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DREIFIABDBIDN. 2R IS KBEL ELREVEREMER R EEDITRKRINIZA/HXT
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I =, 2u
FRETNAEBE= T 20174 (5650 RNAZEHI/RNASVITDER SR 201690 AT, FROE R
= - P ; . HHtaEndestlc, PR
Seim! i A A= 20184 (5E66[E]) AR HE 2016+ 2017467 TP B o D
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MATREL T BNATAA—D VT TF—F LEBEREL. A A—D U T HIT ORI OGN
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BYDDHEHEVNSERNZLFEON BEORIERDOEMERANMA—SUTHADH
HEIZ DN DI EMNREINT, TD LI H, 2016 FLYX B ZEHEMREMREE -
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FHIOSHOBD I EERES E2ERELT. ENOEmHS
S22 FACBIB A A= VI RORIKI DN TR TR
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B AR 2R LR 5 FEWZE M ZTRT (EMBL) (2007 F&V) WBKE-TUU R KE
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[FHEE 1]
Professor Masayoshi Kawaguchi achievements at NIBB from 2009 -2019.

Research

Professor Kawaguchi has made significant and major contributions towards identifying the
plant genes and the genetic program that enable legumes to engage in symbiosis with rhizobia
and arbuscular mycorrhizal fungi. Seminal studies of the molecular processes involved in
autoregulation of nodulation have provided a new understanding of the long range signalling
between the root and shoot. This regulatory mechanism balance root nodule development and
the development of the plant shoot and integrates symbiotic nitrogen fixation into the carbon-
nitrogen metabolism of the plant. The genetic and phenotypic research defining the
autoregulatory network in the shoot, the root, and the mobile signal molecules from the root
to the shoot as well as the subsequent signalling from the shoot to the root is a remarkable
achievement. Cloning and characterisation of CLE peptide encoding genes, transport of CLE
peptides and their interaction with the HYPERNODULATION ABERRANT ROOT
FORMATION 1 receptor-like kinase triggering cytokinin synthesis and the described role of
PLENTY and TOO MUCH LOVE, constitutes landmark contributions from this work. The
ongoing projects on phytohormone physiology and nitrate regulation of nodulation and the
involvement of Nin and Nin-like transcriptional regulators is bound to make a long-term
impact. Obviously, the understanding of symbiotic interaction during the development of
root nodules will be greatly improved but the whole plant-microbe interaction field will
benefit from this understanding of nitrogen homeostasis. Professor Kawaguchi’s research on
nodule development in legumes is ground-breaking with extraordinary breadth and depth.
Reaching beyond the rhizobial symbiosis, Professor Kawaguchi’s work on
mycorrhizal fungi is likely to elucidate at least some of the differences between plant
responses towards fungal and bacterial symbionts fer example in the metabolism. Following
the genetic and physiological studies in plants, Professor Kawaguchi has more recently
opened collaborative research on mathematical modelling of plant architecture. This is a
timely and interesting effort aiming at developing theoretical understanding of pattern
formation and organ development to explain phenotypic observations, plant development and

growth. In the international scientific community there is a recognized need for such
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modelling in order to take full advantage of the increasingly complex and large data sets that
can be generated using molecular methods. Interesting first step results have been obtained
and this is promising for understanding the coordinated organ development and resource
allocation that is central to Professor Kawaguchi’s research. Taken together, the insights in
plant development and plant-microbe interactions obtained from these different approaches

will provide leads towards a more sustainable agriculture.

Education

Professor Kawaguchi’s experience with teaching is mainly on supervision and training of
PhD students and postdocs. Teaching lecture courses at universities appears not to have been
part of his activities, at least such contributions are not listed in the CV. Professor Kawaguchi
has mentored assistant professors which have later established their own research groups at
other Japanese universities or institutes. The quality and scientific integrity of PhD students
and postdocs trained in his laboratory is widely recognized in the field. Prof Kawaguchi and
students and postdocs from Prof Kawaguchi’s laboratory have contributed talks and posters
on their latest and novel results at international conferences thereby moving the field
forward.Judged from the achievements and knowledge of his students and postdocs,

Professor Kawaguchi is a good mentor.

Scientific community service

Professor Kawaguchi has in parallel to his scientific career engaged in numerous scientific,
educational and administrative committees as well as organization of scientific symposia. He
has been active in the Japan Society of Plant Physiology and the Botanical Society of Japan
as council member or delegate. This engagement into the broader scientific activities and
strategic planning is also reflected in his contributions to scientific evaluation and selection

committees at both the national and regional level.

Summary
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Professor Masayoshi Kawaguchi has a high standing in the scientific community and he is
considered a world leader in his field. His capacities, drive and the cutting edge ambitious
research projects has established an international competitive platform for symbiotic research
at NIBB. His studies of legume genetics and fundamental gene regulatory mechanisms
performed in the last 10 years are important and successful. The approaches and platforms
established have further potential for future high impact in a research field that is demanding
due to its complex biology. Professor Kawaguchi is well integrated in the plant science
community and has demonstrated ability to tackle these challenges through creative and
innovative approaches. Professor Kawaguchi is actively engaged in the academic and
administrative efforts that are vital for maintaining the standards and standing of NIBB.
Professor Masayoshi Kawaguchi's scientific and academic merits over the last 10 years are
impressive. The profile of his research and the research activities and platforms established at

NIBB have an excellent perspective for future impact on the plant science community.
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[FHEE 2]

Legume-rhizobium root nodule symbiotic interaction, rhizobia fix nitrogen in the nodule which
canbe used by host plants. However, the nitrogen fixation is an energy-consuming process, to
achieve a balance in this symbiotic interaction, the host plants tightly controls the nodule
number ‘just right’ via a root-to-shoot-to-root negative feedback signaling loop commonly
named autoregulation of nodulation (AON). Previous work in his group have identified two
LRR type receptor-like kinase, HAR 1and KLV, which function in the shoot to control nodule
number. It was proposed that some root driven mobile signals were perceived by HAR1 then
inhibit further root nodule formation. In Prof. Kawaguchi lab, using a series of biochemistry
and genetics work, they proved that LjCLE- RS1/2 glycopeptides are the long-sought root
driven mobile signals which was controlled by symbiotic transcription factor NIN and
transported through the xylem and perceived by shoot HAR1.Then they further found that CLE-
RS1/2-HART1 signaling activates the production of cytokinin, which was function as a shoot-
driven inhibitor (SDI) to suppress nodulation in the root. Except great contribution in AON
pathway, Prof. Kawaguchi lab also has very important findings in nodule organogenesis, a
series of nodulation mutants were identified and characterized in his group. Usingthe
knowledge from AON and nodule organogenesis, they also using mathematical modeling of
SAM and root system architecture. These cutting-edge scientific researches that leads to

breakthroughs in our understanding how root nodule formation in legume plants.

In addition of root nodule symbiosis, Prof. Kawaguchi start work in another intimate
symbiotic between arbuscular mycorrhizal fungus (AMF) and most land plants species. AMF
are obligate symbionts that cannot grow without their host plants. To understand the genetic
basis of AMF, theyperformed SMRT sequencing and SMART-seq2. In these studies, they also

have very important findings.

Prof. Kawaguchi’s research projects in the past ten years have been well-focused and very

successful. To further understand the evolution process of root nodule symbiosis in legumes,
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Prof.Kawaguchi plan using Polygala paniculate, a species closely related to model legumes,
this is a reasonable and smart way to investigate the evolution of root nodule symbiosis in

future.

I knew Prof. Kawaguchi was very productive, but I was still shocked by his long publication
list. He is an active scientist, several important and influential invited reviews and book
chapters, organizing and attending several international symposiums. From his laboratory,
several excellent young scientists grow up. All these shows that Prof. Kawaguchi is a leading

and one of most successscientists in symbiotic field.
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[FHEE 3]

JIA IERE ZdROFIERHE (2009-2019 4F)

JITATEARE]IEERIEL 2009 4F~ 2019 FEITHEY & ARKIE . K OWARE & O A/EOIZES
25 FIBARTF RGeS W CREBRR 2R R R & D | D TN T EE A5 T 72, 1R
Bk, HRKIE GHIE) AT~ ARMEMIORE L RSN AERE TH D, £ 2
THEHREAFTOERFEEZBEET DHVEOIENEZ D EYFRICE > CTHEERARRE L
THLESIT B TWD, ZOL ) REMND, MR OZ < OIFEER, L IEHO
TR > ARRIE RO D IE 2 4G TIHIZAT > TV D, ZOMFES Bz WL I
NI, v a2 72 AWz FEIEFTEREZ BIFE U, ARRIERLD 7 THERE O
EER X, B D OMEE CIREIEZROHE & 72 DB IR 7% 2 50RE L, JeBRi72ar5t
EHED T o, ORI LIZ, 200 OREEED Z LXK THAH, &
HIDNAKIZ, 2o FEEFHIOELZ, BIRE (U E) PGS 52 2I1I28D
B SN ERE THD TER] ROHAMADHIZEIZ BISH L, T D55 O
DFJRICHRKESEHBRL TE 7o, BRUZ, ARRIE & 18 EMY OF BEAERNZ X 0 Bk S
LD, 2000 AELARTOMFSE CITARKIE M O 53 FEBAR TR FEDEATZN, FERIDE R
FORZEIIRE K SEBBIL TV, U Tlog—o v 07 v—7%2 0L L TE Y
L LTIVvaZY (Lotus japonicus))SE7 /L& L TEDOIVIAY . FRRITERCIZEE 9 5 88
RITDBES TV RKBETFERET D 2 LN TERNP ST, ZHULZ DY)
FEOH CTEBIEM S & FF O AR A RE/R T DN ST W o722 22k 5,10
Kix, BAZEZFA L, Miyakojima & Gifu RELLEO/S—FF—L& LTHEZ
AZ L& LT (Kawaguchi et al., Mol. Gen. Genomic, 2001) ZDOHFFEIZLYD ., &8
BARZ AW RY Y a FAEGF 7 a— A TN AREICAR D . 2 a7 B HRRE
FRAFFRIC & > TEOET AEM & 72 o -, BITET, (TH CEFITHENIZEDTAT
Y EHINEN B 5 HEEK) 2> DKL AR % 5 FE BT 5 R 1O R B S FHARL %
BE L, Thivod XF XF O CLAVATAL BloZFExTF—¥otiryna s
THDHIZEEWE L (Nishimura et al., Nature, 2002) = ¥ =79 CiX HARL X
K THOTHFSAHRROHIE Tlrx7e< . FRLOBRREA72EEE R L TWAH Z AR LT,
Z DX OIIFEE, £ XIT Opened up a new page in the field of the research &
S, WHROWRKIERL D TR FRINFFE DO BRI & 75T,

T DOBRPT, ARRLE S 0 Wed D IR FITHED 2328 U CARRIIZ B & il A8 3~ 2 /Ny 1
7°F R (CLE-RS2 72 &) %A3¥H.L (Okamoto, Plant Cell Physiol., 2009) tRA>&2ETE~
WERAERETTT 5 CLE-RS2 ~X7'F R HARI ZEEFFT—RB LA T 2 &N L

(Okamoto et al., Nat Commun., 2013) ZAULT AT I v 7 IZimEREERST UEER 2 HiE
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THHMOTOFE7p 572, I 5T, HARL (VA M A =2 (W HLVEY) A RkEESR
IPT3 Ein T DIBLATHFEL, BRI IIHIFNCHIBEI L, ARREE & OIEDTZ DT
ADilEZ L TCWAZ L AZ/xLT- (Sasaki et al., Nat. Commun., 2014; Soyano et al.,
Proc. Natl. Acad. Sci. USA, 2014) AKIZISIT 2EEHEEITARBHIAHIEL . WA
PHPIERENLETHDH Z 2y LV TR LT,

X DIT, B, WRRIERKIC & > THIO TOMBAIO EDEEHIFER 1 TH D NIN O
THRAH% 22FEL (Soyano et al., Science, 2019, HAFOMFIL & OILFERIZE —
O N THYVEEO FTRKFTHY ., & 95—, EZEAHIEK 75 D5
IR TH DA, ASLI8/LBDI6a TH »>7=, T H oD HLFH L., BRI Ak
RABZE T 2 4ME L7z, ASLIS8/LBD16a [ 1A XF X+ OMIRIEAR & EHEHIE 5
KATH Y, AR ORI IEARICR D IAENT-Z EE2BRL TV 5,

JIARIE 2010 FENADLT — N2 F 2 7 —FEREIC L HEIR FEY~Y v B e
% &L blT, Fx ORISR S T DM 2T 53 58 E) I O 98 4 A 2 —
N U7z, WRRIEOEENEICY AR TH D OIZx LT, BREDOEAITIT 70% L
O EEEETDRPRES R D, —J, WG RAUE, BEREE & HRAL
TERAC K D AT R DOBIEF 03 b > TWD Z E B3 HID TH B NI o 72 (Takeda et
al., PCP, 2013;Suzaki et al., PLos Genet. 2019) Z DO RIL. FMOMECHE
L OFASFH O & » TEERRBE LR L7z L S D,

FARE T 2 7D DI HEIC B D e Y ORI U I b EEm e O
T DN OHIRIY & OIE/R LITHE TE RNWT — " AFX 2 7 —FHIRE O
J DEEREICRGL L, 7 — A% 2 T —HIREIIERAEM D S D rDNA DX T A
UE— MEEEZ 2K > TEB Y, rDNA BIc DNA 2R E2H o L2 RR L

(Maeda et al., Commun.Biol., 2018) Z OFR[IIAEW L AT AEELE O AE/EHD
I > TEEZRRBR AR L7 LR <D,

PLEDRRIZ, A IERE 2z 1T 2009 4~2019 FITHCERAI 2B FER 3 2 1D . fiid
TENTEEB LT 2, L EORRZ A TH OMOFOFEICHERICHER L T
X722 &k, mKFHEND, 7o, BLEOFERIZ LY | JIRBd T ENEA B AR
PP 02020 RO AAEMA PR E 2R S,
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EREMERARTRICEIDF LD

Ei 2 4. BN 1 2osEaHizas Lo, JIIODZEED 10 iz Lo X4
HE I, NOEZIZZD 10 FE/Ic, < ARMEY) & ABRE O EAERICBE S 2 0 T8I
Tk 2 e L, A B3 2 el e Fe iR - &2 T2 L ic X v, 3 £ ol
RELVEVIMASE L2, BAMICR. S e LCIvYa /20 8PN RTF
ECHITTE 3 XL, BEEASDWT 3NFIHEYOBRBIEE L TN X7 F F
CLE-RS2 2MEL L, Z MR b EE~BIT L, HAR1 ZAKF F —XickEd L TRMNIE
BAEMGIT 2 AT L2 MBI THEDNT VRAE R S>TWEZ L EHLICL
¥ L7 7. RATEAIRIC IZHIBRIER Z Hl#l 3 2 A8 b T d 2 & S L 2T
L. ~ ARMEY) L BB EOHAEDS T A H =X LD AR ER SRR 20 10 FRich
720 —HOEEEEICa vy A2 Y FICRELTEE L, & HICEREE LT 2 BRHE GHE)
P CiEad B X > THEYICY v Z NG 3 2 WIRE (BE) iIcowTer /7 LR D
R EATOH - e R T — Y 2V L i TS, HETFERSLY I v T
AT74v7 32T 4 ~OHMELZOWTHEWIHEAEONTWE T,
34DFHEiFEDa X FERAET L, OO ZD 10 FEED N7 + —~ v R IFIEE
KEBELLWDHDOTHY, EATE LTRFIEMEZDLS mmn7 + —~ v A%t
LChorzezifFdsb0Td,

Summary by the Director General of NIBB

The following is a summary of an evaluation pertaining to Prof. Masayoshi Kawaguchi. It is
based on external evaluations by two international and one domestic reviewer. Prof.
Kawaguchi’s pioneering research activities and publications over the past 10 years concerning
Rhizobium-legume symbiosis through the establishment of a molecular genetic approach,
which in turn revealed their symbiotic system, was highly commended by all three members
of the evaluation committee. Specifically, he has developed a molecular genetic approach for
analyzing symbiotic systems using Lotus japonicus as a host plant. He consequently found
that plants maintain the symbiotic balance with Rhizobium by driving a system that inhibits
rhizogenesis. In this system, roots respond to secretory factors from rhizobia to produce a
small peptide, CLE-RS2. This peptide is then transferred from the roots to the shoot apex. It
finally binds to the HAR1 receptor kinase in the shoot apex, resulting in the expedition of the
inhibiting system. He has also revealed that a part of the mechanisms controlling lateral root
formation is used during rhizogenesis. He has consistently published pioneering research
papers concerning the molecular mechanisms of Rhizobium-legume symbiosis in leading
international journals over the past decade. In addition, he has conducted whole genome
sequencing analysis using not only rhizobia, which is a nitrogen-fixing bacteria, but also
arbuscular mycorrhizal fungi, which supply phosphate to plants through symbiosis. He has
consequently opened a new stage of research on the symbiotic system. All of the above were
in turn highly praised by the three members of the evaluation committee, in addition to being
highly commended for his education of young researchers and contribution to the scientific
community.

Overall, the comments of the three evaluators indicate that Professor Kawaguchi's
performance over the past 10 years has been very impressive, and as the NIBB director-
general, [ hope that he will maintain this high level of performance in the future.
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Achievements for 10 years at NIBB
2009-2019

Masayoshi Kawaguchi, Professor

1. Statement of research activity in the past 10 years

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 70% 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 (Hereinafter referred to as Lotus), my laboratory,
Division of Symbiotic Systems, aims to unveil the molecular mechanisms underlying root nodule and AM

symbioses.

1) Autoregulation of Nodulation (AON)

Symbiotic nitrogen fixation is beneficial to legumes. Excessive nodule development, however,
disturbs the host growth by over-consuming energy from the plant. To keep a balance, legumes possess a
systemic negative feedback regulatory system called 'autoregulation of nodulation' (AON), which controls
the nodule number and the nodulation zone through long-distance signaling. Plants that are deficient
in autoregulation display a hypernodulating phenotype. In 2002, a gene encoding HYPERNODULATION
ABERRANT ROOT FORMATION 1 (HAR1) receptor-like kinase that mediates AON has been identified
from Lotus (Nishimura et al. 2002; Krusell et al. 2002). Then we identified a novel leucine-rich repeat
receptor-like kinase, KLAVIER (KLV), which mediates the systemic negative regulation of nodulation as
a shoot factor (Miyazawa et al. 2010). KLV and HAR1 function in the same genetic pathway and KLV is
also involved in the maintenance of shoot apical meristem (SAM) development. KLV has the ability to
directly interact with HARI1, suggesting that the potential KLV-HARI receptor complex regulates
symbiotic nodule development (Miyazawa et al. 2010).

AON is believed to consist of two long-distance signals: a root-derived signal that is generated in
infected roots and transmitted to the shoot; and a shoot-derived signal that systemically inhibits nodulation.
In Lotus, HAR1 mediates AON and nitrate inhibition of nodulation, and is hypothesized to recognize the
root-derived signal. We identified Lofus CLE-Root Signal 1 (LjCLE-RS1) and LjCLE-RS2 as strong
candidates for the root-derived signal (Okamoto et al. 2009). A hairy root transformation study shows that

overexpressing LjCLE-RS1 and -RS2 inhibits nodulation systemically and, furthermore, that the systemic
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suppression depends on HAR1. Moreover, LjCLE-RS2 expression is strongly up-regulated in roots by
nitrate addition (Okamoto et al. 2009). The mature functional structures of CLE-RS gene products and the
molecular nature of CLE-RS/HARI signaling governed by these spatially distant components remain
elusive. Then we showed that CLE-RS2 is a post-translationally arabinosylated glycopeptide derived from
the CLE domain. Chemically synthesized CLE-RS glycopeptides cause significant suppression of
nodulation and directly bind to HARI in an arabinose-chain and sequence-dependent manner. In addition,
CLE-RS2 glycopeptide specifically produced in the root is found in xylem sap collected from the shoot.
We propose that CLE-RS glycopeptides are the long sought mobile signals responsible for the initial step
of autoregulation of nodulation (Okamoto et al. 2013). Also we identified PLENTY that encodes a
hydroxyproline O-arabinosyltransferase orthologous to ROOT DETERMINED NODULATIONI in
Medicago truncatula. An in vitro analysis of the recombinant protein demonstrated its arabinosylation
activity, indicating that CLE-RS1/2 may be substrates for PLENTY (Yoro et al. 2019).

Then we showed that, CLE-RS1/2-HARI signaling activates the production of shoot-derived
cytokinins, which have an shoot-derived inhibitor-like capacity to systemically suppress nodulation. In
addition, we showed that Lotus IPT3 is involved in nodulation-related cytokinin production in shoots. The
expression of Lotus IPT3 is activated in a HAR1-dependent manner. We further demonstrated shoot-to-
root long-distance transport of cytokinin in Lotus seedlings (Sasaki et al. 2014). Next we report the
characterization and gene identification of 70O MUCH LOVE (TML), a root factor that acts during AON
in amodel legume Lotus. TML and HAR1 act in the same genetic pathway. TML acts downstream of CLE-
RS1/RS2. We identified a nonsense mutation in the Kelch repeat-containing F-box protein. As the gene
knockdown of the candidate drastically increased the number of nodules, we concluded that it should be
the causative gene. TML is a root factor acting at the final stage of AON (Takahara et al. 2013). TML is
currently gaining attention as a target for miR2111, a shoot-derived activator (Tsikou et al. 2018).

Nodule development is controlled by nitrogen environment. We identified NITRATE
UNRESPONSIVE SYMBIOSIS 1 (NRSYM1) gene encoding a NIN-LIKE PROTEIN transcription factor
acts as a key regulator in the nitrate-induced pleiotropic control of root nodule symbiosis. NRSYMI
accumulates in the nucleus in response to nitrate and directly regulates the production of CLE-RS2, a root-
derived mobile peptide. Our data provide the genetic basis for how plants respond to the nitrogen

environment and control symbiosis to achieve proper plant growth (Nishida et al. 2018).

2) Nodulation

Nodulation is a form of de novo organogenesis that occurs mainly in legumes. During early nodule
development, the host plant root is infected by rhizobia that induce dedifferentiation of some cortical cells,
which then proliferate to form the symbiotic root nodule primordium. Two classic phytohormones,
cytokinin and auxin, play essential roles in diverse aspects of cell proliferation and differentiation. Although

recent genetic studies have established how activation of cytokinin signaling is crucial to the control of
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cortical cell differentiation, the physiological pathways through which auxin might act in nodule
development are poorly characterized. We show the detailed patterns of auxin accumulation during nodule
development in Lotus. Our analyses showed that auxin predominantly accumulates in dividing cortical cells
and that NODULE INCEPTION (NIN), a key transcription factor in nodule development, positively
regulates this accumulation (Suzaki et al. 2012). We have identified a novel nodulation-deficient mutant
named vagrant infection thread 1 (vagl) after suppressor mutant screening of spontaneous nodule
formation 2 (snf2), a cytokinin receptor gain-of-function mutant in Lotus. The VAG1 gene encodes a protein
that is putatively orthologous to Arabidopsis ROOT HAIRLESS I/HYPOCOTYL 7, a component of the plant
DNA topoisomerase VI that is involved in the control of endoreduplication. VAG1 mediates the onset of
endoreduplication in cortical cells during early nodule development, which may be essential for the
initiation of cortical cell proliferation that leads to nodule primordium formation. In addition, we suggest
that the VAG1-mediated endoreduplication of cortical cells may be required for the guidance of symbiotic
bacteria to host meristematic cells (Suzaki et al. 2014). We showed that the induced mutation tricot (¢co)
can suppress the activity of snf2 in Lotus. Our analyses of fco mutant plants demonstrated that TCO
positively regulates rhizobial infection and nodule organogenesis. Defects in auxin regulation are also
observed during nodule development in fco mutants. In addition to its role in nodulation, TCO is involved
in the maintenance of SAM development. The TCO gene was isolated by a map-based cloning approach
and found to encode a putative glutamate carboxypeptidase with greatest similarity to Arabidopsis
ALTERED MERISTEM PROGRAM 1, which is involved in cell proliferation in the SAM. Our analyses
have not only identified a novel gene for regulation of nodule organogenesis but also provide significant
additional evidence for a common genetic regulatory mechanism in nodulation and SAM development
(Suzaki et al. 2013). Then we identified a Lotus nodulation-deficient mutant, with a mutation in the LACK
OF SYMBIONT ACCOMMODATION (LAN) gene, in which root-hair IT formation is strongly reduced, but
intercellular rhizobial invasion eventually results in functional nodule formation. LAN encodes a protein
that is homologous to Arabidopsis MEDIATOR 2/29/32 possibly acting as a subunit of a Mediator complex,
a multiprotein complex required for gene transcription (Suzaki et al. 2019).

We isolated a novel nonnodulation mutant, daphne, in Lotus that shows complete loss of
nodulation but a dramatically increased numbers of infection threads. Characterization of the locus
responsible for these phenotypes revealed a chromosomal translocation upstream of NIN in daphne.
Genetic analysis using a known nin mutant revealed that daphne is a novel nin mutant allele. We provide
evidence that the bifunctional transcription factor NIN negatively regulates infection but positively

regulates nodule organogenesis during the course of the symbiosis (Yoro et al. 2014, 2020).

3) Arbuscular mycorrhizal fungus
The arbuscular mycorrhizal fungus (AMF) is an ancient fungus at least from Ordovician and

forms symbiotic networks with most land plant species. AMF colonizes plant roots and develops highly
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branched structures called arbuscules in which soil nutrients (phosphate and nitrogen) are efficiently
delivered to the host plant. The mycelial network formed by various AMF species contributes to plant
biodiversity and productivity within the terrestrial ecosystem. The distinctive features of AMF have made
it an important model in ecology and evolution.

AM fungi are obligate symbionts that cannot grow without their host plants. To investigate a
common genetic basis for obligate biotrophy in AM fungi, we used primarily single-molecule, real-time
(SMRT) sequencing technology for PucBio sequencing and obtained a high-quality reference genome
assembly of a standard AM fungus Rhizophagus irregularis DAOM-197198 and a domestic strain R. clarus
HR1 derived from Aichi Prefecture. R. irregularis has only ten or 11 copies of complete 45S rDNAs,
whereas the general eukaryotic genome has tens to thousands of rDNA copies. R. irregularis IDNAs are
highly heterogeneous and lack a tandem repeat structure. These findings provide evidence for the
hypothesis that rTDNA heterogeneity depends on the lack of tandem repeat structures (Maeda et al. 2018).
In the genome of R. clarus, we confirmed the absence of cytosolic fatty acid synthase (FAS), whereas all
mitochondrial FAS components were present. A KEGG pathway map identified the absence of genes
encoding enzymes for several other metabolic pathways in the two AM fungi, including thiamine
biosynthesis and the conversion of vitamin B6 derivatives. We also found that a large proportion of the
genes encoding glucose-producing polysaccharide hydrolases, that are present even in ectomycorrhizal
fungi, also appear to be absent in AM fungi. These missing metabolic pathways provide a genetic basis to
explore the physiological characteristics and auxotrophy of AM fungi (Kobayashi et al. 2018).

To unveil the spatial regulation of the genes within the structures comprising each developmental
stage we performed an ultra-low input RNA-seq analysis, SMART-seq2, comparing five extraradical
structures, germ tubes, runner hyphae, branched absorbing structures (BAS), immature spores and mature
spores and revealed the transcriptional dynamics of fungal nutrition in this symbiotic system (Kameoka et

al. 2019). In parallel, we developed asymbiotic culture system for AM fungi.

4) Mathematical modeling of SAM and root system architecture

Genetic studies of AON and nodule organogenesis have identified a series of key genes, HARI,
KLAVIER, CLV2, PLENTY and TRICOT genes in Lotus that are orthologous or homologous to genes that
play essential roles in the regulation of SAM and lateral root development in non- leguminous plants
(Miyazawa et al. 2010; Krusell et al. 2011; Suzaki et al. 2013, 2015; Okamoto et al. 2009, 2013; Sasaki et
al. 2014; Yoro et al. 2019; Soyano et al. 2019). To further understand the origin and developmental
dynamics of the nodule, we performed mathematical model analyses of SAM and root system architecture
with Dr. Hironori Fujita. Molecular genetic studies using Arabidopsis thaliana revealed that the formation
and maintenance of the SAM are essentially regulated by the feedback interaction between WUSHCEL
(WUS) and CLAVATA (CLV). We developed a mathematical model of the SAM based on a reaction-

diffusion dynamics of the WUS-CLYV interaction, incorporating cell division and the spatial restriction of
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the dynamics (Fujita et al. 2011). Our model explains the various SAM patterns observed in plants, for
example, homeostatic control of SAM size in the wild type, enlarged or fasciated SAM in ¢/v mutants, and
initiation of ectopic secondary meristems from an initial flattened SAM in wus mutant. In addition, the
model can account for many experimental results including reorganization processes caused by the CZ
ablation and by incision through the meristem center (Fujita et al. 2011). Regeneration by SAM ablation is
conceptually common to AON in which removal of nodules resulted in the increase of new nodules. On the
other hand, in response to the nutritional environment of their soil, plants regulate resource allocation in
their roots in order to plastically change their root system architecture (RSA) for efficiently absorbing
nutrients. However, it is still not understood why and how RSA is adaptively controlled. Therefore, we
modeled and investigated the spatial regulation of resource allocation, focusing on RSA in response to
nutrient availability, and provided analytical solutions to the optimal strategy in the case of simple fitness

functions (Fujita et al. 2020).

2. Perspective research

Symbiotic relationships between plant and soil microbes (fungi and bacteria) are one of the
fundamental topics in biology. Symbioses of plant with mycorrhizal fungi are broadly distributing in the
plant taxon and about 70% of flowering plant families have symbiotic relationship with AMF. On the other
hands, RN symbiosis with nitrogen-fixing bacteria and Frankia has been observed only in four plant orders
of Fabids (Fabales, Fagales, Cucurbitales, and Rosales) subclade that has been called the nitrogen-fixing
clade. It has been predicted that the genetic predisposition for the RN symbiosis was acquired once in a
common ancestor of them. Phylogenomic analysis conducted in recent research showed that loss of RN
symbiosis occurred several times independently after acquisition of the predisposition in ancestral lineages,
thereby RN symbiosis is scattered in members of the nitrogen-fixing clade. The origins of two symbiotic
systems occurred at the different era; AM symbiosis is originated over 400 million years ago (MY A) based
on fossil evidence and molecular clock estimates, while the hypothesized predisposition for the RN
symbiosis occurred at ca. 100 MYA. RN symbiosis has been believed to have evolved through recruiting
early signaling components from AM symbiosis, however, details of the evolutionary process, including
the predisposition, is under investigation.

The Fabales, one of the plant order of Fabids, is comprised of four families: Fabaceae, Polygalaceae,
Quillajaceae, and Surianaceae. Fabaceae is the family of leguminous plants, of which about 90% species
engage in RN symbiosis with rhizobia, while other three plant families do not. The molecular basis of both
RN and AM symbioses has been revealed using two model plants in Fabaceae, Lotus and M. truncatula.

Comparative studies between model legumes and closely related non-leguminous species belonging to the
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same order of Fabales are effective to understand the evolutionary process of RN symbioses. The plant life
form of herbs might be appropriate for the laboratory-based experiments. The plant life forms of
Polygalaceae include tree, shrub and herb, while those of Quillajaceae and Surianaceae are only tree. Thus,
Polygalaceae may be most appropriate among non-leguminous Fabales species to be used for comparative
genomics and molecular genetics to understand the evolution of RN symbiotic system.

Polygala paniculata L. (subgenus Polygala, section Timutua) is one of herbaceous plants belonging
to the tribe Polygaleae, and natively distributing in South America. This species expands the distribution
as the introduced species in pan-tropical regions and some subtropical areas of Asia, such as the island of
Taiwan, Okinawa islands. Because antifungal activity and analgesic activities in mice have been observed
in this species, local people in Brazil and introduced areas have utilized this species as the treatment for the
injury, dislocations, etc. The plant reaches 10-50 cm tall and produces numerous racemes with over 100
flowers per inflorescence. The flower is self-fertile and has white and legume-like petal structures with two
ovules per flower; one or two mature seeds can be obtained per fruit. The previous study has only showed
that one of the germination medium contents for in vitro propagation and do not describe the characteristics
of P. paniculata as an experimental plant.

We have characterized a non-leguminous plant closely related to legumes P. paniculata to assess the
potential of the evolutionary experiments of plant-microbe interaction. To investigate characteristics of this
species as a model plant, we have conducted the molecular phylogenetic analysis and examined responses
to AM fungal and rhizobial infections. Recently, we found that, likewise legumes, P paniculata root hairs
have a capability to respond to inoculation with bacterial symbionts of legumes (Tokumoto et al. 2020). P

paniculata would greatly contribute to evolutionary studies for root nodule symbiosis.
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Kawaguchi, M. (2011). The evolution of symbiotic systems. Cell. Mol. Life Sci. 68, 1283-1284.

Kawaguchi, M. and Minamisawa, K. (2010). Plant-microbe communications for symbiosis. Plant Cell
Physiol. 51, 1377-1380.

Kouchi, H., Imaizumi-Anraku, H., Hayashi, M., Hakoyama, T., Nakagawa, T., Umehara, Y., Suganuma,
N. and Kawaguchi, M. (2010). How many peas in a pod? Legume genes responsible for
mutualistic symbioses underground. Review. Plant Cell Physiol. 51, 1381-1397.

Magori S, Tanaka A and Kawaguchi. M. (2010). Physically-induced mutation: ion beam mutagenesis. In
The Handbook of Plant Mutation Screening: Mining of Natural and Induced Alleles, (Meksem, K.
and Kahl, G, eds.), Wiley-Blackwell-VCH. 3-16.

Magori, S. and Kawaguchi, M. (2009). Long-distance control of nodulation: Molecules and models.
Review. Mol. Cells 27, 129-134.

Symposium presentations/Invited seminars (International)

Masavoshi Kawaguchi. The evolution of genetic regulatory systems in root nodule symbiosis. The 46"
Naito Conference. Mechanisms of evolution and biodiversity. Sapporo, Japan, October 3, 2018.
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Masayoshi Kawaguchi. On the commonalities and divergences of regulatory factors for nodule and shoot
apical meristem development. GDRI — Integrative Plant Biology The Developing plant in its
environment. Lyon, France, October 24, 2017.

Satoru Okamoto, Takema Sasaki, Emiko Yoro, Hikota Miyazawa, Takashi Soyano, Makoto Hayashi, Naoya
Takeda, Yoshikatsu Matsubayashi, Hironori Fujita, Takuya Suzaki, Masayoshi Kawaguchi.
Regulatory system evolution of symbiotic organ development. 12th European Nitrogen Fixation
Conference. Budapest, Hungary, August 25-28, 2016.

Masayoshi Kawaguchi. Cold Spring Harbor Asia Conference. Genome Assisted Biology of Crops and
Model Plant Systems. Suzhou Dushu Lake Conference Center, China, April 21-25,2014.

Masayoshi Kawaguchi. Nodule development by global control. Japan-England Joint Symposium
Yokohama, Japan, March 5, 2014.

Masavoshi Kawaguchi. CLE peptide signaling in long-distance control of nodulation. The 18™ International
Congress on Nitrogen Fixation. Miyazaki, Japan, October 16, 2013.

Masavoshi Kawaguchi. The 2" Asian Conference on Plant Microbe Symbiosis and Nitrogen Fixation
HARI1, KLAVIER, and TOO MUCH LOVE mediate CLE peptide signaling in autoregulation of
nodulation. Phuket, Thailand October 28, 2012.

Masayoshi Kawaguchi. HAR1, KLAVIER, and TOO MUCH LOVE mediate CLE peptide signaling in
long-distance control of nodulation. IS-MPMI XV International Congress. Kyoto, Japan, July 30,
2012.

Masayoshi Kawaguchi. HAR1, KLAVIER and TML mediate long-distant control of nodulation. The 20"
CDB meeting Molecular Bases for Evolution of Complex Traits. Kobe, Japan, February 24, 2011.

Masayoshi Kawaguchi. HAR1 and KLAVIER mediated CLE peptide signaling in long-distance control of
nodulation. The 1** Asian Conference on Plant-Microbe Symbiosis and Nitrogen Fixation. Miyazaki,
Japan, September 20, 2010.

Masayoshi Kawaguchi. HAR1 and KLAVIER mediate CLE peptide signaling in long-distance control of
nodulation. Nod factor, nitrate-induced CLE genes that drive HAR 1-mediated systemic regulation of
nodulation. Vth International Congress on Legume Genetics and Genomics. Asilomar, USA, July 6,
2010.

Organization of symposium (International)

Organizers: Masayoshi Kawaguchi, Yoshikatsu Matsubayashi, Kiyoshi Tatematsu, Mitsuyasu Hasebe,
Mikio Nishimura.  Arabidopsis and Emerging Model Systems. The 4" NIBB-MPIPZ-TLL
Symposium. Okazaki, Japan, November 19-21, 2012.

Organizers: Masayoshi Kawaguchi, Mitsuyasu Hasebe, Kiyotaka Okada. Plant Science Communications.
The 2™ NIBB-MPIPZ Joint Symposium. Okazaki, Japan, November 16-18, 2010.

Organizers: Masayoshi Kawaguchi and James Lake. The 7" Okazaki Biology Conference. The Evolution
of Symbiotic Systems. Kakegawa, Japan, January 11-14, 2010.

Grant awards Ministry of Education, Culture, Sports, Science and Technology and Japan
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Science and Technology (JST)

2009-2010: Grant-in-Aid for Scientific Research on Priority Areas “Molecular mechanism of nodule
primordia and shoot apical meristem development”, 2,900,000 yen (2009) and 2,900,000 yen (2010).

2010-2014: Grant-in-Aid for Scientific Research on Innovative Areas “Elucidation of the evolutionary
basis from the arbuscular mycorrhizal symbiosis to the root nodule symbiotic system”, 22,500,000
yen (2010), 17,900,000 yen (2011), 22,100,000 yen (2012), 19,600,000 yen (2013) and 18,600,000
yen (2014).

2013-2015: Grants-in-Aid for Scientific Research (B) “Common basis for nodule and meristem
development”, 5,600,000 yen (2013), 4,000,000 yen (2014) and 4,100,000 yen (2015).

2017-2019: Grants-in-Aid for Scientific Research (B) “Elucidation of the systemic regulatory mechanism
of nodulation through two long-distance signaling molecules”, 5,600,000 yen (2017), 4,000,000 yen
(2018) and 4,000,000 yen (2019).

2014-2019: JST ACCEL, “Molecular Basis of Symbiotic Networks and its Application”, Research Director,
7,060,000 yen (2014), 41,000,000 yen (2015), 35,500,000 yen (2016) and 39,000,000 yen (2017),
37,500,000 yen (2018) and 33,520,000 yen (2019).
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6. Members of Masayoshi Kawaguchi laboratory (2009-present)
GExF)

7. Selected reprints (5 papers)

Maeda,T., Kobayashi,Y., Kameoka,H., Okuma,N., Takeda,N., Yamaguchi,K., Bino,T., Shigenobu,S.
and Kawaguchi. M. (2018).  Evidence = of non-tandemly  repeated rDNAsand their

intragenomic heterogeneity in Rhizophagus irregularis. Commun. Biol. 1, 87.

Sasaki, T., Suzaki, T., Soyano, T., Kojima, M., Sakakibara, H., and Kawaguchi, M. (2014). Shoot-derived

cytokinins systemically regulate root nodulation. Nat. Commun. 5, 4983.

Soyano, T., Hirakawa, H., Sato, S., Hayashi, M. and Kawaguchi, M. (2014). NODULE INCEPTION
creates a long-distance negative feedback loop involved in homeostatic regulation of nodule organ

production. Proc. Natl. Acad. Sci. USA 111, 14607-14612.

Okamoto, S., Shinohara, H., Mori, T., Matsubayashi, Y. and Kawaguchi, M. (2013). Root-derived CLE
glycopeptides control nodulation by direct binding to HARI receptor kinase. Nat. Commun. 4, 2191.

Okamoto, S., Ohnishi, E., Sato, S., Takahashi, H., Nakazono, M., Tabata, S. and Kawaguchi, M. (2009)

Nod factor/nitrate-induced CLE genes that drive HARI1-mediated systemic regulation of nodulation.

Plant Cell Physiol. 50, 67-77. Rapid paper PCP Award
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5. R EMEHRT ERAEH

1) 2019 ERIREFH) Ak

https://www.nibb.ac.jp/pressroom/pdf/NIBBgaibu 19 paper list.pdf ZZH8,

2) 2019 FLAYI)—R

https://www.nibb.ac jp/press/2019/

3) 2019 FHEFHE

https://www.nibb.ac jp/pressroom/pressrecord/2019/
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