

co-functioned prior the recruitment by RL symbiosis or that the putative NF receptors 

co-evolved after independent recruitment to co-function in NF signaling. Future 

identification of Myc factor receptors in model legume species (which might include 

MtLYR1 of Medicago; Gomez et al., 2009) and dissection of evolutionarily younger 

symbiosis of P. andersonii with Sinorhizobium sp. NGR234 should help clarify  

this point, and would surely provide a highly interesting case study of receptor 

diversification and specialization. 

 

NF binding might require extracellular proteins other than CEBiP-like  

LYM proteins 

The hypothesized similarity between NF and CO signaling and their common 

evolutionary roots is of interest in respect to ligand binding-mechanisms. For example, 
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AtCERK1/OsCERK1 is incapable of PGN binding but instead is postulated to become 

activated upon perception of this PAMP by two extracellular LysM proteins, 

AtLYM1/AtLYM3 and OsLYP4/OsLYP6, respectively (Willmann et al., 2011; Liu  

et al., 2012a). A similar mechanism is envisaged in case of COs signaling in rice, 

involving OsCERK1 and (a) LYM protein(s), OsCEBiP, OsLYP4 and/or OsLYP6 

(Shimizu et al., 2010; Liu et al., 2012a).  

Analogously, MtNFP is indispensable for triggering virtually all early 

symbiotic responses in NF-dependent manner (Ben Amor et al., 2003; El Yahyaoui  

et al., 2004; Mitra et al., 2004a; Arrighi et al., 2006), and it is postulated to do so  

in co-operation with a kinase-active LysM-RLK (Arrighi et al., 2006; Smit et al., 2007; 

Bensmihen et al., 2011). However, direct binding of LCOs to this or other putative NF 

receptor has not been shown to date, despite an enormous effort of many groups.  

On the contrary, it has been postulated that a putative Nod Factor Binding Factor 

(NFBF) is abundant in the RH cell walls (Goedhart et al., 2003), in agreement with  

the identification of a NF binding site (NFBS1) in high-density fraction from Medicago 

spp. root extracts (Bono et al., 1995). Therefore, NF perception might require 

formation of a multiprotein complex in which binding and recognition of specific 

decorations are achieved by different components. This is corroborated by the fact that 

NFBS1 from Medicago requires both the NF chito-oligosaccharide backbone  

and a fatty acid moiety but not the presence of the sulphate group for binding (Bono  

et al., 1995), while the latter modification is essential for the Medicago-S. meliloti 

symbiosis (Ardourel et al., 1994; Oldroyd et al., 2001; D’Haeze & Holsters 2002). 

Furthermore, both sulphated and non-sulphated NFs show equal accumulation  

and immobilization in RH cell walls (Goedhart et al., 2003 and refs therein).  

The recent demonstration that recognition of S. meliloti-specific NF sulphation  
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is independent of the MtNFP ExR led to hypothesis that another LysM domain-

containing protein (possibly a yet-unidentified LysM-RLK) might provide this function 

(Bensmihen et al., 2011).  

What could be the identity of the Nod Factor Binding Site in the cell wall? 

Drawing from the chitin/COs and PGN signaling (Kaku et al., 2006; Shimizu et al., 

2010; Willmann et al., 2011), it might be hypothesized that high affinity NF binding 

might be achieved by LYMs/LYPs. One of the two LYM proteins of Medicago, 

MtLYM2, has recentlybeen demonstrated to bind COs (Fliegmann et al., 2011),  

in agreement with the demonstrated affinity of LYM2-type proteins in rice (CEBiP) 

and Arabidopsis (AtLYM2) for chitin/COs (Kaku et al., 2006; Petutschnig et al., 

2010). Therefore, chitin/COs signaling in this plant system might resemble a molecular 

mechanism operating in rice and possibly also in Arabidopsis (see Shimizu et al., 2010 

for discussion). However, the promoter of theother gene encoding a LYM protein, 

MtLYM1, is not active in root epidermis or RHs (Fliegmann et al., 2011),  

and homologous AtLYM1 and AtLYM3 have recently been implicated in PGN 

binding (Willmann et al., 2011), indicating that MtLYM1 is unlikely to function  

as a putative NF binding component. Therefore, it is possible that binding  

of extracellular GlcNAc-containing molecules by LYMs/LYPs evolved specifically 

during PAMP signaling, whereas binding of NFs involves a different molecular 

mechanism. This might have resulted from the modification of the chito-

oligosaccharide backbone of NFs, especially with a fatty acid moiety (which is thought 

to contribute to the binding affinity of LCOs; Gressent et al., 2002),  

and is corroborated by significant diversification of LysM domains associated with 

LysM-RLKs and LYMs/LYPs (Zhang et al., 2007). As both NFs and Myc factors 

possess an acyl chain at the nonreducing termini, it can be postulated that they might 
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be bound in a similar fashion by related proteins or even that a shared protein might 

bind both bacterial and fungal signaling molecules. After Goedhart et al. (2003),  

it can be hypothesized that Myc factors and NFs might be bound with high affinity  

by these putative components, termed binding factors, and subsequently presented  

to LysM-RLK complexes. Drawing from the finding of NF binding studies (Gressent 

et al., 2002 and refs therein) and NF immobilization in the RH cell walls (Goedhart  

et al., 2003), it can be envisaged that LCOs might be bound to these sites irrespectively 

of the presence/absence of certain modifications of the chito-oligosaccharide backbone 

(such as sulphate group). In this scenario, stringent recognition of strain-specific 

modifications of the LCO structure would be the function of the LysM-RLK receptor 

complexes, specific for NF or Myc factor. This putative mechanism would ensure 

robust perception of potentially limited signals from the microsymbionts (as all 

produced Myc factors/NFs would be efficiently bound), and could explain the lack  

of significant affinity of identified putative NF receptors for the NF. 

 

AM and afterwards RL symbiosis might have co-opted signaling pathways in 

response to chitin/chitin oligosaccharides for perception of bacterial signals 

 Heterologous co-expression of MtNFP and MtLYK3 in Nicotiana leaf results  

in induction of CD and defense(-like) response that resembles the outcome  

of the transient expression of AtCERK1 in this plant system (see Chapter 2). Influx  

of extracellular Ca
2+ 

is required for CD development triggered by AtCERK1  

or simultaneous accumulation of MtNFP and MtLYK3. In addition, similar induction 

of NbHIN1, NbPR1, NbACRE31, and NbACRE132 gene expression observed upon 

production of AtCERK1 or co-production of MtNFP and MtLYK3 agrees with 

AtCERK1-dependent induction of these genes in response to COs and/or PGN (Wan  
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et al., 2008; Segonzac et al., 2011; A. Gust personal communication). Therefore, 

simultaneous accumulation of MtNFP and MtLYK3 in Nicotiana leaf appears  

to induce a specific stress/defense signaling, possibly resembling CO or PGN 

signaling. How can this happen? Based on the structural similarity of NFs (D’Haeze & 

Holsters 2002) to COs, and the phylogenetic relationship between MtLYK3/LjNFR1 

and AtCERK1 (Zhang et al., 2009b and refs therein), it has been postulated that the NF 

signaling evolved from a more ancient and widespread chitin/COs signaling (Stacey  

et al., 2006). In this scenario, decrease of the length of COs and their modification with 

a fatty acid moiety are postulated to have contributed to modulation of their PAMP 

activity (Hamel & Beaudoin 2010). However, with the recent demonstration  

of structural similarities of and putative G. intraradices Myc factors (Maillet et al., 

2011) to both NFs and COs, it can be hypothesized that signaling in response to COs 

evolved early during the course of plant-fungus interactions, and possibly might have 

even predated the ancient form of AM symbiosis. Corroborating this, evidence for 

defense-like response to a fungal endophyte has been found in the same Rhynie chert 

as the earliest fossils representing putative AM symbiosis (Krings et al., 2007).  

Is there evidence for stress/defense signaling induction during RL and/or AM 

symbioses? Indeed, similarities with plant-pathogen interactions have been reported  

for both RL symbioses. For instance, a similar repositioning of the plant nucleus  

and aggregation of cytoplasm, development of a specific membrane compartment 

accommodating the fungus intracellularly, and a significant overlap in host 

transcriptomes (>40%) in response to beneficial or pathogenic biotrophic fungi indicate 

an existence of a conserved “core” plant program during interactions with compatible 

fungi (Parniske 2000; Güimil et al., 2005; Genre et al., 2009). In case of RL symbiosis, 

homologs of pathogenic bacteria secretion systems (especially type III and type IV) 
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used to modulate host responses are found in certain rhizobia strains (Deakin & 

Broughton 2009; Downie 2010). In addition, accumulation of phenolic compounds,  

and a localized hypersensitive-like CD is associated with abortion of excessive ITs  

in alfalfa (Vasse et al., 1993), and a premature senescence of ineffective (Fix-) nodules 

in glycine, pea, and Medicago (Parniske et al., 1990; Perotto et al., 1994; Maunoury  

et al., 2010 and refs therein). Importantly, such conditional induction of a defense 

response is postulated to participate in the host autoregulation that monitors either  

the total number of nodules formed or the symbiotic performance of rhizobia inside 

these nodules. Recently, a symbiosis-specific role has been reported for small secreted 

antimicrobial nodule-specific cysteine rich (NCR) polypeptides that govern bacteroid 

differentiation in legume species forming indeterminate-type nodules (Haag et al., 2011; 

Kereszt et al., 2011). Therefore, the accumulating body of evidence indicates that  

the symbiotic program of mycorrhizal plant species, including legumes,  

is evolutionarily related to plant innate immunity, and that certain symbiotic processes 

are, in fact, a modulated version of plant responses to biotic stress.  

Remarkably, similarities with plant stress/defense response can already  

be found at the stage of early symbiotic signaling upon NF perception (please, compare 

Figure 2and 3 in Chapter 1) or in response to diffusible signals produced by AM fungi 

(although it remains to be confirmed whether these responses are triggered specifically 

by the recently identified Myc LCOs). Corroborating this, NF and flg22 (an N-terminal 

epitope of bacterial flagellin that acts as a PAMP) have been shown to trigger 

phosphorylation of overlapping sets of proteins (Serna-Sanz et a., 2011), whereas 

MtDMI3 has been implicated in regulation of a set of genes in response to plant growth-

promoting Pseudomonas fluorescens (Sanchez et al., 2005). Moreover, the initial stage 

of AM but not of RL (Lohar et al., 2006) symbiosis in Lotus and Medicago is associated 
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with MtDMI3-dependent (Weidmann et al., 2004; Siciliano et al., 2007) activation  

of MAPKs (Liu et al., 2003; Deguchi et al., 2007). The involvement of two GRAS type 

TFs in both NF (NSP1 and NSP2) and COs (CIGR 1 and CIGR 2 for chitin-inducible 

gibberellin-responsive 1 and 2) signaling points to additional similarity between these 

pathways (Day et al., 2003; Heckmann et al., 2006; Murakami et al., 2006; Hirsch  

et al., 2009 and refs therein).  

What could be the underlying mechanism of triggering a specific response 

(symbiosis vs defense) despite the involvement of apparently similar signaling 

components? In addition to the modification of the CO structure, integration  

of additional molecular components or even entire parallel signaling pathways might 

have resulted in differentiation of host responses to beneficial and pathogenic 

microorganisms, as observed during the extant plant-microorganism interactions 

(Hamel & Beaudoin 2010). For example, recognition of compatible NFs  

is not accompanied by an oxidative burst observed in response to COs and PGN (Gust 

et al., 2007; Miya et al., 2007; Erbs et al., 2008; Wan et al., 2008; Petutschnig et al., 

2010) but by a transient increase in the intracellular ROS production, followed  

by a prolonged slight elevation of ROS levels (Baier et al., 1999; Bueno et al., 2001; 

Cárdenas et al., 2008; Serna-Sanz et al., 2011). Decreased expression of NADPH 

oxidase genes in Medicago roots (Lohar et al., 2007), and increased activity of various 

ROS scavenging enzymes in alfalfa roots (Bueno et al., 2001) upon perception  

of specific NF, suggest modulation of ROS production by legume roots  

by a yet-unidentified mechanism in response to compatible rhizobium. This specific 

modulation is postulated to preclude the activation of plant innate immunity, 

concomitantly ensuring ROS-mediated induction of gene expression  

(e.g. of a peroxidase gene, MtRip1; Ramu et al., 2002 and refs therein) and RH curling 
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(Lohar et al., 2007). In addition, the triggered responses, including stress/defense-like 

process, might play an important signaling role between the host plant  

and the microsymbiont (Seddas et al., 2009). In view of hypothesized evolutionary 

origin of LCO signaling from the COs signaling, detailed comparison of the induced 

responses might provide information on the yet-unidentified molecular components 

involved in perception and transduction of NF, Myc factor and CO signals.  

For example, Ca
2+

 spiking is essential in both RL and AM symbioses (Oldroyd & 

Downie 2006; Miwa et al., 2006a; Chabaud et al., 2011 and refs therein; Sieberer  

et al., 2012) but no Ca
2+

 spiking has been demonstrated yet that in response to COs 

(although high COs concentrations can trigger this response in RHs of legume cells; 

Walker et al., 2000; Oldroyd et al., 2001). However, it is interesting to note that unlike 

flg22-induced defense responses, COs-elicited gene induction and ethylene-dependent 

deposition of callose occurs only in mature parts of Arabidopsis roots (Millet et al., 

2010). Similar spatial limitation of root responsiveness to this PAMP, if demonstrated 

in legume roots, could explain the lack of Ca
2+

 spiking and ROS production  

in response to lower concentrations of COs (Ehrhardt et al., 1996; Walker et al., 2000; 

Oldroyd et al., 2001; Cárdenas et al., 2008). Detailed analysis of subcellular responses 

of the root epidermis cells in the elongation (NF-responsive) and mature zone  

of legume roots is required to verify the hypothesized similarity of CO-  

and NF-perception in plants. This could be of special interest as the spatial separation 

of NF and CO signaling might underlie the specificity of the triggered response 

(symbiosis vs defense). In addition, detailed characterization of MAPK cascades 

operating during AM symbiosis and of presumed activation of MAPKs in response  

to COs signaling in model mycorrhizal plant species could be valuable. Similarly,  

it will be of interest to characterize isoforms of PLC and PLD (presumably) involved  
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in compatible interaction of model mycorrhizal species, including legumes,  

with microsymbionts and root pathogens. Finally, future identification of AtCERK1 

orthologs in model legume species, facilitated by the analysis of their postulated 

induction in response to chitin/COs (Lohmann et al., 2010) and the conservation  

of the part of their KDs downstream of the activation segment (Nakagawa et al., 2010) 

would be invaluable for studies of receptor specialization. 

These studies are likely to reveal the molecular mechanisms underlying  

the relay of signaling towards the appropriate plant response, and will greatly enhance  

our understanding of where the key switches were made in the evolution of RL  

and AM symbioses and pathogenic signaling in plants. Perhaps, in future, this will 

allow us to artificially introduce nitrogen fixation into non-nodulating plants possibly 

solving a major environmental burden.  


