CFRk 26 4R BIFZEFE M)

E BB R R T e IR e HE R 3
(RS E R L EIFZE S 1T L)

(BFZESEIR MR SR DT DAZ TR T A )

R T A5 RO 2 A B A S TR R B [ 2

Rk 26 B E G E

REHRN A
CRUR R R - %)




CFRk 26 4R WFICIEhaR S

1. JRERCHERK
(LA F OFEHEEMEIZ LT3 > T, ik 25 A DRm SCHEBEIZ OV TRER L TLEEWY, )

1—1. JRERIXHER
OB V-1 DY

56, HFPEMF—2E0hE (X)
[EWNGEE 01 ( ofF)
EFREE 01 (210
iF0fF ( 210

KARILFFFEDOF TN T — L FEE & DIZFIZR D

1. Murakamai, S., Nakata, R., Aboshi, T., Yoshinaga, N., Teraishi, M., Okumoto, Y., Ishihara, A.,
Morisaka, H., Huffaker, A., Schemelz, E.A., Mori, N. Insect-indiced daidzein, formononetin and
their conjugates in soybean leaves. Metabolites, 4, 532-546, 2014 (DOI:
10.3390/metabo4030532)

*2. Yan, J., Aboshi, T., Teraishi, M., Susan R. Strickler, S.R., Spindel, J.E., Tung, C.W., Temnykh,
S., Takata, R., Matsumoto, F., McCouch, S.R., Okumoto, Y., Mori, N., Jander, G. The tyrosine

aminomutase TAM1 is required for B-tyrosine biosynthesis in rice. The Plant Cell, 27, 1-14,
2015 (DOI: www.plantcell.org.cgi/doi/10.1105/tpc.15.00058)

A SCIHED N HHD T B-tyrosine ZFR L, ZDAEA B A 1L T tyrosine aminomutase 1 Z R EL
TG ThHD, ZOEEEDBEM ANV E L D —FEY ¥ AF L FRICIDIE AL S-SRI T O R TE
(T LR ERFHIA L R EALE ST BID,

@ RKFEATE
(ZBETOH DI EHIRNTIESVY, ZE | B B =V )R EOHAE "accepted”, LTS
H DL in press” AL TS, )

56, HPMF—2E0hE (X)
[EWNGEE 01 ( ofF)
EFREE 0 fF ( ofF)
CiVRGE C ofh)

AL [FFZE O F[EF— M & O TR A



A BRTHREE

S o AFROZHR A BEHEH OFEMHEMRBEYMORE
BARAMERERE FTRAHD B 18 CREBRZFEXRZER)
TA)HRIAERKREBFTEEB)XDIDT Ta—Y Sy B—(GRAR LTI NEMR EA R
X B HARE H23 &£ 12 A-H271 &£ 3 B

ABARF—LOMRE (EEREE) M

BAF—LDESEEMRE (ARELE | REL  RBRZARZRZFHEE
/AR

e

BRT/BRXZEZE

SXREF/ RBRXFXZREFHRR

BRERTE BIEL /- B RERMDREL : ASROS I DERDSIEEERDBE, A LB DER
THESNE A FOFOATE S A X DIBIRIE

AR OEOATE A XICH 1 SFTHREIERMEDIEF : EREDBREVOA KB DBERTHESNEH
BIDAEHTEF DL EIZEPD S BEFDEE

BEDFEDORBYII. BYORERR. LMK, EYH- FEYMHAN RIS SEHHEEGE
BRAGBETEEERIFT . CNoDEHTEBEBEAVONZHIE, HEShTWINEEMRTHIL
(FHEYAFROIVARRICEVNTEELGFEETHD, BRAAHRE (K, K. TK. AR ETAVAA
HARE (Do F— 22t RITIh—) ICEBEBRERMRF — LI, AR FA XELUPRYED
AVITBVWTRBRICKYFESNSED FENEOREZ BIEL TE -, YR BMEL TREBERE
BYOREEZBETEELIZ. EDEERICEDL A EGRFNEBARLDEDMEIZHFET HMITDL
THREILT=,

FHARIFLUTDADDEREDIETERSNT=. () KEYDO P TLHESEEDILEMIHIERSD
ZET, BEELGAEENHEFF OREMEDNRMIZROFTONEILE (i) ENOHEHNEDARIZHIT,
DIEMNCHBRNSENFELSDIL (i) BEFIVELTEIMIERMEY BT 2N EEGTE
(QTL) DEBIFIATESDIL (v) Boniz QTL DB EERBEEEEFTHD 0. ZIHHHEY)
D_RREEEET IRNBREGCFEBRBICRAETELIL., THD. KARKIL. HHTLFE-ENE
BE- D TFEYF HLFREFRBESLVEGTFIVEL T i PR RICK S EMRABRRKMNRE S
BRUBEMEMOBMEIZLY. BIEIOEIENTE . S AT RERAEVLED-ENOREN



R EEEFORMMELZEICRET 5T, BERRMSDOERRICH T A9 ROV ADFRICE
Mg BIEMNTED,

RV, Fi
AFPOEOATS - F A X BB ERIFF ORI R 7L FRAIRIZFIF L /- TELEHE (1 T FE R
EDEL: XHEWIEE, BEFE. /14 T70/0°—DEEHE

AR THW-EPH L, ZRENOEYIZ2 =T+ A RBEL TV A REERS L EEEIRIC
nz. BRI CRRL-XEERAZERL-,

EYDHHEEEFET 52012, TNETNOEMEOELIC, OV AEVEBLE, QRRIZLD

. QRFEREREE, BEICKDRNREEZ -, TD %, —EHRBIEES S -EMALI OB HE R
. 7I/BOMET. BEIORN S574— /RRAARIML(LC-MS) LUV HRIOR 574— /%
ARAARIEIV(GC-MS) G E K-> THML .. #FT=ICBRL AL EMERERL-. FEMEDORIILEY
DILFEEZASMNT H-DIC AL EMDFEARILEITILLDIC BRREETRARI ML OIS
HISZAARIML (NMR) R ERRRIERANR M LEBRELT =,

FA—RBROKLLEREBEORHZAVT. FERLENOEEEICR T ECHESHREEREL,
RA—RRICEL T, KELEENEHRENELN-HEICIE. TOREEGFERET 510, 28K
B BRERFMASUICHRZ BRERMERRAL TQTLENREEETFEBFETL. RREGFHE
FETHRBEBERYAL LLLIC, 71O T L1 ERVBRNLEEFRERTE T oIz, Thibd
RTELEIC, DS TLOS2Y / LAERT —3N—RZFRALT. FEHOHHMEDEEDORRE
BABREELFEHEL . REIC. BHECTEZRGRE O/ OHFLEBLLE CTREREIE., £1L%
HIZE A CHBEE AT T B2 LTk o T FT- A EEEFERIET S EMNTEL,

HEYRECRIMDIELEIC L > THARBIET AUABITHEL TEBEZTo1=M. HU T LD A HEEIXH
AN, D FEYFERBTET AR FILEE ST, BABO YU TILOBEDOH 5T, FiELD
2= —avICkYBEMETAT 7 EMEICBELHICLICE>T, MHORRER-T LN TE
T=o

HEHREH I/ VO

ARARTOTSLTOREGRRED—D(E. OOYREVBMBLIZBARRE (DrR=) ZHE T
(BR)-B-tyrosine ZRFELFCE. RERMAZERAWNZERYAAHEEMNS, (3A-P-tyrosine [L(2S)
—a-tyrosine MOT I/ BEEBICE>TERINSZE. TOEERKICEHLSELFELTHARBDE
12 &K LD LOC 051233610 ZRAND tyrosine 2, 3-aminomutase (TAM) EL TRIELI=CETH S,
AEE (T, MWD P-tyrosine ZEETAHHOTOMETHY . TDEGHELRFDREEISEYEE
[LBVWTKRERAVNINEER D (FARBEY. SEXH 1),

COFREHEIZHIC, SERIZEYRDGRA-P-tyrosine Ad tyrosine 2, 3—aminomutase AFEHINDE
FHEINS, £ 1R DFEFHICHEBA-P-tyrosine [TFEL. TDEEIIMDRAo-7I/BHEKX
FLERFGNIEEZERIT NI, ABIZEFLBRA-P-tyrosine DRBARLEEITHAS,



F1=. BRA-P-Tyrosine (FARBEDIRMNSBHINEZE, BXLUBA-P-Tyrosine [T A4 XFXF
PHDONFEBYOREDBREBEET AN, A REEO-EFEEYICIEEFEHE RGN EEHE
ALt

ZOMIZEH, QI DMBEME Y IR FUDEESRKICEHLELFDBKREL Kasalath TDLE
B.QERDEBETHEEINITAXDAVITZTHRVEBDORE HAEBREY. SEX#K2ELU3). @
RREDBRE(ICEOTrIEAAL THFESNAGTRVEDRELE . BROERHAEDHENES
nTwd,

CORIZ.EYOREICICRAFREGREY. TOEERICELLIBELFORTEZRELT, Bk
HEFBIBLE-A ROV RHEFERL -,

FRYBHF—LEDIGRYFICEINFFEHR
(3R)-B-Tyrosine DEIFEIL. BRDEAR T IW—TTERIZH U TIL-TATATERBRLENDS,
EREN-HRTHD,

BARAIEA RO BHREITEBADHY  KERIELFINSIERATI/BORARETOTN . £
CT.ERERMRERMATDICE ST OV REVETUEBLIAROIERARTI/BEIZTEB L,
BARTOYREVERELI-ARDYUTILEREANEY  KETHRBIHFENITEMT H1LEY
#RBHEL-, BRAIX. 2O EME(BRA-P-tyrosine ERELIz. CNEZITT. BATIIEEHKEH
B R (Kasalath OEBARBHFEZETHIEARABOEBRZRF)ZAL. 5 12 2BEHKOHLHEHEIC
(BR)P-tyrosine EER ELEFNEET SR EBLIz, REEFIE. () tyrosine 2,
3-aminomutase THAHZE, (i) DY REVEBUE(CL>TEHIESINSI LML, COMEEIZHEHH
100 OEEFHH D LOC 0s12¢33610 ZEE LTz, B-Tyrosine EEHBERFDRIEE. KETILR
BIEF% Nicotiana benthamiana x> Escherichia coli|ZB ALT=, ChoDHYMML/OoN=H>TIL
IEBARTHITEIN, B-tyrosine DE G ZEHEZRLT-=.

ATOD T LRORICAXROBEIHFEZEWNIENT CEAHE FIS. FUTILD
EMFEEBHIESD . BEVIRELGHREEDLGLL, Fonf-1FERERMEML . SIFENIZAHARE
ED-FHERTHS. BE VG —EOF—LTREBLELEMN 2 HETHY ., N—FELITTELL Y
JFEDOEWHRABROHER. KLF-L0THS,

F- ZRARDOEAMZEEL T RMKEDELTDFEL 2 4% Boyce Thompson HEI T FERATARIC
1y AR BZEEE -,

HEERY
BARERTOMXIE I FHME L IRTE 23R (ThePlant Cel |, 27: 1265-1278, 2015; Metabol ites,
4:532-546, 2014) A7Vt T rEh, WEUARKEICEELEZ FYEQIVICEESNLIHAR
KEDZOVTOFRX 1 I, BERZHERE L=,
1. The tyrosine aminomutase TAM1 is required for B-tyrosine biosynthesis in rice. J Yan
et al., The Plant Cell, 27: 1265-1278 (2015).



2. Insect-induced daidzein, formononetin and their conjugates in soybean |eaves.

Mutrakami et al., Metabolites, 4: 532-546 (2014).

S

ZTofth, EFFERT 2 4. BERFET 4 HORRRRELZ. CD55. BRLCLZFEERESR

(8/19-23, ARy A—R+FUT) TlE, BL2EENRRI—EEEF LT,

3. Secondary metabolites of soybean induced by gut contents of Spodoptera /itura. S

Murakami et al., International Chemical Ecology Gonference, Melbourne, 19-23 August

2013

Ff-. BARE k¥ LEHBAXBOEME 2+ T, Jander {1 & Schmelz L DEES

K= (2013 9/17, 9/24) TH#ELT=,

. i | OH
. | MH;
1 . (S )-u-tyrosine
N | |
= MH; O
:' | OH
. HO
:. \ (R)-p-tyrosine
C. D.

*

80

ysing in different tissue

Fraction of rice cultivars
(=N =j=f=N=j=l==)=]

R R T N

dry leaf seed root cullure
seed medium

WRC  JRC

with B-tyrosine
B without B-tyrosine

AR

HAREIZH T 5B-tyrosine DFEH, (A) HHINF-T7I/BFERD HPLC VAT T LA

(excitation 250 nm; emission 395 nm) ., #Fr. B Al ; £ . Kasalath; £k .

KEI I

(3R)-B-tyrosine, (B) (2S5)-a-tyrosine &(3R)—P-tyrosine MIFiE, (C)B RIEDILIEAR . U+
AEVERNE -BNBOELERELAIZE T SQBRA-P-tyrosine R =E, (D) World-wide
collection (WRC, 69 faf&)& Japanese collection (JRC, 50 Fai&)IZ (1T 5(3R)-P-tyrosine D

.



(4]
i . . .
“=on cinnamic acid

o OSTaM.
phenylalanine | ., ™ Nt 0
OsTAM * “ “~on B-phenylalanine
NH, O
9 OsTAM . =~ " on B-tyrosine
terSIne | S on O~ F
oo~ Nk x 0
OsTAM= N T 4-hydroxy-

Ky 4 Xy-
o cinnamic acid

S [EIEELT- OsTAM1 O tyrosine aminomutase ELTDEM . D E B E LGN &I
&Y. KEEZE L phenylalanine aminomutase, tyrosine aminolyse. phenylalanine aminolyase &

LTHERALGWL I EA DI S,

1

N
A &0

2
%,
w
£

o

arabidopsis root
length cm +/ - s.e.
;%]

Ot g€ at at ®
& VoS
¥ ¥

(3R)-B-tyrosine D AA X+ X FIRDHERINFIE M. (A) BEIEMT HICH-T, B0
EAFIEN S, (B) ROBREEFMIL. (25)-0-tyrosine D HRMIZE>TERHBIIZERE
b,



B FINAL REPORT (DIGEST FOR PUBLIC)

Project Title Metabolomics: Identification of induced bioactive

plant metabolites

Research Leader in Japan (Organization) Yutaka Okumoto (Kyoto University)

Research Leader in the U.S. (Organization) Georg Jander (Boyce Thompson Institute for Plant
Research)

Funding Period Dec. 2011 — Mar. 2015

List of Co—researchers Naoki Mori (Kyoto University)

Atsushi Ishihara (Tottori University)
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Main Title
Development of Environmentally-Friendly Plant Protection Techniques by using potential
plant resisitance to herbivores and pathogens from a metabolomic point of view

General Objects and Main Issues

Investigations of Plant Resistance to Herbivores and Pathogens in Rice Corn and Soybean
Plants: Identifications of induced metabolites and genes that could be used to protect crops.
Small molecule metabolites influence all aspects of plant biology, including vegetative growth,
reproduction, and protection against biotic and abiotic stresses. Understanding how these complex
physiological processes are regulated and coordinated represents the ultimate challenge for plant
metabolomics. Through international collaborations between Japanese (Okumoto, Mori, Yoshinaga,
and Ishihara) and US (Jander, Schmelz, and Huffaker) researchers, we have specifically targeted the
identification of small molecules that are elicited in rice, maize, and soybean in response to insect
and pathogen attack. Moving beyond the identification of previously unknown plant metabolites, our
groups have collaborated to identify the underlying biosynthetic enzymes using genetic mapping
approaches.

Several underlying principles have guided the overall progress of our research: (i) By
focusing our efforts on inducible defense-induced compounds, we can find those with important
biological functions; (ii) Plants show considerable within-species variation in the production of
defensive metabolites; (iii) Genetic mapping can be used to identify metabolic quantitative trait loci

(QTL); and (iv) Many QTL are at biosynthetic genes, with facilitates the identification of previously




unknown enzymes that produce plant secondary metabolites. The combined expertise of our research
groups in analytical chemistry, plant breeding, genetic mapping, molecular biology, biochemistry,
and insect bioassays has contributed greatly to our success with this approach. By identifying genes
and metabolites that can be used to protect plants, including biofuels crops, against insect herbivory,
we contribute to the goals of Metabolomics for a Low Carbon Future.

Methods and Technologies

Combined research of narural chemistry, plant genetics and biotechnology towards the
establsihment of environmental-friendly plant protection by making best use of potential
defense systems in rice, corn and soybean plants

Genetic resources and crossing populations, provided from research communities of
each plant species, were used in this study, in addition to crossing populations
produced by ourselves.

To elucidate new inducible defense responses of plants, we analyzed plant
seedlings that were treated with jasmonic acid, infested by herbivorous insects and
infected by pathogenic fungi. After an incubation, we prepared extracts of the plant
seedlings, and analyzed them by an amino acid analyzer and by liquid and gas
chromatography connected to mass spectrometry to find new inducible metabolites.
For the analysis of chemical structures of unknown metabolites, we carried out
derivatization of the compounds, and employed various spectroscopic techniques
including high-resolution mass spectrometry and nuclear magnetic resonance
spectrometry.

We found wide genetic variations in the accumulated amounts of the
inducible metabolites among the various varieties in a species. To address the cause of
genetic variation, we estimated the chromosome regions responsible to the genetic
variation with CSSLs (Chromosome Segment Substitution Lines) and RILs
(Recombinant Imbred Lines), which generated by crossing two varieties that showed
differential induction of the metabolites. Based on these results, candidate genes were
picked up from published information for whole genome sequence data. The ectopic
expression of the candidate genes in E. coli and Nicotiana Benthamiana and biochemical
analysis of the gene products finally proved their function.

Japanese and American sides performed different part of experiments
depending on the plant species and stress treatments, but Japanese side mainly
performed chemical analysis and American side performed biological and molecular

biological analyses. We exchanged samples as well as techniques and idea by close



communication, which led us to the successful identification of new defense related

genes.

Results and Social Impacts

One of the biggest achievements of this project was (1) identification of (3R)-f-tyrosine in
Japanese rice, Nipponbare, treated with jasmonic acid. Stable isotope trace experiments clearly
showed (3R)-B-tyrosine were converted from (2S)-a-tyrosine by transamidation, and we
identified the gene associated with the biosynthesis of (3R)-p-tyrosine by functional annotation
of LOC_0s129g33610 located on the 12" chromosome as a new tyrosine 2, 3-aminomutase
(TAM). This was the first report of B-tyrosine synthesis by plants and the identification of the
gene could have an impact on plant sciences (reference 1).

Our finding focus spotlight on (3R)-B-tyrosine and 2, 3-aminomutase in plants and
will lead to entirely new research projects. As an example, human metabolism of
(3R)-B-tyrosine will be necessary, considering the fact that (3R)-p-tyrosine is contained in a rice
grain at an equally high level to other natural a.-amino acids.

We also found that (3R)-B-tyrosine was secreted from the roots and that relevant
concentration of (3R)-B-tyrosine inhibited root growth of Arabidopsis thaliana and other dicots,
but had less of an effect on monocots, including rice.

In addition to this result, we reported (2) the comparison of the gene related to
biosynthesis of antimicrobial substance, sakuranetin, between Nipponbare and Kasalath, (3)
identification of induced isoflavones in soybeans attacked by herbivores (reference 2), and (4)
identification of new metabolites induced by corn plants infected by filamentous fungus.

These are results of our collaboration research of Metabolomics for a Low Carbon
Future through identification of metabolites and related genes applicable to plant protection

technologies.

Synergies between US and Japanese Teams
Identification of (3R)-B-tyrosine was a fruit of collaboration between the US (Jander team) and
Japan (Okumoto team) with mutual backup making a strong showing of each expertise.
Japanese group had genetically established rice varieties and US group had expertise
in non-natural amino acid research, which brought us to work together on non-natural amino
acid accumulation in rice plants induced by jasmonic acid. First, the Japanese group prepared
rice samples treated with jasmonic acid and the US group found an unknown compound
induced specific to Nipponbare. The compound was identified as (3R)-B-tyrosine in Japan and
the synthetic gene was also identified in the 12" chromosome in CSSLs (Nipponbare lines
carrying chromosome segments of Kasalath which does not produce B-tyrosine) by Japanese



group. The chromosome 12 QTL localized the presumed (3A)-B-tyrosine synthetic gene to
LOC_0s129g33610. The US group expressed this candidate gene in Nicotiana benthamiana and
Escherichia coli and the product of in vitro enzyme assays were analyzed by the Japanese group.
In vitro synthesis of B-tyrosine by this enzyme was clearly confirmed and this gene was
annotated as tyrosine 2, 3-aminomutase (TAM).

Thus, each group’s area of expertise was effectively used in this project. Especially,
the active exchange of sample materials, sharing tasks in one's respective realms of expertise,
together with constant exchange of information and result reports let us pursue the research and
get the result above in such a short term. No doubt it was more than a single group could have
accomplished alone.

Also during the program, two master course students of Kyoto University studied
abroad for a month at Boyce Thompson Institute.

Achievements

In collaboration we co-authored 3 papers. Currently two of them has been accepted (The Plant
Cell, 27: 1265-1278, 2015; Metabolites, 4: 532-546, 2014) and the other one about the new
metabolites in corn plants induced by fungal infections has been revised and resubmitted.

1. The tyrosine aminomutase TAML is required for B-tyrosine biosynthesis in rice. J Yan et
al., The Plant Cell, 27: 1265-1278 (2015).

2. Insect-induced daidzein, formononetin and their conjugates in soybean leaves. S Mutrakami
et al., Metabolites, 4: 532-546 (2014).

In addition, we co-authored 2 presentations at the international conference and 4 presentations at
the domestic conference. Among this, 1 poster presented by student won the poster award at the
International Chemical Ecology Conference (August 19-23, Melbourne, Australia).

3. Secondary metabolites of soybean induced by gut contents of Spodoptera litura. S Murakami
et al., International Chemical Ecology Conference, Melbourne,19-23 August 2013

Also we hosted two lectures inviting Dr. Jander and Dr. Schmelz at Kyoto University
(September 17, 24, 2013) with the support of JSBBA-Kansai.
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Detection of (3R)-B-tyrosine in rice. (A) HPLC-fluorescence detection (excitation 250 nm;
emission 395 nm) chromatogram of derivatized rice foliar aminoacids. Red, Nipponbare; Black,
Kasalath; Green, amino acid standards. (B) Structures of (3S)-a-tyrosine and (3R)-B-tyrosine.
(C) Relative abundance of (3R)-B-tyrosine in dry rice seeds and rice seedlings, with and without
jasmonic acid-treated samples. (D) Cultivars that contain (3R)-B-tyrosine are relatively more
abundant in a collection of 50 Japanese rice cultivars (JRC) than in a world-wide collection of

69 rice cultivars.
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OsTAML1 functions as a tyrosine 1, 2-aminomutase. The lack of other products indicates that the
enzyme does not act as a phenylalanine aminomutase, tyrosine aminolyase, or phenylalanine
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Inhibition of Arabidopsis root growth of (3R)-B-tyrosine. (A) Root elongation is inhibited by
increasing (3R)-B-tyrosine concentration. (B) Root growth inhibition by 5 uM (3R)-B-tyrosine is
partially rescued by exogenous addition of (2S)-o.-tyrosine.



	公開のみ　　奥本課題　研究実施報告書H26様式_150417 (1)
	【奥本PI】前期終了報告書_公開用サマリー
	A 終了報告書
	B Final Report (Digest for Public)


