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Rhizobium-legume symbiosis is one of the most successful
mutually beneficial interactions on earth. In this symbiosis,
soil bacteria called rhizobia supply the host legumes with
ammonia produced through bacterial nitrogen fixation. In
return, host plants provide the rhizobia with their
photosynthetic products. To accomplish this biotic
interaction, leguminous plants develop nodules on their
roots. On the other hand, more than 80% of land plant
families have symbiotic relationships with arbuscular
mycorrhizal (AM) fungi. Despite marked differences
between the fungal and bacterial symbioses, common genes
are required for both interactions. Using a model legume
Lotus japonicus, we are trying to unveil the mechanisms of
both symbiotic systems.

1. Nodulation

1-1 Genetic mechanism involved in early and late
nodule development

In response to appropriate inductive conditions, plants have
the capacity of forming new organs from differentiated cells.
Root nodulation is one such unique developmental process
that predominantly occurs in leguminous plants. In this
process, signaling initiated by symbiotic bacterial infection
alters the fate of differentiated cortical cells and causes
formation of new organs.

The L. japonicus vagrant infection thread 1 (vagl) is a
novel mutant involved in nodule development. VAGI
encodes a protein orthologous to Arabidopsis ROOT
HAIRLESS 1, which functions as a subunit of DNA
topoisomerase VI. Analyses focusing on nuclear size found
the emergence of a few cortical cells with enlarged nuclei
during initiation of cortical cell division in wild type. In the

vagl mutants, these potentially endoreduplicated cells are
not observed and subsequent cortical cell division is severely
compromised. Thus, it is possible that DNA topoisomerase
VI is involved in the endoreduplication of cortical cells,
which can trigger the onset of cortical cell division. During
late nodule development, endoreduplication results in the
formation of enlarged rhizobia-colonized cells in mature
nodules. In wild type L. japonicus, there are enlarged
rhizobia-colonized cells in the inner region of the nodule,
and smaller rhizobia-infected (as yet uncolonized) cells in
the surrounding region (Figure 1). In vagl nodules, the
number of these small rhizobia-infected cells is higher
whereas the number of rhizobia-colonized cells is lower
(Figure 1). This suggests that the vag/ mutant has a defect in
differentiation from small rhizobia-infected cells to enlarged
rhizobia-colonized cells. Overall, our data indicate that
endoreduplication mediated by DNA topoisomerase VI may
be a prerequisite regulator for the control of two key nodule
developmental processes: the first is related to the onset of
nodule organogenesis during early nodule development, and
the second is associated with the differentiation of rhizobia-
colonized infected cells in late nodule development.
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Figure 1. The effect of the vag/ mutation on nodule structure. Sections
through nodules of wild type (A, C, D) and vagl-I (B, E, F) at 21 days
after inoculation with rhizobia that constitutively express the LacZ
reporter gene. (C, E) Rhizobia-colonized infected cells located at the
inner region of nodules. (D, F) In wild type, small rhizobia-infected (as
yet uncolonized) cells (bracket) are located surrounding the region of
rhizobia-colonized cells. In contrast, the inner region of vagl-I nodule
comprises a large number of these small rhizobia-infected cells. Scale
bars: 100 um in A, B; 20 pm in C-F.

1-2 A presumptive post-translational modification
enzyme, PLENTY controls nodulation and root
growth in L. japonicus

Legumes can survive even in nitrogen-deficient
environments depending on root nodules symbiosis with
rhizobia; however, forming nodules consumes energy,
requiring nodule number to be strictly controlled. The
previous studies of hypernodulation mutants, harl, klv, and
tml, have proposed long-distance control of nodulation
(Figure 2), via systemic mobile signals, CLE-RS1/2 peptides.
Recently, we found that, at least, the CLE-RS2 peptide is
arabinosylated and this modification is essential for nodule
inhibition (Okamoto et al., 2013). In Arabidopsis, the post-
translational modifications of hormone-like small peptides
and their critical roles in biological activities have been



gradually found. Further, one of the modification enzymes,
hydroxyproline O-arabinosyltransferase (HPAT), is identified
and its homolog in L. japonicus is thought to be a strong
candidate for the modification enzyme of CLE-RS2.

We identified the HPAT homolog in L. japonicus, PLENTY,
as a responsible factor for the already isolated plenty mutant.
PLENTY is localized to the Golgi, suggesting a similarity of
protein functions between LjPLENTY and ArHPAT.
However, overexpression of CLE-RS1/2 is still effective on
nodule inhibition in plenty, suggesting that PLENTY itself
does not mainly mediate the arabinosylation of CLE-RS1/2.
In addition, plenty harl double mutant showed an additive
nodulation. These suggest a novel HAR1-independent
nodulation controlling pathway mediated by an unknown
possible substrate of PLENTY which is a putative post-
translational modification enzyme.
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Figure 2. A model of the long-distance control of nodulation. (1)
Nodulation signaling pathway downstream of cytokinin receptors
activates NIN expression. The NIN transcription factor activates CLE-
RS1/2 expression through direct binding to their promoter. (2) It is likely
that the CLE-RS1/2 peptides are posttranslationally modified with
triarabinoside, a reaction mediated by an enzyme similar to HPAT in the
Golgi apparatus. These modified CLE-RS peptides are transported to the
xylem. (3) These peptides are transmitted from roots to shoots and
directly bind to HAR1 in the phloem of leaf cells. (4) Downstream of the
CLE-RS/HARI signaling pathway, activated IPT3 produces cytokinin,
which is transported to roots through phloem tissue. (5) Shoot-derived
cytokinin is directly or indirectly involved in proteasome-mediated
degradation of an unidentified positive regulator of nodule organogenesis.

II. Arbuscular mycorrhiza symbiosis

Arbuscular mycorrhiza is a plant-fungus interaction that
confers great advantage to growth and survival on the land.
AM fungi enter into the host root and elongate the hyphae
between the root cells. The intraradical hyphae form
symbiotic structures called ‘arbuscule’ and ‘vesicle’ (Figure
3A). AM fungi supply phosphate to the host plant through
the symbiotic structures and in return, they obtain
photosynthetic products form the host. To obtain insights
about molecular mechanisms of AM development, we are
studying symbiotic signaling factors that regulate symbiotic
gene expression and AM fungal infection.

We performed transcriptome analysis in wild-type and
symbiotic mutants of L. japonicus. This analysis showed that

plant hormone gibberellin (GA) biosynthesis and metabolism
genes were induced during AM development. The GA
biosynthesis gene expression was disturbed in the symbiotic
mutants that showed abnormal AM fungal colonization in the
host roots, indicating that de novo biosynthesis of GAs has
some function in AM development. Functional analysis of
GA in AM development revealed that GA has a negative
effect on some AM-induced gene expressions, but also has a
positive effect on other expressions (Figure 3B). RAMI and
RAM? that function in AM entry processes are suppressed by
GA signaling, on the other hand, GA signaling promotes or
maintains SbtM1 expression that is required for AM fungal
colonization in the host root. This indicated that GA
signaling interferes with the symbiotic signaling pathway,
which decreases or enhances expression levels of
AM-induced genes. In addition, treatment with GA or GA
biosynthesis inhibitor disturbed the GA signaling and caused
an inhibitory effect on AM hyphal entry into the host root or
the hyphal branching in the root cortical cell layer. These
studies revealed the host plant controls GA signaling level by
induction of GA biosynthesis and metabolism genes during
AM development and the GA signaling regulates AM fungal
colonization in the host root.
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Figure 3. AM fungal colonization and interference of GA signaling with
the symbiotic gene expression. (A) AM fungal structures in the host root.
(B) GA signaling is enhanced by GA biosynthesis during AM
development and differentially interferes with symbiotic signaling
pathways. The interference affects and regulates the AM colonization in
the host root.

III. Computational modeling for pattern
formation of stomatal differentiation in
Arabidopsis leaves

Stomata are epidermal structures that mediate gas exchange
in plants, and are usually formed separately from each other

(Figure 4A). In the initial step of stomatal development,

stomatal lineage cells are self-organized from a

homogeneous field, and thus this is a good example for two-

dimensional pattern formation in living systems. Stomatal
differentiation is promoted by transcription factors SPCH
and SCRM, but in contrast is suppressed by diffusible
peptide EPF2, which interacts with its membrane receptors to
stimulate the degradation of SPCH/SCRM. In addition, this
regulatory network involves feedback loops; SPCH*SCRM
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heterodimer activates SCRM expression (positive feedback),
and also stimulates EPF2 expression leading to suppression
of SPCH/SCRM (negative feedback). This regulatory
framework is similar to that of the activator—inhibitor system,
a well-known model for pattern formation, and is predicted
to be essential for stomatal patterning.

Thus, we constructed and examined a mathematical model,
which is based on experimental results. Our model can
explain many experimental observations, such as that
stomatal lineage cells are formed separately in the wild type
but are clustered in tmm mutant and er erll erl2 mutants
(Figure 4B). Furthermore, our model also explains the
opposite response that exogenous application of EPF2
peptide completely eliminates stomatal differentiation in the
wild type but does not affect the tmm mutant (Figure 5C).
These results suggest that stomatal pattern formation is
basically understood by the activator-inhibitor mechanism,
that is, local activation and lateral inhibition.
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Figure 4. (A) Regulatory network for the differentiation of stomatal
lineage cells. Our model can generate various stomatal patterns including
the wild type, tmm, and er erll erl2 (B), and also explains the opposite
response to EPF2 peptide between the wild type and tmm (C).
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