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SUMMARY 

 

During interaction of legume plants with nitrogen-fixing rhizobia, perception  

of bacterial lipo-chitooligosaccharides (LCOs), termed Nodulation (Nod) factors (NFs),  

is usually required for formation of specialized plant organs (nodules) and for the host 

root infection. Two LysM-RLKs, MtNFP and MtLYK3, are postulated to co-function  

as putative NF receptors in Medicago truncatula (Medicago). We are interested in NF 

signaling mediated by MtNFP and MtLYK3, and for this reason we have aimed at 

characterizing the localization and possible molecular interaction of these proteins  

in situ. However, our attempts to visualize these proteins in Medicago root have been 

unsuccessful, presumably due to stringent regulation of their accumulation. Therefore, 

we employed an Agrobacterium-mediated transient transformation of Nicotiana 

benthamiana (Nicotiana) leaf, which allowed us to produce both proteins to the extent 

that they could be visualized with fluorescence microscopy (presented in Chapter 2). 

We demonstrated PM localization of both MtNFP and MtLYK3 C-terminal fusions  

to a FP (sYFP2 or mCherry) in Nicotiana leaf epidermal cells. In addition,  

we discovered that co-production of these proteins induced CD within 48 hours 

regardless of the Agrobacterium tumefaciens strain used (i.e. GV3101::pMP90  

or LBA4404) or the identity or presence of a tag attached to the MtNFP or MtLYK3  

C-terminus (FP-tagged, 3xFLAG-tagged, and untagged protein fusions gave the same 

response). The observed CD induction required simultaneous accumulation of MtNFP 

and MtLYK3 or a homologous MtLYK2, and neither protein could be replaced  

by a structurally unrelated RLK (MtDMI2, MtLRRII.1 or AtBRI1) for triggering  

the CD response. Therefore, our results indicated functional interaction of MtNFP  

with MtLYK3 and MtLYK2 for CD induction in Nicotiana heterologous system,  
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in agreements with the postulated co-functioning of MtNFP and MtLYK3 during IT 

growth and functional redundancy of LYK proteins. Interestingly, heterologous 

production of homologous AtCERK1, implicated in Arabidopsis thaliana innate 

immunity in response to chitin/COs and PGN perception, in Nicotiana leaf led  

to a phenotypically similar response. A detailed characterization of the Nicotiana 

response to heterologous production of AtCERK1 and (co-)production of LysM-RLKs 

from Medicago demonstrated that in both situations the CD induction required influx  

of extracellular Ca
2+

 (as demonstrated with lanthanum chloride), and was associated 

with accumulation of phenolic compounds and induction of a set of stress/defense-

related genes (NbHIN1, NbPR-1 basic, NbACRE31, and NbACRE132). Therefore,  

our results suggested that MtNFP and MtLYK3 co-production apparently triggered 

stress/defense signaling in Nicotiana leaf that resembled AtCERK1-induced defense 

response and that culminated in CD development. In addition, we compared selected 

requirements of nodulation and chitin signaling with CD induction in order to elucidate 

whether the signaling triggered in Nicotiana leaf resembled biological activities of these 

RLKs. We showed that CD induction in response to co-production of the symbiotic 

LysM-RLKs was apparently independent of NF. On the contrary, MtNFP InR,  

and MtLYK3 and AtCERK1 kinase activity were necessary for CD induction, thereby 

mimicking the requirements for NF- and chitin-induced signaling, respectively.  

As the results presented in Chapter 2 indicated a functional interaction between 

MtNFP and MtLYK3 in a heterologous system of Nicotiana leaf, we subsequently 

employed the Förster/Fluorescence Resonance Energy Transfer - Fluorescence Lifetime 

Imaging Microscopy (FRET-FLIM) to investigate possible molecular interaction  

of these LysM-RLKs in this plant system. We showed the tendency of MtLYK3  

and (to a lesser extent) MtNFP to form homomers at the PM of Nicotiana leaf epidermal 
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cells that was independent of NF perception, in agreement with the dispensibility of NF 

application for CD induction. Heteromerization of MtNFP and WT MtLYK3 could not 

be studied due to the negative effect of the CD progression and associated 

autofluorescence on the measurements of fluorescence lifetime. In order to circumvent 

this obstacle, heteromerization between MtNFP and kinase-inactive MtLYK3  

was analyzed. Heteromerization tendency of these proteins was apparently  

less pronounced than their capacity to form homomers, and again was not affected  

by the application of NF. In addition, Chapter 3 presents important quality measures 

that allow to minimize various potential artifacts that could hamper FRET-FLIM 

studies, especially: the effect of autofluorescence, unbalanced donor- and acceptor-

tagged protein levels, and bystander FRET. 

Finally, we took an advantage of the functional interaction of MtNFP  

and MtLYK3 in Nicotiana leaf for structure-function studies in which the CD induction 

assay was used as a robust readout of their biological activities. In Chapter 4, detailed 

analysis of CD requirements with respect to MtNFP structure is presented.  

We demonstrated similar requirements for MtNFP biological activity in Medicago and 

Nicotiana with respect to the structure of MtNFP InR, with nine out of eleven residues 

equally dispensable, and one residue equally crucial for MtNFP function in vivo.  

In addition, dissection of the MtNFP InR showed that the KD itself was necessary  

for MtNFP signaling in Nicotiana, whereas the flanking sequences, i.e. a C-tail  

and a juxtamembrane region were dispensable or not sufficient for CD induction, 

respectively. The results presented in Chapter 4 suggested that a conserved fold of a KD 

might be essential for MtNFP function as a pseudokinase, and that binding of an ATP 

molecule by the MtNFP KD cannot be ruled out. 
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Chapter 5 presents a detailed structure-function study that aimed at 

characterizing requirements of nodulation and CD induction with respect to MtLYK3 

structure. We show that ten out of sixteen residues were equally important, and three 

were equally dispensable for MtLYK3 biological activity in Medicago and Nicotiana, 

indicating a significant similarity of MtLYK3 function in both plant systems. 

Importantly, we demonstrated that 5 out of 7 symbiotic-important phosphorylation sites 

found in the MtLYK3 InR were essential for CD induction, indicating that Nicotiana 

leaf might be a relevant system for studying MtLYK3-mediated signaling. In addition, 

our results suggest that the MtLYK3 ExR might exert an inhibitory role over MtLYK3 

kinase, and that the PM localization of the MtLYK3 InR was crucial for its biological 

activity in Nicotiana. Finally, we analyzed in vitro and in vivo activity of MtLYK3 

variants in which a part of the MtLYK3 KD, specifically an activation segment,  

was altered. We confirmed that autophosphorylation activity was indispensable  

for MtLYK3 biological activity, and that in this respect, MtLYK3 differed from Pto 

kinase. 


