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Leguminous plants engage in symbiosis with rhizobia, soil nitrogen-fixing bacteria in
specialized organs, termed root nodules. In this symbiotic interaction, rhizobia fix
atmospheric N2 and provide the host plant with ammonium. In return, host plants supply
photosynthates to rhizobia. This symbiosis enables legumes to thrive under nitrogen-limiting
conditions. However, since Nz-fixation is a highly energy-consuming process, excess nodule
formation is detrimental to the host growth. Legumes, therefore, tightly control nodule
numbers using a root-shoot-root, long-distance signaling mechanism: autoregulation of
nodulation (AON). In Lotus japonicus, the initial step of AON is the synthesis of root-derived
mobile signals, CLV3/ESR-related (CLE) ROOT SIGNAL 1, 2, and 3 (CLE-RS]1, 2, and 3)
peptides, in response to either rhizobial infection or high nitrate concentrations in the roots.
These CLE peptides are translocated into the shoot through xylem vessels and are perceived
by a shoot-acting HYPERNODULATION ABERRANT ROOT1 (HAR1) receptor-like
kinase. Consequently, TOO MUCH LOVE (TML) F-box/kelch repeat protein, expressing in
roots, inhibits nodulation downstream of HAR1. har! and #ml mutants produce excessive
number of nodules, thereby those factors are neccesory to restrict nodule numbers.

In this signaling system, the detailed regulatory mechanism of nodulation by the shoot
in AON remains unclear. A microRNA, miR2111, that targets 7ML mRNA, is the most
plausible shoot-derived factor in AON. Since the promoter activity of one miR2111 gene,
MIR2111-3, is detected predominantly in leaves, the shoot-to-root translocation of miR2111
has been postulated to explain the shoot-mediated control of nodulation. However, whether
MIR2111-3 is aresponsible locus for AON remains unclear. Moreover, the role of shoot-
accumulating miR2111s in the systemic regulation of nodulation is unproven thus far.

Besides, it remains unknown what responses HAR1 triggers in the shoot, other than
generation of shoot-derived factors controlling nodulation, through the perception of root-

derived signals. Since the mutants of HAR1 and its orthologue of soybean show the



pleiotropic shoot phenotype such as smaller leaf size and leaf cell numbers, HARI in the
shoots may have overlooked roles.

Herein, I firstly focused on the function of shoot-accumulated miR2111 to clarify the
regulatory mechanism of nodulation from the shoot. Secondly, I searched genes regulated by
HARI in leaves by RNA-seq and estimated their function to totaly understand the functions
of shoot-mediated signaling for AON.

Three miR2111 loci (MIR2111-1-MIR2111-3) have been reported in L. japonicus. To
identify the loci responsible for AON, I first searched additional potential miR2111 genes and
found four new miR2111 loci, MIR2111-4-MIR2111-7, on the L. japonicus genome through
hairpin structure prediction by combining BLAST search and RNA-seq-based gene
prediction. Of the seven miR2111 genes, MIR2111-2, MIR2111-4, MIR2111-5, and
MIR2111-7 were expressed in leaves, and the accumulation levels of these transcripts
decreased after rhizobial inoculation in a HAR1-dependent manner. In contrast, the
expression of MIR2111-3 was below detectable level in my RNA-seq data. Although
promoter activity of MIR2111-3 is detectable in L. japonicus leaves, MIR2111-3 may not
strongly contribute to the production of miR2111 in leaves. MIR2111-2 and MIR2111-5
overexpression in hairy roots suppressed 7ML mRNA accumulation and significantly
increased nodule numbers, whereas that of MIR2111-4 did not influence nodulation. Of the
seven miR2111 loci, MIR2111-5 showed the highest levels of its primary transcripts in
leaves. Thus, I hypothesized that MIR2111-5 significantly contributes to the accumulation of
mature miR2111s in leaves and roots. Using MIR2111-5 promoter GUS assays, I found that
MIR2111-5 was expressed predominantly in the phloem of leaves. mir2111-5 mutants
reduced mature miR2111 levels in both leaves and roots to < 50% of those observed in the
wild-type, and significantly decreased the nodule and infection thread numbers compared to
those in the wild-type. Furthermore, grafting experiments demonstrated that wild-type
rootstock grafted with MIR2111-5-overexpressing scion showed increased nodules and
mature miR2111s and lower 7ML mRNA levels. The production of mature miR2111s in
leaves by MIR2111-5 is therefore necessary for the systemic control of nodulation and mature
miR2111 levels in roots. Taken together, this study clearly showed the systemic effect of
shoot-accumulating miR2111 on nodulation and determined that MIR2111-5 is a highly
contributing locus for AON.

Secondly, to elucidate functions of HAR1 in the shoot other than the production of
shoot-derived factors controlling nodulation, I searched for upregulated genes that depended

on HAR1 using RNA-seq analysis of L. japonicus leaves. Only two potential HAR1



downstream factors, miR2111, and /P73 encoding cytokinin biosynthetic enzyme, has been
reported. I found that 261 genes were upregulated in leaves due to CLE-RS1/2 overexpression
as well as rhizobial inoculation or nitrate treatment in a HAR 1-dependent manner. I have
estimated function of these genes and these results could shed light on a new role of HAR1 in

the leaves that 1s distinct from the control of nodulation.
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