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Abstract 
The interaction of legumes with N2-fixing bacteria collectively called rhizobia, results in 

the root nodule development. The number of nodules is tightly restricted through the 

negative feedback regulation by hosts. The fact that the HAR1-mediated control of 

nodule number needs the HAR1 expression in the shoots exibits a long distance 

communication between the shoot and the root. However, the large part of the 

mechanism remains to be elucidated. Previously, we have shown that too much love-1 

(tml-1), a hypernodulating mutant in Lotus japonicus, has a defect in the negative 

feedback regulation and that TML functions in the roots downstream of HAR1. To better 

understand the mechanism by which legume plants control nodule number, I conducted 

molecular biological and genetic analyses using tml mutants. From the results of the 

double mutant analyses, I conclude that TML acts at the final stage of AON downstream 

of CLE-RS1/RS2 and HAR1 to negatively regulate the nodule number by inhibiting the 

organogenesis induced by the cytokinin signaling. Identification of the deleted regions in 

the large deletion alleles tml-1, tml-2 and tml-3 and the fine mapping of the EMS allele 

tml-4 suggested that the gene corresponding to the EST sequence (GenBank accession 

number AK339024) was the strong candidate for the TML gene. Therefore, I confirmed 

that the knockdown of the candidate gene induced the same phenotype as the tml mutants. 

Hence, I finally concluded that the gene encoding a Kelch repeat-containing F-box 

protein with two NLSs is the TML gene. 
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1.1 Legume-rhizobium symbiosis 

In this section, I briefly mention the importance of the studies in this field. 

Unlike animals, plants can not move around. Therefore, they must obtain essential 

nutrients from the soil in order to grow or to respond to the environmental change. In 

another word, their growth depends on the availability of the nutrients in the soil. 

Nitrogen is an indispensable component of living organisms. Even if the nitrogen 

molecule (N2) is plentiful in the atmosphere on the earth, most plants can not directly use 

N2 because they can use only the oxidized (NOx) and reduced form (NH4
+) of nitrogen. 

Therefore, nitrogen acquisition is the important work for plants (Kraiser et al. 2011). 

Legume-Rhizobium symbiosis is one of the well studied mutually-beneficial interactions 

involved in the nitrogen acquisition of the host legume plants. In this symbiosis, the host 

legume provides the nitrogen-fixing bacteria, collectively called rhizobia, with the 

photosynthetic products. In return, the rhizobia provide the host legume with ammonia as 

the fixed nitrogen. Through this symbiosis, legumes can survive in the nitrogen-limiting 

environment. Therefore, some researchers launch projects for the greening of deserts 

using the legume plants (Marui et al. 2012). In addition, Galloway et al and Canfield et al 

estimated that the nitrogen fixation rate was 2.4 ! 1012 mol year－1 in the mid-1990s and 

they quoted that the large part of the fixed nitrogen was from the rhizobia associated with 

seed legumes (e.g. Pisum sativum and Glycine max) and fodder legumes (e.g. Astragalus 

sinicus and Trifolium repens) (Galloway et al. 2004, Canfield et al. 2010). Replacing the 

fixed nitrogen from fodder legumes to the nitrogen fertilizer would cost 7 to 10 billion 

dollars annually (Graham et al. 2003). Furthermore, Legume-Rhizobium symbiosis is a 

good example of the endosymbiosis in which the symbiont lives within the cell of the 

host organism. Rhizobium released into the cell of the nodule becomes surrounded by a 
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plant-derived membrane and differentiates into a specialized cell type called a bacteroid. 

These processes result in the formation of the organelle-like structure called a 

symbiosome that is capable of fixing nitrogen (Maunoury et al. 2010). Therefore, 

Legume-Rhizobium symbiosis might be a good model providing the better understanding 

of endosymbiosis. 

Hence, understanding the precise mechanism of the Legume-Rhizobium symbiosis is 

meaningful for an improvement of the environment, economically valuable, and 

scientifically important. 

In this thesis, I used the model legume Lotus japonicus and its symbiont Mesorhizobium 

loti. They provide an excellent model system because their genomic information are 

available and biological resources are well organized.  
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1.2 Bacterial infection and nodule organogenesis 

To fix the nitrogen efficiently, the host plants offer the symbiotic organs called nodules 

to let the rhizobium within. Forming nodules (i.e. nodulation) is a very important process 

because it enables the host plants and rhizobium to exchange nutrients with each other 

and to prevent oxygen from interfering with the nitrogen fixation as well. Therefore, to 

investigate the nodulation is the key to comprehend the precise mechanism of 

Legume-Rhizobium symbiosis. Studies on the symbiotic mutants of the model legumes 

(e.g. L. japonicus, Medicago truncatula, P. sativum and G. max) revealed that the 

nodulation is a complex process involving two developmental processes running 

synchronously in parallel [reviewed in (Madsen et al. 2010, Oldroyd et al. 2011)]. One is 

the bacterial infection process and the other is the nodule organogenesis (Figs. 

1.1A-1.1B). Both of them are coordinated by the host genetic program and are triggered 

by plant recognition of a small organic compound referred to as Nod factor (NF). NF is a 

lipochitooligosaccharide derivative synthesized by rhizobia in response to the 

plant-derived flavonoids (Perret et al. 2000, D'Haeze et al. 2002). The modification types 

of the NF (such as the position of the acyl chain or the sulfate group) differs according to 

species, which determines the host specificity (D'Haeze et al. 2002). Loss-of-function 

mutants of the model legumes have shown that the recognition of NF requires the 

functional receptor-like kinases with extracellular LysM domains (e.g. NFR1/NFR5 in L. 

japonicus) (Madsen et al. 2003, Radutoiu et al. 2003). NF perception by the receptors 

activates the physiological responses such as ion influx, membrane depolarization and 

Ca2+ spiking. These events are mediated by a leucine-rich repeat receptor kinase 

(SymRK) (Endre et al. 2002, Stracke et al. 2002), cation channels (Castor and Pollux) 

(Ane et al. 2004, Imaizumi-Anraku et al. 2005, Charpentier et al. 2008), nucleoporins 
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(Nup85 and Nup133) (Kanamori et al. 2006, Saito et al. 2007, Groth et al. 2010), a 

calcium calmodulin-dependent protein kinase (CCaMK) (Levy et al. 2004, Mitra et al. 

2004, Tirichine et al. 2006) and a nuclear localized coil–coil protein (Cyclops) 

(Messinese et al. 2007, Yano et al. 2008). This signaling pathway is termed “common 

sym pathway” because this genetic pathway is shared with mycorrhizal symbiosis. In this 

pathway, SymRK, Castor, Pollux, Nup85 and Nup133 act upstream of the Ca2+ spiking, 

whereas CCaMK and Cyclops are suggested to decode Ca2+ spiking signaling. 

Downstream of this pathway, several putative transcription factors [nodulation signalling 

pathway 1 (NSP1), NSP2 (Kalo et al. 2005, Smit et al. 2005, Heckmann et al. 2006, 

Murakami et al. 2006), ERF required for nodulation 1 (ERN1) (Andriankaja et al. 2007, 

Middleton et al. 2007, Cerri et al. 2012), nodule inception (NIN) (Schauser et al. 1999, 

Marsh et al. 2007)] are required for upregulation of the NF-induced gene expression, 

which initiate the physiological responses for bacterial infection and nodule 

organogenesis.  
The most common way for the bacterial infection into the nodule primordia is the 

formation of the intracellular tubes called infection threads (IT) in the dedifferentiated 

root hair cells [the genes involved in this process are reviewed in (Oldroyd et al. 2011)]. 

After perception of the NF, several morphological changes such as swelling and curing 

of the root hair tip are induced, resulting in the formation of the teaspoon-like structure 

so-called infection pocket in which rhizobia are entrapped (Geurts et al. 2005). The 

entrapped rhizobia form the colonies called infection foci. The formation of ITs in the 

root hair starts from the infection loci. When the progression of the IT formation reaches 

at the base of the root hair cell, the adjacent cortical cell starts to develop IT. By 

repeating this process, the bacterial infection is propagated into the nodule primodia. 
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Concurrently with IT formation, NF-induced nodule organogenesis proceeds in the root 

cortical cells. NF induces the cortical cell division (i.e. the dedifferentiation and 

proliferation of the root cortical cells), resulting in the formation of nodule primordia. 

Some mutants aseptically develop nodule-like structures called spontaneous nodules. 

Now I focus on two of them; Snf1 and Snf2. Snf1 is a gain-of-function allele of CCaMK 

that leads to the spontaneous formation of nodules. Interestingly, only the activation of a 

specific kinase is sufficient to trigger the preexisting developmental program for nodule 

organ formation, even if there are several components that are able to decode the Ca2+ 

spiking signature (e.g. CDPK, CaMKII and calcineurin (Sanders et al. 1999, Li et al. 

2012)) Because NF application (Truchet et al. 1991) or the Snf1 mutation (Tirichine et al. 

2006) can induce the genuine nodule oraganogenesis, perception of NF at the root 

epidermal cells is likely to be sufficient for activation of the cell division in the cortical 

cell layers. Snf2 is a gain-of-function allele of the cytokinin receptor gene LHK1 of L. 

japonicus that leads to the formation of spontaneous nodules. In addition, the loss of 

function allele of LHK1 in L.japonicus and its ortholog CRE1 in M. truncatula inhibit the 

nodule formation (Gonzalez-Rizzo et al. 2006, Murray et al. 2007). Taken together, after 

an unknown short-distance communication from the epidermal cells, cytokinin signaling 

plays a central role for the regulation of nodule organogenesis in the cortical cells 

(Cooper et al. 1994, Lohar et al. 2004). Recent study demonstrated that the 

nodulation-related Type-A RR (MtRR4), the micro RNA (miR171h targeting NSP2) and 

a basic Helix-Loop-Helix TF (bHLH476) act downstream of the LHK1-mediated 

cytokinin signaling pathway (Ariel et al. 2012). 

In conclusion, the two pathways (i.e. bacterial infection and nodule organogenesis) work 

synchronously in parallel so as to form a bacterially infected nodule. 
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1.3 Long-distance regulation of nodulation 

As mentioned above, the interaction of legumes with N2-fixing bacteria collectively 

called rhizobia results in root nodule development. Rhizobia supply the host legumes 

with ammonia fixed from the air, and host plants provide the rhizobia with 

photosynthates in return. Because the formation of nodules is energetically expensive, 

the number of nodules and the nodulation zone are tightly restricted by the negative 

feedback regulation of host legumes, which is termed the autoregulation of nodulation 

(AON) (Bhuvaneswari et al. 1980, Pierce et al. 1983, Caetano-Anolles et al. 1991, 

Ferguson et al. 2010) 

The surgical excision of nodules in T. pratense led to an increase in the number of 

subsequently developed nodules, indicating that AON is activated by preceding 

nodulation events and negatively regulates the subsequent nodule formation (Nutman 

1952). The pre-inoculated half of a split-root system inhibited the subsequent nodule 

formation on the other half in G. max, Trifolium subterraneum, Medicago sativa, 

Phaseolus vulgaris and L. japonicus. These findings suggest that AON is a systemic 

regulation and is common in a variety of legumes (Singleton 1983, Kosslak et al. 1984, 

Sargent et al. 1987, George 1992, Catford et al. 2003, Suzuki et al. 2008).  

In addition, recent studies have suggested that AON is activated via a long-distance 

communication between the root and shoot. Several mutants (i.e., 

Ljhar1/Mtsunn/Pssym29/Gmnark, Ljclv2/Pssym28 and Ljklv) were identified as 

hypernodulating mutants in which the number of nodules is increased (Sagan et al. 1996, 

Szczyglowski et al. 1998, Krusell et al. 2002, Nishimura et al. 2002, Penmetsa et al. 2003, 

Searle et al. 2003, Oka-Kira et al. 2005, Schnabel et al. 2005, Suzaki et al. 2008, 

Miyazawa et al. 2010, Schnabel et al. 2010, Krusell et al. 2011). Reciprocal grafting 
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experiments between these hypernodulating mutants and wild-type plants revealed that 

the shoot genotype rather than the root genotype determines the hypernodulation 

phenotype (Delves et al. 1986, Olsson et al. 1989, Sheng et al. 1997, Wopereis et al. 

2000, Krusell et al. 2002, Nishimura et al. 2002, Penmetsa et al. 2003, Oka-Kira et al. 

2005). Additionally, the genes responsible for the hypernodulation encode leucine-rich 

repeat receptor-like kinases (LRR-RLK) (Krusell et al. 2002, Nishimura et al. 2002, 

Searle et al. 2003, Oka-Kira et al. 2005, Schnabel et al. 2005, Krusell et al. 2011). These 

findings indicate that the activation of AON requires the LRR-RLKs acting in the shoot. 

The orthologs of these LRR-RLKs in Arabidopsis thaliana (CLV1, CLV2 and RPK2) and 

Oryza sativa (FON1) have roles in maintaining the shoot apical meristem and are 

activated by receiving the short-distance signaling molecule, i.e., the CLE family of 

peptides CLV3 (Ogawa et al. 2008) and FON2/FON4 (Chu et al. 2006, Suzaki et al. 

2008, Suzaki et al. 2009), respectively. In legumes, the CLE family of peptides are 

strong candidates for the root-derived signal molecules because the expression of CLE 

genes such as LjCLE-RS1/RS2, MtCLE12/13 and GmRIC1/2 is induced by rhizobial 

infection (Okamoto et al. 2009, Mortier et al. 2010, Mortier et al. 2011, Reid et al. 2011) 

and because the overexpression of these CLE genes drastically reduces or abolishes 

nodulation in a HAR1/SUNN/NARK- or KLV-dependent manner (Okamoto et al. 2009, 

Miyazawa et al. 2010, Mortier et al. 2010, Lim et al. 2011, Reid et al. 2011). Together 

with the relationship between the LRR-RLKs and the CLE peptides in A. thaliana and O. 

sativa, AON-related CLEs might be root-derived ligands for the AON-related 

LRR-RLKs in the shoot. 

In addition, there have been several reports on the relationship between cytokinins and 

AON. The gain-of-function mutation of the cytokinin receptor LjLHK1 in the har1 or klv 
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mutant background develops an excessive number of spontaneous nodules without 

rhizobial infection, indicating that HAR1 and KLV inhibit the nodule formation induced 

by the cytokinin signaling (Tirichine et al. 2007, Miyazawa et al. 2010). Moreover, a 

recent report has shown that a cytokinin regulates MtCLE13 expression (Mortier et al. 

2010). Therefore the CLE-, HAR1/SUNN/NARK- and KLV-dependent suppression of 

nodule formation may be induced by the cytokinin-induced nodule organogenesis itself, 

even without rhizobial infection. 

To establish the systemic regulation of nodulation via long-distance communication, the 

AON needs both a root-to-shoot signal and a shoot-to-root signal (which is also called a 

shoot-derived inhibitor, SDI) (Lin et al. 2010). With respect to the shoot-to-root signal, 

some research attempting to isolate shoot-derived signals is in progress (Akashi et al. 

2010, Lin et al. 2010, Yamaya et al. 2010, Yamaya et al. 2010, Lin et al. 2011). Recent 

studies suggest that the SDI is an amphiphilic and low-molecular-weight compound. 

However, it remains unsolved as to how nodulation is inhibited downstream of SDI in 

the final stage of AON in the root (Fig. 1.2). 
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2.1 Introduction 
Legume plants develop the specialized organs called nodules to establish the 

efficient nitrogen acquisition from the nitrogen-fixing rhizobia. Because the root nodule 

formation is an energy-consuming process, host plants have the mechanisms to keep the 

adequate number of nodules to sustain the proper symbiotic relation with the rhizobia. 

One of the nodule number regulation referred to as AON has been extensively studied. 

AON is the shoot-controlled regulation of nodulation in the roots. In L. japonicus, this 

regulatory pathway requires the functional LRR-RLKs such as HAR1, CLV2 and KLV. 

Miyazawa et al. demonstrated that HAR1 and KLV form the heterodimeric complex to 

act the signaling center in shoots (Miyazawa et al. 2010). In addition, the genes encoding 

CLE-RS1/RS2 are suggested to act upstream of the LRR-RLKs as the root-to-shoot 

signals. However, there is little understanding of the root factors involved in this 

long-distance regulation. A previous study has shown that too much love-1 (tml-1, 

formerly tml), a hypernodulating mutant of L. japonicus, has a defect in the negative 

feedback regulation and that TML is a root factor acting downstream of HAR1 (Magori et 

al. 2009). Therefore, TML must be a key factor in understanding what happens during the 

final stage of AON to maintain proper nodulation. Hence, it is crucial to investigate the 

function of TML and identify the TML gene. In this thesis, I clarify the acting point of 

TML during AON through the characterization of the tml mutant. Genetic and molecular 

analyses indicate that TML and PLENTY (another mutant of the root factor that regulates 

number of nodules) act in different genetic pathways; TML acts downstream of 

LjCLE-RS1/RS2 and might suppress the nodulation signaling downstream of the 

cytokinin receptor LHK1/CRE1. 
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2.2 Results 

TML and PLENTY function in different genetic pathways, whereas TML and HAR1 

function in the same genetic pathway 

A previous study showed that the har1 genotype did not enhance the tml hypernodulation 

phenotype in the grafting experiment or in the double mutant analysis, suggesting that 

TML functions downstream of HAR1 (Magori et al. 2010). However, the results in the 

previous report did not exclude the possibility that the observations reflect that the root 

of the tml-1 mutant does not have the potential ability to produce any more nodules. To 

clarify which explanation is reasonable, I examined the genetic interaction between TML 

and PLENTY, another root factor that regulates the number of nodules. First, I observed 

the nodulation phenotype of the tml-1 plenty double mutant. The tml-1 plenty double 

mutant showed an increased number of nodules compared to those of the respective 

single mutants, indicating that TML and PLENTY function in different genetic pathways 

(Figs. 2.1A-2.1E). This finding also indicates that if TML and the other gene that is also 

involved in the regulation of the nodule number act in different genetic pathways, the 

double mutant indeed illustrates the additional effect on the nodule number. I analyzed 

the tml-1 har1-7 double mutants as well. In contrast, the tml-1 har1-7 double mutant did 

not show an additive effect on nodulation (Figs. 2.1A-2.1C, 2.1F and 2.1G), which is 

consistent with previous results. Taken together, I conclude that TML and HAR1 function 

in the same genetic pathway. 

 

TML is required for the suppression of nodulation caused by CLE-RS1/RS2 

The previous study demonstrated that either CLE-RS1 or CLE-RS2 systemically 

suppresses nodule formation in a HAR1-dependent manner. Therefore, to investigate the 
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genetic interaction between TML and CLE-RS1/RS2, I introduced the expression 

construct of CLE-RS1/RS2 driven by the CaMV 35S promoter using the hairy root 

transformation method and examined whether the tml mutation affects the suppression 

by CLE-RS1/RS2. As has been reported, the roots overexpressing either CLE-RS1 or 

CLE-RS2 in the wild-type plants developed a drastically decreased number of nodules 

compared to the control roots overexpressing the GUS gene. In contrast, in the tml 

mutant background, the roots overexpressing either CLE-RS1 or CLE-RS2 developed an 

excessive number of nodules compared to that in the wild-type background (Fig. 2.2A). 

In addition, there is no statistically significant difference between the number of nodules 

in the CLE-overexpressing roots and the control GUS-overexpressing roots in the tml 

mutant background (Fig. 2.2B). This result indicates that CLE-RS1/RS2 suppresses 

nodulation in a TML-dependent manner. Therefore, I conclude that TML functions in the 

regulation of the nodule development downstream of CLE-RS1/RS2. 

 

TML inhibits the nodule organogenesis induced by the LHK1-mediated cytokinin 

signaling 

In L. japonicus, the gain-of-function mutant of the cytokinin receptor LHK1 (Snf2) 

develops nodule-like structures called “spontaneous nodules” in the absence of rhizobia 

(Tirichine et al. 2007). In the previous reports, an excessive number of spontaneous 

nodules was observed in the har1 Snf2 and klv Snf2 double mutants, suggesting that 

AON functions downstream of the cytokinin signaling–induced activation of root nodule 

founder cells (Tirichine et al. 2007, Miyazawa et al. 2010). To assess the role of TML in 

AON, I crossed the tml mutant with the Snf2 mutant to generate the tml-1 Snf2 double 

mutant. In the F2 population, the number of spontaneous nodules in the Snf2 mutants that 
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were homozygous at the TML locus (tml/tml or TML/TML) was counted 5 weeks 

post-germination (Figs. 2.3A-2.3D). The tml-1 Snf2 double mutant spontaneously 

developed many small nodules similar to those generally observed in the tml mutant 

upon rhizobial infection (Figs. 2.3B-2.3C), whereas the Snf2 single mutant developed 

spontaneous nodules similar to those produced in the wild type upon infection (Fig. 

2.3A). The tml-1 Snf2 double mutant produced an average of 12.1 ± 6.6 spontaneous 

nodules, while the Snf2 single mutant produced an average of 3.6 ± 1.7 (Fig. 2.3D), 

indicating that TML inhibits the nodule organogenesis induced by the LHK1-mediated 

cytokinin signaling. In addition, this result clearly indicates that the nodule formation 

itself, even without rhizobial infection, is enough to activate TML. 

Additionally, the early symbiotic responses were analyzed in the tml-1 mutant. Calcium 

(Ca2+) spiking is defined as periodic calcium ion changes observed around the nucleus of 

the host root in response to the symbiotic signal Nod factor. The hypernodulating mutant 

sickle, as well as some mutants in the early symbiotic signaling pathway, showed a 

defect in or disturbance of the oscillation of Ca2+ (Wais et al. 2000, Walker et al. 2000, 

Oldroyd et al. 2001, Miwa et al. 2006, Sun et al. 2006). However, in the tml-1 mutant, 

Ca2+ spiking was observed after treatment with Nod factor and the frequency and shape 

of spikes were normal compared to those in the wild-type plant (Figs. 2.4A-2.4B). This 

result suggests that TML does not affect the early signaling events in nodule symbiosis. 
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2.3 Discussion 

TML, HAR1 and CLE-RS1/RS2 negatively regulate nodule organogenesis in the 

same genetic pathway 

In this study, I examined the detailed role of TML in AON using tml mutants. First, I 

demonstrated that the tml mutant still possesses the potential to develop more nodules 

whose formation is inhibited at least by another mechanism involving PLENTY. This 

result further supports my proposal that TML and HAR1 act in the same genetic pathway. 

Because the results suggested that TML acts downstream of HAR1, I assumed that TML 

is the undiscovered root factor of AON that acts downstream of CLE-RS1/RS2. The 

overexpression of CLE-RS1/RS2 in the roots of the tml mutant did not affect the number 

of nodules, indicating that the suppression of nodulation by CLE-RS1/RS2 requires a 

functional TML. 

Suzaki et al. reported that the overexpression of CLE-RS1/RS2 affects auxin 

accumulation at root cortical cells, resulting in the abortion of cell division (Suzaki et al. 

2012), suggesting the relationship among TML, auxin accumulation and cortical cell 

division as the factors downstream of CLE-RS1/RS2. 

Additionally, the results demonstrated that TML inhibits the nodule organogenesis 

induced by the LHK1-mediated cytokinin signaling. Moreover, no abnormalities in the 

Ca2+ spiking were observed in the tml mutant. As the Nod factor-induced early symbiotic 

signaling involving the Ca2+ spiking activates the LHK1-mediated cytokinin signaling 

(reviewed in (Madsen et al. 2010, Oldroyd et al. 2011)), these results suggest that the 

target of AON is not the early symbiotic signaling for the bacterial infection but rather 

the nodule organ formation. 

Taken together, I conclude that TML acts at the final stage of AON downstream of 
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CLE-RS1/RS2 and HAR1 to negatively regulate the nodule number by inhibiting the 

organogenesis induced by the cytokinin signaling. 
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2.4 Materials and methods 

Plant materials and growth conditions 

Lotus japonicus ecotype Miyakojima MG-20 was used as the wild type. After overnight 

water absorption, plants were grown with or without Mesorhizobium loti MAFF 30-3099 

in autoclaved vermiculite supplemented with Broughton and Dilworth (B&D) solution 

(Broughton et al. 1971) containing 0.5 mM KNO3 under 16 hour light/8 hour dark cycles 

at a light intensity of 150 mE/s/m2 at 22°C in a Biotron LH-300 growth cabinet 

(Nihon-ika, Osaka, Japan). 

 

Double mutant analysis 

For the double mutant analysis, tml-1 and plenty mutants were crossed. From the F2 

population, the homozygous double mutants were selected using PCR, which amplified 

the deleted region in plenty and tml-1. The number of nodules was counted at 21 dpi. To 

generate the tml-1 Snf2 double mutant, I crossed the tml-1 mutant with the Snf2 mutant. 

For tml-1 Snf2 double-mutant analysis, the Snf2 mutants were selected from the F2 

population based on spontaneous nodule formation and could have been either 

heterozygous or homozygous for the snf2 mutation, as the mutant phenotype is dominant. 

The tm-1l genotypes were then checked using PCR, which amplified the region 

containing the junction of the deleted region in tml-1. The number of spontaneous 

nodules was counted 5 weeks post-germination. All experiments were performed in 

biological duplicates. 

 

Hairy root transformation 

Transgenic hairy roots were induced by Agrobacterium according to the method of 
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Okamoto (2009). The CLE-RS1-, CLE-RS2- or GUS-overexpression construct, the TML 

RNAi construct or the ProTML-GUS reporter construct was introduced to generate the 

transgenic hairy root. The GFP driven by the constitutive CaMV 35S promoter in the 

T-DNA region of the binary vector was used as the reporter for transformation. Plants 

with transformed roots were placed on vermiculite with B&D medium containing 1 mM 

KNO3 in the growth cabinet at 24°C with a photoperiod of 16 hour light and 8 h dark for 

6 days before the plants were inoculated with M. loti. The total number of nodules on the 

GFP-positive roots was counted at 21 dpi. 

 

Measurement of Ca2+ spiking 

Ca2+ spiking was measured using a transgenic plant containing the calcium indicator 

protein yellow cameleon 2.1. The tml-1 mutant was crossed with the transgenic plant, 

and a tml-1 mutant containing YC2.1 (F3) was obtained for calcium imaging. Calcium 

imaging was performed on the Nikon inverted microscope ECLIPSE Ti equipped with a 

40x dry objective (numerical aperture 0.6) as described previously (Ehrhardt et al. 1996). 

The measurements were analyzed using NIS elements (Nikon, Tokyo, Japan) and 

Microsoft Excel. 
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Chapter 3 

Molecular cloning and characterization  

of the TML gene 
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3.1 Introduction 

In the model legumes, many genes involved in the legume-Rhizobium symbiosis have 

been identified (reviewed in (Kouchi et al. 2010, Oldroyd et al. 2011)). By 2008, the L. 

japonicus genome project has determined the 315.1 Mbp sequences, which correspond to 

67% of the genome (472 Mb) and cover 91.3% of gene-coding regions (Sato et al. 2008). 

In addition, there are some useful high-density genetic linkage maps and a great number 

of mapping markers such as simple sequence repeat (SSR) and derived cleaved amplified 

polymorphic sequence (dCAPS) markers (Hayashi et al. 2001, Sandal et al. 2002, Wang 

et al. 2008). These infrastructures has accelerated the identification of the gene involved 

in the nodulation by facilitating the map-based gene cloning of the symbiotic mutants.  

The previous study (Magori et al. 2009) and the results in the previous chapter of this 

thesis (chapter 2) demonstrated that the gene responsible for the hypernodulation 

phenotype in the tml mutant is a root regulator involved in the HAR1-mediated 

long-distance control of nodule numbers. However, it is still the hypothesis based on the 

observations of the genetic interactions. Therefore, the support to this hypothesis by the 

molecular biological approaches are necessary. In particular, to unveil its precise 

function, it is crucial to isolate the gene. In an attempt to localize the gene, the TML locus 

was mapped to the genomic region between the SSR markers TM0805 and TM0356 on 

chromosome 1 (Magori et al. 2009). In additon to the large deletion alleles produced by 

carbon-ion-beam irradiation (tml-1/-2/-3), I obtained the tml-4 mutant that is generated 

by an ethyl methane sulfonate (EMS) mutagenesis. Here, I report the identification and 

the characterization of the TML gene using these alleles. TML gene encodes a Kelch 

repeat-containing F-box protein with two nuclear localization signals (NLSs) and 

potentially functions in proteasome-mediated degradation of its target protein. 
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3.2 Results 

TML encodes a Kelch repeat-containing F-box protein with two NLSs 

To narrow down the candidate region, inverse PCR was performed to identify the deleted 

regions in the large deletion alleles tml-1 (formerly tml (Magori et al. 2009)), tml-2 and 

tml-3 (Fig. 3.1A). In all three alleles, the breakpoint was attached to repetitive regions. 

As a result, the deletions began at -2857 bp (tml-1), -10382 bp (tml-2) and -13822bp 

(tml-3) from the initial codon of the first ORF of the deleted region in tml-1. In addition, 

fine mapping was performed using the EMS allele tml-4 (formerly rdh1 (Yokota et al. 

2009)). SSR and derived cleaved amplified polymorphic sequence (dCAPS) markers 

were assessed for co-segregation in 1958 F2 population. Consequently, the TML locus 

was confined to the region between the SSR markers TM0805 and TM2344. Together 

with the results of the fine mapping and inverse PCR, the TML gene locus was delimited 

to a region of approximately 117 kb (Fig. 3.1A). Because the region was newly 

assembled in the contig CM0064, I analyzed the sequence by GENSCAN. Of the 21 

genes predicted in the region, the whole genome resequencing of tml-4 using a next 

generation sequencer found only one non-synonymous single nucleotide alteration in the 

gene corresponding to the EST sequence (GenBank accession number AK339024), 

which results in a premature stop codon (Fig. 3.1B). Therefore, to determine whether the 

loss of the candidate gene is responsible for the tml hypernodulation phenotype, I 

knocked down the expression of the candidate gene in roots by introducing the 340 bp 

target sequence driven by the LjUBQ promoter. I checked the decreased expression of 

the candidate gene by quantitative real-time RT-PCR (qPCR) analysis. As expected, the 

number of nodules developed on the candidate gene-silenced roots increased 

approximately 7.5-fold compared to those on the control roots (Figs. 3.2A-3.2E). In 
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addition, to verify that this result was not due to an off-target effect, I performed gene 

silencing triggered by two other sequences of the candidate gene and obtained the same 

results (Figs. 3.2F-3.2G). These results clearly indicate that the gene corresponding to 

AK339024 is indeed responsible for the tml hypernodulating phenotype. 

The sequence analysis revealed that TML encodes a Kelch repeat-containing F-box 

protein with three types of conserved domains: the F-box domain, the Kelch-repeat 

domain and two NLSs. An F-box domain is a motif that binds to the Skp1 family of 

proteins (e.g., ASK1 and ASK2 in A. thaliana), resulting in the formation of the Skp1 

Cullin F-box (SCF) E3 ubiquitin ligase complex. A Kelch-repeat domain is a motif 

involved in protein-protein interactions. In the well-studied Kelch repeat-containing 

F-box proteins (i.e., FKF1 and LKP2 in A. thaliana and JFK in Homo sapiens), the 

Kelch-repeat domains are required for the physical interaction with their target proteins 

(Imaizumi et al. 2005, Sun et al. 2009). Therefore, in the tml-4 mutant, the transcript is 

predicted to encode a nonfunctional protein lacking the Kelch-repeat domain (Fig. 3.1B). 

There are two NLSs predicted upstream and within the F-box domain (Fig. 3.1B). To 

analyze the subcellular localization of the TML protein, a TML-sGFP fusion protein was 

expressed in the roots of wild-type plants and the fluorescence of TML-sGFP was 

observed in the nucleus (Figs. 3.3H-3.3I). Therefore,I conclude that TML is a gene 

encoding a Kelch repeat-containing F-box protein that acts in the nucleus to regulate the 

nodule number. 

To obtain the supplemental information from the orthologs, I conducted a phylogenetic 

analysis. A BLAST search using the full-length peptide sequence of L. japonicus TML 

(LjTML) as a query against the G. max proteome database in the phytozome database 

(http://www.phytozome.net/) revealed two closely related sequences, i.e., 
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Glyma16g06160.1 and Glyma19g25770.1, with amino acid identities of 81 and 80% to 

LjTML, respectively. In addition, related sequences, including AT3G27150 and 

AT5G40680, were collected from the comparative gene analysis resource, GreenPhyl 

(http://greenphyl.cirad.fr/v2/cgi-bin/index.cgi). No orthologs of LjTML were found in 

Cyanidioschyzon merolae, Ostreococcus tauri or Chlamydomonas reinhardtii. A 

phylogenetic analysis using the F-box domains of the collected sequences revealed that 

the TML-related Kelch repeat-containing F-box proteins were widely conserved in 

embryophytes and were classified into three groups (i.e., the TML clade, the TML-like 

clade and the basal clade) (Fig. 3.4). LjTML, G. max TML orthologs (Glyma16g06160.1 

and Glyma19g25770.1) and A. thaliana TML orthologs (AT3G27150 and AT5G40680) 

were included in the TML clade (Figs. 3.5). The phylogenetic tree showed that at least 

one close ortholog of TML in each legume plant exists in the TML clade, suggesting the 

conserved function of TML among legume species. 

 

TML expression is regulated in both a Mesorhizobium loti infection-dependent and 

-independent manner 

To characterize the TML gene,I analyzed the spatial and temporal expression patterns of 

TML using samples from several tissues of wild-type plants 14 days post inoculation (dpi) 

with rhizobium. The total RNA was extracted from whole roots with nodules, nodules only, 

roots after the removal of nodules with a razor and shoots. The qPCR analysis showed that 

the expression was not detected in shoots from nodulated plants nor shoots from plants 

without nodules (Fig. 3.6A), demonstrating that TML is constitutively expressed in the 

roots and nodules (Fig. 3.6B). Furthermore, I investigated the detailed spatial expression 

patterns of TML using a ProTML-GUS reporter construct in which a 6 kb DNA fragment 
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from the putative translation initiation codon of TML was inserted upstream of the GUS 

reporter. I introduced this construct into L. japonicus roots by the Agrobacterium-mediated 

method and performed a histochemical GUS staining analysis. The GUS signal of 

ProTML-GUS was detected in the root apex transition zone (Figs. 3.7A-3.7C). The 

intensities of the GUS staining gradually reduced toward the basal parts of the root (Fig. 

3.7D). This expression pattern at the root tip was not significantly changed by inoculation 

with M. loti or by nitrogen-rich conditions (Figs. 3.7A-3.7C). In addition, I found GUS 

staining in developing root nodules (Fig. 3.7E) and in nodule primordia before the 

emergence from roots (Fig. 3.7F). At the earlier stages of nodule organogenesis, GUS 

expression was not detected in the dividing cortical cells even beneath the epidermal cell 

with the infection thread (Fig. 3.7G). These results indicate that TML expression is 

regulated in both a M. loti infection-dependent and infection-independent manner. 
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3.3 Discussion 

TML encodes a Kelch repeat-containing F-box protein 

I narrowed down the candidate region responsible for the tml phenotype through fine 

mapping and identified a candidate gene that has the nonsense mutation in the tml-4 

mutant. I then confirmed that the knockdown of the candidate gene induced the same 

phenotype as the tml mutants. Hence, I finally conclude that the Kelch repeat-containing 

F-box protein with two NLSs is the TML gene. 

In A. thaliana, among more than 100 Kelch repeat-containing F-box proteins, only five 

members (i.e., ZTL, FKF1, LKP2, AFR, and SON1) are well-characterized. ZTL, FKF1 

and LKP2 act as blue light receptors in the light-regulated growth and development (Ito 

et al. 2012), AFR is involved in the phytochrome A-mediated light signaling (Harmon et 

al. 2003) and SON1 acts in the defense response (Kim et al. 2002). Therefore, the 

findings that TML acts in the long-distance control of organogenesis provide novel 

insight into the function of the Kelch repeat-containing F-box proteins. In this report, Dr. 

Soyano and I found that the TML protein localizes to the nucleus. The previous study has 

reported that FKF1 and LKP2 localize to the nucleus (Takase et al. 2011). In addition, 

ZTL, FKF1 and LKP2 bind to transcription factors (i.e., TOC1 or CDF1) and promote 

their degradation (Ito et al. 2012). Hence, it is inferred that TML acts in regulating the 

degradation of the transcription-associated factor involved in nodule formation. 

Furthermore, the translational products of the closest orthologs of TML in A. thaliana 

(AT3G27150 and AT5G40680) are localized to the nucleus and they are reported to bind 

to the Skp1 family of proteins, a subunit of the ubiquitin E3 ligase complex (Schumann 

et al. 2011). These data support my hypothesis that TML and its orthologs promote the 

degradation of transcription-associated factors. 
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An E3 ligase is involved in the degradation of a specific target protein by 

poly-ubiquitination. Therefore, TML might regulate the stability of a positive and/or 

negative regulator of nodule organogenesis by mediating poly-ubiquitination and 26S 

proteasome-dependent degradation. 

 

TML is bifunctional in nodulation events. 

The quantitative estimation of the TML expression level demonstrated that TML is a 

root-specific gene. Although the TML expression level was not altered upon rhizobial 

infection when detected using qPCR, the detailed investigation of the promoter GUS 

assay revealed that TML is constitutively expressed not only in the root tip but also in the 

nodules and nodule primordia upon rhizobial infection. The expression pattern of 

ProTML-GUS in root nodule primordia suggests that TML might inhibit the nodule 

development after the initiation of cortical cell division. This hypothesis is consistent 

with the appearance of arrested root nodule primordia in roots overexpressing either 

CLE-RS1 or CLE-RS2 genes (Suzaki et al. 2012). However, the expression in root nodule 

primordia is not sufficient for explaining why the tml mutant develops an excessive 

number of infection threads (Magori et al. 2009). Dr. Soyano and I demonstrated that 

TML is constitutively expressed in the root apex transition zone, which is at the earlier 

developmental stage than the susceptible region for M. loti infection. One hypothesis is 

that TML expressing in the transition zone indirectly inhibits formation of infection 

threads prior to rhizobial infection. Therefore, TML may act bifunctionally, regulating 

the infection thread development and root nodule formation. 

In conclusion, we identify the F-box protein TML as a key factor in maintaining proper 

nodulation during the final stage of AON. 
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3.4 Materials and methods 

Map-based cloning of the TML gene. 

The tml-4 mutant was crossed with Gifu B-129, and F1 hybrids were selfed to obtain F2 

seeds. A total of 1,958 F2 plants (614 mutant phenotype (nod++) plants and 1,344 

wild-type phenotype (nod+) plants) were scored for the SSR markers TM0001 or 

TM0805 and BM1852. Among the 614 mutant (nod++) population, the recombinants 

were further scored for SSR or dCAPS markers C28_1, TM2344, SNP5 and TM2548. 

The primers for the dCAPS markers used here are listed below. 

C28_1(a 225 bp fragment (MG-20) or 17+208 bp fragment (Gifu B129) were obtained 

by MluI digestion) 

C28_1_F; 5’-CACCTTAGGAATCAAAGAGCCCTC-3’ 

C28_1_R; 5’-GTTTGTTTCCGCGTCAACGCG-3’ 

SNP5 (a 199 bp fragment (MG-20) or 27+172 bp fragments (Gifu B129) were obtained 

by HinfI digestion) 

SNP5_F; 5’-CCTTCACTGTCAACCCCCTC-3’ 

SNP5_R; 5’-GGACTATGTCTCTTGAAGAGTGTGATT-3’ 

 

iPCR-based deletion detection in tml deletion alleles 

The genomic DNA was isolated from 100 mg of fresh young leaves of each tml mutant 

plant using the DNeasy Plant Mini kit (Qiagen, Hilden, Germany) after grinding with a 

mortar and pestle. A total of 1 µg genomic DNA was digested with restriction enzymes 

(EcoRI or MseI). For the self-ligation reaction, 0.5 µg digested DNA was diluted to 500 

µl with T4 ligase buffer (50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP, 10 mM 

dithiothreitol and pH 7.5 at 25°C) containing 5 µl ligase (final 4 units/ µl). The reaction 
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mixture was then incubated overnight at 16°C. A nested PCR was performed using the 

ligated DNA as a template. The obtained fragment was sequenced to identify the junction 

sequence. 

 

Constructs for RNA silencing 

The 340 bp fragment of the TML gene and the 325 bp fragment of the GUS gene were 

amplified using PCR, cloned into pENTR d-TOPO (Invitrogen, Carlsbad, CA, USA) and 

subcloned into pUB-GWS-GFP (Maekawa et al. 2008). The hairy root transformation was 

performed as described above. 

The primers used here were 

TML RNAi_F; 5'-CACCATGGCCAATAAAAAAGCATT-3' and 

TML RNAi_R; 5'-ACATGAACACTGAGGGCTCTTT-3', 

which amplified nucleotides 1 - 340 of the TML gene, and 

GUS RNAi_F; 5'-CACCTGAACCGTTATTACGGAT-3' and 

GUS RNAi_R; 5'-CGAGTGAAGATCCCTTTCTTG-3', 

which amplified nucleotides 1392-1718 of the GUS gene. 

 

Constructs for the ProTML-GUS reporter assay 

The 6 kb DNA fragment from the putative translation initiation codon of TML was 

inserted upstream of the GUS reporter in pGWB3 (Nakagawa et al. 2007). 

The primers used here were 

ProTML_F; 5'-GAAACACAAACCTCGACAACCACCA-3' and 

ProTML_R; 5'-CATAATAAGTCAGGTACAGGCAAATGCTTC-3'. 
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Expression analysis 

The total RNA was isolated using the RNeasy Plant Mini Kit (Qiagen). First strand cDNA 

was prepared using a QuantiTect Reverse Transcription Kit (Qiagen). The real-time 

RT-PCR was performed using an ABI Prism 7000 (Applied Biosystems) with a 

QuantiTect SYBR Green RT-PCR Kit (Qiagen). Transcript amounts in different samples 

were normalized to those of ubiquitin (UBQ). The results are provided as the means ± SD 

of results for independent biological duplicates with technical triplicates. 

The primers used here were 

TML_qPCR_F; 5'-ACAAACAGCTGGAGCCTAATTC-3', 

TML_qPCR_R; 5'-AGAAGCATCAAGCGAGTAAAGC-3', 

UBQ_qPCR_F; 5'-TTCACCTTGTGCTCCGTCTTC-3' and 

UBQ_qPCR_R; 5'-AACAACAGCACACACAGACAATCC-3'. 

 

Phylogenetic analysis 

To examine the phylogenetic relationships, the amino acid sequences of Kelch 

repeat-containing F-box proteins were downloaded from 

http://greenphyl.cirad.fr/v2/cgi-bin/index.cgi (family 36739) and 

http://www.phytozome.net/ (2 EST sequences from M. truncatula, 1 genomic sequence 

from P. vulgaris and 2 genomic sequences from Physcomitrella patens). All nucleotide 

data were translated into peptide sequence. The pseudogenes and fragmented ORFs were 

removed, resulting in 7 genes from A. thaliana, 3 from Brachypodium distachyon, 3 from 

Carica papaya, 17 from G. max, 4 from M. truncatula, 4 from O. sativa, 5 from Populus 

trichocarpa, 5 from Ricinus communis, 5 from Sorghum bicolor, 7 from Selaginella 

moellendorffii, 6 from Vitis vinifera and 7 from Zea mays. The peptide sequences were 
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analyzed using ClustalW multiple sequence alignment programs. The phylogenic tree 

was calculated using the neighbor-joining method after the alignment of the sequences. 

A bootstrap analysis was performed on 1,000 random samples taken from the multiple 

alignment. The tree is shown with bootstrap confidence values expressed in percentage. 
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Chapter 4 

General discussion 
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4.1 Mode of action of AON 
Legumes develop the root nodules to establish and to sustain proper symbiotic 

interactions with the nitrogen-fixing soil bacteria collectively called rhizobia. Rhizobia 

provide the host legumes with the ammonium as a nitrogen source fixed from the air. In 

return, host legumes provide rhizobia with the carbon source produced through the 

photosynthesis. Therefore, this relationship is mutually beneficial symbiosis. 

There are increasing evidences that the legumes have evolved the preprogrammed 

signaling pathways to establish and to keep the adequate symbiotic balance. NF is the 

signaling molecule synthesized and secreted by rhizobia, which triggers the nodulation 

signaling pathways in the host legumes. Studies on the symbiotic mutants have revealed 

that NF-induced nodulation signaling pathway is mediated by several components such 

as the putative receptor-like kinases with extracellular LysM domains (e.g. NFR1/NFR5 

in L. japonicus) (Madsen et al. 2003, Radutoiu et al. 2003), the leucine-rich repeat 

receptor kinase (SymRK) (Endre et al. 2002, Stracke et al. 2002), cation channels (Castor 

and Pollux) (Ane et al. 2004, Imaizumi-Anraku et al. 2005, Charpentier et al. 2008), 

nucleoporins (Nup85 and Nup133) (Kanamori et al. 2006, Saito et al. 2007, Groth et al. 

2010), a calcium calmodulin-dependent protein kinase (CCaMK) (Levy et al. 2004, Mitra 

et al. 2004, Tirichine et al. 2006) and a nuclear localized coil–coil protein (Cyclops) 

(Messinese et al. 2007, Yano et al. 2008). Downstream of the signaling pathway, putative 

transcription factors (nodulation signalling pathway 1 (NSP1), NSP2 (Kalo et al. 2005, 

Smit et al. 2005, Heckmann et al. 2006, Murakami et al. 2006), ERF required for 

nodulation 1 (ERN1) (Andriankaja et al. 2007, Middleton et al. 2007, Cerri et al. 2012), 

nodule inception (NIN) (Schauser et al. 1999, Marsh et al. 2007)) are activated to initiate 

the morphological changes for bacterial infection and nodule organogenesis. Even if this 
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symbiosis is of advantage for the host legumes, the nodule formation is an enegetically 

expensive process. Hence, overproducing nodules is harmful for the host growth, which 

is corresponding to the dwarf phenotype of the mutants that lack the nodule-number 

regulation (Sagan et al. 1996, Szczyglowski et al. 1998, Krusell et al. 2002, Nishimura et 

al. 2002, Penmetsa et al. 2003, Searle et al. 2003, Oka-Kira et al. 2005, Schnabel et al. 

2005, Magori et al. 2009, Miyazawa et al. 2010, Schnabel et al. 2010, Krusell et al. 2011). 

To avoid this unfavorable effect, legumes developed the negative feedback regulation 

called AON. In L. japonicus, AON is primarily mediated by CLE-family peptides named 

CLE-RS1/RS2, which are the putative root-derived signals transporting to the shoot 

(Okamoto et al. 2009). Subsequently, the signal is mediated by the LRR-RKs (i.e. HAR1, 

CLV2 and KLV (Krusell et al. 2002, Nishimura et al. 2002, Miyazawa et al. 2010, Krusell 

et al. 2011)) These LRR-RKs are orthologous to the CLV1, CLV2 and RPK2 in A. 

thaliana, which act to maintain stem cells and the receptors for the CLE peptides (Ogawa 

et al. 2008, Kinoshita et al. 2010). 

The grafting experiments have shown that the LRR-RKs function in shoots, indicating 

that there are long-distance communications between roots and shoots in the course of 

this negative feedback regulation of the nodulation. It is a possible idea that legumes 

regulate the number of nodules in tune with their body size or in response to the 

environment stresses. However, the precise function of AON is largely unknown because 

the root regulator is not molecularly isolated.  

In this thesis, I characterized the TML gene by the molecular genetic analyses and 

identified the TML gene by the map-based cloning and the gene knock-down analysis. 

The detailed analysis of double mutants has shown that TML and HAR1 act in the same 

genetic pathway. In addition, overexpression of CLE-RS1/RS2 in the tml mutant 
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background did not affect the number of nodules compared to the control GUS 

overexpressing root in the tml mutant background, indicating that the suppression of 

nodulation by CLE-RS1/RS2 requires a functional TML. Furthermore, double mutant 

analysis using the tml-1 Snf2 mutant revealed that TML inhibits the nodule organogenesis 

induced by the LHK1-mediated cytokinin signaling. In addition to these results, Suzaki 

et al. has shown that CLE-RS1/RS2 affects auxin accumulation at root cortical cells, 

resulting in the abortion of cell division. Taken together, AON inhibits the nodule 

organogenesis by activating the CLE-RS1/RS2, HAR1 and TML (Fig. 3.8A). 

Through the fine mapping, the deep sequencing by the NGS and the RNAi experiments, I 

found that the Kelch repeat-containing F-box protein with two NLSs is the TML gene. 

An E3 ligase is involved in the degradation of a specific target protein by 

poly-ubiquitination. Therefore, TML might regulate the stability of a positive and/or 

negative regulator of nodule organogenesis by mediating poly-ubiquitination and 26S 

proteasome-dependent degradation (Fig. 3.8B). Because the 26S proteasome degrades 

the ubiquitinated proteins even if the process consumes ATP as an energy source, the 

ubiquitin proteasome-mediated degradation is often a biologically meaningful process. 

Indeed, in most of the known phytohormones (e.g., auxin, jasmonate, gibberellin, 

strigolactone and salicylic acid) the signalings are mediated by the components of E3 

ligase-substrate complexes (Gomi et al. 2004, Dharmasiri et al. 2005, Kepinski et al. 

2005, Umehara et al. 2008, Yan et al. 2009, Fu et al. 2012, Yoshida et al. 2012). 

Intriguingly, the strigolactone signaling that is mediated by the LRR-type F-box protein 

has recently been reported to positively regulate the number of nodules, contrary to TML 

(Foo et al. 2012). As it has been suggested that SDI is an amphiphilic and 

low-molecular-weight compound, extrapolating from the relation between 
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phytohormones and F-box proteins, it is possible that SDI reception triggers the 

activation of the TML protein. As TML is an F-box protein that functions during the 

final stage of AON, identifying its target will unveil a detailed mechanism for 

establishing the well-suited symbiotic relationship. In conclusion, I concluded that TML 

encoding the the Kelch repeat-containing F-box protein with two NLSs, which 

negatively regulates the nodule number downstream of CLE-RS1/RS2 and HAR1 by 

suppressing the LHK1-mediated cytokinin signaling for nodule organogenesis. 
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4.2 The function of TML in nodule number regulation 

might be co-opted from another systemic regulation 

TML-related F-box genes are conserved among land plants and are classified into three 

groups: the basal clade, the TML clade and the TML-like clade. In L. japonicus, TML 

acts to coordinate the legume-rhizobium symbiosis. A phylogenetic analysis revealed 

that other legumes have at least one TML ortholog that belongs to the TML clade, 

indicating that these orthologs might play a role in nodule number regulation. However, 

angiosperms other than legumes have TML orthologs that belong to TML clade, 

suggesting that TML orthologs have a general function.  

A recent study reported that the TML ortholog in A. thaliana, AT3G27150, is regulated 

by the microRNA miR2111 in response to the nutrient status. Interestingly, though 

AT3G27150 is expressed specifically in the roots, a large quantity of miR2111 was 

detected in the phloem sap during Pi limitation, suggesting that AT3G27150 acts in the 

systemic regulation responsive to environmental stresses (Pant et al. 2009). In addition, a 

recent study has shown that root development is systemically regulated in response to the 

NO3
－ status in the root (Ruffel et al. 2011). Moreover, several reports have demonstrated 

that AON is activated in response to nitrogen as an environmental cue (Okamoto et al. 

2009, Jeudy et al. 2010, Reid et al. 2011). Furthermore, LjTML is constitutively 

expressed in the root tips. Taken together, TML orthologs in angiosperms might act in the 

root in the systemic environmental response. 

Interestingly, no TML orthologs belonging to the TML clade were found in monocots 

(Fig. 3.4). The root system architecture differs between monocots and eudicots, 

especially with regard to the existence of lateral roots. Several reports on the relation 
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between lateral root formation and nodule organogenesis (Mathesius et al. 2000, 

Gonzalez-Rizzo et al. 2006, Bishopp et al. 2009, Kuppusamy et al. 2009, Yendrek et al. 

2010) suggest that the TML clade genes might regulate the root system architecture that 

is required in eudicots. 

Considering these instances, it has been suggested that the systemic and long-distance 

regulation of root development via TML orthologs has been co-opted to root nodule 

organogenesis in legume plants. Thus, I propose a hypothesis in which AON regulates 

nodule organogenesis through the 26S proteasome pathway and that this mechanism has 

evolved by co-opting the systemic regulation of root development responsive to 

environmental stress. 
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Concluding remarks 

In this dissertation, I characterized and identified the gene of the hypernodulating mutant 

too much love (tml) of Lotus japonicus. In the future, the identification of the proteins 

physically interacting with TML will clarify the function of TML at the molecular level. 

And I sincerely hope that this research will facilitate the big progress in this field. 
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Fig. 1.1 Overview of the Nod factor signaling pathway 
(A) Schematic illustration of the NF-induced nodulation events. (B) The signal flow chart for the NF-induced 
nodulation events.
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Fig. 1.2 HAR1-mediated long-distance control of nodulation 
Preceding nodulation event rapidly induces the root-derived signals (CLE-RS1/RS2). The root-derived signals 
transport to the shoot and activated the LRR-RLK (HAR1). The activated LRR-RLK send the shoot-derived 
inhibitor (SDI) to the root.  SDI transports to the roots and, through an unknown mechanism, subsequent nodulation 
is inhibited.  
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Fig. 2.1 The nodulation phenotypes in the tml-1 har1-7 and tml-1 plenty double mutants, each single mutant 
and wild type MG-20.
(A) The number of nodules and nodule primordia counted 21 dpi. The results are represented as the means ± 
SD. Columns with the same lower-case characters are not significantly different (Tukey’s test after an 
analysis of variance (ANOVA) (P<0.001)). (B-G) The nodulation phenotype of each mutant observed 21 dpi.
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Fig. 2.2 Nodulation phenotypes of CLE-RS1/RS2-overexpressing roots.
(A) Nodulation phenotypes of GUS-, CLE-RS1- and CLE-RS2-overexpressing roots in MG-20, tml-1 and tml-4. Bars 
indicate 2 mm. (B) Number of nodules on CLE-RS1-, CLE-RS2- and GUS-overexpressing roots. The results are 
represented as the means ± SD. Asterisks indicate the statistically significant difference at P < 0.05 (*) using Student’s t-
test.
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Fig. 2.3 Analyses of the genetic interactions between TML and LHK1
(A) Appearance of the spontaneous nodules on Snf2 single mutants. (B) Appearance of spontaneous nodules on 
tml-1 Snf2 double mutants. (C) The magnified image of (B). (D) The number of spontaneous nodules on tml-1 Snf2 
double mutants and Snf2 single mutants counted 5 weeks post-inoculation. The 96 plants that were genotyped from 
the F2 progeny of F1 plants of tml-1 crossed with Snf2. tml-1 Snf2 double mutants and Snf2 single mutants were 
selected to assess the phenotype. Bars in (A-C) indicate 5 mm. Error bars in (D) represent SD. Asterisks indicate the 
statistically significant difference at P < 0.001 (***) using Student’s t-test. 
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Fig. 2.4 Measurement of Ca2+ spiking in the wild type and the tml mutant.
Ca2+ spiking was measured after Nod factor (10-8 M) treatment in root hair cells of the wild type (A) and the tml-1 
(B). Three representative measurements are shown in the graph. The numbers indicate the ratio of root hair cells that 
showed Ca2+ spiking to the total number of cells.
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Fig. 3.1 Identification of the TML gene.
(A) Map-based cloning of the TML gene. (B) Annotated domains of the TML gene product. 
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Fig. 3.2 Nodule number and relative expression level of TML in TML-silenced roots.
(A) The schematic illustration of loci of trigger sequences in the GUS gene and the TML gene.  (B-C) Nodulation 
phenotypes of GUS- and TML-silenced roots. Trigger sequences were driven under the ubiquitin promoter. (D) 
Number of nodules on TML-silenced roots. (E) Relative expression level of TML in the TML-silenced roots. (F) 
Number of nodules on GUS or TML RNAi roots induced in wild type MG-20 plants. Nodules were counted at 21 
dpi. Error bars indicate SE. Asterisks indicate the statistically significant differences at P < 0.05 (*) using Student’s 
t-test. (G) The relative expression level of TML was examined. Error bars indicate SE. Asterisks indicate the 
statistically significant differences at P < 0.05 (*) using Student’s t-test.
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Fig. 3.3 Identification of the TML gene.
(A-B) Subcellular localization of the TML protein. Arrowheads indicate TML localization in the nucleus. 
Fluorescence of GFP (A) and GFP-TML (B) was observed.  
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Fig. 3.4 Phylogenetic analysis of TML-related genes. 
Deduced amino acid sequences of F-box domain in TML-related proteins were aligned and the phylogenetic tree was 
constructed by neighbor-joining. A node was supported in 1000 bootstrap pseudoreplications. Tree is shown with 
bootstrap confidence values expressed in percentage.
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Fig. 3.5 The phylogenetic tree of the TML clade. 
Deduced amino acid sequences of the F-box domains in TML-related proteins were aligned and the phylogenetic tree 
was constructed using the neighbor-joining method. A node was supported in 1000 bootstrap pseudoreplications. The tree 
is shown with bootstrap confidence values expressed in percentage.
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Fig. 3.6 Expression analyses of TML transcripts.
(A) The relative expression levels of TML in various organs of L. japonicus. (B) The relative expression levels of 
TML in the whole root 0-7 dpi. The results are represented as the means ± SD.
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Fig. 3.7 GUS expression in roots transformed with ProTML-GUS.
(A-C) GUS staining in root tips. Roots were cultured in 1/2 B&D medium with (B) or without (A) M. loti for 7 days. 
The medium was supplemented with 10 mM NH4NO3 (C). (D) A magnified image of the boxed region in (B). White 
lines represent sizes of cortical cells. (E-G) GUS expression in a developing root nodule (E) and in root nodule 
primordia (F, G). (E) and (F) show merged images of GUS staining with fluorescence from DsRed that is 
constitutively expressed in M. loti. Arrowheads in (G) indicate division planes of cortical cells. Bars indicate 0.1 mm 
in (A-C), 0.5 mm in (E) and 50 mm in (D, F, G). 
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Fig. 3.8 Schematic illustration of the proposed models. 
(A) A model for the TML-mediated nodule number regulation. (B) A proposed mode of action of TML.
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