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Molecular genetic studies on autoregulation of nodulation
and nitrate—induced control of root nodule symbiosis in

Lotus japonicus
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Summary (Abstract) of doctoral thesis contents

Legumes establish symbiotic relationships with nitrogen-fixing rhizobia through the
formation of root nodules. Endosymbiotic rhizobia inhabiting nodules supply host plants with
ammonia converted from atmospheric dinitrogen, whereas host plants provide photosynthetic
products for symbionts as energy sources. Because the root nodule symbiosis is an
energy-consuming activity, plants have developed two strategies to balance the benefits and
costs associated with the symbiosis. One strategy involves optimizing nodule number through
negative regulation, which utilizes autoregulation of nodulation (AON), systemic long-range
signaling between roots and shoots. In a model legume Lotus japonicus, two
CLAVATA3/ENDOSPERM SURROUNDING REGION (CLE) peptides, encoded by
CLE-ROOT SIGNAL 1 (CLE-RS1) and CLE-RS2, act as putative root-derived signals in AON,
which transmit signals that further inhibit nodule formation by interacting with a
shoot-acting receptor-like kinase, HYPERNODULATION ABERRANT ROOT FORMATION
1 (HAR1). Another strategy involves the control of nodulation in response to nitrogen
availability in the soil. Host plants can control several events during root nodule symbiosis
under high conditions of nitrate, a major form of inorganic nitrogen in the soil. However, the
underlying mechanism of the latter strategy is poorly understood.

To elucidate the genetic mechanisms involved in the nitrate-induced control of root
nodule symbiosis, I conducted mutant screening using EMS-treated L. japonicus M, seeds
and isolated novel mutant lines, designated as nitrate unresponsive symbiosis 1 (nrsyml).
The mutants formed mature nodules even under nitrate-sufficient conditions. In the wild type,
high concentrations of nitrate negatively regulated rhizobial infection, nodule number,
nodule size, and nitrogen fixation activity. In contrast, these inhibitory effects were
suppressed by the nrsyml mutation, indicating that NRSYM1 mediates the pleiotropic
control of root nodule symbiosis by nitrate. Then, | identified the NRSYM1 as the
responsible gene with a map-based cloning employing a genome-resequencing approach;
this gene encodes a NIN-LIKE PROTEIN transcription factor. It is known that mutants
involved in AON form nodules under high conditions of nitrate, in addition to the formation
of an increased number of nodules. Moreover, expression of CLE-RS2 is strongly induced by
rhizobial infection as well as nitrate treatment. These previous studies suggest that the
mechanism for nitrate-induced control of nodulation shares common elements with the AON.
Detailed examination of the effects of nitrate on nodulation in AON-related mutants
suggested that AON is involved in the inhibition of nodule number by nitrate, while other
nitrate-affected processes are controlled through an AON-independent mechanism. The
nrsyml mutation affected nitrate-inducible CLE-RS2 expression. Moreover, chromatin
immunoprecipitation-gPCR and electrophoretic mobility shift assay showed that NRSYM1
directly bound specific-DNA motifs on the CLE-RS2 promoter in a nitrate-dependent manner.
The expression of NRSYM1 was not induced by nitrate, suggesting post-translationally
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regulation of NRSYM1. Furthermore, immunostaining of Myc-tagged NRSYM1 showed that
this protein was predominantly localized in nuclei in the presence of nitrate. In contrast,
NRSYM1 was barely detected in nuclei under nitrate-free conditions. Overall, these results
indicate that NRSYM1 is activated by a nitrate-dependent nuclear localization mechanism
and directly regulates the production of CLE-RS2, thereby triggering the negative regulation
of nodule number through AON. In addition to the nitrate response during nodulation,
NRSYM1 was shown to mediate a general nitrate response.

Second, novel LjCLE genes were identified that may influence nodulation through
AON. A BLAST search using the amino acid sequence of a CLE domain from CLE-RS1 as a
query found five new CLE peptides in L. japonicus. Among them, the expression of two CLE
genes, named CLE-RS3 and LjCLE40, was induced in roots inoculated with rhizobia.
While CLE-RS1 and CLE-RS2 was expressed immediately and transiently after
inoculation, CLE-RS3 and LjCLE40 expression was relatively delayed and sustained during
nodulation. In addition, | found that CLE-RS3 and LjCLE40 expression was also responsive
to nitrate. CLE-RS3 was expressed at earlier nodulation stages than LjCLE40. As AON is
known to occur during the early nodulation stages, the potential involvement of CLE-RS3 in
AON was examined. Constitutive expression of CLE-RS3 in L. japonicus hairy roots
significantly reduced nodule number in both transformed and untransformed roots, indicating
systemic inhibition of nodulation. Conversely, the inhibitory effect by CLE-RS3 was masked
in the AON-related mutants such as harl and too much love. Thus, these results suggest that
CLE-RS3 is a novel component of AON in L. japonicus and acts as a potential root-derived
signal in AON.

Taken together, in this study, | identified a key transcription factor involved in the
nitrate-induced pleiotropic control of the root nodule symbiosis and a new candidate for
root-derived signals acting in AON. These data will contribute to our understanding on the
molecular framework describing how legumes respond to rhizobia and fluctuating nitrate
environments to achieve proper plant growth.
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