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ABA : abscisic acid 77 ¥V R

CTAB : Cetyltrimethyl ammonium bromide

DNA : deoxyribonucleic acid

ET : ethylene —=F L

FC : Fold change

GO : Gene Ontological

GTC : Guanidine Thiocyanate

GWAS : Genome Wide Association Study

JA : jasmonic acid ¥ AE R

mRNA : messenger RNA

NCBI : National Center for Biotechnology Information
PCR : polymerase chain reaction

RNA : ribonucleic acid

RT-PCR : reverse transcription- polymerase chain reaction
gRT-PCR : quantitative reverse transcription-polymerase chain reaction
SA : salicylic acid U F /L

TAIR : The Arabidopsis Information Resource

TE : Tris EDTA

Tris : tristhydroxymethyl) aminomethane
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REW)THIER EICH 30 TREAFEL T D & SNTWDHDS, DM ThyER Y (Zea
mays) X°A % (Oryza sativa) , 2 5% (Triticum aestivum) %X U & L=kt
e LTABMEOMBRE X Z DHMETH S, HPITEEHER L L TORA L PEERS
Wik, EEEM e EOTEFEMEE LTEIIZE-> TR SN TE L. ZThZhoHRIC
WY DI E 2GS D2 OAITAT & U AR AR K-> TEERHEM TR O S R 217 > T
T3, RIS K D A RIT A R E 2 8159 2 (I3 DI 0 D FIETH 5.
YRR F RO R REN (QTL) g, 7/ 274 REIEfET (GWAS) 72 & D41
AEWFHIFIEDORFEIZL V2 RIPEICHET 2BIn B LY, ZOMREORFED ATREIC
720 JEERAEINIC L 2 BB E OBARNEG o7z, sy FHERONIEIEZEMmA I 134
WO BASFIEREDZAUIC X D2 A ORI TH D L WA D, WY DL S E A 2 fif B
LBREEA b L ARG & 0] b ST MR Z RN T 2 2 & CRMINE D HESH HWE O
FEFERIMNCIEN D LB b, FEBRICEREEA b L AT 2 815 L 2B E s e 23 EH
SN TW5 (Bulowa et al., 1999; Taji et al., 2002).

Ve e L LT O SR R, B OMIMAL, (LIRS EEOBIRE & o 7o 23
WOHFNT LY, WE 40 FE0LBEMEERITFOEMBR ELR T T4/5L 720 REL EH
L7z, 1960 FRUEORMAPEEDMHONTEEE LV bR EE FEICEWTHETH Y
1961 4EM 5 2000 2T Tils EEIOBMAEFEIL 35 L 720, ZHIZAL#N=E (2.31%) %
EESTWD . WHROBD OFHEEFEITA 16 {2 ha, HEFHAS 3.8 (% ha TH 573, FAO IZ
£ % L eNEEDTNI, 19E 2 bR < WHIEARI3AY 130 8 ha T, 2O 15% DA T 70
BANOBEEZAFEL TS Z L1225 (Foley et al., 2011). 1EMAEFED 59 5 62%I1T A D
BEE LT, 35%IFFEEOREE LTAEESNL TV D, 1985 £ 5 2005 4F DM B EHY
& CE TR 3% D 154 757 ha YRR LEW/ERERIT 47% ML T 5. I b/EWI A
Rz 43%, AEREZEZ 5T%HML T D AHEIT—AIZED L Tuhien. 2013 FITHERA

FE 70 8 AN 22205 L 2050 £E1213K0 90 (R N2 72 B L HEHI S 4, 5% D N BEEINZ B - ik



AR ERENEED, BIEEESNTWAEDD 2 FEPLELINTND
(Alexandratos, 1999; Cassman, 1999; Federoff and Cohen, 1999; Godfray et al., 2010;
Lutz and Samir 2010). F72ITEDEHHOILR D72 DIZERD 70%, H/32F 0D 50%,
TRAT PR ZERIAR D 45%, BVEFRIARD 27% 3B S TER Y, T KV YO LR ER
PERL HHEORRBICE LWEREZ 5 2, S OICAEU A X U, el o
K, HEBLCUHHERIEM L 72 > T\ % (Ramankutty et al., 2008). F#, ISRIC
(International Soil Reference and Information Center) O FH##1Z LAUE T 20 4]
WCANESNT 20 ha O TR S LI L SN TRV, BIEDREITHHERD 24% 3R
AR L CTRIEM O 34% 2 EPE L TV 5 05 E RTRE THE D2 TEM O UL EAR T 2358 &
2o TnD. BRERMNEK & L CHES LA SR THALH Y, THEERA (AR 4.3
f& ha, /K& 4.7 {& ha), BIEROEEL GO THOBECHELE L, #K, NSO
ENCA RIS, Kl OB ERIC L 282k, SRR, BEekm, (KR, L,
RERZ IR EDIFAEYHIA N L AT K FENEY O EERCIN R, mE AR EL, 1EWEE
D 50% M L Tnvd & &R TS (Hammond-Kosack and Jones, 2000; Wang et al.,
2003). Mz T, WHAROBHEEFIHO 70% I TFEIEHESCAIRE LT AN Y HHEE VSRR
T LI D BHEIC IR M & R HEOFENRMBE L e o T D, ZD X ) e HEETREE
AT H T VLTI O RER AN L D RESAHORENMTO TN DAY, £ alhE
RERBHRARTR R E ORI RO TR Y, BFEAE T X O T 6 ITFHir &
(D7D O EEITEIRSROBANLEE L W D, HYOMEL DA L ADIRE
PR DBRMEN DBREE A b L A~ LT O R O T R IED 272 577, BREFIK
AREEOHEEIC R E S EBRL, 1EWAEERZ &) 5 EEICB O TEMSRIE O &\ 1
RMERERFE DR L BRE LI FHRARED FIENLETH L. UL EOFENSEZDORFEIC
BWTHEEROFEMA A A b L AMMERCARE R Z I RE ) & 2 D VEM DR KD 5
NTN5.

NAFA LT HZT 47 AT TFAEWNFORBIZOBRN LD LOVFIETHY, ZOHMN

N> TEEROFEEEMERNEST 24— 7 AT IS B R E LW ERE



BT TS, RO RITHATORIE & & b ISBIS T O/ 72 mRNA Ok (K7
VALY YT h—Lb) RMPAN S LR ERK (e T A2, AROREE ORRIK (X
SR m =) Tp Ekka IR OMRE D TR OINE - it s 2ol R LT, g
W FFEERDONA ZN—T"y MUIZZ > TEZL OEMD T 7 LFEeR 7w T35 &4, K
Bi7p A — X 7 AMEROMNTEREENE I SN o2 b 5. SO A — I 7 AF#RAIEIC L
THBERVE % AR FE~ B E S CHOMD AL 2 Z L b Re L o7, S HIT,
ZHHOKBBEA— 7 AERAE DIEATEA T2 2 L TERMOZERREMREGEOT —
ZENT & FTREIC T D EIR O BT B L OEN D D HRT —F X=X &G L, I8
HECEN 2 AEmBIR 2B, ICH L, EmRORR LM 5 2 & TR ZRTET 557
TR EIR T ORIENHED HIL TN D . FEWILEE LY THE T X - B RERE
T2 R A P LA ENTE Y, ELOBRICEWCEEFERDBER & 7220 it
BT 22z AT 8B F2EGLEICLTCEL. ETMVEHOY 1A XF X T
(Arabidopsis thaliana) 7* 2000 “E\ZfigFE S, A %, Y27 (Lotus japonicus), t
AU 43 (Physcomitrella patens) 72 Ekkx 2Bt OREN 7 ) LMRaE STV b, £
IZHEWR T VAT VT R —AR0A X R —AEIT U & Likkx REEEEA b LAY
RNVEANC LS TEET 24— 7 AMEROFEFDPIAE > TS, FHT T AT VT E
—AIXDNA VA7 a7 VAERBEBEINTZ LT, BEFREOZLEZHERENICE B 2D
FENTE, FEOHRMNTICH DY DBAZ T OBIKRI R BB OBIZE, FE OB D
ZAb L ORI OBSEYE, T A7 VT N — AT — X OEFEIC K D KHOffdHE
B2 RN & 0 SEB A O IRR-C IR B TR v N U — T f#fr, T ne—4 —fi
P mRe L eole. BUE, REOT —ZOEMENOIEFEREBEM SN THY Gene
Expression ~Omnibus  (http//www.ncbi.nlm.nih.gov/geo/) =  Array Express
(http://www.ebi.ac.uk/arrayexpress/) 72 EDT —H N—APFE LRI TS, T A7
T h=bxzfnWieT a7 7 AV o TI3REROR2 IR A b L ADSET DB T ERET D
CHERLTW . FEMIA R L ATIEESE , REE, IKE (Kreps et al.,2002), &

IR (Swindell et al., 2007), ¥ (Chao et al., 2005), 78 (Rossel et al., 2002), &5 3



(Brown et al., 2005), 4:/& (Herbette et al., 2006; Kumari et al., 2008), %¢#/XZ (Krapp
et al., 2011), /K (Loreti et al., 2005) 7¢ EZILICJE - THT S TEY, ThELDA

R RSB T HEETREESN TS, EMHA R L ATIE, AL A (Postnikova
and Nemchinov, 2012), /X7 7 U 7 (Mark et al., 2005), 58k (Mathinoni et al., 2011),
E . (Kempema et al.,2007; Misra et al., 2010) 72 &, ZE72RERSCHENIEE CTH S
RFEITHT DAY OREFRER 72085 FISE ORHT I X GRS S RE S Tnsd . F
TARNVARAZEGUE LI N T AT VTS N— AT —FHH A N L AONB L g L7
L ZABIBTHRBNY — U BRI DINE AR T 2B LTS (Rasmussen et al.,
2013). & HITEMBRAY7ZR BT d 2 FERRD F2Y5 T OREY) OG- IVE & BT E W T2 b
18 H1L TS (Atkinson and Urwin, 2012). ZDO X I b TV AZ U T F—AEEL D
WMERED oD, WELEERAMH SN TWRWSETH 5. ITHF Tk RNA-seq (T
LD EENOIEMBRBIG FRA LNV OERCEZIT I 2 ERAREICRY, ZOFRHNGIE
ET VAR ORHTROBAR I BLOHIEICBE S 5 miRNA ORFER L, KEDT —Z b %
BIHI B OFME S ER L TV D, SRR A b L ARDNREPICHEET 2720, HEFO
A AU EEETIIEBARRICEDRKERZ LWV LTI XTIV A B L RTRY TR
MOREIR/AMVRERERY 9%, IRTNVAFVRTHT HA—I 7 AEROMT )
BEkx 72 A b U RIRBEMHBIR T ORFER LR b U ARSI RED b T b2
EFUTH ST 72> T,

ABFZETIFARBEEFRD I R T VA R L RITHT D v aA X T X F 1 EE O oy 1R 2
{bD#EELZ DNA~A 7 a7 LAIZLDT /) DUA RRBIsHERER R X OMIT 2170, #15
B OEREZNIEN O G FEHFHRA NV RAIREEZT 0 77 A V7352 L Trng
XF AT EFBORE I R TV A N L AT D ELE O RN 21T o2 £
AW X 2R ERIIEOFEEEOMA L BI5 LTz, S HICBEEEZ RIS IR TV

A B VRSB DRI FRENA A~ — I —DFz BRIV E L THIEZIT - 7.



w1 =
RERZTOETNVEHOM L ST A7 Y b— LR OHRNT

1-1 #%5

AtAL 2 & Db, TEFIROFRIZ L > TREBM OB FRIEORE L VWo T
JEERIN DU NS, RKIABNOLERIRRENAREIZRDICE STz, ZDO—FTRE
APERIRSEII T HRIERE 22 L <HESE 5. (LR OB AT HEORE SO BIE LIE
WO ERIRINHEE T DT DICRAIRBRERTHY, FFICER N), Vo P), BV T L (K
FEMDOERIZREBEADLLIEERFRERTH L. HADOIEHOEHEITFEL£IEINL Tk
v, FAOSTAT (http:/faostat.fao.org/site/291/default.aspx) 2k 5 &, N IFAEIONE &
(X 1961 - ClX 1160 7 b > Tho7=DIZkf L, 2006 4TI 1{E 40 7 k>~ E K 9 {58
MLUTWD. U ERIEE O &I 1961 42 TiE 500 J7 b Th-o7=DIcxt L, 2006 4T
131800 17 b ~EH 3.6 FECHAML TW5. 20 X 9 2 E B 22 AR & o B <o ekt
ks ORISR ORI RE, A > Rie & OFBLEORATEOZEbE L OEFE KR
NUBESEA~DBITICHET Db D EEZ b5, EIUTEOA MRCAEEHIER 0O F i1
£V, REOTZF L —VEEHRAZ1T > TV D KBRS CEIRH R L ORS i CRE
ICR&ERBEHLER->TVS.

RN REE LB CERINEZ B 2 BERERTH LD, ko L 5o+
O RBIALEHIBREE T~ it LERBEH YD —[R & 72> T % (Schachtman et al., 1998;
Raun and Johnson, 1999; Strahm and Harrison, 2006). {E4) D JEEHMER=RITIEB=RM T,
BLZ 30~60% &L AL ONTED. < OEHEESTED X 9 72 B3 KE Tl A~
DALZAEE-CH R E M OB A L0, T ORI Sy O EE 7o R CBREE T o)
BEBR A K& BILUEHHOTEE, OV BB RS E T D, RIS N IR
REREEREOK & 72 v, B TGS, I, 8 O REIZ X DR 72 L oK

BIGGs sl Y. LT = T IREIC IR, iR LT HRAERRR O E TR



ISR AL B T UERMEREE CRAT 2 R EESRE (N0) (THIERIRE A Ve
WEEDOHER & 72> TS, FU VHAITHAERNATRRER TH D720, Fipi il ie 7R3
ZHEET D12 H 7 0 RENMEIRECEFENIEEI O, P OREMIGTERRD BN TWDS. Zhb
DEREEFEN B L2720y, BT O REGRFAT O RIS 52 R LIER RS 2
T LD B LR R A~ DERAN VI Th 5. ITFEF R K ORI EA TV D HEY
TG F2 21T X 2 B0 ) O S IRRE D AF B BT 4 %% O RFREAIEE R I WV Tl
HATHY, 74—/ FTOFHEIZIBW TS BREEAHE LB L D OHE) O REIRAE 2 A H 12
TROZNHR 72 AL FVEDAR S KD BTV S (Morimoto et al., 1996).

TR ORBROBIEIL TP OFHME L REB LR ORE/R & OER P EHEITHE A~
HoTEY, EHOREBIREOEIEIRIZZERTIIRV. HESITIIMEN R ETH
%12 O DORFRIEL Db O & EHERE LT\ 5 b Tide <, MmO RINE L Fik
WCHIECTERWREBEEDRH D, N A A~ — I —ITEREE LAY & L TR L O3
ZERFILOELTHHASNATEY, NIRRT VT h—LRAZRu—LREDF—3
APRNT DFEFE ST — X Higa O AN O RSP IR 72 £ 0> O FEWE o & &2 b %2 e
U A I U & LTekkx 700300 0 R RIS E k3 2 Hfff & L TR Sh T % (Pepe et
al., 2001). HEWIZRH B D A A~ — o —1 XTI HE OFARHE OHEkA L & L -CFIH
SN TWVDHBHMERFLRFWE, EXRDFREZAWERET EA X MZREINT
5% (Ernst and Peterson, 1994; Hughen et al., 2004) . /A A ~—h—%& FW7={EHD
IR T EEBOFH LI RKBRZZMONA T v A 1 IEBICRA LN TIZE BT, #F
ZEHE L LTA 2 OAEHMOHET (Tarpley et al., 2005) ° b 7Ew a2 N REE
(Yang et al., 2011) , ©~ U VU (Helianthus annuus L) ®/A4KHE (Marchand et al., 2013)
R AR T HRB AL A~ — D —BRE ST D

T D S E BB B IR OFI AR % & 5 12 12 B D S8 RIS X O
R ZN ESED I ENBFTOND. THE TR 2BFE CEREOMY TIEEY, ALY
0, AALFHIFIEC K DIRF RT3 T oM, RKEILHR O TG ORI, ik,
R B2 S TS (Maathuis 2009). S OIS Tl AW TR RO 5 BT



W, ERHORA T =R BZEET DR T OFBUE BSO8R G (B S SR 0MT b
hTHY, NXZ (Krapp et al., 2011), P XZ (Hammond et al., 2003), fiizg (S) KZ
(Maruyama-Nakashita et al., 2003) 72 & Ok % 72 R DORERZINIIZ LD N T A
U7 R — AEFTHED BTV S (Gojon et al., 2009). ASEE TIIMERER 72 8 5 -3 SURAT
1256~ A 707 LA ZHWN, P, K RZAEZ L7 m A XA FEB IO xith E
O RNT7 AT )T h— LD 21TV, N, P, KAFRACEBIE T2 RE Ly 74
HPEMNISEDOT a7 74V 72 Bfg Lz, BICREERY —L L U ClIE FRBL A A

~—A—DRFEE AL L.



1-2 MEB XUk

BN

A FE B TlL RIKEN BioResource Center LK 0 AF L7 m A X X J B Ak
Columbia-0 (Col-0; JA58) % MV 7z, A AR 1Tl BRI AEM R A AR JEEE L 0
fftshicA xifEa el U 2.

vaA RXF AT RERZILE

KBEEERIE Toda H (1999) O 7 & — FAUKPRERE TITo 72, v rA XS A H1%
4CT3 MWK L=, ZODBHF A a2 Ay 2 [34 mesh, 30X38 (mm)] %#HkA
2254 KR~ F[50x50 (mm)] (Fuji Firm, Japan) EICHEREL, lem & D%IEAF
a—/L&OUF, 2% O MGRL I&{E (Table 1) THIH 12 W5, S (photosynthetic
photon flux density) 37 pmol m2 s1, 25°CC, 7 H MK ZALFERIZ IV D S ARI% 14 B,
2 A IR Z A O 2 S R1E 19 B RIAES L7 ¥ o pH fRZEIZ I HCL % 721X NaOH
%f#if L, Horiba pH meter F-52 33 L OMERE XU EHEH pH %t (Horiba, Kyoto, Japan)
ZFHWIIE, pH 5.6 ICHREE L 2 H Z LI Lz, T 0%, KA 2 KB EIEHR (Table
2) X CHOMEMIRZ I Uiz, RBRBRZAFE U CRBIRIEN DA TR ERM L 72
WD E 7213 1/4 ERB AR LT A LA ERL L, HEMIRZ 3G L7z, N RZ Tl
NH4NO3 & NaNOs %, P K:Z TiE NaPOs %, K RZAE T KCl # 2N ZEik & RERZ
LRI & LT L7e. SRERZEBIEIZZNE 14 HEE C9miRix 7 R E72
(X 19 B CMEmiRiL 2 B BRI E 7213 1/4 BRI L7 WBR &2 1T -7, F72 7 HIH
AR T AR U T I & Se OB I C R L 3 AR L CGEIBEX & LT
Weote. A LR OH FE A EILL, -80°CHHE CHRAE L7z,

A RRFRZ L
A RS % 10%REIEFHRIE T 10 AL, A A ZHKT 3 RfEFLIZob Yy vy — L



(ZHLE A A 2R HKITIRIEALEE L 30°C T 3 H MBI Z 1T > 7. MY x> - HOL [
HE YT 4X4 (mm)] (¥ F 1) [CRIEATF 1 —/LE&20F T 7 r— b UK E A TRl
L7z, SRBALPREWR T 14 BIEARES L, MEWEOETRESEN TV E28EL, v ada
X RF OFEER &[RRI & L CORBAFEHRIE T, SHIZN, P, KEaRZEMTT
AR LT7=DG, A XUEMIROE 2 L7 7 Uiz, ERBIMRERZIRE
V2 S AT A Ml B CAAS A~ — I — B F ORBIEB ZNET D720, 7T AT ERE
FEHICAEE LA RO A 5503805 1/4 &, 110 8, TRRTHEMTE 5 ERRAE

THLETHIGL, HE2EEY TV T Lctk, T2 ET-80CTHRIFLI,

RNA #hH

Total RNA % Suzuki 5@ 5L THit L7= (Suzuki et al., 2003). [FIX L 7= fEHIKH 7
IV %% (Shake master Neo, BMS) % H W\ Tl S B7=F FA#:L7-. flitH buffer
[100 mM Tris-HC1 (pH6.8), 25 mM EDTA, 2% (w/v) CTAB, 1.4 M NaCl, 5% (v/v)
2-mercaptoethanol] 700 pl % 8% L7=. Z % T DsrEfE L (13,000 rpm, =&, 5 min) ,
Eif%Z 16 ml Fa—7ICBLA v FaX—F%—T 65C, 5 min LEL7=. EIFIC
chloroform/isoamylalcohol (24:1) 700 ul Z /%, T T L <18 L, =058 (13,000 rpm,
4°C, bmin) L7z, EE%E 156 mlFa—7ICBL, ZOREICHLTIvo D7 =/ —
/b Mix [3.5% (w/v) GTC, 200 mM NaOAc (pH 4.0) Z/Kfaf1~7 =/ —/VTART v 7] %
Nz, vortex L 5 min SEiE CHE L7=1%, =008 (14,000 rpm, 4°C, 5min) L7z. /K
EEZ 15 ml Fa—7\ZBL, Mx/-7=/—/LMix ® 0.5 vol ® CHL/isoamylalcohol %
MZFTHL B L%, w008 (14,000 rpm, 4 °C, 5min) L/K/E% RNase free O
Fa—TZB LT, 2B 2 LIEO#/EIZ4 T RNase free DXy h~rDF v, T
— 7, RIKE W=, ZOKEBIZK LT 0.7vol @ isopropanol (SIGMA) % iz =R C 10
min & L, =058 (15,000 rpm, 4°C, 15min) L CEEZEY RV, 75% =X J
—L 200 ul TXL oy b ETEE L, =008 (15,000 rpm, 4°C, 5min) LT EEZBREL

72=. ZO RNA Z#~A 707 LA FIIEEMN RT'PCR IZHWA T2, FNENDHIEIC



A 91 24 £ RNase free water (SIGMA) (Z¥EM L7z,

A7 a7 VAT S RNA BUBHIRA L TW A EBEARET D7) 77 A
(LiCD) MEZ4T~7=. 30 pl (ZFH L7 RNA #Eicxr L 8 M LiCl % 10 pl finz, -80 °C
T 7=, =008 (15,000 rpm, 4 °C, 30 min) L, LiClEAZ BV B, 75 %=T
2 ) =% 150 Wl iz, = O%08E (15,000 rpm, 4 °C, 5 min) Z17-72. =X / —/L %R
% L7205, RNase-free water 50 ul &/l 7=. £7= 3 M FEfET U v A 5 pl, isopropanol
50 pl Z A1, 2R T 10 min & L7z, =058 (15,000 rpm, 4 C, 15 min) L, 75 %=
% ) —)VvZ 150 pl Mz, =008 (15,000 rpm, 4 C, 5 min) L7=. =X/ —)L&5E4C
bRz L, 10 RNase-free water (272> L7z,

E 7 RT-PCR (232 RNA #EHT Y/ & DNA % [r%9 % 7212 DNase AFLA1T -
72,25 pl IZFR%E U7 RNAEIRIZ kL, 2.5 upl 10 X DNase I /3 7 7 — (Takara Bio Inc.),
1 ul @ DNase I (5 U/ul, Takara Bio Inc.), 0.5 ul ® RNase inhibitor (40 U/ul, TOYOBO),
2 ul ® DEPC ALE/KZ 1% 37°C T 60 min AL L7=. Z OFIGANIZ RNase free water
% 250 ul, KEIF1~7 = 7 — L 150 pl, chlroform/isoamylalcohol 150 pl % Ji x #iAEIREFN L
7. EOSBEL T (SR, 15,000 rpm, 5min) FEEAZHLWF2—7 1B Lz, £k
J&D 1/10 vol ® 3 M FilE h U v A (pH 5.2) & /KJE &% & D isopropanol & Nz R/LT
v 7 AL, iR T 10 min §#{& L7z, =058 (4 °C, 15,000 rpm, 15 min) LT RNAJE
BeAme Lz, BiE&EFREL, 75 % =% 7 —/L 150 pl T RNA BB A Ve L, =050k
(4 °C, 16,000 rpm, 3min) L7=DbH, =X ) —LEFZEIFREL, ZOXL v % 30ul
® RNase free water (2 fi# L7z. Z @ RNA Iz H T cDNA ZERCT 5 72 WA 5 K
JGEITo72. 1ug ® RNA % 1.5ml =y KA T7F a—7 2B L, BUGER 11l 12
72 % X 9 RNase free water Z 127205 70°C, 10 min LB L=, kin L7z, ROGEIR
(2 Oligo dT primer [5-TTTTTTTTTTTTTTTTTv(A/C/G)-3"] 4 pl, 10 mM dNTP 2 pl,
RNase inhibitor 0.5 pl, RTase # /1%, TaKaRa PCR Thermal Cycler Dice (Takara Bio
Inc) T (42°C/60min, 99°C/5 min) THUS S T2, ZOSISHEIRIC 1/4 TE % 280 pl I1ZE

EAYRT-PCR I RNA & L7z, 7236 RNATRIE OB TS L OE OMEITOLERT NanoVuePlus

10



(GE Healthcare, Tokyo, Japan) (24> TEHll L7z, Azeo Ofii T RNA ¥, Azeo/Asso TH

VNI, AseolAzso TEWEDIRAES 2 HIWT L7=.

<A 7 aT LA BROT —F T

~A a7 LAF v 7L Agilent Arabidopsis 4 Oligo Microarray Chip (Agilent
Technologies, Tokyo, Japan) % >, Cyanine-3 (Cy3) (ZXk % 1 £ TIT\, Agilent
in-situ U T DNA~A 7 17 LA 71 ha—/Lver 2.3 2> TITo 7. XK LU
AF VANV AMBX ORER L7 1 ug RNA Z#H\C, Cy3 TZ7-L L7z CTP (Perkin
Elmer/NEN Life Sciences, Tokyo, Japan) %\ T cRNA Z &k L7z, NA TV XA E—
varv#iTo72 DNA ~A4 7 a7 LA 7T AAXAT A RiL Agilent Scan Control Software
(Version 6.1) #H\WTAF ¥ L, AW TILBEEMEZRD L7290, 3 BOMN L7 XKE
AW, SO A A=V DL 7 F L iRE T Agilent Feature Extraction software (Version
9.5.1) THEL L=, &HIZZ DT —H % GeneSpring 7.3.1 |2 &k » GBI DB E 4B
Bl ~M7aT7 VADOEBRT XD A VT 4 F =y 7 L LT, flags T 3EHDOERR
TUEDTH Absent &I SNTZBIZFE2HR L. B~ A 7 07 LA ZRR TR
BISFIE, TNENOREBERZUHEZAT o745~ A 7 07 LA TREFEELET B 2.5%

EHRAL, 7—#ty b& UTEITICHWE.

EZH) RT-PCR f&47

DNase #LHEF K OS5 6 24T - 72 ¢cDNA % SYBR Premix Ex Taq II (Takara Bio
Inc.) Zf#f L, Thermal Cycle Dice® Real Time System II 3 £ " Software Version 4.02
(Takara Bio Inc.) %MV, T FiEIT~ = 2 7 /VIZHEWVEIB T DI BURNT 21T > 7=, FEMT
(X 3 DML L= v T, NI AF—E L TEnf & LT UBQI # v, x5
wxIEHAE L7z, RBAMTICER L7y A XFAFTBLOA 2O T T A ~—ElFIT

Zh#Fh Table 3, Table 4 |Z3C# L7-.

11



THERBR

TIIERE LV IR L 2B agsk b (P8 2 vz, Toda & (1999) @ H#kakER %
FIZ, X o 5 E LT, 100g O +HEzxf LT KC10.048 g, MgS040.036 g, NH4)2S04
0.132 g, Na2H2P040.132¢g, CaC030.15g # LB THEVELIRICLZDOL, ZhAbd
REHRZ TA~RINL RIZHIREE L5720 1EMESG L, S RBIURERRZLHX L L
T, N RZAFXIE (NH2S04, P KZAILX (T NaHPOs , K K ZAFLX T KCl DR
BAKRX O LT 1/4 &, 1/16 &, ERMOIX A4 3%E LT-. 4CT 3 HFBAKLER
L7y uaA XFAFHEF%2 T ey b~ THERELHXIC 30 hifkfE L, HEREN

W LRWE S A A Kk Z By b~ TIRAL T 28 HRAER L.

A X EWDON, P, KRZANA F<——BIcTFDORE

ArrayExpress & ¥ Takehisa ©» (2015) O A XM EEORERZ N T A7 VT h—21
7 — % (http://www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-66935/) % A= L fi#MT
\ZHWT=. Control FLiZxf LT 1/4, 1/16, 1/64 &DO K Z3HORFERZ T — X % p<0.05,
Intensity > 500, FC > 4.0 (up-regulation) % 7-1% FC <-4.0 (down-regulation), T 4

NE YT EATY, BinFERE L.
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Table 1. Concentrations of nutrients in modified MGRL medium

Element Concentration
NaPO, 35 M
NaNO; 80 LM
MgSO, 30 M
CaCl, 200 uM
KNO; 60 M
Na,EDTA 1.34 M
FeSO, 172 nM
MnSO, 206 nM
H;BO; 600 nM
ZnSO, 20 nM
(NH4)sMo0,0,, 0.48 nM
CoCl, 2.6 nM
CuSO, 20 nM

Table 2. The component of nutrient treatment medium

Element Concentration
NH,NO; 0.5 mM
NaNO; 1.0 mM
Na-PO, 0.8 mM
KCl 0.8 mM
CaCl, 0.6 mM
MgSO, 0.5 mM
Fe-EDTA 0.05 mM
H;BO; 50 uM
MnSO, 9.0 uM
CuSO, 0.3uM
ZnS0O, 0.7 uM
(NH4)¢Mo0,0,4 0.1uM
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Table 3. Sequences of primers used for quantitative RT-PCR of the
nutrient deficinecy biomarker in Arabidopsis.

Name Sequence (5'-)
At5g15500 F GGAACACGGTCACTTCTGG
R AAGAGCGTTTTCTCCGTTC
Atlg73040 F AGATGCAGGACGACTCATGG
R CTGACTTTGCGGGTTTACC
At5g16570 F CTGTGGAGTTGGAGCAGACA
R CCAGCCAATTCTGTGATCC
At180130 F GCCGGTCAACATCATTGTC
R GAAAGGTGATGACCGATCC
At5223020 F AGCACTTACTCCACCGCAG
R ATGCCGCATATCACAGGAAC
Atdgl1910 F TGTTCCGGGACGAAGTAGTG
R GGGCAAAAGCTTCCAGTACC
At1g03545 F CCAACAATGCATGGATCAG
R CCCGTGTCTTGCACTTTTC
AR2g14610 F TTCTTCCCTCGAAAGCTCAA
R AGGCCCACCAGAGTGTATGA
At4g23700 F CCGCTTGACCAGTCTTTAGC
R TTTGAACGGTTCGTCTCCTC
Atlgl14880 F GATCGAGGATCCAAATCGTG
R TTGTTGGGTCAAAGCACAGA
AR2g18660 F TCTCTCTCGTGACGCTTTTC
R ACCACGAAATCATCTCTCG
At1e21310 F ACGGAGAACACGATGTACACAA
& R ATTGCATGCATGAACCATTG
Atlg51800 F GCGCTACCACGAAAAAGAAG
R AGGTTCAAAACCGTGGTGAG
At3¢38200 F GCGCTACCACGAAAAAGAAG
R AGGTTCAAAACCGTGGTGAG
ARE26695 F CAAATTTGGAGGGGTTGATG
R ATCATTCCCGTAAGCAACC
AR2e44370 F CACGCACATCCACTCACA
R TGAGCCCCTTCCTCCTTTA
UBQI1 F TCGTAAGTACAATCAGGATAAGATG
(internal std.) R CACTGAAACAAGAAAAACAAACCCT

14



Table 4. Sequences of primers used for quantitative RT-PCR of the nutrient deficinecy biomarker in rice.

Name Sequence (5'-) Sequence (5'-)
0s01g0136100 F  CGAGGAACACACAACAAACAAG R TGGTTGCTCTATCTTTCGC
0Os01g0155800 F CTTTCTGCCCTGCTACACCTAC R CTGCCTGCATGCACTTTA
0s02g0276200 F CTGTTTGGTCAGCCATAGG R GATCTTTCCTTGGCAATAGGTG
0s02g0503700 F GGGCAATGTCTCTGCTACTA R ATTGTAGCTTCGGGAGGTCA
0s02g0719600 F GA GCAGGTGAAGACCAAGTACC R CACACACTGGCACGCTACTTA
0s02g0782500 F TCGCCTGAATCATAGCGTAG R GAAACACGAACAGAGCACAAAC
0Os12g0231000 F GGGAACATTCCCACTATGC R GTAGAAGCGCTTGATGTAGG
050320764600 F CTCTGGGCTTCTCAGGAAG R CTGTCTAGCAAGATTCCACGA
050620594400 F CACACCAAGCTCAGACAAGA R CTCGTTGTAACCCATGATGC
050420679400 F GACTCCAATAACACGCTCATC R GA ATGGA A TGGA GGTGA GGA
050320431200 F CAGAACACGTGCTAAGCAG R GCAGTATACCCATCAACGAAG
0s09g0294000 F CAACCTTGTGCATAAAGCTCAG R GAAGCATCGCTCTCAGGITAC
0Os12g0503000 F GGCGAGATCATGTATCTTGTIG R GGA GTAGTCCAGGTAGGTGTGC
050320738600 F CATTGCTGGAGAACATCTACG R CCTCGTAGAGCTTGAGGATGTIC
0s06g0242000 F GGTGAAACTATTCCAAGAGC R CTCCCACAAAATGTCAGTACC
Os 12g0548700 F CATCATCAGITTGATCGIGTCC R TGTCCTTGAGGATCACCTTC
Os 11g0655900 F CGCGCTCTGGCTCTAGTGTA R ACTTCACCATTACACCACTCG
050320699700 F CACACCTGGTGAATTTGACTC R GCAGGTCCTTGATAAGTTGGAC
0s08g0150700 F GAAGAAGGGCGTCTACCTC R CCTCCTCAAACCTGGAGAG
0s06g0606700 F CGCAGCTAAGGTGTAGTCG R GAACATACTTGGCTGTGGC
0s03g0806600 F CCGTTCCAGATGTATGCTG R CATCGTAGTAGCCACCAAATG
0Os 100550900 F CATCCCGTACCTCATCAGAC R GTCTTCTGCCACCTCACTTTC
0s09g0547500 F GATCATCAACGAGAGGATGC R GCAATAACCAGAGCACGTAC
0Os 1020552400 F GAGGAAAGAACTGGAAGAAGC R GATACTCTTGCAGCGGCTTA
0s07g0258400 F GTAAGGAAACTGGAGGTTGTGG R GAATAGATTGTGCGGCATTAC
0s07g0677500 F GCACGTATAAGACGATGGAGTG R GAAACAGAGCAAGGCAAATC
0s03g0725200 F GCTGCTGGTCTTCTTGAAC R GAGCGGCAATATCATAGCAAAC
0s07g0539900 F GAGTCCCATGATCGACTTC R GCCAAATACAGCATAATCACG
0s04g0178300 F CTCCGACTTTACGGATACCAAG R AGTGTTGTACATTGGGGTGAC
0s04g0578600 F AGGGACGAGAATCGTGATC R CTTCAGCAAGTGCAGGTAAATG
0s04t0394100 F CTCAAGGCATGTTGAGAGC R CCTTTCGTCAGGAAGTACAC
Os11g0658900 F CACACCGAGGTAATAGGGTC R GCAACTTTAGACCTTGGATTGG
0s10g0515900 F  GAAGACGACGAACAAAGAGACC R GAGCAGAGCTTGATGATCTCG
Os 10g0513400 F GCACGATTTTCTCCTGTACCTC R CCGGACTGITGAATTTGITTC
0s01g0525700 F CGTTTGTACATAGAGGCCAACA R CACTTGGTTCATCGTATTTGC
05050505900 F GTCAGTGITGITGTCATTGTCG R CTCAATTCTCTCCTCGATCTC
0s03g0718100

(house-keeping gene)

-

ATCCTTGTATGCTAGCGGTCGA

R

ATCCAACCGGAGGATAGCATG
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1-3 HER

vuA XFXFHERON, P, K XRZHENGERETORE

aA XFAFHERE 14 HRABHERG R AR L, KRR Z B s L7,
ZTOAREEBEZE L (Fig. 1). ZoM Bz L, Total RNA Zfii L T~A 27 a7 LA
WLz, ~A a7 LA T =20 T o HF ) T TERK ST 2 BRZAEEEE
ot NXZ : 5551, PRZ : 177 @5, KKRZ : 126 BI5T) BLO 7 HRXZ
WEFHREEA T NKZ 97T #Bis T, PXRZ 119857, KXZ : 112ET) b, &
RERZIFRSE 2R TEIE FEARET 272012 2 BRI E 7213 7 A A TR ILE)
T HBGTREZ N XTHNT L7, 2 HRALERTIE N RZAAPEX T 51 {57, P RZ AP
[XC 103 #is 1, KRZAPEX TiL 51 s 703 E S (Fig. 24), 7 ARMMLELCTIE N X
ZHPX T 73 Binf, P RZALHX T 89 Bin T, K XRZAPX TiX 87 BInF2FFE S
7= (Fig. 2B). K53 /RZ RERANNE &P S izl s TR VLSRN Ko TRl L 72
LA, NRZAWFX T 15 BT, PRZAFX T 8BInT, KRZAHX T 5 EInT5F
& L7z (Fig. 20). N R Z AR CRAE S Vo8 s 713 NG & LC GLN1:4(GLUTAMINE
SYNTHETASE 1:4) B& £ iz, 7 ZRIGHEMICE ST 2 ils T UF3GTS> PAPI
(PURPLE ACID PHOSPHATASE 1) W& E TV e, P RZMEETA kL AN I5E
LTHEINDLIEIR T & LT IPS2XOIREISEMNRIs T PRI, AFFH 2 F TV AR—4—
CHX17 (CATION/H* EXCHANGER 17) &£ Tz, K KZAE Tl Atlgs1800

R° At2944370 & \ o TIREPLY 7 CEAE T A B FRE TV,

N RZLHIZ & 5 R BB EHREF

2 HEO N RZAFRIZ L > ToaAf XF A7 B CREFEI NN T U AR—H
— {5 & LT, NRT21 (NITRATE TRANSPORTER 2:1) X° UPS1 (UREIDE
PERMEASE 1(UPS1), MtN21/EamA-like transporterfamily, N fA#t##ElE & LT

aspartate-glutamate racemase X°, GLN14 3FFE S 7=. F£7- anthocyanin
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Ctrl

2 days 7 days  Recover

Deficiency term

Figure 1. Phenotypes of Arabidopsis seedlings grown in several nutrient content conditions by
hydroponics. Seedlings were grown for 14 or 19 days on control condition (2% MGRL, pH5.6) and
transferred each nutrient starvation treatment for 7 or 2 days. Recover treatment was performed
transferred to control condition for 3 days after nutrient deficiency treatment for 7 days. Left number
represents adding each amount of a nutrient content in solution compared with control.
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87
K -K
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(C)

Figure 2. Venn diagram showing the upregulated genes under nutrient deficiency condition in
Arabidopsis shoots. The comparison was performed using the expression level of (A) 2 days (B) 7
days. The numbers in the intersections represent the extent overlap among three analyses. Genes
were selected if the fold change value was in the upper 2.5% of quality-controlled spots in each
microarray experiment after 2 days or 7 days treated with N, P or K free solution. (C) Comparison of
the upregulated genes affected by the nutrient deficiency treatment in Arabidopsis shoots. Venn
diagram showing overlap between genes upregulated for 2 days and 7 days.



5-0O-glucosyltransterase 73 & IR EWIZ G- 28I FEEAEBLEA L TnD 2 &0
RSN, IcEH T 58ET & LT ALLANTOINASE (ALN) <> HXXXD-type
acyl-transferase-like protein WEEE T Tz, T ARO KR Z N CRIGE SN /-E
fBPRECIE, N ks LOREHICEb DBIE & LT NRT2.6 X° GLN1L4 D35 E ST,
F 7= UDP-glucose:flavonoid 3-o-glucosyltransterase 77 £ O —RARGHEES BIHEAR 7 2338
B E S 4, “RACGHPEY BRI s 7 O FBLHIENZ B D 255K 1 MYB75 H3 k5 ST

AVl

P RZAHIC X 5 FRAEMRBLEBET

2 O P RZAABUZ K - TREMFEHFBES 28I, P REZGERIET L LTS
FTICHE SN TW DL T ThH D PHOSPHATE-RESPONSIVE 1<° INDUCED BY PI
STARVATION 2 (IPS2) W& En Wiz, £72 P F IV AKR—F —lfzT L LT
PHOSPHATE TRANSPORTER 1,1 (PHT1:]) MRESHT-. Z O s FREICIIR EIRE
P s + T H 5 PATHOGENESIS-RELATED (PR) gene =° DEFENSIN-LIKE
PROTEIN 208, SAR (systemic acquired resistance) regulator protein NIMIN-1-like 7}
GENTW, IEHERERRERERT L LT peroxidase X° GST NiEFHESILTWNWDH I &
PHERTE 72, P RZ CHRIEFE I NIZRER 1% WRKYS, WRKY1S8, WRKY5I,
WRKY60, RAP2-9 ) fiEniz. 7 BEO P RZAHREBFEEEARICIE P RZINE
Wfn PHOSPHATE STARVATION-INDUCED PROTEIN 2(PS2)% X (X PS3X°P 5
Y AR—H —BI5T PHT1:4 < PHOL'HI 3E £0CW e, F 72 ZIRGEHTFED L ER SRR
{57 PAP14 oW FHIRGIM R ELE{R T PRI X° PR5, 1A % — ABET MAPKKK19 73[F

E ST,

K RZAEIZ X 2R RN RB LB LT
2HMO K RZUHTIIK T AR—F—%a— L TWAHEEFIIBRE IR

fo. —JiC, MlakEE{bicBA 57 %5 AGP2(ARABINOGALACTAN PROTEIN 2) 73583881
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L, Y7 IMEREOEEZ 5723 Ca2t [ZBE T 2851 & LT calcilum-binding protein
THD CML38= Ca?*-transporting ATPase WRIE S 7=, £7- N#ik b7 v AR —X —
WRS3 (nitrate transmembrane transporter) X° N fU#HZES 59 % Class I glutamine
amidotransferase-like superfamily 23Rt &7z, 7 HREIORZAELCTIE, K F T AR
—F =BT ThH D HAKS ORBFHENHER TS /2. MAT N REEEEIR T THD
GLUTAMATE DECARBOXYLASE 1(GADI) <> NITRATE REDUCTASE 1(NIAID 73%

HFE L .

RERZIGERIRT D GO f#HT
N, P, K RZICEA2REAFEERTFLEHELLOL, ZOERFHL agriGO
(http://bioinfo.cau.edu.cn/agriGO/) (Du et al., 2010)? “Analysis tool” T “biological
process” |Z&H H L CHEMT 24T ->7- (Fig. 3). N RZHEE = FRECIE 2 H BT
“secondary metabolic process”, “response to chemical stimulus”, “cellular amino acid
and derivative metabolic process”, “response to stress” 2%, 7 H[H4LEE Tl “carbohydrate
biosynthetic process” M[EIE 47z, P RZFHEEMRTFHICIT 2 AR TIX “defense
response”, “response to stress”, “response to stimulus”, “response to oxidative stress”,
“response to bacterium”, “defense response to fungus”, “response to other organism”,
“response to biotic stimulus”, “regulation of defense response”, “regulation of response
to stress”, “response to fungus”, “multi-organism process”, “defense response to
bacterium”, “response to chemical stimulus”, “regulation of response to stimulus”,
“response to salicylic acid stimulus”, “immune response”, “immune system process”,
“innate immune response” 7%, 7 HI[HLEETlX “cellular response to phosphate
starvation”, “response to nutrient levels”, “response to extracellular stimulus”,
“cellular response to starvation”, “response to starvation”, “cellular response to
nutrient levels”, “cellular response to extracellular stimulus”, “response to external

stimulus”, “cellular response to starvation”, “response to starvation”, “cellular
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Figure 3. GO term enrichment analysis of nutrient deficient-inducible gene group in
Arabidopsis shoot using the agriGO tool.
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response to nutrient levels”, “cellular response to extracellular stimulus”, “response to

external stimulus”, “response to stress”, “response to stimulus”, “cellular response to
stimulus”, “cellular response to stress”, “defense response” 23[FEIE SN7=. N RZiHE

BIATEECIE 2 BB CIIA RS GO HRBIZFEYT, 7 HMAELT, “response to
stimulus”, “response to chemical stimulus”, “response to organic substance”, “response

to stress”, “response to oxidative stress” M [EE S FL7z.

VA XFRAFRERZNAA A — =L LDV rA XF X FORBIRBOFH

AR DO KRR TIEARERZAHE 2 AR E7213 7 BT T2k O 227 Y 7 K
— AT —HERWER, BB IR TIGE L THEINLIEEB IR N AHRH
KOS FREFESNIBEFTHDHEVZD. ZNLOBIEFEH, YaAf XF X
F ORI A T 2 s T RENA A~ —H— L LTRIATE 20 F B ETT o7, K
Bk Ty A XF X % 14 BREEE Lm0 BRBRZAIE U TxHRK & g L T&%
FH A U4 BRI LT AR XIS K OMERIALIRIX C 7 HIEAEB L. 2o r A XX )l
E#5 XL Y cDNA % &k LE &M RT-PCR TS A~ —H —#E5 ORI EZHE L7 (Fig.
4). KT E DA P L RLBETIE N BELOP RZLBIRE N A F~—H —03 @O FHLE &
T E L BB THRBLRIINBX L FFICR > TNWD Z LR TEL. —HFTK
REIBRIEENA A~ — T — 1L KIBEIZ X D EHEMEDMERWNE 73BN 2 &I L 72,

W E AW SRR ZAB FICBIT 5 v a A XX FH B DA F~— T —iER
T ORBEEBZWE L7, THc 28 BMAEE L2 N £7213 P RZLHIZ K 585751

KRB C Lo TEB LIy A XTFTXFO7F—% LHUT 5f#ER & 27 (Fig. 6).

A R EIMOER K ZBRIST RBLAA A~ — I — DRREE
A XFT AT TRIE LTCHRG A I~ — A — TR O REIREZFM TE 2 Z &2
AL, Wiy vA XFAFOHEZEIARTAA T~ — I —BInFORENTE D

MERBT. FFKHRESR 2 MW RE R Z R TAT Lo A ri B o R B 28142
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Figure 4. Expression patterns of specific biomarker genes induced by N, P and K deficiency
condition using qRT-PCR. Seedlings were grown in control condition for 10 days and transferred
control (Ctrl) treatment and each element content of (A), (B), (C) quarter or free (D), (E), (F) in (A),
(D) -N, (B), (E) -P and (C), (F) -K for 7 days and “Re” indicates resupply treatment for 2 days
after stress treatment for 7 days. Date is derived for three biological replications. Relative expression
patterns were calculated using levels of each genes transcripts normalized by housekeeping gene,
UBQI. Means = SE were calculated from three biological replicates. Different letters indicate
significant differences 5% level by Tukey test.
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Figure 4. (Continued from previous page.)
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Figure 5. Phenotypes of seedlings grown under nutrient deficiency condition. Seedlings were grown
for 28 days under control and each nutrient starvation treatment on neutral forest brown soil. Left
number represents adding each amount of bottom nutrient content in soil compared with control soil.
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Figure 6. QuantitativeRT-PCR analysis of gene expression biomarkers under nutrient deficiency
conditions in soil. Plant were grown for 28 days on several nutrition content soil. (A) and (D) N
deficnecy, (B), (E) P deficiency (C), (F) K deficiency treatment. (A), (B), (C) quarter content and (D),
(E) and (F) free soils. Relative expression patterns were calculated using levels of each genes
transcripts normalized by housekeeping gene, UBQI. Means = SE were calculated from three
biological replicates. Different letters indicate significant differences 5% level by Tukey test. Means
+ SE are shown.
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L7o. BRERZFMTEE Lo REHHIE, N RZLEX T 1/4 il L O 1/10 Fi it
TIIREREFTEIR DN o720, TEREHCHES LXK & ek LTl B o4
BORMEES TV (Fig. 7). £72 P B LUK KZABLX T SAEPIRO 4 R BLE 2 Bl
THZELIETERD ST THEREORMEZ D SR TES Lo A RIT5EaEE
HMTHEF LA xR L TARDOIENHR TE 722, N, P, KZNENDOILHERZIL
HEDRZTINOTIZ W ERGoT.

A XHEHORBRZ O~ A 70T LA T —X %N L, FHBEHEEE X OMHEE T2
AT~ =D —BIETERE L. BEFESNICBETE LT 14 &, 1/16 &, 1/64
D N RKZAFX L ZNEI b4, 69, 88 BInT, P RZAHX N6 ENZi 234, 282,
249 BT, K RZWHEX ) 6ZNEN 22, 74, 65 BIs a2t Lo, F728BHNH S
IoBIR T & LT, 1/4, 1/16, 1/64 D N RKZAELX )b £ £ 48, 184, 198 B& T,
P RZAHE X bEhLh 82, 81, T7T#nT, KK ZUHEXNSZNEN 13, 21, 19#
BFRRESNT. 2O ORI THAREREICED O 4@ L TREALHT 58
TERETDHIZORX KN L DT 21T o7z, EORE, BEFHFERE 7T N RZAH
T30 B{s T, PRZMWIT 167 BIE T, KXKZLET 13 BB T03FE SNz (Fig. 8).
INSDOBIGTFEO GO T /T —3 a O fE% agriGO TfT-7- (Fig. 9). N KZ 3
EE(ERETIEL “response to stress” & “response to stimulus” 7%, N K2 REEHMEE S
FEEZIEI N IZBE S5 LT % “cellular nitrogen compound metabolic process”, “cellular
nitrogen compound biosynthetic process”, “nitrogen compound metabolic process”,

“cellular biosynthetic process”, “biosynthetic process”, “metabolic process”,

“nucleobase, nucleoside, nucleotide and nucleic acid metabolic process” 235 F LTV 7=,
P RZFEBFEEMRTRETIE N IZB57 % “cellular nitrogen compound biosynthetic
process”, “cellular nitrogen compound metabolic process”, €A K IZ 535 “pigment
biosynthetic process” <° “pigment metabolic process” — T P RZ R BN B A1

(2% “cellular nitrogen compound metabolic process” 735 £iLTU 7z,
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Figure 7. Rice shoot (Koshihikari) growth under nutrient starvation treatments. Plants were grown
by 2% MGRL medium for 14 days and transplanted from various nutrient concentrations on Nutrient
medium for 21 days.
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Figure 8. Venn diagram summarizing the up- or downregulated genes to nutrient deficiency in rice
shoots. Genes were filtered by FC > 4.0 or < 1/4, Intensity > 500 and p < 0.05 in Array data from
Takehisa et al 2015.
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Figure 9. A bar plot showing the agriGO functional assignments in biological process in rice.
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A R BT RIS BB RBITREIFEL L OHH& T DR

N FrEAICHBFEIN TNV D SN e B FROWRLHE L2 L 25, W
Pelz P % RESPONSIVE TO ABA GENE 16A (RAB164) <° Dehydrin DHN1, HSP7)3
FETE. £72N b7 U AR—FZ —#in 1B LN REBEESR X 2 OBIs FHEICITF
TELZR o7, P RZIZE > TREMICEBIFEEIN 2 BEFHETIE, P RZISEEIRT
Phosphate starvation response regulator-like protein <> Similar to Phi-1 protein, % &t
BMEBAR T Thaumatin °F ¥ A& VRFEEIRT Os12g0198700, 15FEISEER ST
WOUND-INDUCED PROTEASE INHIBITOR 1 (WIPD), 4 RX%ICEE+ 5867
NAS3 (NICOTIANAMINE SYNTHASE 8 BREEShZ. £/ Z 0 b N K ZF
FRIZ transporter family PAUHNZ RO 2R E S T HETMER T edr oz, K RZ TR
ICRBFE SN L BIETHITD 72 <, Mn K7 U AR—4%— OsNRAMP2 5% FEISENE
W15T OsPR1b=° Thaumatin-like protein 758 £ TV =,

WABIB TR BIOINH SN BAR FREOMBE A BIZ L2, N RZIC L - THRBH s
TV AT EECIE N REHNC B D Asparagine synthetase°7 7 7R ) v OsTIP2:2 )
Rt &Sz, P RZMEEETRECIE K T v AR —4 — O0sHAK1 % high-affinity urea
transporter T&h 5D OsDUR3 & £ T2, K RZIZ L 2 BIHIE S -5 CTILRBTH
RS L RARICIR I RFE 73508 LU CR B3 2 8 11347 <, Ferritin X

CYP450 family, OsVIT2 THERK ST iz,

RKBRZT DA XM EHWOBISTFRENA I~ —J—OFH

FNZ AT VT b AT E RICRBREICEODLTE L RBFHEE TGl cn s
BARFHEL 0 FEBIFHE AL F 721 3RBUH AL 6 S 258K L, BB FRBAA 4~ —
H1—& UCLL RO T2, Bk x R IR EE S T CAE Lo o Ml B TR
ZREEBRHZ NS F~— D —BIE TR~ A7 1T LA LRRRBTZbOEMICH L0, F
ToBERHIC Ko THBEN M RIX & FAREICEE T 202 MEET 572010 E &/

RT-PCR (Z L Dt 21T~ 7. 21 HERBEHTAER LB 7 AT ERZEMTER
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L7eA RAEMATIE, N BLO P RZIZEDHBGHE £ 12 1 3RBMHE R I EnEh~
AT vAT —F ERBROEREINE 2R L, BB TS &2 5 R X &[22
LTS Z LR TE 2 (Fig. 10). WICEMIMSRBRMEEZ D72 LigCTAR L
TeARTYH, FHOFERREFEREREZRTZEHPI L (Fig. 11). ~A 27 a7 LA 77—
B OFEBRRE TR D 2HOEBRATNBL NP RZAUFX DA 2 THAA A~ —H —i&z
FORBUTEH VRS LOEWEEZ R L, E7BEARRIC X > THRELREITHRIX & [F

EEFREEIZ AR LTz,
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Figure 10. Transcript abundances of gene expression biomarkers in response to macronutrient
deficiency in rice. Hydroponic culture-grown seedlings for 21 days were exposed to each nutrition
condition for 7 days and then extracted RNA from 2" leaf. gRT-PCR analysis was carried out in
triplicate. Expression levels were normalized to the Actinl transcripts. Relative expression values
(stress/control) are expressed. Different letters denote significant differences (Tukey test, P < 0.05).
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Figure 10. (Continued from previous page.)

0‘5\ I\

35

+
7‘@‘2'\"‘ N

10.0
8.0
6.0
4.0
20
0.0

SRNOM Mo
cooocoooo

Bhoh koo
ooooooo

6.0
4.0
240
0.0
-2.0

8.0

4.0

0.0

-4.0

4.0
2.0
0.0
-2.0
-4.0
-6.0

0s06g0594400

}

0s09g0294000

@r

> ¢ Q@ &
S EE N

0Os03g0806600

:

051090552400

:

NS 20 @ &
S S

0s06g0594400

%

0s09g0294000

> @ e® Q& &
S S



0s01g0136100 0s01g155800 0s0290276200
A 8.0 0
( ) 6.0 40 40
c 40 4 50
2~ 20 - B 20
SR 2.0 0.0
=B 210 e A =
N 050290503700 050290719600 050290782500
oo 80 6.0 ]
=8 40 4.0 4.0
= = 2.0
g 0.0 - 2.0 ol
4.0 0.0 - 20 -
-8.0 2.0 40
> b‘e g Q—Q < b:}- S = & Q‘a Q & o = & Q.@ Q &+
¢ N TN O Wt SN Wt
0s01g0136100 0s01g155800 050290276200
40 6.0 40
(B) 20 4.0 2.0
= ’ 0.0 A
o . 00 - 20 20 A
@ = 0.0 - <
&S -20 - 20 -4.0 T
88 o s 6.0
S - 050290503700 ' 050290719600 050290782500
25 60 4.0 8.0
=~ 0 a0
0.0 - il 20
20 2.0 DO -
4.0 4.0 2.0
= ¢ @
0s04g0178300 050790258400 050790677500
(C) 6.0 40 40
4.0 2.0 2.0
- 20 0.0 - 00 -
= 0.0 -
B = 20 -2.0 -2.0
w =
05 40 40 4.0
O
- P 050390725200 0s07g0539900 050490578600
0o 40 40 3.0
= 20 2.0
o % 0.0 - = 1.0 -
3] : il 4
g 2 ]ill[ 00 00
4.0 20 20
6.0 40 3.0
S T @ & S & S
S LN S ¥ EES N S LEEEN

Figure 11. Gene expression of biomarkers are specific for each macronutrient. Biomarker
expression values are from qRT-PCR assays of eight biomarker genes. Plants were grown by 1/50
MGRL solution for 1 weeks and were transferred 1/4, 1/10 and free nutrient solution for 7 days. V2
leaf stage then were sampled to extract total RNA. Relative expression patterns were calculated
using levels of each genes transcripts normalized by housekeeping gene, Actinl. Means + SE were
calculated from three biological replicates. Different letters indicate significant differences 5% level
by Tukey test.



0s1290231000 0s03g0764600 0s0690594400

(D) 6.0 6.0 6.0
_ 40 5 odx 40
<} 1 l
2< 20 2o 20
SIESEE a 0.0 -
a (€]
3T 20 0.0 - -2.0
® o 050490679400 05039431200 0s09g0294000
=2 60 6.0 6.0
3240 7 40 4.0 -
& o 2.0 ol
' ' 00 |
0.0 - 0.0 - 20
20 < — 20 < < 4.0 N c
] (7] @
S I S ¥ & & F&EL W
(E) &5 0s08g0150700 - 050690606700 i 0s03g0806600
20 - 40 40
= 00 - 20 - 20 -
? = 20 0.0 - 0.0 -
<
g'g -4.0 2.0 -2.0
< 60 4.0 4.0
s 0s10g550900 05099547500 051090552400
=5 40 4.0 6.0
T o
5~ 2y 20 40 -
x 0.0 0.0 1 2.0
' 2.0 :
-2.0 4.0 0.0 -
-4.0 S TP -6.0 e m 20 . =
] < (]
S ES S & S S ¥ FE &
( F ) 0s12g0231000 050390764600 0s06¢0594400
40 4.0 8.0
6.0
- 20 - 3.0 -
= 4.0
=& 0l 70
8 S 20 A
Eg -2.0 1.0 + 0.0 -
S~ 40 0.0 A 20
Qo O
= B 050490679400 0s03g431200 050990294000
TS 40 8.0 4.0
2
o0 20 4
F A0 - -
00 - 00 - -2.0
4.0
20 40 6.0

+ &
Ny N

%
7,

<= e Q@ .+ > e Q > e Q
¥ L S @@a‘\% - & ¥ w\@é@ >

<

Figure 11. (Continued from previous page.)
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1-4 E£8

N, P, KIMEMITHR BERSNDEHETH Y, BETITERE LTEROME S O
WEAIEATHEERNTTHD. HFAEMFEORRE LRI, Zhb 3 LRI
GHAEDOINTIIED DN TRV ARL W T N T 227 U 7 b= MR HED 57T
% (N: Jeuffroy et al., 2001; Kraiser et al., 2011, Krap et al., 2013, P: Hammond et al.,
2003; Calderon-Vazquez et al., 2008; Hammond et al., 2003; Misson et al., 2005; Wu et
al., 2003; Secco et al., 2013). L2>L7223 5, N, P, KIZ[R-> TH il EEICI 1T 2655 H|
RO 2 AW RATIIIT O TE LT, TOA D =X LDOEFUIMHH S TR0,
FLLA MV AMBOIEEISETHLNOAHATH Y, AFEIIAERECRITHT HME F
T2 VT Y 72 ) DHRBUGE O PR & BB BRI 2198 & L TiT o 72,

N RZIZ & By af XA # EHOBREBFREADEE) DT
INETOMENOENKRZUE TN 7V AR—FZ —8Ba 7 NHHCE G T 5 85R 18
BT RRBFHFESND Z EBRE SN TS (Krapp et al., 2011). AT Tl N RZHBL
BEBIRTHEC N TV AR—F —NRT25 RV NVHE I UR0T IVFX =7 EOLE Y % i
KT LTI NT AR —H—CAT5, N R OFES MR S 7203, KRR
LTHEAL TWLEIE IR, A ML AHEPNRIET 5 2 & TREFE T 28728
BT L5 E0NRENT. MYB75 137 v N7 =V EGRICEG T 285 R TH Y
(Zhou et al., 2008), MYB62(%Y VR ZIISET DEHENTTHDH Z ERWESHh T
% (Devaiah et al 2009). I LHMRICIZT v b T =2 OFEMNZ B, [HIEREE
kT BINETEEEZBND. GO i#HT) 5 “secondary metabolic process” <° “cellular
amino acid and derivative metabolic process” 7& & D “IRACHEMIZEE 57 D HERE DEIR
FRRBEFELTVD 2 2D N RZ A b L RITH LT ZRAEEYI T BB o 5E 2 Rz
LTWDZERHERSND.
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PRZIZL By a4 XF AT B OB TFRIDOEB OFFHT

NURKENT LD P ARRABBEFEER A RE L2, 20208 K RZFEEIET
EEWERIEA R L (Fig. 2). ZOBMGFRICIZERY i (P) WX(L&E 1 PHT
family "ZENTH Y, REFO Pi KZIZSZE LTl EECIEGEA#H N5 & EZ S Twn
HZENNhoT-. 2 BB LT BMO Pi RZIC L 2 RHFHEMEE TEICIT PDFL3 B
KON PDF2.1, WRKY18 WRKY60 D’ R CTE 72, ZhEZ o THiE S Tnd
£ 912 Pi RZ TIRNFICEMERIn FARBFEI N TND 2 &b, 2 A&V O EHIFX
ZALELC bR AR BTG E T A Z EAE S iv7e Xu et al., 2006). S 512 K
RHPEWEPE IS T 2 GBI FPHBERTFAZENTWVD Z L2 b, HEWIT P gLERkIC
KHBEA ML RIZKLTT VU M7 =0 2EET 52 L CIRBMMEAEE L TWD L& X
HiILD. S OICHERMEEE FOFEEN P XZTHEINTEY, RYHIOA L AT
b E DIEEDHERE L T D 2 & DSREBAR T3 L OGO s HHERI T & 72, P X2 5k
BB TBEDIA BV AZTIEEA NV ATIEET 52 Li3Mon T8, GO fifTic
BOTHAEMA N LA DA M Shv7z. (Uknes et al., 1992; Potter et al., 1993;

Chen et al., 2002; Mahalingam et al., 2003).

KRZIZE D v uAf XF AT EEOBEFREDOEE) DT

KARHTTIE, KICBEET28I6F & LT K#aky RV 851 HAKS BNE i Cniz—
5T, oo Kk o 3 B a2 — R LTV LIRIET HEKT 5 LN AKT O3B THER T X
mnole. KRZIZE Dy aA XF A5 B OEGAE) T N RZ9 P RZ & ik LT
FRREL LGS L F0P72<, 2 AMB LT ATl U CTHRBLFHE £ 7138 =
NI FREID 72 <, GO BT & b AR FHBEDOHERIINEE CTH > 7. Tk
PHEELZRVWNSRP L3R 20 KOZIIRETETH L Nat 23DV, H DR OHGE 2 1
FLTWOLAEENE X 6N, FFRCEEEF OMIT TRIEEICEE D 2 Bis <0
SAUR-Iike auxin-responsive protein 73 7223, FEBLFH SRR 7 d X OHlEs T

FLbLRESNTEBY, TA VA LE LT K RZADISEIZRR DL LTV 5 ATHE

39



PER D S . ARl S BT TR KIS T 22 b L ADISEHME 2 iR 2 2 & 138k

L < A% OFEMRRANHIF SN D,

TT VAW DFRBRZIEEVENAL v — T — DR

N BLO P I I b LB L T HREHR Th H— 7 CHREIR AT L - TEREBRD
—HEmoTVD. BARLEDEORFIREDOX ¥ v T1IREL, VT XA LTHY
DRBEZW 2T 2N F~— I —REITEEREEEICRESERT L2070 %
L. RETITET VM TH LA X T X FTEBLOA &% HOERERICRFRIGNE
TR TN v — T —BAR T DOFEE FER O IR FIEOHESL 2 A T, DB T
HDERBILHERZRETO N T A7 VT b= LT —F 2 RKICBIBE RN A~ — T —
DB 2 RE L, Akl X OIS CAEF Lo ik 2 v CREBIRRE 2 F M L
7e. E&EH RT-PCR fEtr OFE R, BInFRENA A~ — I —DORBEII~A 72T LA D
BN H D Z LG Lz, FBRARIC X - TRHRX & FRISEORBLEE CRIHE LT
BY, BEHENAAL I~ —0—CHEWPMEFIRE~EET 5 2 PR TEDL I L i L
(Fig. 4). THICHEB Lizy mA XF XM TIZED DDA A~ — T —UE T 03 KB
s LicvmA XF )07 —42 LB HBIAFHRBEEL R LN (Fig. 6), ZhidtLHh
DERBOWREIIAE —THY, F HEAKROFHELEICLY REHER->TW
HIENEBEALND—HT, < OBIBTFIENA A~ — 0 =Dk 72 B HIBICHE &
TONWHMEAT L Z BRIz,

ARDNA F~— N —BIZ T HFFET D720, HIRHREDRBRZUHETH D 1/4 =
WU DOEE /R RZIRHETH 5 1/64 BAIFR TN T & 2R BLFHE I L OMIHIEE T OBRR
EAT Tz NUKNT KD RFE LTS A~ — D —Bis 2 Y, E&F) RT-PCR 2L 5
WG EOWE LT & 2 AEMBLED A X TIE, WIS A ~v—T—8BI5 T THLER
T OTERREICBE DT, FrRIREBFEL R L. (Fig. 10,11). b0 1 4~
— N — BB FIT R D AEFTHIRSCHIE R O EWVIERE TRIGE R L, SRR R S

RETL—EDKENRSD Z L aitH Lz, L LARIOERIZREREH OHMETH
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D, AR R ORI IE TE DDERIETH L. AT —FX—2n bR LT
A XM EHORBRZ~A 70T LAT—H LD, vaAXF AT LREERO G E TR R
O L EEFFE X IIRIAMBI SN 28 T2 FE, EHTL2ZLT, M A~—7D
—THHTEDZ &0 n, MOBHFEIZES N THIEM~DOISHOFREENEEDL EB5 25
ns.

BEEHRD A+ Th DWEMETAA A~ — I —EBE T2 RET 2fE S LTER
FHEREICAE A L72 N & PCilis & o X7 BEIIRBMRENA I Th L EE R b,
N7 UAR—H =Tk 2 2 CHEBIICHFET 54—V r 7 ThY, WEZ LD
¢cDNA A4 77U NS BHFERMATTED. P ICBWTHLA %, TNAT7NVT 7 MtPT4
(Harrison et al., 2002), ¥+ # A & StPTfamily, b~ k LePTfamily (Nagy et al., 2005)
WNHBEERE SN TS, FFEOHYE~DOA— Y a 72k SWEISHES 2, T AR
— X AR TSR NHMEE R RS T AR TR A~ — D — & LR Th D
EEZ L. AREEE LIZBE TR LY GO iR THAIEILEOME S 37 BT
L7272 o7-. Yang & (2011) OFHENS & N RZHEBIGIAA A~—h—L LTRIE L
A& GO annotation |3 transporter”|ZJ& T 5 B Is 13D 7 h o 72, AWFETRIE S U
=R AR—=F—#EETE LT, N KZTid NRT family X° URS, P XZ Tix PHT
family [FIE SiLiz. KPR CREXZUBEZIToT-va A XXM B X 0 f5E LT
AR T HBINA A~ — D —% LR THIE LI u A XTFTXFOREDWAICEL O F
~ ==Y ORBIREE M CTE 22 & D, BREERZPER LT WIFEE O F5R
RCHEE LT D T A7 VT b — LT —Z3kkx REERFDHFEET D7 4 — /R
BCHICHTEDLREMENRDH L Z L 2Rt DR E o7,

KR ZIRIE T b DY DT EB DR EHI D DOHE G HIRHT ILA AR 2 SR k5
2 IEHAEM R DEHICEE Th 5. KER TIX 2 S OHEWTEZ FV TN 21T 2 7228,
N, P, KIZH@E L TURET 2BEEFTIZEA RN b va S XF X
L O M EFIRZIRE T COBFIGE IR RBORFROTH L LW LN Lo

7. IR VT F—=LRAZ R — L& N A F~—Th— &l ~oise e LT
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Bz e FEDSIIE ST % (Phelix and Feltus, 2014). RO FER LTI A X )
AT DBARFIEBANA A~ — U — [ ZEERD 5 2 8E LTz LB I W T H D A
Fv— D —TCREBERZIRELIFETEDLZERHALNICR T, Flov v A XF XF[EER,
A FHFERZ A NV ATILH DYEDIEOERTICED, BMAREDEICHLEATESZ
EWTRENT. BUITE, NI URZ U T R—LT —EZBRAKT - RXR—R L EESNT
BY, RIS —47 o —% 2 RNA-seq 137/ LMENT STUTWARWIEWTE T b 5
BRRATRATRE CTH Y, 5%, xR ORBRZICEMBOMMA LV ERT L L5
Abhh. ERMINTEA—I VAT =2 2EHAT 52 LT, REFHSEEL RO HELR
BARED OVEHOEIR TR BN A~ —h — 2 FE LIEY O 588 B4 B (LD i b
T2 ENTE, MERRMIEE, ZhITtEo TRAET ZBREGU O LD 7= DA G &
EDFEBUTBWTEEREEZH ) LEZOND.
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w0
vuA XF AT EHOREEEA L VIDE N T VARSI YT F—2A
A=A IS/

2-1 fE

UTAE O HEER B O BREZZALIT ARV L OWREAS), KR L5, KERORBIC L 2R
BRIEOHENEENZ2ME E 2o Tk, ERICHROTERMEY THL A LFL MU E
02 OEFERITED LT D Z LA STV D (Godfray et al., 20105 Lobell et al.,
2011). 2016 FITHF AT T3 EAIZEL, FfHRO AN NI L CRE1E S 2 Aok
NS INTWD. Fam CIlB T2 EY o Sn il B X 2 BAL TR O I IR U
ETERY, TORDEEHEEDTEL U THETHBOILR P ERFERE L TR T L.
L LR RO HIRICITREY 2885 T 2 13 RE S 72 HHETH L AR HEDR A
FELTBY, ZHUTHHEATRERED 67%% 5 TnD &SN TS, HHERTRE LED S
MiEATE Y, UNEP (EEBREFE) OME TIXHRMEZIIABWERICEY ZhET
20 & ha (T M SHAEO HESEAE L TR, 4% 20 £MISK 1454 T5 ha b DOEIRZR
JEHLS TS IZ K> TR D &L THISA TN D.

RE I HEPIE L e A PV ARFZNE LTS, BB 8IE pH 5.5 DL T D 1%
LERSNTND HIETEECHER IR AAHEL, BHERTRELED 30% % L5 & S,
FIZAE LT Al B OAEE ZLET 5 (Foy 1988). AIKE T /v 4 U 15T pH 7.0
U EDHHETH Y KRR THO 50%% 5, &2 Tl 3 DK RIEESE (Fex03) &720 Fe
W & PR LAES ORIl S 5. Fo AR T o mfgILHEmO 6.5% 2%+ 5
K8MhallhxEws L3N TEY, SLICEBREIRIEREREICE>TNaZILHE L
WS E T Y — 2B ER, w22 N U v A (Na) 0KA b LRI LY (EYAE
PEZKH T 5 (FAO, 2005; Frommer et al., 1999; Flowers, 2004). 724~ B L33 &5

EHLEBRICBMR L TRY, AR 1/3 13 -HR E 7 R R O R TIT T v 4 U A4 E
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TR AR L 720, THEOKGNPEIT D 2 & THIRICHENER L T O Na 2
RUH# B) BHHOABEHET L. ABIEENC L HBREG LR AR HEAEY K2R
ThY, NEUREEEIC L B & 2 SHEBERTEICR 5 2 L MER S
NTWD. IS TR XV TIH-CRBET b OHECBEKD b 72 6 T HEBIG YT
MHOAEBTEZHELBEL, Mz TERES - B TR SN E Y@ E2 N LT
ANHIPERT 5 2 & TREMEL ISR LTnD.

HWINT 2 NAZWES 720 OREHVEEZIT O T DICAR HEOBRBA VA TH 203588 D
FKOICARR I ZAED X b L AR FNAE LTI Y BITED R IE TIFLZEN NI
2R b OVEMAEFEDEBITEE L. Z D705y T EREINFIEIC L 5B E Az A b
L ATMRPEVE OVEH DN BLSEZW 72 B 1T L W2 5. T BEPICHFEET 2 A R L AR
FATKE U TR 2 2 TV D, TR, O FEMTFHFECL > THEXA LR
M PERAE OfERA 3 R L TR Y, < OMEMTEN G X ML AMMEIZEE L TnWDH Z Ny
Bxaa— N 5MEFAEESESh TS, BEP o AT 2 AR & L
TaLFRV A XFTRFTIE AL ISENY A8 N7 v AR—% —8{& T Al-activated
Malate Transporter (ALMT) family (Sasaki et al., 2004, Jurandir et al., 2007) =, /L
H L, hUEw a3 Tk MATE (Multidrug and toxic compound extrusion) family 7>
57 TR N T AR = —NHBERE SN TS (Magalhaes et al., 2007). 7/v4 UMk
THECHHER e EClE Na A EE 2 A MU AK T & 725728, ZHE Na S0z %
JEATEST L 0ETHL—HT, WBREIAFET 2 L IRAEICEMZ 72w EA A 127
HZ IR LTS, T ERED Na 12kt U CHEfasb~OHEH & ia~ofRiEo 2
FEFE OIS HFEEZA L TW5D. AtSOST 1L Na Z g b iast~deti 42 Na/H
antiporter & L CHREL T\ % (Wu et al,, 1996; Shi et al., 2002). 7= AtNHXI 1%
AtSOS family & [FI££IZ Na/H antiporter 2 22— F L T\ 5 NI ~DFEEE & L CHERE LT
f'E D Na Zigla~iits 5 2 & CHllattZ [EE L <% (Yamaguchi et al., 2005).
Salt Overly Sensitive (SOS) #RFEITHEA b LA FTA A LR AF A ADHERHZERLL

TV % (Shi et al., 2000; Zhu 2000; Qiu et al., 2003). THEHICE TN 25 ELJETHEITL Fe
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XL Mn R EOVFEWETLRLEENTVDEN, As®° CAd IFAEFELRTHY, FoMETHE
Th > THAERNTHRIAFET D L BETRISIC LY 4 U D15 R TR biFE
FIEEZT. ZOEDERNOESBREILIHEICTHEINDILERD Y, Z OfilikE
L L THESROERE LHRA~OREER O TWD., BEEREMET 4 FL—
WEBRESNTEBY, 774 N oF o0 AW s = gl o TGN REE S
T % (Hall 2002; Nian et al., 2002; Shukla et al. 2012). LA Lo X 5 (2 HHihic /77
D #MEA A AR DAY O SRS OBER & IR E KERL TV D.

AETFH oA XFT AT 2R, BETEOTEEX N ARTTHL Al, HeRBIGT
BOZX NV ARTFTHD Cd B LV Cu, HEEMTEDOR ML RKFTH D NaCl IZHEA
YT, TNOORBEFEEA AL rA XFT AT B OETEE A~ A 7 a7 L
AR TRIEL, B R T 227 )7 F—AfHi %175 2 L TH A b L RITHT D4k
O FHEBFNIIED T 0T 7 A4 U T xATolc. FIHENT 27 U7 b — Mgt
e RSB AR F A A SRR RN E T D AR TR AL A~ — I — O T % 4
EL, RETIETORMM TEROREEREINOMALIED D Z LB XOEITDOFIED
BRZZ B & LTI &2 T o 7.
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2-2 EBMER XUk

AN

AMFFECTlE Nottingham Arabidopsis Stock Center (NASC) LW AFLizvmA XF X
7+ Arabidopsis thaliana Col-4 (Col-4) fi %\ /-, E-AARIXZEE UT) »HATF
L7z Nicotiana tabacum. L cv Xanthi & NtSTOP1 %z RNA T-¥# USHL & ] L 7o/ A

z 3 afEik (NtSTOP1-RNAL #F) % vz,

BiEA A R b LR

VA XFAFHES A 4CT 3 AMBALEL, 2%HE MGRL K T7 v — FAUKH
EIC K> T 10 AMEES L. 2%, SREMIKORES A A 4 o 2K THEE L= Bt
X MGRL &5 P &, pH 5.0 IZF%) 35 L1025 uM AlCI3, 15 uM CdCle, 1.6 uM
CuSO04, 50 mM NaCl ZLFE[X. (MGRL ¥/ 6 P Z Bk, pH 5.0 ICFH%&, 7272 L Ali1x pH
4.95) |28 LR FBTIRIBIC & o T 24 ReRALER A2 ATV S A (R B35 2[RI, -80°C ¥ B e
THRAFLTZ. BRBABTRBIOA b L ALBEROFELSRMITEH 1 EERROBRER TITbh

7.

RNA #iiHd

RNA filitt 3 X OVLiCL 2u¥, DNase ALBLITH 1 % & [FAARD 7L TIT o 7.

~A 7 a7 VAT IO — 2 B

~A 27 17 L A% Agilent Arabidopsis 3 Oligo Microarray Chip (Agilent Technologies,
Tokyo, Japan) % V>, 124 Cyanine-5 (Cy5) F721% Cy3 % AV 7= 2 AIEIZ L 2 fifT
AT o7z, EBRTFIAL Agilent 7' 1 b a2 /W ZHt-> TIT o 72, @EA A2 A b L ATk 2
BRIGHEBIEET D72, XHRIXE 4 FiOA b AQBKCTAEF Lz r A X )1 EE

DxAraT A ZiTole. FLERBFBIEMEEZ®O L7720, AREANKERXTLA AT v
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TG A 3 TITol, T—HDI A VT 4 F =y LT, 777 T Absent 2335
BB TEHRL, &~ 707 LA ERRATHEBAFEELB 7L LTHREO R L AL
FERRIZBWT FC > 2.0, Intensity > 500, p < 0.05 O#f{n 1%, F7-3BIHERLE T &
L CFC<0.5, Intensity > 500, p<0.05 D#Ef=Taft LT —%t% > b& LTLHZOM

Hric /v 7=,

BEfEE 2 T R &2 —4oHT

A A R K D RBUFERIR T2 N XTI Lo TRE L 7o, f#fir L 0 iR [E =
PEA A R B LI SN B TR A TR ER 7 7 A2 — T CoBLiz. BEER s 7 %
# — Y 7 b v =7 L L T Cluster 3.0 (Eisen et al, 1998
http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) % i W\ /E i X 71 7= cdt
(Clustered data table) 7 7 A /v % W i {k Y 7 b 7 = 7 JavaTreeView
(http://itreeview.sourceforge.net/) %\, bt —h~ v 7B LI OBIEKZIER LZ. £/
Pearson OFABIREIC L 0 BT HOERTBABOMBENEZFRE L. W S0 DBET 7
N—TNo3F, 7 v—T7 M ® Fold change “F-¥EIZ %} L T Scheffe & (P<0.05) %17~
T, HmMEA A APV RC K> THBESN DB FHEND A MV ARRIISE 2T 5
BIATORBEN D RFC (Relative fold change; stress expression level / other stress

expression level) THMH LKFELT-.

ERBRAR FHRT

Z b LA U CRBEEE T DB FORER K OIRBR Sy MU — T it &
179 72®, PRIMe (Platform for RIKEN Metabolomics; http:/prime.psc.riken.jp/) @
“Correlated Gene” M\ 72, X iEIT “Method” % “interconnection of sets” , "Threshold
value” % 0.6 [ZF%E L, T —# % Pajek software (Batagelj and Mrvar) CH&EIL L,

Cytoscape 3.1 (http://www.cytoscape.org/) CTx > b7 —7 ZHi5 L7- (Shannon et al.,
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2003). v NV —7 # ik L5 7% GENEVESTIGATOR Tl A h L A TIGE T %

MIHE L=,

REEEA TV IREM AL T~ — I — DR

R DIREFNEA A DA b L ARBEZZWT 572012, BEAFESINBETFOE
BFHBAA T~ — I —DExE1T>72. Al, Cd, CuB XLV NaCl & h b RS A 7
YN —BIEFORELITO D, WEZ 722 =0k, AL ARREOG VR
¥ oK L, qRT-PCR & W THEAT L7z, ZRIAMNT T2 7 A ~—Hil% % Table 5

WZECHE L 7=,

THRBE AV Al R DU RSEHANSL v — T - L DR

IR HPE 8 3R E LV SRER L 7o te Rk ] L7z, et T3 X & L TR
AL R ARG AR B A A RE 7 ¢« — L REENEE v 4 — (Il % —) T
IS NTBYERAR 7 L2 e, Zpisierk I X% CaCOs BN 2 5t RIX & iz L C
1/10 &, 1/4 OB ZFF T -, WKL Z L7z v A XF XS fEf 30 hix By b~
NTEY IR L, TEREDEE LIS A AR ERIN U, B DM o 7okl
MRz L 28 HIEAER Lo, AW X O HEICIRIN L 72 2 8ok O R L OGRS REE

(3% 1 T R & RERO R TIT o 7.

ZRap Al BRI TN A< — T —DRE

N aAfEAOFRFBER[Z D720 5 EHWN LI RIEERRET N U LT 7 HoiIREBWLE L
Tot, A A UAHOKT 5 EIGESL, 4°CT 4 HIRIREALER 21T o 7o, $EsEREE, bk
BT A X A L RO BRE SRS L OHIETITo72., 722 LAy v =2id (40
meshes perinch) # 77 2AF v 7~ MIERATE L OZMEH L. 10 BREHES L7- & 3
PRk S OV NEtSTOP1-RNAI #% Control ¥§#%, 4 uM 35 KOV 10 uM Al LEEER (2%

MGRL, pH 5.0, P &) T 24 FFLEL L, Z D% EEaE Y7V 7, Suzuki H O

48



7715 7T RNA Z 4], cDNA Z{Epk L, & #f#) RT-PCR #2147 > 7-.

TEHRRRA NV RIGE N T VR 7 U7 b— AT

R CAFET DEMEA AL, A A VNG &L Z 3B OREE L IEERRE ORI
LDOEENRHDLEZZ DI TS, vaA X T XTI T 4 OFENMEA 42k L OB b
KB L > TREFEINTEETE2R/HFE L, [EEREOREICL > THE I N5 HEM
IRINEEDRNT 2RI T2, &2 TO~A 7T VAT —ZTTAAZ Y U7 EIT, FH
T S AT BR T3 L O S IV AR T RE A 7o TETERE R IR S 1RO GO AT
% ClueGO THFE LTz, EDHICEOBIBTFROLREI LR v MU — 7 T 24TV, (EMERRSHR
FERy MU =7 ZAER LTz, RBxR > B U — 2 #1213 CORNET 3.0
(https://bioinformatics.psb.ugent.be/cornet/) % i\ 7= (De Bodt et al., 2010, 2012) . ~
A 7 a7 LA T —HI X “Abiotic stress TAIR10”, “Leaf TAIR10”, “Root TAIR10”,
“Microarray compendium 2 TAIR10” % HWNCHFETENT 21T 72, 74V T 42 ha—
/L& LC Peason %%t > 0.8, P<0.05 Ci%iE L, Pairwise correlations |Zg%E L7z, 7o
iz 5. [ 1 Cl% AGRIS (arabidopsis.med.ohio-state.edu/) THiE L7=. Cytoscape 3.0 THJ

gL, ftrzfT-7%.

HTFHREEOHE N T X7 U 7 b—AEHT

AT o2 A XFRAFHTFETA AL AN VAW N T AT VT h—LT — X%
T, HEHOIREE Dl N T VA7 U T =L To7c. TFEHO N7 A7V
7 h—A4F =% Zhao & (2009) A /=F—% TV Arabidopsis Oligo DNA
microarray ver 2.0 D7=%, Hi EERD ver 3.0 & ver 2.0 Z [FIFHfEIT 5720170 —7 %
—L, 18563 Y m—7|Z L. 74 NZ Y 7L LTHA DNV IHEDOBEEFHIEN

FC>2.072 p<0.05 Z5EI2 L=,
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Table 5. Primer sequences used for qRT-PCR of rhizotoxic ion biomarker genes.

GeneName Sequence(5'-) Sequence(5'-)
At5G38200 F CTCATGGGGTATGATTACTC R CTCTCATCCCAGAGAGAATAGG
At1G09350 F GTTTCTGCGAGAAGACTTGGAG R GGAGGGACAACTTTGAGTGTC
At2g37330 F  TATCGATCCTTGCCGGGACTTCA R GCTTGTCTTGGCGTTGCTCCTA
At5g06860 F TAAACCAAGCTTATCTCTAGGATTA R CCATCAAATAAAACATTTTGAAAATGTGC
At5g17330 F  ACAGGAAGAAGACGAGTGGTAT R GAAACTTGGTTCAGTAATAAAGGGA
At5g12940 F TCGATGGGAACTTGATCTCC R TGAAGACGATTGTTCGCAAG
At5g54060 F TTGTGATGTATCCGTGGTTAGC R GATGGTGTGGAAAGTGATGAG
At2g41510 F CCAAAGTCCTGGACAGACTACC R GTTCAGAATTCCGCTTCTCAG
At5g05270 F GGGAATGATGCAGAGATGG R AGCAGGAACTTGACAAGAGG
At5g17220 F GGCTGACGTGGAGACCTATTAC R CTTTGAGATCCTCGACCAAAAC
At4g38340 F AAGTCACCACCTTCGTCATC R CTGAGAGCTGGTTTTTGGAAG
Atlg61360 F GGTAGATGTGGACCTTTTGG R CCCTGCGTTTCTACAGAAGAG
Atdgl15100 F GTGCGAGACAACATCGTAGAAG R CTCTTCCGTTGGATTTATCGAC
At5g19110 F CTCTCTCTGCTTGCCTTC R CTTGGAATCGGATTATCGCTAC
Atlg73325 F CAAAGTCAAGCATGTTCAGCTC R CTGACCACCAATGCTTACAAAG
Atlg66370 F GAAAACTCTGCTCCGATGAAG R CATCGTTCATCGTGCTTCTTAC
Atlg43160 F GCAATGGCCAGTATCACTAC R GAAATTGCGGTGGTAGACAAG
At2g26370 F GCAGTCACTCCCTCATAAGG R CAGGGTTATCGAACTCAACAC
At5g59310 F CTGTGCAGGAGTCAAAAAGTTG R GCCAGAGGCTAGACTTGGATTA
At3g13784 F GTCGTCACCGGAGAAAGATAAC R CGACCCTCCTTTCAATAGTTTG
At1g52690 F  CTGCACAAACGACTCAAGAGAG R GGTCTTCTCCTTACCTGCTTC
At4g33550 F GGAAGTGGCATGATAAGGAC R TAGAGCACAACAAGACCGAG
At5g05410 F CTTAATTTCCCTCGGTCTGATG R GCACCATTCTCCAGACAATAC
Atlgl3310 F CTCTTGTTTCTCGGCTTCAG R GTACTGCATCATCGTCATCG
UBQI(internalstd.) F TCGTAAGTACAATCAGGATAAGATG R CACTGAAACAAGAAAAACAAACCCT
NtALS3 F TCGCGATGACATCAAGATACAA R CAGGAGATAGAGCAATAACCAACGA
NtActin (internalstd.) F AACCCCAAGGCCAATAGAGAA R GAGACACCATCACCAGAATCCA
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2-3 FER

BREBEMER b L RICX B YA XF T B OISR T DT

KB R K D R E O FMEA 2 ORBEFA~OMLFE T A b L AMHHEICE 57 2 8 is
FRRAFESND 2 DA STV D (Zhao et al., 2009). AHFZE & RIEEO FEIC LD
IREFMEA AN Lo TRBFEIN LA X T AT EEHO R U R JSEBE T OH
RuATolz. TOREE, AlLPET 188 Bifnv-, CdALPET 361 #fs+, Cu P T 547 s

F, NaCl ALFET 255 IBfn @k Sz, Z Ol 2 AW TR U X TN L7-.

LA AU TCREAHEINBETH

4 FEOFMEA A NCHE L CEFE SN BI5 11T 16 BB T Th-o7- (Fig. 12A). Fe
RZIGENREINY BHLHI101 X° bHLH 5581 PYE (POPEYE), Fe RZ)GEG T
ORG1 X Atbg05250, Atlg47400 Sz, RFEEA UV ASERBIE T L LT, LEA
(late embryogenesis abundant) °7 7 7 F ) — V&% GOLS2 (GALACTINOL
SYNTHASE 2), iz it vk 45 5 K 1+ DREBIA (DEHYDRATION-RESPONSIVE
ELEMENT-BINDING) 73%# b5 LTz, IREISEMEE 13 v 2T U BISEEE T

THEINDEILT Atlgl 7745, Atdg23680 M FEBFHE L T .

Al 2 bV ZRBEFHERIET

Al BRI EEE TR 122 B2 TH Y Al FEBELE O 64.9%% 5T 7= (Fig.
1240 . Z @ ¥ {5 B TIix, ALS3 (ALUMINUM SENSITIVE 3, PGIPI
(POLYGALACTURONASE INHIBITING PROTEIN 1), K #it% v 28 KUP6 (K*
uptake permease 6) & > > 7= Al MK pH MitHEICBE G- 5 & S STV DB FA I S
ni-. N#gxs 37’8 NRT family (Nitrate transporter) <° N A B % Eis+

GADI (Glutamate decarboxylase 1)=° GDH1 (GLUTAMATE DEHYDROGENASE 1), C
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(A)

Cu
547 genes

(B) Cu
216 genes

Figure 12. Venn diagram of the most-upregulated genes in the shoots of Arabidopsis
under rhizotoxic stress conditions. The shoot transcriptome was analyzed 24-h after
rhizotoxic treatments to roots. Arabidopsis seedlings were precultured hydroponically
for 10 days and then roots were exposed to rhizotoxic solutions containing AlCls (25 nM),
CdCl: (15 uM), CuSO04 (1.6 pM), or NaCl (50 mM), which induced 90—100% inhibition of
root growth. Transcriptomes of the shoots were analyzed for three biologically
independent samples and genes with fold change [rhizotoxic treatment/no toxin
(control)] >2.0 relative to the mean of three replications, with < 0.05 (t test), were used
for Venn diagram analysis.
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REHZBES D 7 CAI (CARBONIC ANHYDRASE 1) W& En Tz, S HITRE
IS s PR (Pathogen-related gene 5) <12/ E A kN L AINEMERIS T GOLSS, W
A~V RAINEE R T ERDS (EARLY-RESPONSIVE TO DEHYDRATION 38) <°
DREBIA, CBF, DR4(Drought-repressed 4, RDI19(Responsive to Dehydration 19) 3
RFEINTND Z EDMER ST NI Ko TR LRIl S L7285 T-RED Gene
ontology enrichment fi##HT DK % Table 2-1 Z#t7=. Biological process (235>

N

T, “response to abiotic or biotic stimulus”, “response to stress”, “transport” /A E I E
»” o«

<, “cell organization and biogenesis”, “developmental processes”, “protein metabolism”

DIFEELINHI 4 Tuh7= (Table 6).

Cd R b VAR RAFHER TR
Cd A PVAEED T A7 VT h—LT7 =210 Cd EHFHEREFD O D 16%7
Cd FrEMISE BT & s (Fig. 124). ZOBIEFRECIE Fe RZIGEHRE N 1
bHLHO39 H3 & £ Tz, “IRAGHIEM & 1R 15 1 DFR (dihydroflavonol 4-reductase),
chalcone-flavanone isomerase, & HIZ7 7 7 TR H O ZRR@MEHTHL 7 vay ) L
— FOEMBIEICBE L CWSEERF MYBI122 3R STz, =T L VS EMERIR
 ETR2 (Ethylene Response 2) X° ERF9 (ethylene-responsive transcription factor 9)
NEFEES N, ZOBEMGEFRED GO annotation fEHTDfE 5225 Biological process Tl
“response to stress”, “response to abiotic or biotic stimulus”, “other biological processes”

IZRHES DDA BEICEG ENTWD Ll 7z (Table 6).

Cu R b L AR RAFHERS T3

Cu (2 & 2 505 SRR 547 B2 54 B OMEHT T 254 AR 7% Cu FFHERY &l &
n, 2T 41%E 5D 5EETH o7 (Fig. 12A). ZOBEEEE, %60 Cd A b L A[H
BRIC IR EM A G OB FIC Lo Tl SN TW e, T b7 = AGRUCEE L

TWAHRB R MYB90, MYB113 M &z, £7= CYP450(chytocrome P450) family
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Table 6. GO distribution of the gene groups identified by the comparative microarray approach. Genes highly upregulated by each stressor
(A), and those grouped by Venn diagram (B) were classified by GO of biological processes using the TAIR 10 throuhg the bio-analytic
resource for plant biology database.

(A) highly upregulated gene by each rhizotoxic stressor

GO category Alion Cd ion Cu ion NaCl
cell organization and biogenesis 0.5% 0.82* 1.04* 0.73*
developmental processes 0.76* 1.02 0.99 1.06
DNA or RNA metabolism 0.16* 0.51%* 0.44* 0.12%*
electron transport or energy pathways 1.3 0.22* 0.44* 0.64
other biological processes 3.41* 2.7* 2.13* 2.58%
other cellular processes 0.96 1.15% 1.26* 1.16*
other metabolic processes 0.97 1.27* 1.32% 1.26*
protein metabolism 0.54* 0.5* 0.67* 0.92
response to abiotic or biotic stimulus 2.92% 2.64* 2.22% 3.17*
response to stress 2.86* 2.77 2.37* 3.11*
signal transduction 1.65% 1.68* 1.65% 3.28%
transcription,DNA-dependent 0.74 1.07 0.96 1.65%
transport 2.22% 1.36* 1.56* 1.45%
unknown biological processes 0.7* 0.48* 0.61* 0.63*

(B) gene group by specific induced genes by Venn diagram

GO category Alion Cd ion Cu ion NaCl Cd and Cu
cell organization and biogenesis 0.35% 1.5 1.41%* 0.62%* 0.63*
developmental processes 0.43* 1.59* 1.19* 1.13 0.75%
DNA or RNA metabolism NA 2.15 0.84 NA NA
electron transport or energy pathways 1.67 0.71 0.64 0.91 0.20*
other biological processes 3.19% 2.99* 1.69* 2.4% 2.30%
other cellular processes 0.89% 1.34% 1.42% 1.23% 1.2*%
other metabolic processes 0.87%* 1.46* 1.39% 1.32% 1.30%*
protein metabolism 0.61* 1.03 0.99 1.19* 0.42*
response to abiotic or biotic stimulus 2.75% 2.14* 1.65* 3.49% 2.90*
response to stress 2.43% 2.06* 1.6* 3.51%* 3.10
signal transduction 1.51* 0.99 1.39* 4.03* 1.90*
transcription, DNA-dependent 0.61 1.89% 0.93 1.74* 0.85
transport 2.24%* 1.55% 1.77* 1.66* 1.3*
unknown biological processes 0.86* 0.47* 0.74* 0.62* 0.45*

(A) Gene groups that were highly induced by each treatment. (B) Gene groups that were uniquely induced by a Venn diagram (see Figure 1).
Genes in the whole genome were also categorized (A). Significance difference from the whole genome was shown with asterisks (chi-square
test, P < 0.05). GO distribution of upregulated gene group within Al (188 genes), Cd (361 genes), Cu (547 genes) and NaCl (255 genes),
respectively. NA indicate absence of genes belong to the category.
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BESBRSNTERY, ¥~ v b P450 (ZAERN TH A 2 BOSIZBE G L T % IRLIE T i%
RTHDLD, “RIHEDARRIZES L TS50 FELTEY, #Hl Cull ko
THESNTWD CYP BHIRRILA b L AUSK D P E IS & 2 RIZ LTV 5 2 L3
LIND. MYBI4I3HEA M VAT TR, BEFEICBWTHRBGHFET 5 Z &3m0
STWD. ETMYBENLE LV EEBER T & LT ERFR JAZ family, LOX3, MYC7¢ E )
S I TV e, Cu FRRIFEBETHEO GO OFfER D “response to stress”,

“response to abiotic or biotic stimulus, other biological processes “7% 5 NI “signal
transduction, transport”, “other metabolic processes” MNEAFIZFKHAH L T 5iEls

FHERECH D Z &Sz (Table 6).

Cd, Cu R h VRILBERBFERC TR

Cd BELV Cu |ZHEiE L THREFEIN LB F L LT 201 BinFrFE sk (Fig.
12A). bHLH38X° bHLHI100 b\~ 7z Fe RZISEHGR TR, ZRIGHIEY BEER
T AACT R, JWFICEIPIMRIS 7 PDF1.2AX° PDF1.2B, PDF1.2C, * V) % —~7
F I (At5g09980), & HIZF DIFEIGE Y 7T IGRZEICEE L TWD Yy AT VERDIGE
YEBIE T Ch D JAZI X JAZY, LOXI 78 L ORE T8 %BL LA LCne, 711G MEREHE R
RICHET D~ A F X =R LS, Cd A R LA Cu A b LA THRIGEEN
R ST WD eytochrome P450 family 23558 STz, GO fi##T 7 © “other biological
processes”, “other cellular processes”, “other metabolic processes”, “response to abiotic

-

or biotic stimulus”, “response to stress”, “signal transduction”, “transport” 2 EIZ
REFE ST, ~UROBEFHESE S Cd, Cu SGETEEHE SN TV 5E

FREEZ <, Cd B LU Cu FFRIFHERZFREORM R L L L Tz (Table 6).

NaCl BRENFEEE T8
NaCl 2 L » THRBFEINT- 265 Bl D95 179 Bis 1 (71%) 7> NaCl B2 %5

BFEINTWOBEEFE LB sz (Fig. 12A) . £ DR Tl s Z iR 5 "+
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DREB2A R0iZFHEA b L A IGEEIG T LEA (LATE EMBRYOGENESIS ABUNDANT)
protein PR ST, 7= HSPX° HSFA2(HEAT SHOCK TRANSCRIPTION FACTOR
A2 LWV ol EIRA b U AFFEMEOBEFORIANFEI N TV, FEEBSY 7]

LTP=oy 7 UBZEIZBE D % CML family 234 < & £41 TV /2. GO annotation O F7)>

© Biological process T “response to stress”, “response to abiotic or biotic stimulus”,

<« »

other biological processes ~ , “ signal transduction ” , “ transport 7 ,

“transcription,DNA-dependent”, “other metabolic processes”, “other cellular processes”

DA IREE B STV D HEE &Il S fuiz (Table 6).

REFIEA 4 Lo THRBEME S h o Bia T
4 FEOARBE TN A A L THRBIIH SNIBIBE TS OW T, JeDFBIHER R T BEOMRHT &
kRO HIETHI L7z (Fig. 12B). 2 TO®EMA A A b L A TR S o8B 1 &
L CEITIR Y v\ % a— R§ % FERI X FER4 BFAE Lo, KA A A ML AT
Ml SN TV LIS T & LI ESRBEREICES 2 8B TR E <Hfil ShTun.
EHAJBEE T v AKR—% —ZIP (Zinc Transporter precursor) family <° IRT, Yellow
Stripe Like (YSL) 735 BUMHI ST 2, Al 2 b L A2 X A3 BIHENEEFREL LT,
VLD, Al RREENCHE S s 1 82 MG TIEE L. oG ARSI, EAJR
B GFNE ENTRY, ZIP4X° ZIPY, YSL L W - EHER T v AR—F ===
F7F I AR ES T NAS X FER 23 38UMHl S Tunie, £ 72 ZIRIGHEEY GRS
B 595 PAP27 (purple acid phosphatase 27) oW EIGENE V& 7 4 —i#{s 1 FLS1 D%
BLAHI STz, Cd A b L RIC K EBIHIEAFREE LT, Cd Fripicmsl S h
7= W SN G 42 B TFE L. e —A5MREE T THD CSLGIH
0 — 2B RGRIBIET GSLI1 3 o7z, FT-EEE T L AR—F—YSLI BEEN T,
U UK ZSOBE A N L ATINE T D ils PAPY, PAPIO, PAP247)MFE Sz, Cu A b
IZ R DRBIHEETREL LT, Cu A b LA X o THRANCHBUNE S - gs 1

0 Bz FFELT. Cu A ML RIZKDEEAMBEMLRTE LT MTPAI (METAL
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TOLERANCE PROTEIN A2, YSL2, FROZ27: X DELJE b T o A K — 2 —8AG T 1M
shic. %< OEERT-R kinase FH b FE L IH SN TEY, ZORDITHEWFRLVE AR
WEISEMICE ST BB TREEN TV, £7 TR 7 —LARICEE T 25K T
MYB111 3 & 47z, NaCl 2 b LRI X5 B8BUNHES AL LT, NaCl 2 F L A(IC
FoTimiEng v r A XF AT EFOBSTIE 214 BRI Sz, REE R8s
F#EE LT, SAUR-like auxin-responsive protein % ¥ 1= 74— ¥ VISE AT 12 #
B EENRTW., o 3 FEOFMA 42 L1380 &BEXICHET 2B EHILEEN

TWiginho i,

Bl A U RRNISERETERWTEBETFRB AL I~ — I —DIER

NUKTHRE Lo BB SRR T2 WY 7 A Z =02 WS A L AT, LV
BRI 7RG & n T B T ORFEETT - 72 (Fig. 13). Al A K L A TIE 47 #15 7121E
STOP1 FiitiEin T Tdh D ALS3R PGIP1 H & £ Tz, £7- N BEER T NRT1L.5X°
NRT2.1, NIA1, GADI, 2i&EA NV RASEBIE T GOLS3<° DREBIA, DR4 )MFFE S
e, Cd A F AT Fe RZINERGINT BHLHO39 <° K ANH ) & GRS+
chalcone-flavanone isomerase-like proetin <CVEMEFEFFR LR N 47z, Cu Fria)ss
BFERIET 7 T AX—TIE N kT2 2AHF— % —% MATE family 13U E Lz h o
ARN—2—HH, JAZfamily 72 EOHEMHRILTE B L OYREICEEEG S, & 512 CYPP450
family 73538 S 172, NaCl Fr 2R BGH S8 (s 17 7 A ¥ —2i% DREB2A, LEA protein,
72 8 ORIRIS BB In TSP calcium-binding protein CML4573 Y O 7 VT % s
TREDFRE S U7z,

W) 2 T 28— B REED®mWEEFZRE LB FRIANA A~ —T—L L
THWe, w4707 LA ERGFETETBIUA L ARBERE L= m A XF T H#
EET 4 Bin T OB &L EEN) RT-PCR THIE L7z, £ORSE, KBRS TIIARE
PeA A A N U RZRE R OEm OB ES B S (Fig. 14). £72, Cd, Cu, NaCl

B DB FRBNA A~ — T — X Al B NS A~ —T— L[ERIC, OA R L RITLD
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AGI code Description
6 At5g17330 GAD1
oS = o At1g07050  GGT muotif family protein
o O =z At2g27830  unknown protein
At5g64260  EXL2
Plant hyh inhibitor superfamily pro!
At5g38200  hydrolase
At1g77760  NIA1
A1g22500  zinc finger (C3HC4-type RING finger) family protein
At3g22620  LTP family protein
Atd4g13580 disease resistance-responsive family protein
At3g15630  similar to unknown protein
At1g08350  GolS3
At5g12040  leucine-rich repeat family protein
At1g65845  unknown protein
At2g33830  dormancy/auxin associated family protein
At5g14740 CA2
At3g15450  similar to unknown protein
At4g25480 DREB1A
At1g73330 DR4
At4g35770  SEN1
At4g20070  AAH
At3g48970  copper-binding family protein
At5g02020  similar to unknown protein
At2g15800 MEE14
At5g58860 CYP8BA1
At4g20390  integral membrane family protein
At3g22600  LTP family protein
At5g09530  hydroxyproline-rich glycoprotein family protein
Al1g74460  GDSL-motif lipase/hydrolase family protein
At2g23540  GDSL-motif lipase/hydrolase family protein
At1g53035  similar to unknown protein
At1g52200  similar to unknown protein
At2g37330 ALS3
At1g32450 NRT1.5
At1g58225  unknown protein
At1g20030  pathogenesis-related thaumatin family protein
At1g08090 NRT2:1
At1g76930 EXT4
At1g27020  similar to unknown protein
At5g08860  PGIP1
At5g12930  similar to unnamed protein product
At1g75040
At1g72230 plastocyanin-like domain-containing protein
At2g28190 SD2
At2g37130  peroxidase 21
At1964170  CHX16
Atdg11320 _ cysteine proteinase
AGI code Description
At1g58950 aldo/keto reductase
A12g26380 disease resistance protein-related
At3g43250 cell cycle control protein-related
At4g15330 CYP705A1
At1g70130 lectin protein kinase
At3g18550 similar to hypothetical protein

jacalin lectin family protein

MYB113

At1969880 TH8
Al5919110
At2g26370
At1g43160
At4g15100
At2029440
At5g24140
At2931180
At554810
At5923840
AI5Q13220  JAZID
Ai3g48450
At1g59730 TH?

A3G22740  HMT3

extracellular dermal glycoprotein-related | EDGP-related
/ated lipid recognition domain-containing protein

MD-2-related lipid recognition domain-containing protein

nitrate-respansive NOI protein

AL5gBO730 anion-transporting ATPase family protein
At2042760 similar to unnamed protein product

At3g48520 CYP94B3

At5g24290 integral membrane family protein

At5g36220 CYP81D1

At4g30530 defense-related protein

Ai3g28600 ATP binding / ATPase [AT3G28600.1]

At1920490 AMP-dependent synthetase and ligase family protein
At1g17750 PEPR2

A5g10520 RBK1

AL2g04050 MATE efilux family protein

Al1g54890 late embryogenesis abundant protein-related

At548010 THAS1
At1g59740 NPF43

A2g38823  similar to unknown protein
At1g14120  2-oxogluarate-dependent dioxygenase
At5064900 PROPEP1

At3g57520 SiP2

At1g51380 eukaryohic translation initiation factor 4A
At4g24830  arginosuccinate synthase family

A12g37280 PDRS

At1g14810  semialdehyde dehydrogenase family protein
1.00 AIgE1450  strictosidine synthase family protein
067 A4g12735 strictosidine synthase family protein
033 512340 similar to unknown protein

- At4g08870 arginase

0.00 Ai2g47950  unknown protein

0.33 Ai1g05730  similar to unknown protein

067 At5g54100 band 7 family protein

. At4g18500  CSLAOY
1.00 A4gaT910  miHsc70-1
AI3g55620  emb1624
At4g27860  integral membrane family protein
Ar3g27415 unknown protein [AT3G27415.1]

At1g32640 MYC2
At1g54030 MVP1

At3g13110 SERATZ2;2
A1gEE390  MYBOO
At4g22810 LT family protein

At5g43380 TOPPE

Ai2g15780 glycine-rich protein
A519300 similar to unnamed protein product
At4g21680 NRT18

A3GSTE0  AOGCH

A2gD4040  TX1

At1g44350 e

Atlg15125 S- depend
At1g77380 AAP3

Al4g14880  APS3

A12938760

ANNAT3

trypsin and protease inhibitor famity protein / Kunitz family y

<

Al
Cd

Cu

NaCl

Cu

AG| code

Description

‘At4g38340
A12g47550
At1g07370
Atdg21960
Al4g22212
Al3g52630
Al3g13672
At4g16780
Al5g23830
Al3g5E980
A13g50440
Atig78340
A5g17220
At1g81380
At5g61000
Al5g05270
Atig53700
Al5g56840
AL2g18193
Al4g28230
At2g41510
A554060

RWP-RK domain-containing protein
pectinesterase family protein

PCNA1

PRXR1

Encodes a defensin-like (DEFL) family protein
similar to unknown protein

seven in absentia (SINA) family protein

HB-2

MD-2-related lipid recognition domain-containing protein
BHLH038

MES10

GSTU22

GSTF12

S-locus lectin protein kinase family protein
RPAT0D

chalcone-flavanone isomerase family protein
WAG1

DNA-binding family protein

AAA-type ATPase family protein

similar to unnamed protein product

CKX1

UF3GT

At3g16330 _similar to unknown protein

AGI code Description
Al5g22545 similar to unknown protein
At1g72540 protein kinase, putative
At5059220 protein phosphatase 2C, putative
At3g29000 calcium-binding EF hand family protein
At1g72910 disease resistance protein
At1g43910 AAAtype ATPase family protein
At5g01300 phesphatidylethanolamine-binding family protein
At2g32140 transmembrane receptor
At1g17830 similar to unknown protein
AtSg43650 BHLH92
At2g3T870 LTP family protein
At5g64810 WRKYS1
At2932130 similar to UNE1 (unfertiized embryo sac 1)
At1g60970 clathrin adaptor complex small chain family protein
At1g58300 HO4 (HEME OXYGENASE 4)
At1g19250 FMO1 (FLAVIN-DEPENDENT MONOOXYGENASE 1)
At3g53980 LTP family protein
Atdg33550 lipid binding
At5g59310 LTP4 (LIPID TRANSFER PROTEIN 4)
At3g13784 CWINVS
At1g13310 similar to unnamed protein produc
At5g59320 LTP3
At1g09932 phosphoglycerate/bisphosphoglycerate mutase-related
At5g13320 PBS3 (AVRPPHB SUSCEPTIBLE 3)
At1g30190 similar to unknown protein
At3g60420 similar to unknown protein
A3g22010 caleium-ransporting ATPase
Atdg05030 heavy-metal-associated domain-containing protein
At3g46080 ZAT7
Ad4g12720 NUDT?
At1g73805 calmodulin binding
At1g01680 PUBS4
At2g46400 WRKY48
At5g17760 ABA.type ATPase family protein
At5G39670 calcium-binding EF hand family protein
At2g04495 similar to unknown protein
At1g02450 NIMINT
At3g29240 similar to unknown protein
At3g52430 PAD4
At3g56400 WRKYT0
At5g43910 pikB-type carbohydrate kinase family protein
At3g57950 similar to unknown protein
At3g61190 BAP1
At5G24200 triacylglycerol lipase
At3g50480 HR4
At1g21250 WAK1
A12g04450 NUDTE
At1g52690 late embryogenesis abundant protein
At3g25010 RLP41
Atdg38580 similar to pEARLI4
At3g24900 RLP39
At5g22380 NAC080
At5g24520 DMRé
Atdg11890 protein kinase family protein
Al5063225 glycosyl hydrolase family protein 17
At3g22235 unknown protein
At1g13470 similar to unknown protein
At4g04500 CRK37
At3g23120 RLP38
At1g57500 carboxylesterase
At5g03350 legume lectin family protein
At2g04430 NUDTS
At5g22570 WRKY38
At1g68200 zinc finger (CCCH-type) family protein
At1g57560 zinc finger (CCGH-type) family protein
At5g05410 DREB2A
Atdg04480 CRK36
At1gasT10 leucine-rich repeat fransmembrane protein kinase
At2g33080 RLP28
A12g32680 RLP23

Figure 18. Hierarchical cluster analysis for identifying genes specifically upregulated by
rhizotoxic ion treatment in Arabidopsis shoots. The rhizotoxic ion inducible genes identified
by Venn diagram analysis (Figure 11) were further analyzed to identify specificity to
rhizotoxic ion using relative fold change (RFC) values. RFC was calculated for all 122 genes
[RCF = (fold change in NaCl, CdClz, and CuClx/fold change in All, then grouped by
hierarchical cluster analysis. A list of genes in the most-specific group (low RFC values in all
other treatments; green color) is shown with the AGI code and short description. Red words
indicate candidate biomarker genes.
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BRC AL R ISE AL F~— 0 —4 BB T ORBREBARE Lz (Fig. 15). ZDOfER, K
MLV bEWRBLEZ T Z R olc. 6T Ca 2N L TCALEX Cld A A ~—7
—BETORBESIH SN TV, —FTCdBEIYCu A bV ARBIFFE N A A ~—h
—BEFORNI~A 7T LA OFRFERERRY, i L CTHREFEIN D Bz FREAN
AF—=H—PFEEL TV, 2D ENOIREE O A A A5 DM AL 5o
BARTFRENA T~ — I — 1 TFREO S VB L R L, 2 OBBMERENWI &R S
7-.

vuA XF R EERO STOP1 BmEHIEEEED b T 27 U 7 b — N
Wt SR 2B SR 1 STOPL 13 Al 46 L OMK pH A b L AT R - O B % il
LT\% (Tuchi et al., 2007; Sawaki et al., 2009). STOP1 ZE Ik (stopD) 1% Al 3 L DMK
H (Zxf U TR EZ R . 2 OZREKEZHV, RE Al R b LRI Ko Tl B TREL
FHET 5B a1 188 Ein T & ALVLHL R D stopl #1 EERTRIEINEIT 2 233 EisF D Lk
BIRNT AT, Hi E3C STOPL#l Ficd 5 LRt sh b 198 7% FE L7 (Fig. 15).
Z OB FECIZ Ca b T v AR— % — CAX7X° hydrolase (At5g38200), GDH2, PGIP],

DREBIA, ALS3 & £ Tz,

Z a3 ALS3 & R\ Tz Al BEEBRIN S A A~ — 0 — DRt

Ohyama & (2013) OHEN S ¥ /32 (21X STOP1 A — Y 1 72 X % Wik L5k is 1
DEEGHEFRENFE L TS Z EMFEH SN TR Y, ALS3A—Y 7 HR{FESNTVD
TEMEILTWD. H o33 ALS3(NEALSS) 73 Al A b L AJREMEASA A~—T— L LT
FIHTE 2% EER RT-PCR Z AW T L2 (Fig. 16). AKBEEREIC LD Al L 2 4R
B i L7z & S 2 B AR O b BB Gl NEALSS ORBINFEE I N TR, M AL
FBEY FHT 5 2 ERMER I, —J7 T NeSTOPI-RNAL BECld NEALS3 DFBLH Al
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Figure 14. Expression profile of rhizotoxic ion biomarker in hydroponic culture conditions.
Ten-day-old seedlings grown under control conditions were transferred to a rhizotoxic solution
containing AICI3 (25 pM), CdCl2 (15 uM), CuSO4 (1.6 pM), or NaCl (50 mM). Then, they were
incubated for 24 h under continuous light. Expression of the genes was quantified by real-time
polymerase chain reaction in three independent biological samples. Means and SD are shown.

Different letters indicate significant difference by Tukey test (p < 0.05).
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Brown forest soil

Acidic Andosol
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Figure 15. Growth of Arabidopsis seedlings in acid soil containing a large amount of exchangeable
Al, and expression levels of Al biomarker genes in shoots. Seedlings of Arabidopsis were grown on
forest brown soil in Zao (2.5 g CaCOs kg-1 soil) as control treatment or Kawatabi andosol with
different levels of liming (4.0, and 0.6 g CaCOs kg-1so0il) as acid soil treatment. Upper panel (A)
shows the growth at four weeks and chemical properties of soil. White bar indicates 1 cm.
Expression levels of biomarker genes in the shoots were evaluated by quantitative real-time
polymerase chain reaction (B; Means and SD, n = 3). Different letters indicate significant difference

by Tukey test (P < 0.05).
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Upregulated gene by Al
in the shoot in WT

214

Downregulated gene by Al
in the shoot in stop?

Figure 16. Genes downregulated in the stop/ mutant compared with the wild type (WT) that were
identified by competitive microarray analyses. Greatly downregulated genes in the stop! mutant,
when they were compared with the wild type, were identified by three biologically independent
replications of the comparative microarray of the stop/ mutant/wild type under Al toxic (10 pM)
conditions. The genes that were in the lowest percentile of the FC values (stopl mutant/wild type) in
all three replications. Numbers of upregulated genes in the wild type (25 uM Al/control in the wild
type FC > 2.0 with P < 0.05) are shown in the lower parts of the Venn diagram.

Table 7. List of genes in the stopl mutant among induced genes in the wild type to Alstress in shoots (Fig. 10)

Three biologically indpendent replications of competitive microarray analyses were performed as follows: stop/ mutant in
A1(10 uM, 24 h) versus the wild type in A1 (10 uM, 24 h); A1(25 uM Al 24h, pH 4.95) in the wild type versus control (no Al,
pH4.95,24 h) in the wild type. P values fromt tests for significant differences from FC = 1.00.

FC (stopl mutant/ WT) in Al FC (control/ Al)in WT
AGI code JESCRIPTIO!
FC p FC p

At5g38200 hydrolase -3.97 0.000 343 0.006
At5g17860 CAX7 (CALCIUM EXCHA -2.47 0.017 543 0.003
At2g26695 binding -2.12 0.005 1.97 0.011
At5g02480 similar to SLT1 -1.83 0.004 1.34 0.003
At4g20070 ATAAH -1.52 0.007 143 0.007
At5g07440 GDH2 -1.33 0.002 1.76 0.022
At5g06860 PGIP1 -1.05 0.017 1.84 0.002
At2g27830 similar to pentatricopeptidc -091 0.043 2.30 0.004
At2g32870 meprin and TRAF homolog -0.79 0.015 1.01 0.018
At5g12930 similar to unnamed protein -0.71 0.025 1.71 0.008
At3g15353 MT3 (METALLOTHIONE] -0.70 0.025 1.06 0.009
Atlg22160 senescence-associated prc -0.67 0.024 1.02 0.021
At4g25480 DREBIA -0.67 0.037 2.06 0.005
At2g37330 ALS3 -0.64 0.024 143 0.008
Atlg73120 similar to hypothetical prot -0.57 0.036 1.17 0.009
At4g30650 hydrophobic protein -0.55 0.024 1.34 0.030
At4g01390 meprin and TRAF homolog -0.53 0.030 1.52 0.002
At5g08000 E13L3 -0.51 0.047 1.08 0.030

Atlg53035 similar to unknown protein -0.51 0.045 1.83 0.043
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Figure 17. Expression level of NtALS3 in tobacco shoots after rhizotoxic treatment with Al. Tobacco
seedlings were grown for 10 days and then the roots were exposed to in the presence or absence of
rhizotoxic Al [0; control, 2 and 4 uM) for 24 h. The expression level of NtALS3 in the shoots was
quantified in wild-type plants and knockdown transgenic plants suppressing NtSTOP1. Means and
SD of three biological replicates are shown. Different letters indicate significant difference of Tukey
test (P < 0.05).
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-7z (Fig. 18). £-HHEBLR v MU — 7 Z ik T 5815 7% Genevestigator Tftidd X | L
FETHFEIN TV L0 EMER LTz, Al RBRIE 32 DD T A2 =120, =
WD DB FITMRRSLHIR L VWS TR BIEICHEET 22 VA THREAFELRTZ LR
H L7z, Cd FrBRFFEELEFOERIRBIF Ry N =233 DD 7 7 AZ =R E
n, < OBETIHRECTE, BEANLATHFEIN TS Z ERgnolz. Cu A ML
ADIHBEIRTMITIZE R 1 DOF v hU—27 %R L, Cd A kLA & FHRICIKER A
F L RCHE SN BELEFNE L EEN T2, BB NaCl 358G a0 BH v bU
— 27134507 FAZ—ZFL, SAHERETLIKE, 2 ®iE Bl oA

FEA P LVRZK > THEHENDBIET R Y P =7 2T D LRWALNE R,

T R TR LT O LB

18563 B F LV 7 42 Y 7 LTl Bl ds JI UM TR J8 BRSO s 1 B A ALk 2 2k
WL CREFEINTWIBEBETEZRET DO fifT #17- 7 (Fig. 19). ZH XY
Al Z P LA T38EInT, Cd A ML ATT4EIcT, CuA L ATI122EsT, NaCl %
KL AT 35 BB T DM AE Sivfz. ALLER X TIERzfE A b L A BT 2 @SR R A
XN THEY, LEAprotein=<° GOLS2, LTP4, ERD14 X°#55IK ¥ CEJ(COOPERATIVELY
REGULATED BY ETHYLENE AND JASMONATE 1) 23Stz El-v a7 v
2R — 2 —MSSI CHMHENE L ICHET I EEFLE L TA—F T vaky R
MDR4/PGP4 735 £ 40T e MifukEni b ic B 595 PGIP1 X° N R8s GDH 72
EDSEDOM FEO Al X b L AMHERA T & L THE S N8B F203# FETHRE S

7= AEVEEEFR R 2R Cu-Zn SOD <X° GST family 23 & i7-. Cd Tlid ERF domain protein
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Figure 18. Coexpression gene networks within the rhizotoxic-inducible gene group identified by a
comparative microarray approach. Rhizotoxic-inducible genes identified by Venn diagram analysis
(Figure 12) were grouped into coexpression networks based on the criterion of Pearson’s coefficient
> 0.6. Genes were profiled by the response to other stress and several signal inducers using
GENEVESTIGATOR. Conditions of upregulation are indicated by alphabetical letters.
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Figure 19. The Transcriptional rhizotoxic ion responses of Arabidopsis shoot and root. Roots of
hydroponically grown seedlings were transferred to control (pH 5.0, no toxicant) and rhizotoxic
solutions containing AICI3 (25 uM), CdCl2 (15 uM), CuSO4 (1.6 uM), or NaCl (50 mM) at pH 4.95
(AlD) or 5.0 (Others). After 24 h, total RNA was extracted and microarray analyses were performed
using the Agilent Arabidopsis 2 Oligo Microarray system. X and Y axes indicate signal intensities in
control and rhizotoxic treatments, respectively. (A) Genes responding transcriptionally to rhizotoxic
ions according to microarray. Bars represent the number of genes for which transcript levels were
changed in response to each stress. (B) Principal component analysis (PCA) of the changes in
transcript abundance in root and shoot under different growth regimes. (C) Number of rhizotoxic
unique up or downregulated genes found in the Arabidopsis shoots and roots. The microarray data
were selected by FC > 2.0 or < 1/2, intensity > 500 and p < 0.05.
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transcription factor XCTEMEBRFRIRESR, MHEE N7 v AR —& —, JREICEEREE 1Y
STV, £ ZRAED OEPEZHIEH L TV D5 MYB122 3 47z, Cu
B TIIY v AE VBICE T 2857 JAZL X° JRG21, WEHEISEMEER T THDH PR4 D
FHOBFEN MR SN, S HI2Cd A bV AFRRICTEMHRERERER F CTh DL~ AF
F—ER &7, NaCl #8858 CTlX DREB family 72 St S5 AP2
domain-containing transcription factor 3% < FHE STz, ETEMA N LR ZEE

5% BGL2X° CHIBI H$FE Sl

TEMERRR FVRIGE T VR ) S b—h L OBRNT

4 TEOREMEA A LIGVERRE TREGFE T 5BETO 9 b, 58 L CRBFHET 2851
BEERRNT L7 22, HRBBE TRy N —7 —DIClE W ko~ VAt X ¥ —8 8
L GSTEIET, 7T NMuiEL LTHET DIV EY 2T X0 Ca M T U AR—F —,
FlovalE b7 AR —BI5 T MSSI G Tz (Fig. 20). ZOBEFHEIZIE 8
OOEFRTFNEENTEY, MYB15 [ZEBOETR T L/EHL T/ ray ) b— Mk
[ZBE5-L, ZAT10 X ROS TG L CHRIELL, HEEKT WRKY40 (33:[F L WRKY18 &
L OYWRKY60 &, KRS L ONER, REBEICHT DMt Z2 ST 28EE2 A2 L FRE
ENTW5D. FEERT WRKY33X° WRKY40 3R EESUICEEG L TRBY, S5ic£<

DAAF L F—BR GST, FFF—CHEE L CRBFEL TD Z L ARSAL,
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Figure 20. Coexpression network of upregulated genes in Arabidopsis root as affected by oxidative
stress. Genes were selected if the FC > 2.0, P <0.05 and intensity > 500 in each microarray
experiment after 25 uM Al, 15 pM Cd, 1.6 pM Cu, 50 mM NaCl and 500mM H202. The network
was constructed with the CORNET tool. Circular indicates Transcription factor gene. Edges colored
blue connect coexpressed genes, and dashed allow lines indicate direct activation. Visualization is
based on the coexpression analysis done in CORNET with a coexpression coefficient of 0.7 and
confirmed regulatory interactions from AGRIS.
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2-4 E%

CNETICHB N T A7 VT b= ARITICE 2 A b U AR R E 73R R BLAE
BT LB TFHOFENED b, kg, KIREWoTREEAR L ARAEY), IEAEMA
NUR, ETEIARLVE VISENE R T V27 )T F— L OMHTATITONTE Y, fkx72
HMRNES SN TE 7 (Kreps et al., 2002; Matsui et al., 2008; Lager et al., 2010; Barah
et al., 2013; Davila et al., 2016). A A NZxtT 2 h T 27 U 7 b — MRHT HIFIE S
NTWDD, IREFEMEA A I XD Lol b7 o 27 ) 7 b — Mgk 4

1T T30 72 <, RKFRIZE DR EZED D LD THD.

REEEA 3 EIICEER P LR, BBER PV ABLUEERRZZFIEEIT
Al3+, Cd2+, Cu?t, NaCl ZREMIAE L7 m A XF A Eoki 87227 )
7 b= DT TTHE A DL ADGFAMFNOCE TR T 7 A VT LR, YaA XA
F 1 IR AFAE T B Bt A A IR U AR T2 IR B s DA RER] TR BB 9
DT EDHER S L. LN LHERER & BT 2 L BRI RN 2 LD, RETHEEE
A N LRI S VD AR L gk £ 7213 7 FIMBIEE I LT UG O 7= O B OB A5 73
BUZRFRZEDNE L TWD Z ENB X b D. BlhA A Tkt 2 BB s s 1 OHERE
LT Fe RZIGEEBRFNEENTEY, REEMEA A N> THILEET Fe XZHKHE
WD ENREBEENS. FFIZ Al, Cd, Cu A b L ABLE(R TR ClTES RS N7 v
AR—=H = NASINEENT W, IRED N T 227 Y7 ~— LT b RO 7 27~ L
THEY, HBEAT AN VRZL > THEMIKREER N T A7 U7 b—AL L)L THBR
TS T OREN IR S D Z L &R L, REOHEDA A2 A LA TEEER
ERBETFHORBZMHT 20 THL Z LML, LoL, ZhbOESERE

BHELE s F 2SR BUNG] S DR BRI I DWW T OFERITHIBT L T Rwy. 72, RIEICE

—

EBAR TR0 GOLS2 DFRBFFENHER SN2 LD, L B TR RZIKERAE L TN D

AREMEDS B 5. MK A D VAT D E GOLS WRBLL, I 7F /) —N, 77 1)
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— ZADEBEAE LEM RO, RIR, B{EA b U AMPEESICEE RS E Rk
PH BN TS (Teruaki Taji et al., 2002; Nishizawa et al., 2008) .

WRIZA F R B ORGSR & AR RISE & L TBIE LT, fE O A3 o4k
HOMMEE L LT, Fryo7 VWA 20 EOMMREN RN, S22 L TRy Al
MHEREE B L TWAZ ERMBNTND., ZRETIZT VA TAIRREEN 7 VAR —4—
NEE SN TS (Negishi et al., 2012). L2xL7en 5, HiEEHICHITS Al A b L ADFE
720 TABSLMRIGEIZA ST R > TRV, w4 7 a7 LA BITOREERNS, Ve
A XF RF i B STOPL #25-HlHHE S FE L TV D Z EAGE Sz, Eio BT
b AtALMTI O3 HFEN TR T & 7275 Intensity 1359 1000 & #i FEOFER L b~ THEL
SMEMoTe. ZOZ LMD ABHZE DA ML AL T FANM EIICREL TS EEZD
I, EHIZGST X SOD & o TR HERE R IR 5 RIS T 0 R ST e, AL
R\ Z G 2 72 DR IRPNIZIN ST, H Bl S < DWENTWAHR, 0
FERPOH EEIC AL A P U AEENEZ SN TWDHEEZ2 65, BE&RED Cd B LTV Cu
ko THFEINTBBTRE LT, CullETT AL RE T U ARICE G T 585 7% 2
OFHEINTWe., HLEOEREIIEMENTEFRER EOREREREEZ R LTV
LHVRFNCAFAET HZ & T, 2O LV IEERFEELZSISR TN TN,
FA VL RFT AIRBAEY 2 8Tl Cu A A &I EES 2 Z Ll S TE Y,
PILERXTBIZBITHF AL FX U OFRER ZTE LT Cu A 4TS LT 5
ZETHIIT O CuA AV BEZKTSEDLZ LR ->T5  (Holmgren1995; Gupta
etal., 1997). ZD 2 ODOHEEEICHE L THES N TV DBIAFHEREL LT RIHTEYD
EAERICEET 2B TNEEEN TV, “RIHPE BRI 2 BILEONZ L > TH
T D EME L LTHEET 2 2 LMo TnD. £72 CulddfEM =) v 4 —Tho Z
EMFBNTEY, RV R —iRCKEEEE 8L BB 72 R B AE F D122 O B
WEEEMEAT D) 7 —kRIEH RO LTV 5  (Poschenrieder et al., 2006;
Maksymiec et al., 2007). Cu ALFCHELHE S U7 A T HEC I A V€ VF BRI

FREZENTED, REIC Cu NBRISFET D 2 & TEMA b L ABEEOBRRF NIRRT
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BINTEY PGPF £33y 7T VOMEERNSI R STV D AREER®H 5. Culk
VAMEITLRE TH D0, ENRREOBNTRMEMELFIEEZT. 2ok 5% Cullk
HIREA~OEEREFEOFEML A B = X LFEH S TWHRnA, Cd A kLR ETERRIZ
Cu A b LA THRAT 5@ R 22 iR o BUSCTEMERE SR DR AT KV & 7 F MRERA 7
T NLAEMA NV AT VY AT VBRICED OB TAZRIER, Yy AT
VEEER ) RF T —E LOX WEEGHE SN TEBY, EMA P L AL TH V7R
BICEELTERY, Zo07d “RIHWE % SR 29005 B OB R EHRFE L T
L AEEMED D 5. NaCl LR Cah g SN2 BIx FHECIX, DREB2A %3 UH & LT
RBEEA NV ACEET D L SND2BEFREZRIETE 2. REEFICLIE LIZHEA L
A&, RN S Nat3 T2 o1 B~ Lt s <, i bins
W TRIT 28 F RO Z iz b 25, B3 7, BEariER R
FRIERENZ &0 D, D FEWFERIGE & LTIy 7T ARSI E K - A Hl g o
BNEWH ZENEZLND. A ML RPN T HHE EECHl R & ARRIPED & D1
REDBIR T 285BI L Tz,

Al TIIREFINEMEES T PR gene, Cu £721% Cd, Cu Ll THE N B FHOF
21X JAZ family &\ o 729/ HISE BT 58 M E Siv7z. F7I2 Cu A b L AALER
TlE JAZ family X° VSPI, VSP2 L\ o= v AE VBIGEELB TN FEIRTWD
ZENGMY, VX AEVBY T MRERKIIMOEN AR LVE D7 A N—71T X
S THEHEEREIR Yy NU—Z ZBR L TWD ZENEZLND. RIEOE TITIEEY,
EMA NV AD T T FIRZEITIEFITHREIC B A =27 LTWDH Z EHB L TWAHD,
TR 2R AE A B L RIZ KDV T T IRERE E TPREND.  MYB20 [ 3HINEZ % 7
F 4 TTHEL WD EY v s AL F=rFuaT A Ry R —PEREEEHELTBY,
FHORBEEA NV ACEET BN EFLTWDHZ &G, w4 A X ML RITE
W MYB20 OFRBPIHIESID 2 L TraA X T X7 EEOREIEA b LA BEER T
DOHFEDO—KTHDHZNEZLND. £7c, Fellpm ¥ >\ 87 =V F v #&fst FERI,

FER4 D3 3BUNEI S TR Y, FERITHNET D Fe 78 A A A% 2 AT B - TR Y Kk
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PEDFE Fe2t gk L TRIENEZR Fedt & L THER{L Ly FINICELY JATe Z & T Fe 7D
tHE 24> T\ % (Jeong and Guerinot 2009). FEHINHIEAS T-HEDMIT 06, A kL
AT O WPIME LR L TR Y, EAEWERND Fe RE ORI ERIZITHO TV
ZENHERIESN D, IEMHERBRFEOFAITRBE ORI A A A LR L EHITHITNENS D
A NVAVTF VL D5, S HIZNASICE 2 ESEOER(GEMESER L Tuniana

& D OERRER IR TR UGN BAE L D ROS BFIKTH H 2 L AVRIE S LTz,

R A A REME AL A — T — DR

Fram Calk 7z X 5 ITHHEATRE 138 Tldkk 4 Rt A o PO AR ZET 27, #
PEA F 2 A N U R EAEY ORBIL TG THIBT T 2 OIXEHTH L. AUFE TIEEN
AF AN VRRB AR L7z > m A X X B OB FREOEER 2R ET D
& THMIENME 2 DFFMEA A2 A R LU ADRIETICH 2 22 3Tl T E 2 285 7R BN
AFd~—T—ZFHNTHE L7z, EE&M RT-PCR 2L » TS F~— 0 —8Bs I35 3
AF K L TEVKETA L AZREL, A MLRRELEZWT 52 LR AMREE LR
Liz. " F~—h—i&fnTt & L TAl A NV ATIX ALSS 72 £ D STOP1 FitiE s 123
BN Al A F L ARIETH D Z & 27 LTz, Cd B8 LU Cu TRIEGEE S L i-ilfs 1
DFERE & L T2 < OIEMEREFRE R ZIRIGHEY, AW A L AREMBIEF R E £
Tz, Cd =X Cu D#A72 53 As X° Pb 72 EOZHEO A E /2 EA BRI AMEENC L Y Bt
W L TWD. 202 & 2Nk L TR ER BRI R E 7213t L TRBEFEI DA
AT~ = —EANERT D UERH L. A NV ATIL DREBIAX LEA 72 X DRGBEA b
U ATMHEIZE 5T 2 BIa FORBEESHEM L TV, —HF TRBER b VA XS, KE,
ER/R EMRIANA PV ATHERISNDIEETHL I ENBHEA LR LMORFEEA
FLRICE S THEINDEBFERTILERDHYD, ZNHOMDR ML RIZIGEL
RV F O ORETHBRICHETREATH L. WICEHEMETEEZANTT r—/L REH
LT CAA A~ — D —PRATE D02 MEE Lo, BRI ORER R X b L A ER]

& LTABE HHREERH Y, T b OEFIIMEDOLEFTICRE <G LTS (Rao et
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al., 1993; Kidd and Proctor, 2001). 72T Al IBE TR ORME A LET 5 2 &2
BTSN, ABHIRPRIEICER L B~ & A St SN &b il Bf%
o B ERAECTIIHYORERENRETH L. HEYOREZ BEENICHRAE T 586
FRENA T~ — I —OZW T O LD X N L AZWENZANE B 2 b b 03, Al
Z RV ATHFE SN D BT &2 MO TR T OREBZ A TE 203G ST
W BB TRBIANA A~ — 1 —ORER AT 5 12H 72V, Kobayashi & (2013) DAL,
Al 2 b L 2% L CHRE SN D BIE TITIE A b VAR T & EEINE R T 2 T
DIFET DI ENGhoTH Y, BEISEIIFEEA 4 L EBINSET DA REERH D 2

ED AIEFEIZ L DMMEEIRFICER LIEBIn F O I~ — I — % EHT 5 2 LN EE
L. SEOBEFHEANA ~—h—RBROERN G, BA7 LE2HAniz BTy
HAXFT RSO Al FeRAEFHENE T 27 V7 h— L5 STOPL T+ Th b
4 ODBIETERHFEL, BRI L TEFT LY A XF A THEETRAEZNE L TAZ
LA, BBRITEFBE IR TELIELS, £72CaC0s 2L BICHERAL TWDHERY
T CIEBEABEN DRI & Il L CTIR T LTV D Z &R T & 72 (Fig. 15). Ll
RN’ B, GOLS3 I3 RKEDAIKZ I LT ALERIX & g U CH X RIX L OFEENH -T2,
FBMETEO X R L RTRITRAI LD b2 REEPHFEL TWVDLD, [EICEY T
YT A YN, ARRY I, BRI NIRESRRTBATERT D52 LD, BB
A F~—T—PARERTHN=T > Y AVLUSNTEET LIEEMITINET 20T 260
RANRFF- D (54 1991). F7- Al FIIK pH & M2 TidZe<, mpH&RHFETTSH
FIREZISNDZERGN>TNDL T DA%, mpH RMETTO ALEE TINE T 2E
5T OEARFET-1 5 (Bartlett et al., 1972).

Yang & (2011) OBFFEN HHEBIHEAFHED Al X b U RAISERBUEBIRF N A A~ —
—E LTORRMELRBEEINTEY, (FOZ X Al EZMETHLZ LD Al A ML
A FEBNHN BT DA A~ =D —FRbABRTH L LEZXAOND. KEIWH T/ L
[CE BRI N TN D E B R ONDBIBF RGNS T~ — A —DFfHE LTHND

LD MERRRE LT3, AtALS3 782 5 ONT NtALS3 3B & e S A A~ — T —ff#ir ¢
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TR ALK L CH B TRV RSBl Sz, ALS3 A— Y n /1L NtALS3 X°
OsSTAR2 # 3L & L TEZMOMWMICEEIICRMFSNTEY, 3612 ALISEHERR
T DI BUHIHER G K 7 STOP1 & & OIS NFET 5 Z LAV LT % (Ohyama et
al., 2013). STOP1 MRS I D Al JNE MRS OB 2y, oty FET
% STOP1 il A A H EIICAFEL TS Z L& R Lz, Ziud STOP1 HilfHIsHE 4 A5
LRMER, 72 ZIERTI70Ivasd Rl TCHOAHTHLZ 2R LTINS, Al it
1L STOP1 25K 16 LIXZ DA — Y u ZIZ X HHEEIEN > v A X F X F0A 172
&, %L OWMFEIZRAF ST 5 (Tuchi et al., 2007; Ohyama et al., 2013). ~A 7 17
LA OfHrnr 5 STOP1 Rt s FId B CHBEIND Z EBH LN o7z, <D
VEWFRIIIRME TRESZ M TH Y, BETEA N LA ZZT TS 1EM T 25 Al A L
AISEMANA A~ —T—L LT, STOPL HlfEMLIZdH D8 sT, KR ALS3 A —Y u J)3h
NThDHEEZLND. CaCOsHEASND Z & TRA A~ —T—fEiD 3 s T DREEL
BRI L RIFEICE TRl STV D 2y, REEIZEBEINTE LT, # EIICHE R
ENBNTND ZERDND. Ay aA XFAFT, BETERAAL F~—h—I2L5
D Al BEEOREEENATRETH D Z E VB LI DIXIEFICHER THY, v uAl X
FRF L HBHTR TCHDLEA T T T T FTRONT A TOICHNFARETH DL LB X B
L. FLEWRERS =7 o —TI3T ) AMERPFGR SN TWRWEY T T A7 )
N—AfEMTNAIRECTH D, HEESIORFEDR WA —Y B VT ERET H & T, kalp
TEMFEIC KIS CE DB FRBINA A~ — I — DT L AIRRICR D LB biLD . miEA
FUNEBIR A A~ = — O HEE LT, RETEIZIIT DM O K EZ IR OfE
BABLOT 74 N AT 42— a VORERHDH. ZTORITEME & OSELRYIC
BN, BV R—=iiE@m O BiRgh R 2 w7 F 23R Th 5 — 5 THEEIC Cu BNERT 5 2
LM E 72> T D (Moolenaar et al.,1998). Cu I3 &EITLE TH 523, EFNARE A7
T2 EARMEMAR EOREELZFI XTI END, IHICEE» D DIV 2351 5
R OREE BT &L L TOIHANRZAbND. A% OBE L LT, EEOBREET

TEENT AELFERTEL, FOBLGFEENDAA, b~—I—EfEE O EZITV),
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FROMERZHET 52 L TERBENDIAMED S WAL I~ — I —BI5 T O E %17
IMENDD. BN T A7 VT b= DTS K DO FNEA A AT DA RO
TRGIGE DFBT 21TV, I EETIs J O RO R RSB RIS T ORFE, FIMEPBALIC
K ORBUBIL T DAL, FlomltaA I I L 2EEEHIE X O 7 U RER ORI

BoomMmAERL ZENTEIL.

AIFFEOEHTIE 4 O BEA A NIxT DB FINEORIICER Db DO Th L. ik~
TR VT b= LEHTORER, H RIS E A T AR RGN E AR 2 & 3
L, FT-MTFHTIIENENDOTMEA A T 2 EsEN Bl c& o, M EH ST
HCIET OIS E LTRBEA b LA LIEEBERERBIFORAFEL LOESE
i 25 PR AR T O FEBLINHI SRR S 4L,  ZAUTARE MR b L Z S EBEAE OB 0 — i &
ROBDTHD. fMOMEYTE, RTHIEYOH B TENENDOENA 4 V8B G F
PR 2 R 5 2 & TIREIRBED OO O RBREEHICRE 2 HE bl b T

bOZENZD.
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FIE
Penicillium phinophilum BREIZX 24 XBLOvua XFXFD
R E GO

3-1 W=

20 HACD BEEITRFEIRORBIZ L > TAEEN AL FRE A b b7 b LTz,
(LRI A RO T BRI B s 2 K& IR T &2 W B R4 768 L IBZE O
FEEHEZEET 2 Z E MDA EH SN TV A, 2007 FI281) D B ARDILZFEIE O Hifir
HITAI 30 0 by, HIMERITN 3,600 B & SN TEY, RILFREEZMEH LWEE
TIIKREDOILED 20~50%IK N5 LHEl ST\ D, TN, b7 REITREAMEN
RE HEFHRERIC L - CTREMO FHEBS JOKEBEREZGIEEZ LTS, I HIT{k®
JEFRITARAT U TP bR I35 88 R B R RO AN M 5 D34, A8 DO BT fE S £
BRIEDIRT, V¥ =Yz AOREL Vo EfERREIN TS (EA, 1997 H3ED,
1986; (FFEES, 1999; HAES, 2000).

2O X IR EE R REABENC ST 2 S =— AR EE - TN D, BRIE
RARREEL LT, WIEERRDRERIIESEOMEM, U X 2 HEHECHER S & vz
WEL 22 BiBR, RESL7 = OffZe & bllAaabERamEEH IPM :
Integrated Pest Management) 2NEE/2&E 2 -3 LB b5, 20 THIREDHIA
DIFFRITEATH Y, BEMOER* AR BHEHSh TV D, RERRH L L TRAL
FWICEDBBFEST —/ A% 2 7 —HIREIC LDV VBRI OMBIERIC X 0 IEER Sy
DAL ZRANZ 72 0 B 2MEdE &% (Ho and Trappe, 1975; George et al., 1995) . &
TeBREEA B L 2 OIFIMERFEMZIR VI L TR Y, Wi lE, BB EOIFEM A k
L ACHRT DA EH9 5 L ST 5 (Dimkpa et al., 2009). % 7= HEE#AEY
J@A R T 2 2 & CHAEREE OEDEE, BREIRNH DL ISNTWD. 2O X5 iy
DR S T2 DT R BERRIREOOE DL LTRENRA SV, HEMEZRET S
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AW Z O 2 AR RITERE AR 23D 72 <, AR E R ABAE LIZ<nE ST
W5, MAEMORFVIRSRE LT, WMHORERMELZF LT 52T B RGE
(Systemic Acquired Resistance: SAR) #8211 (Induced Systemic Resistance:
ISR) 2815 T% (Lawton et al., 1996). F 7MW OlibIECAEE 2R+ 2 AR
MR B AN (Plant Growth-Promoting Rhizobacteria: PGPR) <04 4 7 It 1 1 4
(Plant Growth-Promoting Fungi: PGPF) W§FE S 41, ¥4, Z 0 X 9 24w o
oS R 2 TEEAL L TR ERIUE 2 @O DM 7T o "M 4T 4 7 2L LTHEAR SN TED,
B2 BRI D I BRE R CRatER ek, FERLIED b TW5 . BRI B subtilis R
JitE Fusarium W78 & OWAM D RFERER S, TRENR % T —KAl, ~1v 74
hELTREENICRIAIRTWS (HAO S @ 2003). i EMHMEZ 78T 2080450 O R E 1 3HE
W ORRERIL LT EMEM OBRIC RN Y, KEEAMERICBVWTHERTHS.
TR OAYEM TG ESE 12% EA L TEY, 2004 4£1Z 4 {8 6800 R/LOHETH -
7273, 2010 AFI2IE 10 f& 7500 R L 2 5 EOMEZZIT TH Y, & HI2 2018 4FE TIC
2% 2000 J7 R/VIZET D & TRISN D HER 5T/ 5 & FIAE 41TV % (Thakore 2006).
Beilt, BN TERRXSHN A XFHECIRYIE 2 F 8+ 28 AMAEY Penicillium
pinophilum YS-31 #k (LL'F, YS-314K) ZHFFICHER L7z, Z OB IIKRR: 10 HEEs
AT DN FEHRGUE OFEM 7255 8 4 K OMIMERSAE MR S v T ey, ARETIE YS-31 #kod
A RIFNZKRTT DI IIEEDIRR TH 2022 BT 2 72D RIKD A X EFEICHT 5
BARRZH R FS K OV EHEHUMERR EAE & 3T L 7=
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3-2 EBMEHE L UHE

HEEME LA rdbfEiav e ), A X+ X5 0FE Col-0 % 7=

BEHIAERR

fifL SN T4 BER AR OB 281213 PDA (potato dextrose agar) H5#1(Z 10 mg/l 4 A X F o,
50mg/l 7ET YV, 10mgl V77 BTy, 100 pg/l 2 2 — il b X oL,
FERDHKEIREE 0.8% & 70D K 5N A =854 (LT, SAEME A Y PDA i) I L7-. %

T-HiEWE Y PDB (potato dextrose broth) EifiiZ E5t & [RIMEEIZ/225 X HFHIE L=,

A IR EFIR I IE SR
ARFERITHE )N THERASHT 7 a S FROIRETITo 7o, RERL THE#E Lo A /L
KRB Rhizoctonia solani ¥ J O R b HAHIEYRE Burkholderia glumae % A T
PTG S, KRB B HE 28 1 400 g [CHEFE L 72, YS-31 BRO ARSI (1} 107 cfu/ml)
AV AR U 7 AL BRI & [RIRR A R L 22 WO BRIX 2 3% 1T 7. B #R T 30°C, 100 Mef HiZF:
B EAT o 1216, A RS EABEERER T 20 A, + % b AAEHER ERBRIT 25 MR
ETHE L, AR OFIF &M L7z

RNA #itti, #FEERGE L OEER RT-PCR fi#tT

YS-31 #k & HAEWE AV PDB AL H 500 ml T, £ 25°C, WiATT 10 H Mg L
7o, RE#E A MILLEX GV 0.22 pm (MILLIPORE) T7 ¢ /L Z —JEi# K # L CI&HK % 1]
I L7z,

H 1 EEFERRDO FIETHRFNUIEEZIT oI A X B LY v A XF X F 2 KBHEKR 2%
MGRL, pH5.6) T 3 WE/KHEET L, YS-31 ML X CITMEMR DRI A YS-31 HROIE

WIZ 24 BEENRIER, HOVKEHAR C 24 BEESE Lo b A2 N Lz, SFRXIX
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YS-31 BROUEHALEE 24T, 48 W& (T B2 RN L7, Zedo BRI I35 1 L [
FETHD.

RNA flitHd L OWHRE UG, &R RT-PCR IS 1 B & FERD FIETITo 72, A IR
B B E R AR 11X, PR-1a (pathogenesis-related gene la ; Os07g0129200), PR-1b
(0s01g0382000), PBZ1 (probenazole-inducible protein ; Os12g0555200), OsGLN1
(endo-1,3-glucanase ; 0s07¢0539100) , PAL (Phenylalanine ammonia-lyase ;
Os02g0626600), Peptidase S8 (Os01g0653800), GSTU4 (Os10g0528300), Peroxidase
(050706384000 © 8 &1, 1A XF X)X PR1, PR2, PR3, PR4, PR5, PDF1-2,
Peroxidase (At5g64120), WRKY41 0 8 Bin1 OFBLRAZNE L=, A X ONIIEER S
T & LT Rubgl %, ¥mA XFT XS ONEIRERIZ 71T UBQI & Mz, ARFEBRTHW

75 A ~—WH|% Table 8 |25 L7~.
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Table 8. List of primers used in quantitative RT-PCR experiments.

UBQI (internal std.)

TCGTAAGTACAATCAGGATAAGATG

Name Sequence (5'-)
F TTATCCTGCTGCTTGCTGG
0s07g0129200
R GGTCGTACCACTGCTTCTCC
F ACGGGCGTACGTACTGGCTA
0s01g0382000
R CTCGGTATGGACCGTGAAG
F CGTCCTCGAGCTCATACTCC
0Os12g0555200
R GA GA GGCTGTGGA AGGTCTG
F GAGCCGAACACCTTAGITGC
0s07g0539100
R TTCCCCGACACTATCTTTCG
F TCCCATTGTTTGGGAGAAAA
0Os 1020528300
R GAATATTCCTTGCATTATTCAGACA
F AGTGGCCAGGAAGACTCTGA
0s02g0626600
R GCTTCTTCATCAGCGGGTAG
F TGGAGAGCTTACCAGGCTG
050120653800
R CCATATTCCCCAAAATGTGC
F TCAGGGGCAGGATCTACAAC
0s07g0677500
R AGTTCCTCACCGTGTTGTCC
F GTGGTGGCCAGTAAGTCCTC
OsRubq1l
R GGACACAATGATTAGGGATCA
PRI F TTCTTCCCTCGAAAGCTCAA
R CGTTCACATAATTCCCACGA
PR F GTCTGAATCAAGGAGCTTAGCC
R GATGGACTTGGCAAGGTATCG
PR3 F GA CGCCGA CCGTGCCGCCGGG
R CGGCGA CTCTCCCGTCTTGGCC
PRA F GGA CCAATGCAGCA ACGGAGGC
R GGCTGCCCAATGAGCTCATTGCC
PRS F ATGTGAGCCTCGTAGATGGTTAC
R GATCCATGACCTTAAGCATGTCG
PDFI2 F TTTGCTGCTTTCGACGCAC
R CGCAAACCCCTGACCATG
. F TAGGGTCGGGTAAACCTGTG
peroxidase
R GTTGCTCTCTCCGGTGGTC
F CAGCTTCAGGGTTCGTCTTC
WRKY41
R GATCAGGCGCAAGCTCTATC
F
R

CACTGAAACAAGAAAAACAAACCCT
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3-3 WMRBIVOEE

YS31 BEHKEREIC X 2™ E WAL O FE

A FHAEFRE R L O 3 b BANERE A5 YS-31 BROFEM IS RABROFEE,
KX TR E DI A CHERDINEIE T2 IIRSE Lo A REE 23 <AFAELT2AY, YS-31 #K
RUBR X CIEFE IR 3 0 S A R MR 2R LT D Z R T 72 (Fig. 21).
YS-31 BMRABEX. O A IR EEH DRI LV bEIFELTND T &b, A REHER S
F O b ARG E5 (25ck L CRIF MR 8 5 2 & DVHIB LA 2 OB 1R BRI
DEVRAEMB M5 Z EWRBE I, L LARBRCIXE S L TOWMEMIL Lok

Ak L TR 5T, KEICBAE L7 b BRI DHRGET 2 D OREENKLETH 5.

YS-31 HidA R B LY v A XF X FOFRESEEBIETF 2 REFET D
YS-31 BRI FEICE NS KOG BIc 7 2R BEH 8T 570, YS-31 HRAEER L7 1 x

BXOveA XFXFHEHTEREN RT-PCRIZE » CEfa 3B EZHE L7 (Fig. 22).
YS-31 RORERIEHILELX DA 2 TIL, YRS N7 E PR-1aX° PR-1b, 77 A

T VXY ARG T bPAL (phenylalanine ammonia-lyase) <° glucan endo-1,3-
beta-glucosidase, EVEREFRERBIS T GSTUL L~V A F 2 X — B ORBLNXTHRIX & b
B L THRICHEEIN TV (Fig. 224). IRIZ YS-31 PR O v v A X ) XFTlE, PRI
X PR2, PR5, YWHEIENEY VX0 ET 4 7 = v VilfaT PDF1.2 R01EMERFERE RS
T ORELDFE I N TWIZ— T, PR3X PR4 DIEBIEEIXI X & g L CHE 2721

7einoie (Fig. 22B). TV E TORM O ERIT L 7 T/ ARERERE OIFZE) b I FHEHLE
BRIV FARRE VX AT VBRI T L A LD V7 T VRERE CREANIE ST

BY, EHIZINEOHEMARNE AL D V7T IRZBITHEANAEN T2 Z L3 50>

2725 TV D, TR ERIIOIEN D, SAR 1TV U FLEE S 7 VR, ISR 13
Y AEUEITT VY T VREREPRESEELTEBY, £/ PR-1X° PDF1.2 D%

BFFELENENRLR D Z EHHIL T D. Lo LEER RT-PCR OFE 5 YS-31 #£
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T m A XF RF OIFEISEN S 7T IMBIEIZS ETH LTV RWRIOREE THHE L
TNDHZ LRS-,

AEMBIREMITIA < BESIUL LD, ERFEHDOHFAEWTFHT 7r—FIc kY T
HPRE OARIE, AR, FEPIENICAER T DI KRR DA % 2 AR D ORERIICHR D
FRAT S FIREIC 72 D AEM O H IR DBEH S oo d 2 (ERT S 2014). ZAUSHEY, JER
B OBARHY, ALFRIREIC DOV T O R EE 2R BRI 872 & NS T — # X— 2 ORI
D HIVTW D, B O R E 7 ERIR F DIBR O Rtk 0B B A O i 72 L BLERA
RN IANT 72/ 28 B R DICAT /e b TR 0, WAEMBBRAIOFEN G L, HEORE D
CATHBIHERET D D DREE ATV IR BRAI O Fl & - D X3 TR IS 72 duiE, IPM
DIBIZKRELS BT DL WA D, EWEM, FlZAABAEDDIRIC S 2 63 A
IR&E L, DB YIEREREEE AT 2MAEME ARy & L TRV LBRAI L 2 b
DRI EDRD BTN D,

ARETIE, YS-31 HRIFA RIHHEORFMIE L & bITHEDFE 2 - h ERPUEA S O
REEZATLRRECTHDEZ LE2mR L. 5%, YS-31 MOMMHEMEIC W TE 572 505
T5 L& BITREMTOEDIEAEROHEYRSR 2 EORMMELFML, 74—/ F~D
JERNZIAT TOMENRKBETH S, A HEOFEERT YS-31 BRAMEMREIR EF GRS E 2
T DMAEWEMT/0 5 HATHEMN S 5 Z L &G L. £0O—75T YS-31 ¥kAMEM ik
DAEBIMER /A A~ A7 EOBRITHFEL TH ST, YS-31 BROMEWEM & LT

DHE 2 HIEREMT N EEND.
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Figure 21. Effects of P. pinophilum sp. YS-31 inoculation in rice seedlings. Disease symptoms
caused by (A) Rhizoctonia solani and (B) Burkholderia glumae infection on rice seedlings. Left
shows control plants and right shows plants inoculated by P. pinophilum sp YS-31.
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Figure 22. Expression change of pathogen resistance-related genes in rice leaf and Arabidopsis
shoots treated with Ppinophilum. (A) rice and (B) Arabidopsis treated percolate of Ppinophilum
transferred seedlings were grown for 3 weeks. Error bars represent sg of the averages of three
technical replication. Transcript levels were normalized to the Rubgl in rice and UBQI in
Arabidopsis as the internal control. Asterisks show a significant difference by Student’s 7 test (P <

0.05).



WEEE

AIFETIEY v A XFAFBLOA RCBTLEHFEDO I X T VA L ABLOHE K
AR X o> TRBAB T 285 T2 ~A 7 a7 LA &2 Ffic L CREL, BEisT
BERE D A FAERSFHRISOEREN T e 7 7 4 ) U T 2702, SHITREII X T LA B
L AR TR RIS E T D BB T RBANA A~ —H — & FET 5 M50 EOMEZ R
Tz

W R 7 27 U7 F—AfEHTIZ L5 TN, P, KOREXRZS AL, Cd2+, Cu2t, NaCl
DFMEA A A LA EAREILEE U= 5 LR B0 2 b L AR BSOS £ 721338
WIS E AR T DREEAT o7z & ZARBEHORBRZ T3 HIEA A A B LRITED
i EESOHR G I A F VAR A T EITRRERENC RSN, M BB KO
MCHE L CHRBET 2 T e o oy, HRL LIRS E T RBFE L TV
D2 EMBIREFO A b U AEF I EEICHREROEEZ 726 LTHY, M3 -
& N N AU R AV 2R B AR T N BLER S U Tt 2 4G L TV D TREMEN B 2
HiLd. Al A F LA TiX STOP1 Pt FARBEFEINTEY, IblivAf7/uT L
AR ORER, 74N FZ Vo ZIZRVBRA S THDERY TR T o AR—% —i&
51 AtALMTI HH EE CHBBFHFE L TV D Z &R CTE 72, ALIIREBICERE L,
PIEPICBAT LICK WD E DB Al XA ML AL T F IR X 5 FE R LR S h 5. IRE
SRTINVA BNV RICKT DM B A~D S T IAGEEOMRIITED SN TE LT, 4%
DM RLEEND.

RO A b U 2T 2 R T OB G AT L 0 4y 1A BRI & HER Uit
CEET 2B T OREEZITIICHIo W HERLFIETH D, IR EHEH) AR E
IRXRTNALARVRLZBHENTWDTDTHSD. £O—J7 THI EE OGN ITARIER D 2
N VAR AN K D EBEN IR B E 1213 7T UBREE N LT MR 72 BN & 5 1= o it
BIRTORFEB L O ARETH S, R CTHORBIAFET D2EMEA AU REICL D AET

DIGMERF LS 7T IVREWE Th 5 L FFFICIRIEA P L ADRKMETHLH Y, UEK,
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AR B LR LIEEMINA L ARITR R DML L2y VT NBERETH D LB B
TEN, IEFETITEERESE R D N HRIVE 2 Lo v 7 UK D3 AL BB D
DHEMBL TS Z ENHEIN TS, Zhao B (2008) #EH 7% < DIFFE T B A X
AT OIREBIZIRIT 5 IR TV A b U AFERGFOL@E L UTHEERSE X LIS
TOHEEFEY FELTHFESNTEY, I OBEEFHEESIREOFBIEIRFITE
FUPMEEZTRL TS,

AWFIETIE, MBI Rx T LA ML AL LTN, P, KOXREXRZIHLWAL Cd, Cu, NaCl
DA F A PR CHRBFEINIBIRFRECER LR N7 227 U7 h—2
fEHT LV BT X b L AR R ISE RS T2 HVAEY) O KB IRRE 2 A3 5 8 s 758
NA T~ =N —DRFE LRI, ZORR, DPEDA b L APMIEED T A7)
7 LR RYIE AT SO THEERE LR TE D 2 ERP e N ot FTe
A T 2 8 U T R 2 iR GG TRl U, 8 B HRHTRE M 0 43 7L B RO REATh 23
ARETHDZ L AR L. BEFORNITEEDA FLRIZL>THEINDI DRSS
<HIELTH Y, Kobayashi & (2013) 13 AtALMTI 75 AI3+2{% pH A kL ZAD K72 6F
HEPA RNV ATHD 77V ) oA —F v i EORP RV E L Lo o fix 7RI T
FHEINDZEZHLNTLTND. 2O LD RBEHED A N U AFEEREEFZER 20
WZHEE R T 27 )7 b= A TR FEE RS T O bEB ORI FRAEZNET S
Z L TEENAA I~ — N —ORHMER LORRERH LT 2 B2 6N 5. BREAARTY
BEELZERTIICHLY, HRAOSHKALLE TR SN EMEEEERE (Precision
agriculture) T/3A 4~ —H —&EDEGHRKBIREFIIC X o T OREIRESL
RT 5 2RI ESND. o EHORBEREFZ2MAET 52 &L TRR HEDRET
EXHE 2 & ORI R E S ATRE & 72 0, 1 2 X e 58 ClIRbs I AX pH o0 Xt
L CHKZBIET 5 Z EAEMNZR L3252 ENAREE 0D, KRA RWERNA A~ —T
— Lo TWV57%, miRNA OFHl&ES A b L AREZ R TAHRBIEFREANA A~ —7

2720 95 2 EMMESNTWD . B FRIEAA A~ — I — I3 TR A TR 725
MR RETHD A NV RAEELRET HZ ENARBTH L2, BHTOMEYREEHIZ

87



HEkToEEz2z0n5. FlmEtEL2ET LV E LTERRZ LEHY, STOP1 TitEls 1
T ALJSBEMNAA I~ — D —BInFORBAELBIE L LA, FLIRBIEFEINTND
DAL, ETe X NaThH NEALS3 IS AL IZINE T DB N, F~v—1—ThH Z &
ZAE L7, MEMICEERICFET 2 A b L AINEEOBIR T A28 ETH 2 &M, A
F~— D —OEICERARELGFTHDHEVZD. Yang H (2011) AVRL7ZL DI, HEH=E
TG LI DO N T AT VT N—AT =2 X0 HFONI A, v — I —BIE D7«
— /b REkES LTI DS TE 2 2 EAVREN TN D, REBRTH KPR X 0 FeE
LTesA F~— A —BIn TR RIS K 2 RHIA b b 2T LT b 440 7 AHMEDS
bHZLER L., BROERDRRLMFETIINS I~ — I — BB TORBBEICIKRE 2
ZENRHLZ b TG, B2, EFEMAHE=E (NUE; nitrogen use efficiency) X Al
2 D AR O AN AR 2 S IC R R > TV D Z E SV HIBl LTS (Gallais and Hirel,
2004; Tkka et al., 2008). AHFIETIE A A~ — I —BI5 7 O MR TOMEA G HMEIESE
B L TR0, Yang H137 4 — /L RCTH T MU Er a UMM E TN RZ A
F~ == N RZIISET H0EH R LT & 2 AL < OME TREBREDOFHNA ATRE T
bHZermLiz., NIRRT YT b= L W TIIEE X b L 2 & FIWTfifiT <
TEECAFT I OGN 17O TERY, 74—V FRETFTBLOENEZH LT
A BV RAIRERAEOAPEIRNIED b, I BICH— I 7 A2 iG Licidii T~
A=V RICBT 2 E AT 5 HIENKRF STV 2% Jensen et al., 20105 Sato et
al.,2011; Nagano et al., 2012; Alexandersson et al., 2014).

ETNMAD THDL A XF XT3 A RV ABETO N T 27 )T h—AhT —
ZRFRFELTEY D FEMFTHIENT O L LTRESAERRLTWD. 20— Tk
TEWREDHET — 2 2 EBT 22 LIIRNEETHY, EomfE, EYOEFTAT -V
E DN RERBNEREEET LA EOREHTH L. o TR, XXFTRA R R EDET
W L D BN EBEN O A— Y u Z 2 HE L, EHROBEFREAL A~ — T —
THEM DOREFRIRIEZFHNT 5 Z ENBENTH DL LEZX DD, —KIIEDITA F LR
BEZMETH D720, A LA L THBMH SN BB TN A~ — I —IZH# LT
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WD EBZHILDM, Al A ML ARERANCHBEFE T 28I5 T & LT ALS3 MY i
WNAFAET DIRENA A~ — I —Th D LG Lz, EEOEM TR F L AMMEOM 550
BEFRBNAA AT~ =T —DHEDTDIC N T VAT VT N —LT —ZOEREN LY EE
272 5. KRS, TOETIVERDETH Y M EEOERENE OB K E At
LHEEBEZOND.

U bDZ & wliEz, RFROBREL LTIRT IR N LRITKHT 5ET VY O
Wk DK A b L A RIS T O ER KO, 2 g FV T2 )7 Clts T3 Bl 31
=N —F R, FENTRETHDLZ Eamnm Lz, AFE EHORBEREOXERIZH Y
RBRBE, W EHTIEE —OBRTORBEEMTHL Z LRI SN D . AUFFETH K
BN IR DR TEE N A b L AP ORBFERIZTF Th > THAEFTHHOMMIKE -
T ERREE ORMIFIC LIS TED 2R AL, A= 7 AR DA A~ —D
—IC L AN DORFBEFIBEREZHF O TE 0D, EMESNEWRARA—I 7 25 —4
Doy AR ROG & SOk U7z, B FRBUHIEE 2 M LE7 LA RE L, YD
BiA b LVAREBEOBRICEMT 2 B ALND.
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i il

SATNAPVADRE ST A7 )T b — AMRTIIR R 22IGE &R TS & R E
TE, BRa KRBT O FABZERSE OS5 Z L T& 5. N, Pi, KRZALHIZEK
WTHA ML ZATHE L THHFE SN LB FI3P 7L, FENRIGEEZ T 2R8I FHZD
ZEMMBIRE DA LA L THE BRI R R ERIS 2R T 2 E B L. miE
A AL LTABY, Cd2, Cu2t, NaCl ZAREIZALEL L 7= fighr ©, Al i STOP1 #li#i =
FH#E, Cd 3LV Cu Tl JA BHEIER T-X° PR gene 3 XY PDF family &5 72 EIGNE
PEICPE 53 % {5 FE, NaCl Tld DREB2A <> LEA protein, HSP 72 ¥ ODRFEFEA b L%
INEBIEFRFEINTEY, S OICTHREIRREFEIEA A 8 E OEGRAT &R % 1+
AMVABLOB LA PUVAREA ML RACHBLCHERIIND A N A LREET
DGR, £7- Fe RZHRER bHLH101 <> PYE 3 FEEFHE S T 7223, IRT family
R YSLfamily & Wo72HEE N7 VAR —F —BIn X @BOEKANBITICEEG T 5 NAS
DRBEEITEB L T\ iehole, EEIGl STz, —HH T CIIARE A 4
VA RNVATESRBRERDRKE M SNATWD Z s, REEHEA AT A

AVIRE RN O B A JE B A BEELT D Z LAV Sz,

g N T A7 U T N — LENT K0 RRE S VBB FREBLANA A~ — I — X EMICHEY
DRFIRFEIR D I EMEA T DEEZFMNT 5 2 LN TE 2. 2D &0 bARHE: R
THECEMEL VBN N7 A7 U S h—L7 =% TIEKR L2 B In BB A1 A~
— B =P TR LIS LIS TE D 2 RSN, R OETIRERS L O
HEFHIHIO A b L RARED R DR T H EFEICFAETE 2 Z L3 L7z,

HHWAEY) Penicillium pinophilum YS-31 MR Z BB T 5 Z & T xR v A XX
T B IR EICE R T AR T O E N L A R e A XF XS [T YS-31
RIC K > THRE SN DWEINEMRIZFRRRD Z L0, PHERPUEE O R 2 R
TORERE T, ZOZE XVHEMFEIC K > T 7 0 A FT 4 7 ZONEPMERT

D MBRET DR D D
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