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LB RO 70 B A EH 22011 45), 2050 4% TITIF 90 HEAZBEX
LEHIAEND, L L—J7 TIFAEEAEZME L. REAR RO NTEHRIZBNT
KIEANWD LHEE SN TS [FOOD AND AGRICULTURE ORGANIZATION
OF THE UNITED NATIONS (FAO)], % D7z BREAEDIENEHS & 72> T
B3, WRANAED DEFERETNZRA L 7o o TV D OBRBRTH D, O & DDHEH
ELTHE. INFECOMMEROME, AEESCHENHCRE L otz izdic 2
NLL OB R BRI CERL< Lo TVEZEBH D, ZLTH IV EDIIE
Y OB FE O IR B HREEZ /e > TND Z ETH D, JHUTOE 2T, TEEREIC
W WARBREENASGFELTND D TH D, —RICZDO X ) e BTN T
(IEMAERNIDE LR T T 5, b L. 2O XD e HETIEWAELITV, I
BAN ES®5 2 ENTEIUL, RERNEORIEICANT T2 SRR A T 5 &3
2O DH, TE ARTEIIEDO LS 2BEEH SV, MNREKE 2> TEBARARE
BIEEZLTWDDTHA I D, o, RRTHETEMEZAFET H72DICI1EE ST
NEEVDOTHS 5,

R OEMERIIN 130 E~2 ¥ — L E SO TR, EBHHE L THIH S
NTWHDIEK 155~ X —LTh 2 (FAO, FAO Statistical Yearbook 2012),
LU, EZRAMO S B, Bk EEeT7 V0 U wR e R ARG Y &
170 %N AREHEEEDbN TS, ZOFTRHICERTRE L0, AREHED
I BHIB0 % (K 5E~T X —/V)EHD TODHEEMETETH 5, FeiE B3t R
(IR > TV D3 FRIZBERRCIRAT 72 ETROZ WHIBEIZ 04 L T\ %, ZAUEZER
1D CO2 BAKIZET, TEFTHBHEL RT LR THDL, I HITE

T, PEFEEENC L 2D AT ORI AL 5 R ZKIZER A Te Bt RN 0 52788
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EFRE L GUIEEI O 512 X D MBRIEDOHIN O 7= | TEOBRMEALIX A 2 1T L
TS EHEDLNTND,

DX RWERENG, BETECEMAEETEDL L OICRD I EIIERICER
DRENVWEBZDBI, ZNEFATTHOIIE 2 2OHERSHH, O & DLt
FEHRTLZE, ThbbEOFMTHL, L, ZOFETIEZEOFM
ARSI S BN 72 D b BeE A RER EEICZ < M LT D 2 &b
BEFENCHBEATITR N, ZZTHLHIVEDDHEE LT, HHOKRE, 770
B~ O IO T 508328 b d, T a7 95 oIz, £ %
PR L ED &5 7 BE 52 T D ONEERT 2 NERH 5, Bk
DNTOSEIE 1960 FANHHAEE TIRIA<ITOIL, THETIZTLI=U A
ADFEME, v~ (Mn)EtE, 8 Fe)m@itk, U Rz, ALy v s (CaRZ,
~ Ay Mn)KRZ, BV TA RRZPESHICEE TWDZEBMbLNTND
(von Uexkiill and Mutert, 1995), EARAIZIE, K pH IZ L » TRk S 7 1%
FOERA A (A1 72 ), HDWITKFEA A HIPHEPICEEEE 52 TV
DT ENDHD, SHICHENREFL LT, T L LIE@EA A & U RS
LA 52 & THEDITY VAN TE R RDRERZINZTLHERD
CaX°Mg 72 EOHENH & A AU RSN T 5 2 & Tl Z 258 K2 b R
IZIFET D, ZOFTH Al A AN OW TR EEN TR . BREHEIZRB T 5
EAEB OFIRER OO L D Lo TEY | FIMICHESED LTS

1 1T HEERICR B ZLFEL TV DLeBITRETH D, pH BHHEOEAE. Al
ISE T O A R L FEE L TARE L L TV A2, pH O TICfEV Al S ATRAL L.
RENVERGA A2 & U TR FIdE Svd, pH 5 LU FTIRZInnEH L, &k
DFRVY AL+ &g T E X 52 5, KO ALIIRIGOREICER L, £z

b5 —HIIMIENE TRAT 2 Z L TRELSISEIT, ok, Al A4



R OBEENFEFICRND DIXEROMEHETH O | RO 4RI & 2 Ml D
ENHEIND, S OITMIROFEA, BEafk, RPRS RLEOERbEND Z &
WDHLINTND, —F ., S TAED L~V TO Z S OREEIS BRI Oy
MEZND . ALIZ X DM DOZEIZ DN TIIN O0lER H 5,

ZD 1o, Al FHEIZRT 5 Ca A A2 DEENZ OV TOWFFRILE < D HIThi
T3 (Z. Rengel 1992, Z. Rengel and W.-H. Zhang, 2003), Al 7% apoplasm (Z/2
AT D EMIEN Ca A A REN EATLZERMoNTND, EHIZ, AlSE L
En A r—2 (1,3-p-glucan) DFFECHBA LAFE, ML E# D2 IX Ca DiPE
ERENH D ELEDbNTND, Tu—RX X Al IZL > TEHA LZMEA Ca 235]
&4 L 725 T 1,3-B-glucan synthase 2 EMEAL S 4L 5792 (Krauss and Jeblick,
1991), L2 LZOH e —RA X ALFEARER 2, EOLI BN TARENTND
L RS TV, BEREEEEIC SV T D 72 5T, BT
AN Ca 2MEINT 2 LI LA FLABEZ 5 L OHENH S (Klyubin et al.
1996, Price et al. 1994), Z OJFRNWE & L CIL@ERREY (superoxide) iR bk
# (hydrogen peroxide)23d V) . # LRI EOEM, B KA ELG|&EZ
TEINTWD, LaL, M Ca3gl& &0 5 I AHTHY Al A LA
LR A b LR L ORIEMEIZOWT SR DAL, £o, Al IZX D)%
BE LU THIREROZAN DD, ZHHIFEICH/INE (microtubule) oM Mk

(microfilaments) 23 Hkd 5 Z LIk D H DT, ZORE., FlEs 20/

R

=
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=
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EZHFLTVDHDOLEZALNTWDS, B, ZOWEIX Ca > 7T NDI AT
NiZkabolasniTng, b Ca LSto Al JSE L LT, M2 S
DRSS, ENICHIT D Al-27 b~ F SR O A KRR D12 X 5 ik
DEME, V7= ORI ENRMBN TN D,

FEMIEZ DX 572 ALIC K DFEEZ BT 5720, W <D0 Al PR & 7
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- T\% (Kochian et al. 2004), ™ 1->& LT, MRiaH HAENEE fitH LT Al
X L— ML, BEALTOEEDND L, BT 2GR X0 B2 555,
BIZIE7 = @EE BT 2608 LTHA X (Pellet, D.M. et al. 1995), % /3=
(Delhaize et al. 2001). => > (Ojima et al. 1984)72 035, £7/-, T AF
(Delhaize et al. 1993)X°> 12 A XX} (Hoekenga OA et al., 2003)i% VU > TfE % |
VNIV a2 UBRE BTS2 ENMBN TS (Zheng et al. 1998), AHERE i
DOBRITZNIZT TIEe, BHEET TAL &G L TR L2 ) i Al
ERBBEETHE Al LARB T L— h2RR L, UV oBMeHOEEsE 5
EMTE D, ZHUTY VERRZ OEEIC B> (Ryan et al. 2001), Z DX 9 72
WENS, MLV L OFBBREZ RIS E5 2 &2 AL G272 % &5 2
bND KT oTe, T, AEBRAKEOEIN & AR ~ T o AR
— X2 —DOFBHIMD 2 DNKEL 25, I IOV TR, AREER A REEE O FIFE
BURZIER L= W< D0 0GR & 5, Fuente (1997) 6137 = BRG Rl &
(Citrate Synthase, CS)%& # /N a /XA ¥ CIREFEHL 7= & 2 A Al ([ZifEIC
ol LTnWA, £V a7 e Fu 4 —+ (Malate dehydrogenase)
HIMFIREEL LT VT 707 7 TR, AEBA I L2720 TidZe <, Al I
HiifEIZ 72 o 72 (Tesfaye et al. 2001), &5 \WE CS &2 1A X X T fIH Bl
SELIA, VUVBALIZEDIRY VBRI COEBNRE LW OWMEL D
% (Koyama et al. 2000), — 75, & IZOWTHEEBIKHEOT =4 F v 1D
BTN TE, Ny F 7T EREIZED, Al ISET =4 F % XVOHF
JEAM T T & 72 (Kochian et al. 2001)73, & D) & &3 2 BAs 11X 24U E THLEE
INTIRroTlz, L LEE, 2 A5FICBWTALIZL> TEMHEEESND Y =
fig b 7 AR—%—_ ALMT1 (Aluminum activated malate transporter) 7 Biff &

U (Sasaki et al., 2004), A A LF~DEANT Al MHERFEH SN D Z & RFRE S
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7= (Delhaize et al., 2004), F7-. v HEA XFAXFTHY LA T AR—%
—23 5720 (Hoekenga OAet al., 2006), & HIZ7 = Ul kT AR—Z =3
L7 A% (Vigna umbellate)?» 53 7 &7 (Jian Li Yang et al., 2006), 45 &%
AR AR, B OmE D D AL EDO T 523 HifF S5,

E72. pH 77205 HHOFE G FRFICHET D, Z< ORFENEET DA X
FAFIZEBNT Al & pH T pH ICOHESMEZ R NS STV D
(Ikka et al., 2007), Z#UZ Al & pH OFIZR R LB THL LA RELTND
B, ZOEZOWVWTOFELWVIREIZINE TSRV, & 2AT, K pH =%
RY T uA XF R E LTRE ST E 2 ERIKIZZ D%, zine finger protein i
BRFOERTH L Z LR EN., AtSTOPI (sensitive to proton rhizotoxicity 1)
LA bRz, TOERKT Al ITHEZMEThoTZ B REINTND
(Tuchi et al., 2007), L2>L. Z O®ERERF23HIE L TWD FOBEMLR 122V T
TR BTN,

AWFIETIE. STOP1 55K 1 & Huls & L7 Al K pH MitEHRE ORI 2 H 1Y
ELT B 1 ETIHZDIEGRAIZ K > THIF SN TW D MBI FOBREEZIT-
72, STOP1 23#rE L 722 & T Al 0K pH 1T MEIZ e D v H 2 &1, STOP1
DHIE L T B BR800 2oz (b LIV T LE )RR, ik
IZhe otz L) ZETHD, Al Rk pH O #EEITEAN R LOTHY .
D& RBIETHEFRT D201, 7 AR TIEIC L V@R F T X TE iR
HINZFHRD Z EMBBITR D, ZREIT I TCDDRIJI2Y — M~ A 7 a7 LA R
b, ~vA 7T LA1I% < OBIG T OB 2 MFERICITO 2N TE 5720,
T DEROITIEF AN THY . FT7 A7 VT b—Lfiffr & VWbl i
FEITHE, B, W e RO 7 ) AESIMRGE SN TCE -2 E B IAL

fFon D FEL R BoTFRROEELY — L LTSN TWD, FERFY
7



ANV T DT A NV AFEOISEBRIG F ORI HEN TS (Masatani
et al., 2010), fiIZBN T, BT MEH O 0 A XF X FD~A 7 a7 LA TIL,

FIETRTOBBIDNEENTND, Al A RLVADRT A7 U7 h— MTIC
K0V ABERN, BLOZOFLORFEE T OEB AP ST L (B et
al., 2008), E£7-. Al, ¥i. Cd. Cu DA ML RE~A 70T LA )EERIZN
ET LB T EHALMNCL (Zhao, et al., 2009), 215 A b L 2D RFEMRFHLT 2
J BB DT 1 7 7 A VEENT LTz (Zhao, et al., 2010), Z® X 912, STOP1
HR B K2 AL ° pH IZOWTD T v A7 ) 7 h—Afiffrin b STOP1 FiftiEs
TEREREL TN, F2ETIL, EEEYTHH2—1 U BN, Al K pH it
MR ET Wi TH LA XF A F L HBO L DRON, Flovm A XF X
7 STOP1 O7AT 1 ZBNIFELE L, D32OZ D RIS Al &S N FAE T 5 D7

~7z,



E1E oA XFXFD Al K pH itz B K+ STOP1
DHIEF 5 T BT OBRE

1-1 #¥&5

REAI, Wl . FRMEHHEZR & BRA ZRBREE A R L RIS T D 7o I
AT = AL E BTN D (Seki et al., 2003; Kochian et al., 2004), Zd X 5 72
VAT D TFEMTFOBETHRAT L LICED APV ARRE T TH->Th
AFETE DM 2 BT 2720 O T B 2 RICH R SED Z ERHIFFTE
%o 2D XD R RITE W T IR TR Z SR O Al H*O#M: (Kinraide,
2003), ~ > iaE (Horst, 1988), U v f/KZ (Neumann et al., 1999), 72 &
DA B LR DA T = X LT, il RICBIT HHERZ—T y LD,
UL, B SR OPHERTRER LD 40% % 5 TR Y | AFHEFELEZ
LTWD7ZHTH D,

Al THPEIZISE T 2 W < DD S T3, B2 Z2FE ORI 1~ b BAE S v T
Do A ZHEBRT 2 AN = X LAOEERMRE L L THRRIHN DY | 7 = e
Uy amaiiii s 2, ZORELROBIn & LTAKIE NI U AR—4—0R3H 1 |
VAW b7 o AR—=2 =3 LF (Triticum aestivum; TaALMT1 [Sasaki et
al., 2004])<°> 1 A X+ X} (Arabidopsis thaliana; AtALMT1 [Hoekenga et al.,
2006725, 7 =g b T v AKR—H —TF 1 23 (Sorghum bicolor; Magalhaes
et al., 2007 HAE STz, IS, ZZRARMFFED B HEES 7 ALS3 (Aluminum
Sensitive 3)iZ. half type ATP-binding cassette transporter =2 — K L. Al &%
PEOFAFEN D Al ZHE DT HRE~DOEDL Y BRI TS (Larsen et al.,

2005), )5, o FEFFEOMIE T, EBFEY VBN TV AR—Z—D X 91T,
9



BIEREY e ) RIS 2 T D8 L 22 28I F 3 EE S (Mitsukawa et al.,
1997), L2> L HHIER ~ 7Zefiicxt L CEWsEEZ r~ Izt 20 57 (Koyama
et al., 1995; Yokota and Ojima, 1995; Kinraide, 2003; Watanabe and Okada,
2005), ~ A UM OB LEDO X R L RAICHE LT, DS EMFN
BT T A Lo (Delhaize et al., 2003),

REFEMEOFEERIZIB T, HYE Al TEHEAY — 3872 5Tk Y (Koyama et
al., 1995), 512, MMEFKRTHEORMEDOET Y 72> T, Zhb 250
A RV AERIZEG S (Kinraide, 2003), 205 O Ix, HY & Al ORFEME
W, BT AL THEELZGISEI LTS Z L2 RLTWD, Lok,
Al PESAE 2 N2 DO R TIE, BREEOHMMEIZIB W T, HHitE s Al
M B AR A B LT D 2 & 2 R-E LT /- (Rangel et al., 2005; Yang et
al., 2005), 2B DOHEIE, H & Al DFPEA N =X LRRR ST EYFER 7 mt
AT 2 TVB M, WL O OMEWFETIL, HtE Al DR R LR PENGEIZ L -
TIEFE U RN - CRFFICHE SN TW D aREEZ R LT 5, ITFE, RS
H+3 M & Al BV M2 R 0 A X)X stopl 25 FAk 2 Bl L 7= (Tuchi
et al.,, 2007), Z OEFAKILSr 1 LUV TO HAME A 1 = X A0, HY& Al Otk
AN =ALOMHABREIRIT T 720D L NWET N ERD RN DD, ZDvna
A XF RXF stopl BEKIT, ZF VAR AT 4 VBRI X - THRIRERZFERL
TR G | K pH ZEREG #2338 F51% & L 7= root bending assay DA, R
DI ST fER & U CHLEE < 417- (Tuchi et al., 2007), BHEREWZ 212, stopl
BRI HUEZMEE L THEESN 22200 563, AL LT BERZHEZ R
L7z, ZD% D5 7 2 DNA EHIfENT T d %5 Chromosome-walking OFEHTIZ L U |
stopl Z AKX zinc finger protein ® % - & H EHE 7 Cys-2-His-2 €7 — 7 D His

FRIEN I AU AR Tyr FBRIERICESHBRZ N Z EHBH L, -,
10



Al THEDOEERBRTD 1 D ThHDH U A N7 AR —4%— AtALMT1
(Hoekenga et al., 2006) % stopl & BAKTEZE E3INH] STV 7z (Tuchi et al.,
2007), Z O stopl BRI v A XFXF Tk, BEER Al EAD=XLTH5H
ALY v TR AMEIE LT D (Kobayashi et al., 2007), L2sL, /v 277
U NEFAR (T-DNA AT A )& LB im0 £ ik, HIaidsz itz
RET . ALALMT1 28 HAE A W= X 223G FEn 0w E R RS
(Kobayashi et al., 2007), ZiL5 OfEFI%, STOP1 28 H* & Al ORI E
N B2 5 2 HMOBETFORRZME T OHELFFOZ L AR L T\, T
4, Liu et al. (2009) H 1%, > 24 XFXF @ Al fifthiCBI %, multidrug and toxic
compound exclusion protein ([AtMATE]; At1g51340)D X 9 72 {x+ & STOP1IC
Ko THIE T 5 L i L7z, zinc finger protein (34 22 HEEEZ £ > T 5
7% (Englbrecht et al., 2004), ZiuH O#5Hi% STOPL 2% Al X° H* D[tk 2 1 = X
LZEHIET D, R EERKICES P b2 EERKNFTHLHZ & Em L, Al it
P> AtALMT1 (Tuchi et al., 2007)<°, AtMATE (Liu et al., 2009) A4+ T &£k~ 72
MBS 7 2 H ] LTV D ATREMEDN & 5,

Z OWFZE T, stopl ZEIKIZEIT D Al & HORBIESZMEO 7y 1 /EFRF ) 72 F
Mo %1727z, DNA ~A 7 17 LA fiftrid, AtALMT1 X° ALS3 @ X 572 Al
M BB R AR -0, K pH I ERICE#RT 2. WY VLD K ) oA F U 1EH
PEDAPIRFEICE T 25103, stopl ZBRMAETHEE, BEMHESND ZLE2H 6

Z L7 MA T, AREYCHR B DR G R 72 AT Tl fE O E PN pH il 1#
& EN DAL, biochemical pH stat (Sakano, 1998)<X° y-aminobutyric acid
[GABA] shunt (Bouche and Fromm, 2004)#%# D& a1, (HPEY & 28 BAR T
flSNTNDZ EEZH BT Lz, BBREEWZ L2, A A E M & pH HlE G

I, fhoAEwTE, KIEE (Yohannes et al., 2004)<°f %4 (Hirata et al., 2003) T/
11



pHMMMEICEETHL Z D, @S THLFoREMIZH 5 (Yan et al., 1992),
ZhHOREEIT. STOP1 NEetEHEEOE/ A ML ABEBROESHIRMMIEA =X
LW L. stopl Z5FBARTERZENHI S 7 HHHE S 2 T b OFFRE D M. A9

P L TWAZ EEZRLT WD,

12 EBMEH R O RBRITIE

YuARXFRAFT IRy a v

vaA XF X stopl EEIKIT, =2 17 Col-0 % ethyl methanesulfonate
WP CAERFESED Z LI > THLNE F2 M TH S (Tuchi et al.,, 2007),
AtALMTI-KO (SALK_009629) . STOPI-KO (SALK 114108 . ALS3-KO
(SALK_061074) ®» SALK T-DNA i AN/ v 7 7 v N B KL, Arabidopsis
Biological Resource Center "H AFL7Z2HDTH D, Col-0 (JA58) and Col-4
(N933)1Z. ##Z#L RIKEN Bio-Resource Center & Nottingham Arabidopsis
Stock Center "L AFL7Zb DO THD, STOP1 FHMMELIAIL, stopl ZHEIKIZ
CaMV35S 7'm&—4& — %45 L7z STOP1 X7 % — (CaMV35S:STOP1) % E A

LR TH Y . HALIZL > TER SN b D TH D (Tuchi et al., 2007),

KRB L O FRER

KBEBRBRIE, HN S OWRE & FGMHTIT 72 (Tuchi et al., 2007), ShiEY)
RI3eeZs MGRL 854 (1/50 58J%, PifrZ. 200 uM CaCle, pH 5.5) % FEAKI1C, &
ANV ADOEIREWBRE L 725 LI UTz, WRIZ 1 BB EICEH L, IRE
ZRIE LTz, A1 12 BERBHS, 6 250 umol m2s1, 25 ‘CCT 7 HEAR Lz,

RERBIIEAT L ) v 7 NERKOFEZ NN 10 AED 5 b, L4731
12



KOWET —2 2 L=, —J. CaMV35S:AtALMT % stopl ZZHAKIZE A L

ToARAAEAAAAR T 20 fEIAR 2 5 L7z,

TR

THHAEH Uiz tid, AL R PR PP R PR R B G AR 7 4 — L REE
sttt 2 — (gL % —) THRIRSNIZBERR 7 L2 Lz, ZoRKR7
TIE, A E L BIZEET VI =T ARELEENTV D, XTI & R D1 Mg
T (P, BEET LI =0 L) IR ETEE L, 2o O TEORHEITR~ G
nNTHH, Al, 712 FOEYM~DOEFELRHHN TS (Ikka et al., 2007), +-Hf
AERCIL, T E o TEICZ BoiH MEILHEZ RN L (Kobayashi et al., 2005),
S HICHEAR 7 +121F CaCOs (60, 250, and 400 mg per 100 g of dry soil) TEEAY
(2 Fn L7z, 13 pH (Shoji et al., 1964) ¥ LU zc#ath Al Z7E L7- (Koyama

et al., 2000),

GFP O—iEH R BIfRAT

GFP (sGFP) (X, H# D v A7 ATH#A Lic = BT D K9 IChdy % Faqlb
L7zt Dz L7 (Chiuet al.,, 1996), Z® GFP % AtSTOP1 Ed%Id N Kiilc
Pt 3 5729, overlap PCR T GFP & AtSTOP1 % #f5c L > >HhE L7=, GFP X
pBE2113 (containing  sGFP) % & & & | Sfil-GFP
(5-CATTTGGCCAAATCGGCCATGGTGAGCAAGGGCGAGGAGCTG-3), GFP-Notl
(5-GGATTAGCGGCCGCCCTTGTACAGCTCGTCCATGCCGTGAG-3) D7 T A ~—
THAME L7z, %72, AtSTOP1 (%, RAFL (the RIKEN full-length ¢cDNA clone
[RAFL09-20122; Seki et al, 2002] % & % (2 . NotI-STOP1

(5"-ACAAGGGCGGCCGCATGGAAACTGAAGACGATTTGTGCAAC-3), STOP1-Sfil
13



(5-ACAAGGGCGGCCGCATGGAAACTGAAGACGATTTGTGCAAC-3) O 7' 7 A ~—
THEME L7z, Z O¥E L7- DNA Wiz £ 2 il [REESE Sfil & Notl THIET L |

[FERIZ Sfil TUIEr L7z pBI2113SF ~7 # — |28 A L7-, EFIZ DNA > —4F 4
—TCHERB LTz, 2DORY B —% X X XOREMIUI N—T 4 7 VI AETEHAL,
MRz 22°CT 12 Bl A > F 2_— &, GFP a2 #2: L7 (Fujita et al.,

2004),

stopl ZEREED AtALMT1 R

AtALMT1 @ DNA Wi 1%, A XFXF 07 7 - DNA %882 PCR THY
e L 7= . ¥ A L = 7 7 A4 ~ — X . Forward
5-CATTTGGCCAAATCGGCCATGGAGAAAGTGAGAGAGATAGTGAGAGAAG-3’
Reverse: 5-AGAACGGCCTTATGGCCTTACTGAAGATGCCCATTACTTAATG-3 T &
%o AtALMT1 (%, /N1 F U —~27 % —pBE2113SF (Liu et al., 1998)?® CaMV 35S
TRE—H—D I A LTz, ZOXRT ¥ —% stopl BEKD T 1A XF X F
IZ floral dip % (Clough and Bent, 1998) TEA L. &b 7-f#akIL, T1 M

R BFEZRSE, T2 IEG,

RNA BL A & R u— LM@Y 7 VAR

F24E % 200 uM CaCle AV 1/50 8% MGRL /K#HZ (pH 5.6) ([Z#%fE L (Toda
et al., 1999). 30 pmol quanta m-2 s-1, 12 FEfJEAH, 25°COERE T, WikIZ 1 BB
XICHEF L=, 10 B HOSEWAEZ Al 7iE (10 uM AlCl; pH 5.0), K pH ##%
(pH4.5) 1Z# L7 (Tuchi et al., 2007), ALEEH IR L, BAH 24 RefE#Z 12
REITSHTUW L, IIRER CHER A L, -80°CTHRA L7z, RNA XSRS

DOIFETHIH U772 (Suzuki et al., 2004), ~A 7 a7 LA 2925 RNA I,
14



Agilent 2100 Bioanalyzer # ffi fl L THfiffeE Z & L 7=, GC-MS (gas
chromatography-mass spectrometry) & CE-MS (capillary electrophoresis-mass
spectrometry) ORBHRIEIZEHT V7 iE, 50% =% /7 —/L L Qiagen
Mixer Mill MM300 kit Tt L7=, & D%, GC-TOF-MS (for GC-time of
flighty-mass spectrometry). CE-MS D51 A4 M. F& A 4 o 4y B 8 4y %
N-methyl-N-(trimethylsilyD-trifluoroacetamide T fij %L 2 L 7= (Urano et al.,

2009).,

RT-PCR £ X O'F& RT-PCR

RT-PCR %, /IS D FHETITW (Kobayashi et al., 2007), E& RT-PCR (&
)7 %4 2 PCR (Applied Biosystems 7300) Z 7' v b 2 )UIZHEVMERA L7z, &
L OEGET, 2 E%F L UBQL DG &EAE 3 b —/LZ L TR L=

b, ALK LIz, 774 ~—&5IL, Table 1 (TRLT,

<A 78T A BIOT — @

~A 7 aT AL Agllent D~A 27 v 7 LA F v 7 Arabidopsis 3 7' 1 [ =
JZHEW, Cy3 & Cyb @ 2 ik TiTole, ATV XA B —2 3 OMARIL.
Col-4 Dz hr—/L (AL, pH5.0,24h) & A h L 2MLEf (-Al, pH4.5,24h F7=
X 10 uM Al solution, pH 5.0, 24 h), Al, 1K pH A k L 24D Col-0 & stopl
EHAR BELOAL A b L ALEED Col-0 & AtALMTI-KO D 5 Tho, Th<
nNo~A a7 bAFERIT, BREANERTEARY vy T &5, ML 3
KEDEREZIT-> TS, 728, BAERIO Col-0 & Col-4 @ Al &K pH i FEEE
TIEF BTV D (Ikka et al., 2007), v 7 77 LA (2T % ¢cDNA A%, cRNA

Ak, Dye 7~ biX Agilent @ Low RNA Input Linear Amplification Kit PLUS
15



Table 1. Primer sequences used for quantitative RT-PCR of the markedly down-regulated genes of the stop -
mutant.

Name Sequence (5'-) Tm (°C) Annealing temp. (°C)

At1¢08430 F GGCCGACCGT GCTATACGAG 62.5 530
R GAGTTGAATTACTTACTGAAG 50.7

At1¢08430-2 F GGCCGACCGT GCT ATACGAG 62.5 530
R CATGAGT CCT GT GAACT CCC 58.4

At1g30270 F CAGTCGACATAAGCTGTTTACTTTT 55.6 530
R GAAT CT CAGCGT CCGACAAT AT AGAA 58.9

At1g34370 F CATCAGCCAGT ACATCTACT CAGA 58.8 530
R ATGGCAATGCCTTAGAGACTAGT A 57.1
F AT GTGT AT GACCGAAAAT GGT ACCCGATC 61.9 530

At1g51830 R CCTCCATTACATTGCT CGGGGCTTAAGT 63.4 '

At1g51840 F TTAATAAACACT GGGAAGACT 50.7 530
R ACCGCTTTGAGT AGCGT ATACA 56.7
F AAGACAAGAT CCACGAGGACGAC 60.5 530

At1g67325 R GTCGT AGACATGT TTGGGGGT TG 60.5 '

At1g77760 F GGTTTATAACT GAAGCTGTGCTTAG 57.2 530
R CTATAACAAAAGT GCCCAAAT AACC 55.6

At2g18480 F AAGGCGAT CACGACAGGGGGCGT G 67.3 530
R TTATGAGAAACCCCCAAT AGAGATG 57.2

At2¢19900 F GTGTTCGT CCTTCAGCGT GTTTACCT GT 63.4 530
R GCAAGT GGGCTATTCGTTAACTTCTGTG 62.0

At2¢19900a F CACATACCGT CTCTACCGTTGA 58.6 60.0
R GAGAGAT CTTGGCATGT GTTTGA 56.9

AL2628270 F AGAGAGAT GGCGATAATACAT CAAC 57.2 530
R ATGGT CCTCCCAAGATTCATCATTT 57.2

AL2E37330 F TAGTGATCTCTCTGTCTCCGGTTTT 58.8 530
R GTTTCAAT CT GAGGAGAAGACAT GA 57.2

A2EGT330a F TATCGAT CCTTGCCGGGACTT CA 60.5 60.0
R GCTTGTCTTGGCGTTGCT CCT A 60.4

AL2ET570 F AGAGAT CCCATTATCAAACCGAATC 57.2 530
R CCCATTAAAACAGT GAAAACGCCTA 57.2

At2¢41380 F GCGT AT CAGACGGCT AAGGAGA 60.4 530
R CCAGGAAT GCTGGAACGACAAAGTT 60.5

At3¢05400 F TAGCT GGGAGT TT AGT GACCATAGC 60.5 530
R AATTTATGGAT ACGAT CGAAGCCGA 57.2

At3¢222002 F TGT TAGT CCGT GT TGCAGGT GA 58.6 60.0
R CACTTCTTGTGCT GAGCCTT GA 58.6

A3E28345 F GCT TT GGACAGCCAGT CGGAACGT G 65.4 530
R TGATTACAAATAATTTCATTAGCGA 50.6

At4gl 3420 F GCGAGAGAGAAAGGGATGGTTTATC 60.5 530
R TCCCCTAAACAT GGAGACACTTTAT 57.2

At5¢02480 F ACTTTCAAGCT GGT TGAT CAGAT GG 58.8 530
R TGGTTAAATACAACTTGCT CT GAAG 55.6

At5206860 F TAAACCAAGCTTATCTCTAGGATTA 53.9 530
R CCATCAAATAAAACATTTTGAAAATGTGC 54.9

At5g07440a F AGGAGT GACAGT GAGTTACTTCG 58.7 60.0
R TGGCTCGAGCGACT CGGTTA 60.4

At5g11670 F GCACAAGT GACAGAAGAGCATTAC 58.8 530
R GAGAGT TCACAAACAGCAT CATAATG 57.3

At5g11670a F AGCATTACGCCAATGGT CTGATCT A 58.8 60.0
R TTCGACGCCAAT CCGAGGT CATA 60.5

(Table continues on following page.)
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Table 1. (Continued from previous page.)

Name Sequence (5'-) Tm (°C) Annealing temp. (°C)
AtSa17330 F ACAGGAAGAAGACGAGT GGT AT 56.7 30
R GAAACT TGGT TCAGT AAT AAAGGGA 55.6
ALSg18170 F GAAGGT GAACGAT GAGCT AAAGACT 58.8 30
R GCGTCTTCTAGT ACTTGT AAACACA 572
AtSa181708 F GTGGCT CAAGCT ACCATT CT CAGA 60.5 0.0
R CTGTTAACT CAGGATGACCTCT A 56.9
ALS&19600 F CCTTCTTCTTAGTTATTAGT GGGAA 55.6 530
R GAAATTTTCATTTATCGCTTCTTGC 53.9
AL522890 F CGTTTCTTTGTTTTTGGGCCACGT A 58.8 30
R TCTATGCATGAT ACCCAT CAGAACC 58.8
ALS27920 F GGGTTCAAGACGT TGACT TAGTTC 58.8 30
R TATGGAT CCAAAACAAACCGCT ACT A 57.3
TGAT .
ALSE47560 F GCAT AT AGAGAT CAAAGACAT GATC 55.6 530
R GACCTCATCTAAATTTCCCATTCCA 572
ALSg51950 F TGT AT ACAAACACT CACT GATCATT 53.9 30
R TCTTTGACGAT AGCAT CAAACTTTC 55.6
ASEB5410 F GAGGGAT T AT CTTCGAT CAAGGCCG 62.1 30
R CAAGAAGCAAATCTTCCAATCTCCC 58.8
TGCA 2
ALSE38200 F GTTTCATGTGAAT GAAT CGCAT GC 57 30
R TCATTGTTGGAT CT ACAT CAGCAAT 55.6
ALSa66650 F CGGATT AGGCCT AAT AAT GGCC 58.6 530
R AAGAATTACGAT CAACAACGACCAG 572
AE52590 (internal i) " TCGT AAGT ACAAT CAGGAT AAGAT G 55.6 530
R CACTGAAACAAGAAAAACAAACCCT 55.6
F AGAGCT GT CAACT GCAGGAAGAA 58.7
At352590a (internal std. 60.0
g52590a (internal std) ACAAGAAAAACAAACCCT AT CAAAGG 558

Tm indicates melting temparature calculated with GC% method.
At1g08430-2 primer is used for RT-PCR in Fig. 4.

At2g37330a primer is used for Real-time RT-PCR in Fig. 3.
At2g19900a, At3g22200a, At5g07440a, At5gl1670a, At5g17330, At5gl8170a and At3g52590a primer is used for real time

RT-PCR in Fig. 6.
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M L7z, Agilent ~4 7 07 LA A% v — (G2565BA) T LAV HifRIL,
Feature Extraction version 9.5.1 software (Agilent) TH#ftfk L7z, ~f 7 a7 L
A DT —H<A =27 LHEEHEIY GeneSpring GX version 7.3.1 (Agilent) %
Wie, A7 a7 LA T —H® quality control & LT, AKXy NORT —H %
GeneSpring (2 £ ¥ flags (low intensity, not uniform, abnormal in the
background; http://www.chem.agilent.com/cag/bsp/products/gsgx/downloads/

pdf/FE_Plugin.pdf) & L CT~—7 SNz ARy b T —F Z 54 Uiz, EHONFEX
(wild type in Al and low-pH treatments ¥ 7-1% comparisons between the stopl
mutant and the wild type) T2 DLl ED T T 7 F—H R Ao TWEA., FDi&
LAIET — 2~ A = T mbERA LTz, Al 1K pH ALBLIZIBWN T, stopl ZBBAKT
BRI L b L72BS, Fold Change (FC) T2 TOM SNIEIE T — X O TFAL

1%ICEFENBL 2, FLIBGMH ShBaT- L ER LT,

A X R a— LRKT

GC-TOF-MS Z3#7r1Z. LECO Pegasus III mass spectrometer (Agilent) (Z#%
fot 472 Agilent 6890 GC system T{T->7-, —JF. CE-MS Z3#7i% Agilent 1100
series MSD mass spectrometer % ##¢ L 72, Agilent CE system T17 > 72, CE-MS
2k BEA Ao, 8L GC-TOF-MS (2 k5L, Urano et al. (2009)
DHEI T2, SN2 — 27135, BEAobawEKEE. 7 X 8O
D M fE, E7IHMEEYOFEMNOEERH LIMEERE L, ThZthory—7
DL % fresh weight TIEWE(L L7, ENZEINLOMBX Y 7 icxt L, ML L
7= 3 BIOERZITV, Excel THAMENTZ1T -7, B OLLESE (B ratio of
normalized peaks of STOPI-KO /wild type, pH 4.5) IS D/RAT = A < v

T A LT,
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1-3 EBRER

FZ A7 Y7 b= X ORBHBEEREF O ALGE

a2 A A A N AT 24 BFREEL L 7R D ) o G m 2 IE L7z &
ZA AL TR 3E, AloI I vy 7 & LT La, Er TH 2 580 L7228, Wi
f pH ° Na, BHeRBLE TITEoUTIZRED Ui, £72, Al OIREDHE 2 5129
WU IR EEDIML T\ &b, Al B2 Z L TRENICY & TR
BH, T OHEMICH L LEZ DN, ZOMENG Y v TMEKICHED 58S
T3, AVLBIC L > TEFB L TV D & PRSI, Al O~ A 7T LA
T =2 2R~ 7T H TR TREGROEIRG LB 231~/ (Fig. 1a), R#HR4E
R TIE AR, BB D 2 B s T OGBSI L Tnhic, SR/ 7
2 /BRI Cl glutamate dehydrogenase 21X U ET 57042 I Vg, &
> GABA DGR CHE N2 R LT, U v A2 fb 58 s Tk,
TCA YA 7 VHNOBIEFITORIEGTENIMZ 5TV HDIZ%F L, Malic enzyme,
Malate dehydrogenase. PEP carboxykinase 72 & TCA o 7 V& D iEfs 3
BV R 2R LTz (Fig. 1b), &I, ALIC X 2REEB 2R~z L 25, 7
WA I VN L. T ARG UBBAEINL T e, PLES . Al LBz KD
Uy afeidt ) RS 7V F I BRI T ANT XU R DR 7R
EL TCA YA T NVDRARAL i DREENEZE 0 E 2 LTS T LR Sh

7’»
—o

NFV A7 VT b—AIZ X5 stopl BEETEENH SN -EBEBEFDRE
PIRTOHE TiE, ALMMEICEE 21 O 1 21X AtALMT1 ThH Y . Al L

® stopl ZFIKT ALALMT1 133 L <56 7z (Tuchi et al., 2007),
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Figure 1. (a) Metabolism overview by transcriptome in Arabidopsis roots
treated by 10 uM Al for 24 hours. The color indicated up (red) and down (blue)
regulations, or no change (white), compared 10 uM Al treated sample for 24
hours with control one. The scale is shown in log2. The result is displayed using
the MapMan software. (b) Expression of malate, glutamate and GABA pathway
genes 1n the roots of Arabidopsis thaliana with aluminum treatment. Each
transcript was quantified by quantitative RT-PCR with specific primers.
Amplicons were stained by SYBR green 1. 40S ribosomal are shown as control.
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L2 L. AtALMT1 (% HHiME X Bk L TV 72 dy - 72 (Kobayashi et al., 2007),
Z OFEFIX, STOP1 28 AtALMT1 LISk Al & HHI MBS T OG> 7 L
BIEICEHD TV ZLZTRRLTWD, TNEMNDID, 22 DB T &R
ET D20, Bin OB ELZMEENICHHNS DNA~A 7 a7 LA Z1To7, &
¥z, Al, H*A b L AZZ T BB L stop] ZEFAR TG B4 R L, stopl 25
BT, LVEBEMH SN BB T2 RET D120, BEREA BT~ A7 07
VA T Tz, ML LTz 3RO ATV, Al, HHYLELZ N Z 2BV T, stopl
LRI TE L < EGIH S 7215 1% fold change (FOf., (stopl ZE Ak | B
AR TREEIT T2, 3EIOERT X TUZEBWT ML 1%I2E EN-BEE T IXF
B ATRE 72 iR BB AR - & L. AL TiX 101, H* Tl 45 O fs 7238k s iz (Fig.
2a), ZHNHOBETDHH, Al & HYLERO M 5 TEEEMH S iz ik, 32 #is
FThoT,

Z ZC. stopl ZRAKTEGEMHE SN BB T OPITIE, BESEFAT LD
RIFIZIHE &7 2 LI L 0 EFHl S 7z, REICB#E T 285 -2 E £ 0
HAREMERH D, T O X5 B TIE, Al HHUUEIZ X - TERSMEH s Z &
THABPEIRD EZ 26D, £Z T, AL / control X° HHLHL / control
BAERDA NV AFE~A 70T LA 2T\, FCHETZEDO L O B ok L
2o BIDONEZ R RRITT 572012, WHEKICB W THEICEEIMH S h-ds
1 (FC <1, /D ttest TP <0.05)&, FC 2 0.8 LA FOBIETHR\ =, Z O
RIALTe4E HC 288 (HE19WEZET)DELET2RY X FabErahz (Fig.
2a, Table 2), ZDXHIZL THESLBIE %, stopl ZRIKTHEITIEGMH S
N8BT & Lz, £ ik, AtALMT1 @ T-DNAEA /) v 7 77 F T4
> (AtALMTI-KO) D Al A8 TG (FC [AtALMTI-KO / BpAM] <1, 7>

t-test T P <0.05 F¥7-1% FC <0.8) & TH Y (Table 2. Table 3).
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Figure 2. (a) Genes repressed in the stopl mutant compared with the wild type
(WT) that were identified by competitive microarray analyses. Greatly
repressed genes in the stopl mutant, when they were compared with the wild
type, were identified by three biologically independent replications of the
comparative microarray of the stopl mutant/wild type under Al toxic (10 uM)
and low-pH (pH 4.5) conditions. The genes that were in the lowest percentile of
the FC values (stopl mutant/wild type) in all three replications were defined as
“significantly down-regulated genes.” Numbers of down-regulated genes in the
wild type in each treatment (FC in treatments/control in the wild type were < 1
with P < 0.05 and FC < 0.8) are shown in the lower parts of the Venn diagram.
The genes down-regulated in AtALMTI1-KO compared with the wild type in the
upper parts are shown by italics. (b) Expression levels of 12 overlapped genes in
the wild type, the stopI mutant, STOP1-KO, and a complemented stopl mutant
carrying CaMV35S::STOP1 (stopl-comp) were determined by semiquantitative
RT-PCR.
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AtALMTI-KO DR ITE AR PHE S TUe, ZORERIE, Ak o2k 7
HES, stopl ZEFARD L 5 2R VEARIR O s 3MHNIC B 3k B BB O BREICH D)
ThHhdHZLEZRBL TS, & ZAT, Al LB LK pH ABEO W F I3 I LT,
BRAERID Al A R L AFE~A 70T LA TEEIH ST, 5o AtALMTI-KO
THBEICESMH SN BE RN 17T b o T, 2 DBIE 1. At1gh3480 I3 stopl
ZEARTIE Al S8 U o AR E S 72 O IR G S 7o a3,
STOP1 DERZ DL DIZ L HFERTITRWAEEER ® 5, BT, 12 D Al
K pH $LEER -2 & T, ARF 39 EOEG MG R 72 % L7= (Table 3. Fig.
2a).

stopl ZEEIRIZEB T HiBIs T OME 23, STOP1 DA RIZ X - Tl Z - 7= alfEME
I DICRRET B2z, BT 5 12 [AOE s 7O Al K pH AHEOHE T L~ L
%. STOP1-KO (STOP1 ~® T-DNA i ANZRK) &, AT A (W) 7T U —
TWA 7 A NA (358 CaMV) 7' 1E—H4—L STOP1 #fn 1% #ft L= ¥
—% . stopl ZEFRARITE A L7-f#A (Tuchi et al., 2007)) TH#E L7z, & OfEHE,
stopl BHEAK L STOP1-KO OHRE/ K — AXFEFITEI Tz (Fig. 2b), S HIT,
STOP1 % stopl ZHEARIZEA LM T A > CTld, 2 b 12 [HOBE 1 ORE
EB23E1E L7z (Fig. 2b), LA EOFERIZ, STOP1 RN, Zh b OEEE RO

MR BB E B 2 CTWAZ AR LTWA,

stopl ZERIRIZEK T 5B TFHH OBkEE

stopl 28 BARIZ I T Al &K pH LB O i 5 TG INH] S 5 il OB m 17
J— IR B HEE S v AL IC B2 72 AtALMT1 (Hoekenga et al., 2006;
Table 3)<°, zinc finger protein %2 =2— K3 % STOP1 OAEr V&1 (LLTF,

STOP2)RN&EFNTWi=, iz, Wig 7 AKR—%—0 SULTR3;5,
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Table 3. List of repressed genes in the stop ] mutant among up-regulated or stable genes in the wild type under Al and low-pH conditions

FC in the Wild Type with Al or Low-pH

Arabidopsis FC (stopl Mutant or AtALMT 1-KO/Wild Type)
Genome Treatments (Treatment/Control)
. Description
Initiative Alstopl -MT  lowpH stopl -MT Al AtALMT-KO Al lowpH
Code

FC+SD P-value FC+SD P-value FC+SD P-value FC+SD P-value FC+SD P-value

Downregulated in s7op / and not downregulated by Al and low pH; 12(+1) genes

Atlg08430 0.01£0.00  0.001 0.01£0.00 0.000 0.01£0.00 0.001 2440+13.8 0.009 741407 0021 ATALMTI (Al-activated malate transporter)
Atlg30270 0.13+0.03 0.003 0.19£0.02 0.001 1.02£0.14 0866 1.44£0.09  0.009 142£025 0073 ATCIPK23 (CBL-interacting protein kinase 23)
Atlg51840 025+£0.06 0.010 0.40+0.06 0.008 1.03+0.15  0.765 131+£042 0272 121+£030 0305 similar to leucine-rich repeat protein kinase, putative
At2g18480 0.06+0.01 0.002 0.12+0.09 0.031 1.08=0.15 0433 697+1.12  0.002 1.89£0.08 0.001 PLT3 (probable polyol transporter 3)

At2g41380 0.04+0.01 0.003 0.14£0.08 0.025 1.11£0.16 0327 6.98+£3.70 0.021 2284057  0.028 similar to embryo-abundant protein-related
At5g02480 0.19+0.03 0.003 0.31+0.08 0.015 1.07+0.15 0491 2.02+031 0.015 1.18£0.07  0.040  similarto SLTI (sodium- and lithium-tolerant 1)
At5g06860 0.05£0.00  0.000 0.13£0.06 0.017 1.17£0.17 0201 193+£146 0232 1.00£0.74 0992 PGIP1 (polygalacturonase inhibiting protein 1)
At5g18170 0.08+0.01 0.001 027+0.11 0.030 126+0.18  0.109 291+£039  0.005 1.19£0.10  0.068 GDHI (glutamate dehydrogenase 1)

At5g19600 0.01+£0.00 0.002 0.29+0.06  0.008 133+0.19 0.074 1.50£045  0.138 208+£037 0.019 SULTR3;5 (sulfate transporter 3;5)

At5g22890 0.06+0.01 0.001 0.16+0.08 0.023 1.07+0.15 0520 1.03£020 0809 1.15+£0.15 0200  similarto STOP1 (sensitive to proton rhizotoxicity 1)
At5g38200 0.02£0.00  0.001 0.10+0.04 0.009 1.06+0.15 0552 4.16+1.79  0.027 1.77£0.19 0012 similar to hydrolase

At5g66650 0.24+0.03  0.003 0.19+£0.13  0.043 1.03+0.15  0.766 9.13+£1.11  0.001 2.68+1.17 0.055  similarto unknown protein

Atlg53480 0.02£0.01  0.002 0.02+0.01  0.007 0.01+0.00 0.003 1.02+£0.02  0.341 1.10£0.05 0.060  similarto unknown protein

Downregulated in 70,7 and not downregulated by Al; 24 genes

At1g35670  034+0.02 0001 076006 0030  105£0.15 0598  135£007 0011  053£008 0020 ATCDPK2 (calciumdependent protein kinase)
Atlg60610  026+0.05 0006 054005 0008 095+0.14 0618  1.68+023 0023  1.16£0.10 0.095 similarto protein binding / zinc ion binding
Atlg61560  026+0.03 0003  061£009 0029 099+0.14 0955  3.34£075 0011 2654102 0045 MLOG6 (mildew resistance locus O 6)

Atlg72870  022+0.09 0021 059015 0064  092+0.13 0406  129+032 0213  060+£005 0008 putative disease resistance protein (TIR-NBS class)
Atlg77760  0.18£0.05 0008  088+030 0574  129+0.19 0088  1.66+030 0038  168=0.13 0007 NIAI (nitrate reductase 1)

At2g01180  031+0.03 0003 059009 0028  103+0.15 0779  213£032 0013  1.04+009 0525 ATPAPI (phosphatidic acid phosphatase 1)
At2g16660  034+001 0001  053£006 0009  123+0.18 0.26  2.62£0.66 0021 1294043 0310  similarto nodulin fimily protein

At2g23150  031+£0.03 0002  061£0.13 0054 1.04+0.16 0661  280+£055 0012 127008 0020 NRAMP3 (manganescion transporter)

At2g28270 0.08£0.03  0.006 041026 0.114 098+023 0873 2524092 0.046 0.74+0.34 0357  similarto DCI domain-containing protein

At2g39380 028+0.05  0.005 083+0.07 0.064 1.03£0.15  0.753 141+£021  0.054 2.63+£022 0003 ATEXO70H2 (exocyst subunit EXO70 family protein H2)

At2g39510 027+0.07 0013 132+1.12 0579 135+020 0.072 9.60+7.83  0.032 197+1.57 0235  similarto nodulin MtN21 family protein
At2g43590 025£0.10  0.025 1.09£050  0.754 084+0.15  0.157 320£0.63  0.009 222£200 0214  putative chitinase

At2g45220 026+0.04  0.005 0.69+0.02  0.003 1.13£0.29 0458 198026 0012 043+0.11 0026  similarto pectinesterase family protein
At3g05400 0.19+£0.04  0.004 0.63+0.15 0076 120+0.17  0.158 298+1.04 0031 1.07+£0.09 0293  SUGTLS (sugar transporter ERD6-like 12)
At3g28290 0.13£0.03  0.004 046+0.16  0.055 087+0.12 0237 151013 0014 093+028 0.713  similarto ATI4A

At4g13420 0.03£0.00  0.000 221135  0.135 0.84+0.12  0.165 7.54+£439  0.023 6.86+1.12 0002 HAKS (high affinity K* transporter 5)
Atdgl6563 0.09+0.07  0.026 022+027 0.113 1.13+028 0449 122+031 0307 035+0.04 0.004  similarto aspartyl protease family protein
At4g30270 028£0.06 0.010 084063  0.693 091+0.15 0407 1256 +539  0.009 205+0.76  0.074  MERI5B (endo xyloglucan transferase)
At4g38470 029£0.05  0.007 080+022 0297 1.17+0.17 0200 1.13£020 0343 1.15+0.17  0.245  similarto protein kinase family protein
At5g07440 029+0.05  0.005 0.54+0.15  0.060 1.16+0.17 0208 2.55+0.16  0.001 123+0.17 0.123  GDH2 (glutamate dehydrogenase 2)
At5g11670 026£0.07 0012 067006 0.017 1.02+0.14 0834 3.62+£0.78  0.009 153+£0.15 0.018 ATNADP-ME2 (malic enzyme 2)
At5g17860 031+0.03  0.003 098+0.02 0208 098+0.17 0.837 1.28+£0.06 0.012 1.02+£0.06 0.681  CAXT (calciumexchanger 7)

At5g47560 0.12+£0.02  0.002 0.75+0.15  0.129 1.09+0.19 0423 1.05+0.12  0.557 1.06+0.12 0457  ATIDT (tonoplast malate/fumarate transporter)

At5g66800 0.33£0.03  0.003 0.58+0.06 0.011 071+0.11  0.057 1.04+£0.05 0.248 091£0.06 0.124  similar to unknown protein

Downregulated in 7057 and not downregulated by pH; 4 genes

At1g62280  097+0.62 0936  047£001 0001  084=0.15 0161  033+030 0133  1.06+051 0858 SLAHI (SLACI homologue 1)
At1g75840  058+0.04 0005  047£003 0002  099:0.15 0879 094014 0570  103+£006 0460 ATROP4 (tho-like gtp binding protein 4)
At3gl2750  0.60+0.05 0010 046009 0020  142£021 0053  0.55£004 0004 1624013 0009  ZIPI (zinc transporter 1)

At5g24780 0.65£0.57 0431 043+0.01 0.000 221+042  0.004 1.06+1.02 0918 4.00+1.69 0027  VSPI (vegetative storage proteinl)

Three biologically independent replications of competitive microarray analyses were carried out as follows: stop/ mutant versus the wild type in Al
(10 uM, 24 h) or low pH (pH 4.5, 24 h); AtALMTI -KO versus the wild type in Al (10 uM, 24 h); control (pH 5.0, no Al, 24 h) versus Al (10 uM, pH 5.0, 24
h) or low pH (pH 4.5, 24 h) in the wild type. FC & SD values are shown, as are P values from ¢ tests for significant differences from FC = 1.00.
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RV A=~ T U AR—4%—@ PLT3, AKT1 iE: %5859 5 CBL-interacting
protein kinase 23 (CIPK23), Na+/ K+ k 7 > AR — & — % {i#i4 5 SLT1 (sodium
and lithium tolerant DDORER F 72 & F T U AR —F —0A 4 ik OFE &
PRI ENEKBI T O NIRRT, S HIC, ERRORERELRELRT
D 15T 5 glutamate dehydrogenase 1 (GDH1)X°, AW 72 A b L A DFLEI S
AT LT 5 E Wbt TV 5 polygalacturonase inhibiting protein 1 (PGIP1)
HIE T 7 N—710E LT,

O Al £72 13K pH TEEGIMEH D 2 2O 7 —7 T, RidOEE
TR T D HBEZ RO b DRV DE EN TV (Table 3), FEARH Y T4
NI UAR—=H—D 1 DThH2 HAKS, EHRNRH O EERMEHE TH S NIAL
(nitrate reductase)X° GDH2 7% Al LD 7 )L — T 12& £ Tz, ALMT1 & %
B HEATOY AT AR —H—_ AtTDT (vacuolar malate/Na*
co-transporter)<°, SLAC1 (slow anion channel 1)D7A&REr 7 U dAWEED
ME2 (malic enzyme) 7% Al ZLE! (AtTDT, ME2)<>{K pH (SLAC1 =€ 1 7))L
DI N—=TIZENENGEN TN, THDT —2 (3 STOP1 DA A D

EHEME. U TR, stopl EREONB 2 ZLSEIZZ L2 LTV,

stopl BRIBITEIT 5 ALS3 OEEMH]

K pH B MEIZ T 2 HE R E R IV ETEH BT o TORWAS, ALTIEIS
JSET DN ODOBIE L, Y aA XF AT THLIR > TV D, RO T —
ZHEPLTIL, stopl ZRIFITHWT, AREICIEEMH SNBIn . £7213 FCHE
DL 1% DB OAEE LI, LrL, b L Al fifEICEERBE 72 51,
RSB S 2 WBIE 3 stopl ZREKOBREAEZIEDOERIZHE LT D

nH L, 2z, FL~A 277 LA O FC (stopl ZRIK | BAR) F7—X
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A LT, FTicmonTns Al EEEFIC OV T~ 72, ALS1 & ALS3
WX BAREAT THE S (Larsen et al., 2005)., WAK1 (cell wall-associated
kinase 1 (Sivaguru et al.,, 2003); At1g21250). AtBCB (Arabidopsis blue
copper-binding protein (Ezaki et al., 2004); At5g20230). AtCS (Arabidopsis
citrate synthase (Koyama et al., 1999) I3/ ELIADFEEHTIC L » TRE S vz, 21
5OBIGFOHT, Al EZMEOIREND Al ZHHR T 5BEFICET 5 ALS3
(At2g37330)72 1) 23 stopl 28 BARTERGHIH] X 4v, FC 1% 0.33 ThH -7z (Fig.3),
ALS3 DG L~ L& Ef RT-PCR Ti#i_7z & Z A, stopl EFIKL STOPI-KO
TR EIH S 41, CaMV35S:STOP1 % stopl ZEEIKICHM LT2 T A » TIIHRE
LoL g L= (Fig. 4a), ZOREHRIL, e b ye A XF XTI
STOP1 7% AtALMT1 X° ALS3 O X 5 7 Al MiEIZ EEREUR D 7 )V— 7 %
LTWDHZEZRLTWD,

stopl ZZFARD AV MEIZEE T 2 Al MifE s 1-EE O G- 2 5Hi 3~ 5 7=
OIZ KO ZEEARDAE & Foile L7z, AT H#E 7z & 512 (Tuchi et al., 2007),
STOPI1-KO | pH 12 Th 2 03, AtALMT1-KO (3&32 M TlrI7e v (Fig. 4b,
4c; Kobayashi et al., 2007), Al ® A>T\ pH 5.5 D b e — LA T,
TNTO KO ZRENEAEM L FBRICRE Lz, —J7, BAEROE pH 2 F L2
(pH 5.5 & OB MELELE) TIZ, pH 5.0 T 30%REE DO T NRHELZ KL, &
HIZ pH 4.7 TIIKI 50% DIHEZ R LT, ZOF5MHT T, ALS3-KO X pH 5.0 &
pH 4.7 THAMI D EOTNHNCRVWKETH-T2Z L5, stopl ZEKD ALS3
OERFHINHNE, 1K pH OB & ITB#EN 72 W2 RSz, 2ivb o KO A&
FARD Al s 2 59 % 7260 K pH ORI Fe/ ), 2Dl @y pH
RMECHEBRAEIT o 72, #8212 QTL (quantitative trait locus)f#4T < pH 5.0 % fi

L7278 (Kobayashi et al., 2005; Ikka et al., 2008). A#F%:Tix pH 5.5 T
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Figure 3. Fold change of gene expression in microarray, whose gene is
associated with Al tolerance as follows; AtALMTI1 (Hoekenga et al., 2006),
ALSI1 (Larsen et al., 2007), ALS3 (Larsen et al., 2005), AtBCB (Ezaki et al.,
2000), WAK1 (Sivaguru et al., 2003), AtCS (Koyama et al., 2000). Biologically
independent 3 replication of competitive microarray analyses were carried out
as follows; stopl-mutant versus wild type in Al (10 uM, 24 h; light gray) and low
pH (pH 4.5, 24 h; dark gray). Fold change and whose = SD are shown.
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Figure 4. Repression of ALS3 in the stopl mutant and comparison of growth
among T-DNA insertion mutants. (a) ALS3 expression in the wild type (WT),
the stopl mutant, STOPI-KO, and a complemented line of the stopl mutant
carrying CaMV35S::STOP1 (stopl-comp), which were grown for 10 d in normal
conditions and exposed to Al (10 uM, pH 5.0) for 24 h. ALS3 expression was
normalized by UBQI expression and compared with that of the wild type. (b)
and (c), Growth response of ALS3-KO compared with that of STOP1-KO and
AtALMTI-KO with Al and H* rhizotoxicities. White bar in B = 1 ¢cm. Different
letters indicate significant differences by LSD test (P = 0.05).
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1K pH RN RN E R o7z, WH DKM T TlE, ALS3-KO 1FE AR~ Al
(CHREAZ M A R L7223, STOPI-KO & AtALMTI-KO L Y (it % 7% L 7= (Fig. 4b,
4c), ZHNHDFERIT, stopl ZERIKD Al BIRZMIC ALS3 OEEFINHIA %45 LT
WHZEERLTWD, ZDZ &L, stopl ZERE~D CaMV35S:AtALMT1 &
AT LD HRERRIC K U SIRES VTV D, stopl ZERIKTO AAALMT1 O I3 HL
X, ABOIMPEZ R S 7z, LU, AEHEEUA T AtALMT1 OfiR5 &I 38 AR
LV b REL<Roicbhb b g, AlMEEE2ICIZEE Lo o7 (Fig. 5),
—74 . STOP1-KO @ pH 5.5 TP Al {LERIRIC I 5 BEIX, AtALMTI-KO
FVBEETHY . 2D 220D A U afatiHig LzL 2 A P=7.7T1X105
ThHo7=(t test), LLEDOFERIL, STOPI-KO > v A X+ XF D Al iREVEICHKT
DR MER . Al HEICEERER OB T OBEMHIc Lo TR > Tns &

LR LTV,

+HEBRIC X 5 STOPI-KO & Al 3%t KO ZREDORE
LIRTOMZE T, aA XF X F O pH I, Bt iz T
HAX pH Mt AE L D 59V R 28 L7z (Ikka et al., 2007), [A] U4ef0 BBk
IZHBWV T, STOPI-KO L ftho> Al B KO AERKDO R E % | K pH BRSO
SN PEEGREAT L7, ARtk 13 (pH 6.6) TlX., STOPI-KO ko> Al #BE5%
PE KO ZRRITHAER L FSEOEEZ L2 &b, STOP1 OE R I MED 5t
TR EICEEE 5202 a2 R L5 (Fig. 6), —J%. STOPI-KO ko
Al BB ME KO B BRI, 22tk Al &K pH O R otk R IV T
FEEZT T, ARKIEMOR BIERWESIZEW T, 73T KO ERAEDREIL
Al REFMEIC L > TF & A EEZZIT -2, CaCOs IFMC X 5 1D Al RN

DEIZ L > THIE L7, ALS3-KO & AtALMTI1-KO Ok E %
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Figure 5. Root growth of the wild type (WT), the stopI mutant, and a transgenic
stopl mutant carrying CaMV35S::AtALMT1. Seedlings were grown
hydroponically in Al toxic solution containing 2 uM Al at pH 5.5. Culture
solution was renewed every 2 d, and relative root length (percentage of the root
growth in the absence of Al) was determined at 7 d. Gel image of
semiquantitative RT-PCR of AtALMT1 and UBQ1 transcripts of each line is
shown at the bottom. Means + SE are shown (n=3).
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Figure 6. (a) Growth of ALS3-KO, AtALMTI1-KO, and STOPI-KO in neutral
forest brown soil (bottom) and acidic andosol (top). Seedlings were grown for 4
weeks on both soil types. Acidic andosol was neutralized by adding various
amounts of CaCO3. Soil pH and amount of exchangeable Al were determined.
WT, wild type. White bar = 1 cm. (b) Fresh weight of the shoots plotted as
means = SE (n > 4). Different letters indicate significant differences at P =
0.05 by LSD test.
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znEnti (ALS3KO), & (AtALMTI-KO)X 45 A PR RN T EF AT L[] 45

EZER LT, T ORRITAKPEEE O R LR U XL 512 (Fig. 4b, 4¢c), KO Z (K
D AL EZMEOEC L > THATE, AVRBMIZE X O KEIN CE S T
WHZEERLTWD, UL, BEROOAKRBMKIZEWT, STOPI-KO D
BT AR Al S R BARICHE R TE LES N, 21T stopl 2
FAROAR pH RS MEN, Teth T CAFRNEREZ KT L TWDH T & &2RL
TWD, FEE S X OARRINK 3 (pH 5.2) T STOPI1-KO DL, 4

Iy HFE LS ESNL. KB THLREETH - 7= (Tuchi et al., 2007),

stopl ZEEED pH FAENICEHDL D RHEH AT = 1 OFE

vaA XFRXFTHEBY A N T AR —H—%a— K75 AtTDT 1%, pH

W

PREIRRIKICB L TRV, Al B0 stopl ZRAKTE L < EGHH S 2851 &
LO8kENTe, LanL, ZOBEIRTIIE pH LB TRE REGMHENL 2o 72,
Fhz, ZOBE X stopl BEEREDK pH BUIEZ I K E < BG-7 2 araetEx
N STz, ZORERIT. BERIROR pH BIESZ I, oBIRF 23 i L CTE
M+ 22 &Z2mi2 L Tnd, (K pH BIEZMEZHHT 5, TR H 2 A T =X L
D120, pHA#AEIORB IR T 2 A DT H Y 712X DD TH D, 2L, GABA
shunt ® GDH %>(Bouche and Fromm, 2004). biochemical pH stat (=fiH %
malic enzyme (Sakano, 1998) 73, stopl ZFARDZE L < S5 S =& is 0
ITN—FIZEHEENTN2dTHD (Table 3),

i pH L2 (pH 4.5, 24 h)® DNA ~ A 7 17 LA ki (stopl ZHAK | B4
)& REEW DI (STOPI-KO | #ER)OFH 07— % %, pH iR ik 2
G nRAT 2 A~y A LT (Fig. 1. ZDOFEBRT, REf~DA %7 Fadkk

ARV & EZ DN DIRERE (< 10000DBE 28R LIz, "ATV=A~v Tk
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(glycolysis pathway. tricarboxylic acid cycle, related organic acid and amino
acid metabolic pathways; Table 4) D57 222 [H DEE 1D 5 B 11 fHOBIE 1.
th DOIBAR T stopl BBRIKT X VIREIH <7z (stopl ZERAKR [ BFAER <
0.8, P<0.05in ttest between the FC and 1), Z ZIZ&E £ D 4 DB I,
pH FHEIREH A Y = OffFEE 2 — R T 2851 Th - 72(Fig. 7; Table 4),
GABA shunt & O % 2 — K9 %z - (GDH1,GAD1; Bouche and Fromm,
2004)<°. 2 O biochemical pH stat pathway DiEfx+ (ME1., ME2; Sakano,
1998)(%, WA & e[ stopl BRMKT LY EGEMH Sz, MA T, GABA-T
(GABA aminotransferase) & GDH2 |%, E#& RT-PCR Of5% STOP1-KO THZE
Mo H - 72 (GABA-T, FC = 0.76, stopl ZZRAK | BAEARL <1 O ttest P=
0.06; GDH2, FC = 0.54, stopl ZZHAK | AR <1 O ttest P=0.06)73, ~A 7
07 LA T — X O TITAEZRBMELY P value T 0Ic@mnZ &i2k - T
PR 7e, Z o mIE STOPI1-KO D E & RT-PCR f#TIZ L » TR S L7z 72
(Fig. 7). stopl ZEMETO pH SHERKIZET 2 2 b OBIE T OEGMENIX,
STOP1 ODEEAREIC L - THISEZ SN EEELE Fig. . 2O~y 7 ED 4
DOBIE T2, stopl BEEATHRICEEFEINTEY (pH 4.5; stopl
mutant/wild type > 1.25, P< 0.05 in ¢ test between the FC and 1), Z ® 4 ©IZiZ,
pyruvate decarboxylase (PDC2)D 7T A V¥ A A, RER VB EETN TV
(At4g33070; Table 4),

ZDEIBRFMETITBNT, WAV = A LOWL OGS STOPI-KO
EERLTHEIZZE L TV, 24 OB 2/ Lot LR, STOPI- KO T
4 SO INA EIZZL L TWi=(Fig. 7; Table 5), GABA shunt #IZE& Fh
%5 GABA a7 likly KO BRI THEICY L L>Tniz, MM T, pH stat

MOV v AMBEEOERD L, ERIETHIRI Ao T,
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Figure 7. Comparison of metabolites and transcripts in glycolysis, tricarboxylic
acid (TCA) cycle, and pH-regulating pathways between the wild type (WT) and
the stopl mutant. Seedlings of the wild type and the stopl mutant were grown
for 10 d in stressfree control conditions, then transferred to low-pH (pH 4.5)
solution and incubated for 24 h. The transcriptomes of the stopl mutant and
the wild type on the pathway (222 genes in Table 4) were compared, while the
metabolomes were compared between STOPI-KO and the wild type.
Determined metabolites are shown in colored boxes, and the ratio of STOPI1-KO
to the wild type is indicated by color as shown at top right. Among the genes
with intensities greater than 1,000, relatively more down-regulated (stopl
mutant/wild type < 0.8) or up-regulated (stopl mutant/wild type > 1.25) genes
than others are indicated in italics with the means of FC in parentheses (Table
4). Asterisks show significant difference from FC = 1 (¢ test, P < 0.05).
Transcript levels of selected genes in the wild type, the stopl mutant, and
STOPI-KO at pH 4.5 for 24 h are shown in small panels. Different letters in the
small panels indicate significant differences by LSD test (P = 0.05). GABA
shunt and biochemical pH stat pathways are emphasized by blue color.
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Table 4. Relative expression level of genes in the stop1-mutant among genes involved in major carbohydrate metabolic pathways (see also Fig. 6).

Fold change (stop! -mutant/WT) Intensity o
AGI code Description
FC+SD P-value (1) stopl -mutant WT
sucrose to fructose
At1gl2240 0.92+0.12 0.373 10010 10983 ATBETAFRUCT4 (Beta-fructofuranosidase 4)
Atlg22650 1.09+0.24 0.572 481 454 similar to beta-fructofuranosidase
At1g35580 1.17+0.22 0.286 43263 38695 CINV1 (Cytosolic Invertase 1)
At1g56560 1.06 + 0.00 0.000 3663 3453 similar to beta-fructofuranosidase
At1g73370 0.99 + 0.09 0.865 3980 3940 similar to SUSI (Sucrose synthase 1)
Ar3g05820 1.23+0.18 0.133 47 39 similar to beta-fructofuranosidase
At3g06500 0.99 + 0.04 0.714 4451 4507 similar to beta-fructofuranosidase
At3g43190 1.29+0.23 0.129 1102 819 similar to SUS1 (Sucrose synthase 1)
At4g02280 1.92+0.85 0.117 556 283 similar to SUS1 (Sucrose synthase 1)
At4g09510 0.97 +0.05 0.350 1376 1438 similar to beta-fructofuranosidase
At4g34860 0.92+ 0.06 0.145 7445 7259 similar to beta-fructofuranosidase
At5g20830 1.06+0.11 0.436 4973 4672 SUSI (Sucrose synthase 1)
At5¢22510 0.94 + 0.06 0.249 2977 3191 similar to beta-fructofuranosidase
At5g37180 0.97 £ 0.05 0.434 1487 1538 similar to SUSI (Sucrose synthase 1)
At5g49190 1.03£0.10 0.679 119 118 SUS2 (Sucrose synthase 2)
sucrose to glucose 1-P
At1g73370 0.99 + 0.09 0.865 3980 3940 similar to SUSI (Sucrose synthase 1)
At3g43190 1.29+0.23 0.129 1102 819 similar to SUS1 (Sucrose synthase 1)
At4g02280 1.92+0.85 0.117 556 283 similar to SUSI (Sucrose synthase 1)
At5gl7310 1.11+0.05 0.056 4385 3960 UTP-glucose-1-phosphate uridylyItransferase 1
At5220830 1.06+0.11 0.436 4973 4672 SUSI (Sucrose synthase 1)
At5237180 0.97+0.05 0.434 1487 1538 similar to SUSI (Sucrose synthase 1)
At5g49190 1.03+0.10 0.679 119 118 SUS2 (Sucrose synthase 2)
sucrose to glucose
At1gl2240 0.92+0.12 0.373 10010 10983 ATBETAFRUCT4 (Beta-fructofuranosidase 4)
Atlg22650 1.09+0.24 0.572 481 454 similar to beta-fructofuranosidase
At1g35580 1.17+0.22 0.286 43263 38695 CINVI1 (Cytosolic Invertase 1)
At1g56560 1.06 + 0.00 0.000 3663 3453 similar to beta-fructofuranosidase
Ar3g05820 1.23+0.18 0.133 47 39 similar to beta-fructofuranosidase
At3g06500 0.99 + 0.04 0.714 4451 4507 similar to beta-fructofuranosidase
At4g09510 0.97 £ 0.05 0.350 1376 1438 similar to beta-fructofuranosidase
At4g34860 0.92+ 0.06 0.145 29269 29508 similar to beta-fructofuranosidase
At522510 0.94 + 0.06 0.249 2977 3191 similar to beta-fructofuranosidase
fructose to fructose 6-P
At2g19860 1.00 + 0.02 0.696 2748 2730 HXK2 (Hexokinase 2)
At4g29130 1.00 + 0.08 0.941 8306 8434 HXK I (Hexokinase 1)
glucose 1-P to glucose 6-P
At1g23190 0.97+0.13 0.712 10718 11361 similar to phosphoglucomutase
At1g70730 0.87+0.07 0.094 8726 10045 similar to phosphoglucomutase
At5g51820 0.86+0.13 0.223 1150 1357 PGM 1 (Phosphoglucomutase 1)
glucose to glucose 6-P
At1g47840 0.67 +0.02" 0.003 4588 6768 HXK3 (Hexokinase 3)
At1g50460 0.94+0.03 0.079 3515 3771 HKLI1 (Hexokinase like 1)
At2g19860 1.00 + 0.02 0.696 2748 2730 HXK2 (Hexokinase 2)
At3220040 0.76 + 0.02° 0.004 3252 4311 HXK4 (Hexokinase 4)
At4g29130 1.00 + 0.08 0.941 8306 8434 HXK1 (Hexokinase 1)
At4g37840 0.64+0.15 0.077 71542 48773 HKL3 (Hexokinase like 3)
glucose 6-P to fructose 6-P
At4224620 0.94+0.12 0.509 17908 18686 PGII1 (Phosphoglucose Isomerase 1)
At5g42740 1.04+0.15 0.670 4444 4248 PGIC (Glucose-6-phosphate isomerase, cytosolic)
a-D-glucose-6-P to trehalose
At1g06410 1.03+0.04 0.369 8159 7872 ATTPST (Trehalose-6-phosphate synthase 7)
Atlg22210 1.29+0.12 0.043 67 52 similar to ATTPPB (Trehalose-6-phosphate phosph )
At1g23870 1.01+0.26 0.942 9278 8813 ATTPS9 (Trehalose-6-phosphate synthase 9)
At1g35910 1.19+0.24 0.271 5313 4171 similar to trehalose-6-phosphate phosphatase
Atl1g60140 1.09 +0.25 0.572 15516 13642 ATTPSI0 (Trehalose-6-phosphate synthase 10)
At1g68020 0.78 + 0.07* 0.040 2022 2515 ATTPS6 (Trehalose-6-phosphate synthase 6)
At1g70290 0.99+0.12 0.929 2968 3057 ATTPS8 (Trehalose-6-phosphate synthase 8)
At1g78090 1.49+0.29 0.069 8381 5932 ATTPPB (Trehalose-6-phosphate phosphatases)
At1g78580 0.83+0.13 0.173 3236 3958 ATTPSI (Trehalose-6-phosphate synthase 1)
At2g18700 1.28+0.15 0.069 2870 2140 ATTPSI11 (Trehalose-6-phosphate synthase 11)
At2g22190 1.46+ 0.31 0.089 6258 4783 similar to trehalose-6-phosphate phosphatase
At4gl2430 1.24+0.35 0.307 1907 1640 similar to trehalose-6-phosphate phosphatase
Atdgl7770 0.80+0.15 0.178 7561 9651 ATTPSS (Trehalose-6-phosphate synthase 5)
At4g22590 1.22+0.27 0.255 12844 10795 similar to trehalose-6-phosphate phosphatase
At4g27550 0.73+0.29 0.291 21 32 similar to ATTPS2 (Trehalose-6-phosphate synthase 2)
At4g39770 1.22+0.20 0.172 6971 6081 similar to trehalose-6-phosphate phosphatase
At5g51460 1.03+0.04 0.338 3126 3047 ATTPPA (Trehalose-6-phosphate phosphatases)
trehalose to glucose
Atdg24040 1.09%0.26 0.584 849 833 ATTREI (Trehalase 1)

(Table continues on following page.)
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Table 4. (Continued from previous page.)

Fold change (stop! -mutant/WT) Intensity o
AGI code Description
FC+SD P-value (1) stopl -mutant WT
fructose 6-P to gly ceraldehy de-3-P
Atlgl8270 0.96 +0.16 0.744 9059 9400 similar to 6-phosphogluconate dehy drogenase
At2g01140 1.10+0.18 0.395 33744 30996 Fructose-bisphosphate aldolase 3
A221170 0.88+0.14 0.298 15007 17128 TIM (Triosephosphate isomerase)
At2g21330 2.55+2.15 0.157 249 64 Fructose-bisphosphate aldolase 1
At2g22480 0.91+0.10 0.266 9829 10728 PFKS (Phosphofructokinase 5)
At2g36460 0.84+0.07 0.073 19427 23249 similar to fructose-bisphosphate aldolase
At3g52930 0.79 £ 0.04" 0.013 90554 114717 similar to fructose-bisphosphate aldolase
At3g55440 0.93 +0.02 0.017 88713 95021 ATCTIMC (Cytosolic triose phosphate isomerase)
At4g26270 1.38+0.47 0.231 2820 2139 PFK3 (Phosphofructokinase 3)
At4g26520 1.68+0.88 0.375 18 10 Fructose-bisphosphate aldolase
At4¢29220 1.08 +0.09 0.264 10584 9652 PFK1 (Phosphofructokinase 1)
At4g32840 0.96 = 0.06 0.359 879 925 PFKG6 (Phosphofructokinase 6)
At4g38970 4.10+2.96 0.063 6971 6081 Fructose-bisphosphate aldolase 2
At5g03690 0.98 + 0.09 0.691 1498 1549 similar to fructose-bisphosphate aldolase
At5g47810 0.85+0.15 0.263 860 1032 PFK2 (Phosphofiuctokinase 2)
At5g56630 0.90+0.10 0.230 13698 15457 PFK?7 (Phosphofructokinase 7)
At5g61580 0.97 +0.09 0.627 4787 4816 PFK4 (Phosphofructokinase 4)
gly ceraldehy de-3-P to 3-phosphogly cerate
Atlg12900 3.02+1.53 0.057 350 105 similar to GAPA (Glyceraldehyde-3-phosphate dehydrogenase A)
Atlgl3440 0.82+0.07 0.051 115738 139222 GAPC2 ( Glyceraldehy de-3-phosphate dehy drogenase 2)
Atlgl6300 1.00 + 0.08 0.980 8787 8849 similar to GAPC1 ( Glyceraldehy de-3-phosphate dehy drogenase 1)
At1g32060 4.60 £ 4.32 0.080 84 13 PRK (Phosphoribulokinase)
At1g42970 3.10£2.15 0.089 718 175 GAPB (Glyceraldehyde-3-phosphate dehydrogenase B)
Atlg56190 0.90+0.17 0.433 590 691 Phosphoglycerate kinase
At1g79530 0.98+0.05 0.509 36346 37385 similar to GAPC2 ( Gly ceraldehy de-3-phosphate dehydrogenase 2)
At1g79550 0.93+0.20 0.620 27039 29195 PGK (Phosphogly cerate kinase)
A12g24270 205+ 1.87 0.252 219 86 ALDH1143 (NADP-dependent glyceraldehyde-3-phosphate dehydy )
At3g04120 0.77+0.16 0.159 55709 74529 GAPC (Glyceraldehy de-3-phosphate dehy drogenase C)
At3g12780 0.99+0.21 0.927 4676 4852 PGK1 (Phosphoglycerate kinase 1)
At3g26650 3.42+233 0.075 665 172 GAPA (Glyceraldehyde-3-phosphate dehydrogenase A)
At3g62410 1.21+0.19 0.163 39 32 CPI12-2 (CP12 domain-containing protein 2)
3-phosphogly cerate to PEP
At1209780 1.09+0.19 0.475 51145 47522 PGM 1 (Phosphogly cerate mutase 1)
At1g22170 1.05+0.14 0.574 4315 4057 similar to phosphogly cerate/bisphosphogly cerate mutase
At1g74030 1.00 + 0.09 0.947 26048 26318 similar to LOS2 (Low expression of osmotically responsive genes 1)
At1g78050 1.08+0.23 0.582 14098 12834 PGM (Phosphogly cerate/bisphosphogly cerate mutase)
At2g29560 1.00 + 0.05 0.907 3345 3335 similar to LOS2 (Low expression of osmotically responsive genes 1)
At2g36530 0.95+0.13 0.582 86862 92448 LOS2 (Low expression of osmotically responsive genes 1)
At3208590 1.03+0.16 0.785 3668 3626 PGM2 (Phosphogly cerate mutase 2)
At3g50520 0.98 +0.02 0.271 5603 5731 similar to phosphogly cerate/bisphosphogly cerate mutase
At4g09520 0.84+0.03 0.018 7183 8484 similar to phosphogly cerate/bisphosphogly cerate mutase
At5g04120 2.88 £ 2.30 0.121 341 123 similar to phosphoglyce isphosphoglycerate mutase
PEP to pyruvate
At1g32440 0.99 + 0.09 0.814 6125 6182 PKP3 (Plastidial pyruvate kinase 3)
At2g36580 1.09+0.16 0.415 7256 6881 similar to pyruvate kinase
At3g22960 0.80+ 0.03 0.010 9925 12404 PKP1 (Plastidial pyruvate kinase 1)
At3g25960 0.99+0.09 0.824 115 119 similar to pyruvate kinase
At3g49160 1.06+0.13 0.513 415 382 similar to pyruvate kinase
At3g52990 1.13+0.34 0.551 6798 6418 similar to pyruvate kinase
A13g55650 1.06+0.15 0.525 144 136 similar to pyruvate kinase
A13g55810 1.01+0.15 0.906 56 55 similar to pyruvate kinase
At4g26390 0.98 +0.08 0.705 322 325 similar to pyruvate kinase
At5208570 0.94+0.05 0.187 11811 12696 similar to pyruvate kinase
At5¢52920 0.89+0.01 0.002 19158 21675 PKP2 (Plastidial pyruvate kinase 2)
At5g56350 1.06 + 0.08 0.362 23173 22060 similar to pyruvate kinase
At5g63680 1.10£0.11 0.227 77171 7173 similar to pyruvate kinase
pyruvate to acetyl-CoA
At1g01090 0.93+0.11 0.386 40375 44908 PDH-El ALPHA (Pyruvate dehydrogenase E1 alpha)
At1g24180 1.11+0.03 0.026 29557 26654 IAR4 (Pyruvate dehydrogenase EI alpha)
At1g30120 0.89+0.13 0.299 9981 11381 PDH-El BETA (Pyruvate dehydrogenase El beta)
At1g34430 0.84+0.13 0.182 5861 7078 EMB3003 (Embryo defective 3003)
At1g48030 1.02 £ 0.09 0.732 12188 12059 MTLPDI (Mitochondrial Lipoamide dehy drogenase 1)
At1g54220 1.03+0.01 0.065 2275 2202 DihydrolipoyIlysine-residue acety Itransferase component 3 of pyruvate dehy drogenase
At1g59900 0.96 = 0.01 0.038 5368 5572 AT-E1 ALPHA (EI alpha subunit of the pyruvate dehy drogenase)
At3g13930 0.98 +0.08 0.746 16956 17195 Dihydrolipoyllysine-residue acety Itransferase component 2 of pyruvate dehydrogenase
At3g16950 0.84+0.04 0.028 6900 8286 LPDI (Lipoamide dehydrogenase 1)
At3gl7240 1.01+0.03 0.675 22675 22577 LPD2 (Lipoamide dehydrogenase 2)
At325860 0.88+0.04 0.041 12264 14026 LTA2 (Dihydrolipoamide S-acety Itransferase 2)
At3g52200 1.00 + 0.03 0.890 6639 6634 LTA3 (Dihydrolipoamide S-acety Itransferase 3)
Atdgl6155 0.86+0.12 0.208 390 457 PTLPD? (Plastidic/lipoamide dehydrogenase 2)
At5g17380 1.08 +0.07 0.183 4314 3917 similar to CSR1 (Chlorsulfuron/Imidazolinone resistant 1)
At5g50850 1.02+ 0.05 0.587 22178 21718 MABI (Pyruvate dehydrogenase)

(Table continues on following page.)
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Table 4. (Continued from previous page.)

Fold change (stop! -mutant/WT) Intensity
AGI code Description
FC+SD P-value (1) stopl -mutant WT
pyruvate to acetaldehyde
At4g33070 128+0.15° 0.070 34180 34345 similar to PDC3 (Pyruvate decarboxy lase 3)
At5g01320 1.32+0.19 0.077 154 117 similar to PDC3 (Pyruvate decarboxylase 3)
At5g01330 1.10£0.32 0.625 51 49 PDC3 (Pyruvate decarboxylase 3)
At5g54960 130+ 0.12° 0.037 9572 7432 PDC2 (Pyruvate decarboxy lase 2)
acetaldehyde to ethanol
Atl1g77120 1.25+0.31 0.252 2323 1790 ADHI (Alcohol dehy drogenase 1)
pyruvate to lactate
Atdgl 7260 0.88+0.05 0.049 2763 3159 similar to PMDH2 (peroxisomal NAD-malate dehy drogenase 2)
acetyl-CoA to citrate
Ar2g11270 0.98+0.23 0.869 54 59 similar to CSY5 (Citrate synthase 5)
At2g44350 1.03+0.10 0.692 27664 27236 ATCS (Citrate synthase 4)
At3g60100 1.06 +0.14 0.521 2990 2860 CSYS5 (Citrate synthase 5)
citrate to 2-OG
At1g54340 1.05+ 0.05 0.215 5484 5215 ICDH (NADP-specific isocitrate dehy drogenase)
At1g65930 0.99 + 0.08 0.857 71656 72245 similar to ICDH (Isocitrate dehy drogenase)
At2g05710 1.00+0.15 0.988 26157 25342 ACO2 (Aconitate hydratase 2)
At2gl17130 1.05+ 0.08 0.390 14665 13899 IDH2 (NAD+ dependent isocitrate dehy drogenase subunit 2)
At4g26970 0.96+0.18 0.753 37218 36807 ACO3 (Aconitate hydratase 3)
At4g35260 1.03+0.10 0.604 34 38 IDH1 (NAD+ dependent isocitrate dehydrogenase 1)
At4g35650 0.87+0.22 0.441 35372 34632 Isocitrate dehy drogenase NAD regulatory subunit 3 (IDH3)
At4g35830 1.03+0.07 0.520 33 47 ACOI (Aconitate hydratase 1)
At5203290 1.04+ 0.06 0.334 17121 16462 Isocitrate dehy drogenase NAD catalytic subunit 5 (IDH5)
At5g14590 0.98+0.17 0.828 6783 7145 similar to ICDH (Isocitrate dehy drogenase)
At5g54950 1.01+0.22 0.958 93 90 similar to aconitate hydratase
2-0G to succinate
At2220420 1.07 £ 0.09 0315 21576 20448 Succinyl-CoA ligase beta-chain
At3g55410 1.03+0.07 0.563 10245 9949 similar to 2-oxoglutarate dehy drogenase E1 component
At5208300 1.05+0.16 0.608 20634 19905 Succinyl-CoA ligase subunit alpha-1
At5223250 0.91+0.09 0.265 6239 6890 Succinyl-CoA ligase subunit alpha-2
At5g55070 1.07+0.07 0.233 12236 11547 similar to 2-oxoacid dehydrogenase family protein
At5g65750 1.05+0.05 0.165 2600 2441 similar to 2-oxoglutarate dehy drogenase E1 component
Gluto Gln
Atlg48470 0.91+0.03 0.048 702 770 GLNI-5 (Cytosolic glutamate synthetase)
At1g66200 0.69 £ 0.06" 0.019 58574 84217 ATGSR2 (Cytosolic glutamate synthetase 2)
At3gl7820 0.82+0.18 0.267 6888 8409 ATGSKB6 (Cytosolic glutamate synthetase)
At3g53180 0.86+ 0.09 0.127 4700 5350 Glutamate-ammonia ligase
At5g16570 1.44+0.37 0.130 6681 4339 GLN1-4 (Cytosolic glutamate synthetase)
At5235630 0.90 + 0.04 0.061 12179 13582 GS2 (Glutamine synthetase 2)
At5g37600 0.90+0.13 0.328 12924 13782 ATGSRI (Cytosolic glutamate synthetase 1)
Glu to 2-0G
At1g51720 1.01+0.08 0.861 4157 4049 similar to GDH2
At303910 1.41+0.23 0.070 4225 2966 GDH3 (Glutamate dehy drogenase 3)
At5g07440 0.54+0.15" 0.060 22572 45606 GDH2 (Glutamate dehy drogenase 2)
At5g18170 0.27+0.11" 0.030 1941 8258 GDHI (Glutamate dehydrogenase 1)
Glu to GABA
At1g65960 0.98+0.25 0.896 15676 16607 GAD?2 (glutamate decarboxylase 2)
Ar2g02000 0.87 +0.07 0.089 153 176 GAD3 (glutamate decarboxylase 3)
Ar2g02010 1.76 £ 0.56 0.088 271 141 GAD4 (glutamate decarboxylase 4)
A3g17760 1.17+0.27 0.355 29 25 GADS (glutamate decarboxylase 5)
At5g17330 0.49 +0.10" 0.025 24520 50641 GADI (glutamate decarboxylase 1)
GABA to succinate
At1g79440 1.14+0.07 0.071 8537 7625 SSADHI (succinic semialdehy de dehy drogenasel)
At3g22200 0.76 + 0.09" 0.060 13716 18576 GABA-T (gamma-Aminobutyric acid transaminase)
succinate to fumarate
At1g08480 0.93+0.12 0.421 17556 18924 Unknown protein
At1g47420 1.00 + 0.05 0.963 32858 32916 Unknown protein
At2g18450 0.74+0.19 0.175 1044 1337 SDH -2 (Succinate dehy drogenase)
At2g46390 1.03+0.02 0.114 30984 29934 Unknown protein
At2g46505 0.95+0.05 0.189 4500 4777 SDH4 (Succinate dehy drogenase)
At3227380 0.98 + 0.09 0.744 18292 18582 SDH2-1 (Succinate dehy drogenase)
At3g47833 0.92+0.06 0.144 11730 12810 Unknown protein
At5g40650 0.93+0.14 0.501 7858 8581 SDH2-2 (Succinate dehy drogenase)
At5g40650 0.93+0.14 0.501 7858 8581 SDH2-2 (Succinate dehy drogenase)
At5g65165 0.69+0.18 0.128 61 87 SDH2-3 (Succinate dehydrogenase)
At5266760 1.06 +0.15 0.530 18616 17681 SDH1-1 (Succinate dehy drogenase)
fumarate to malate
At2g47510 0.94+0.24 0.706 2912 3222 FUM (Fumarase 1)

malate to OAA
(Table continues on following page.)
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Table 4. (Continued from previous page.)

Fold change (stop! -mutant/WT) Intensity L
AGI code Description
FC+SD P-value (1) stopl -mutant WT
OAA to malate
At1g04410 0.97 £ 0.05 0.392 80989 83890 MDH]1 (Malate dehydrogenase 1, cytosolic)
At1g53240 0.95+0.30 0.815 2856 3055 MDHI1 (Malate dehydrogenase 1, mitochondrial)
At3gl5020 0.99+0.11 0.885 4353 4428 MDH2 (Malate dehydrogenase 2, mitochondrial)
At3g53910 0.82+0.93 0.739 14 15 similar to MDH (Malate dehydrogenase)
At5g43330 1.19+0.21 0.232 3960 3269 MDH2 (Malate dehy drogenase 2, cytosolic)
At5g56720 1.06 + 0.06 0.227 1067 1010 similar to malate dehy drogenase, cytosolic
At5g58330 1.50+0.48 0.153 275 185 similar to MDH (Malate dehydrogenase)
malate to pyruvate
At1g79750 0.96+0.14 0.667 10233 11040 ATNADP-ME4 (Malic enzy me 4)
At2g13560 1.01+0.03 0.650 24116 24026 similar to NAD-dependent malic enzyme
At2g19900 0.68 £ 0.09* 0.038 2565 3735 ATNADP-MEI (Malic enzyme 1)
At400570 0.94+0.05 0.161 8775 9387 similar to NAD-dependent malic enzyme
At5g11670 0.67 + 0.06" 0.017 26981 39328 ATNADP-ME2 (Malic enzy me 2)
At5g25880 0.87 = 0.08 0.122 116 133 ATNADP-ME3 (Malic enzyme 3)
OAA to PEP
At4g37870 1.37+0.24 0.090 3013 3461 PEPCK (phosphoenolpyruvate carboxykinase)
At5g65690 0.86 +0.07 0.080 521 619 PEPCK (phosphoenolpyruvate carboxykinase)
OAA to Asp
At1g62800 0.86+0.12 0.198 17354 20720 ASP4 (Aspartate aminotransferase 4)
Ar2g13810 4.43+0.84 0.005 1113 269 similar to AGD2 (Aberrant growth and death 2)
At2g22250 1.11+0.07 0.118 14565 12942 similar to aminotransferase class I and II family protein
At2g30970 0.89+0.10 0.217 22542 25304 ASP1 (Aspartate aminotransferase 1)
At4g31990 0.85+0.09 0.112 20187 24001 ASPS5 (Aspartate aminotransferase 5)
At5g11520 1.11£0.13 0.236 10162 8949 ASP3 (Aspartate aminotransferase 3)
At5g19550 0.89+ 0.09 0.183 6234 7061 ASP2 (Aspartate aminotransferase 2)
Asp to OAA
At5g14760 2,18+ 0.64" 0.042 4944 2203 similar to SDH1-1 (Succinate dehydrogenase 1-1)
Asp to Asn
At3g47340 2.43+2.03 0.169 921 379 ASNI (Asparagine synthetase 1)
At5g10240 0.90+ 0.24 0.557 3505 4041 ASN3 (Asparagine sy nthetase 3)
At5g65010 1.03+0.18 0.823 2314 2292 ASN2 (Asparagine sy nthetase 2)
3-phosphogly cerate to Ser
Atlgl7745 0.94+0.17 0.609 33485 36862 PGDH (3-Phosphogly cerate dehy drogenase)
Atlgl8640 091+ 0.06 0.125 4580 5088 PSP (3-Phosphoserine phosp hatase)
At2gl7630 0.92+0.27 0.676 4056 4517 similar to PSAT (Phosphoserine aminotransferase)
At3g19480 1.06+0.23 0.703 74 72 similar to PGDH (3-Phosphoglycerate dehydr )
At4g34200 1.01+£0.15 0.896 2910 3215 similar to PGDH (3-Phosphogly cerate dehy drogenase)
At4g35630 1.01£0.09 0.824 158 170 PSAT (Phosphoserine aminotransferase)
Ser to Gly
At1g22020 1.02+0.01 0.102 2885 2826 SHM 6 (Serine hy droxy methy Itransferase 6)
At1g36370 1.10+ 0.06 0.098 4158 3818 SHM 7 (Serine hy droxy methy Itransferase 7)
At4gl3890 1.65+ 0.34" 0.049 4682 3030 SHM 5 (Serine hy droxy methy ltransferaseS)
At4gl13930 0.96+0.21 0.779 54423 58176 SHM 4 (Serine hy droxy methy Itransferase 4)
At4g32520 0.93+0.14 0.501 5781 6297 SHM 3 (Serine hy droxy methy Itransferase 3)
At4¢37930 0.88+0.10 0.208 3013 3461 SHM I (Serine hy droxy methy Itransferase 1)
At5226780 1.07 + 0.06 0.180 5921 5509 SHM 2 (Serine hy droxy methy Itransferase 2)
Ser to O-acetyl-L-Ser
At1g55920 1.12+0.24 0.457 16315 13571 ATSERAT2-1 (Serine acety Itransferase 2-1)
At2g17640 0.98+0.15 0.810 1111 1158 ATSERAT3-1 (Serine acety Itransferase 3-1)
At3gl3110 1.10+ 0.04 0.047 20570 18529 ATSERAT2-2 (Serine acetyItransferase 2-2)
At4g35640 0.90+0.34 0.659 11 13 ATSERAT3-2 (Serine acetyltransferase 3-2)
At5256760 0.88+0.05 0.069 22131 25210 ATSERATI-1 (Serine acety Itransferase 1-1)
O-acetyl-L-Ser to Cys
At1g55880 0.93+0.11 0.404 2774 3094 similar to cysteine synthase
At2g43750 0.90+0.11 0.296 5989 6814 OASB (Cysteine synthase 1)
At3g03630 0.91+0.13 0.367 498 563 CS26 (O-acetylserine lyase)
At3g04940 0.99+0.13 0.912 5834 5966 ATCYSDI (Cysteine synthase D1)
At3g22460 1.20+0.27 0.291 3457 2900 similar to OASA 1 (O-AcetyIserine lyase)
At3g61440 1.02+0.03 0.301 44581 43380 ATCYSCI (Cysteine synthase C1)
At4gl14880 1.04+0.10 0.595 52006 50718 OASA1 (Cysteine synthase)
At5¢28020 0.74+0.14 0.112 1911 2494 ATCYSD2 (Cysteine synthase D2)
At5g28030 1.00+0.11 0.987 716 731 similar to ATCYSD2 (Cysteine synthase D2)
Cys to glutarhione
At4g23100 0.98 +0.08 0.774 32690 33728 GSH1 (Glutathione synthetase 1)
At5227380 0.92+0.13 0.428 14998 15709 GSH2 (Glutathione synthetase 2)

Biologically independent 3 replication of competitive microarray analyses were carried out as follows; stop/-mutant versus wild type (WT) in low pH (pH 4.5, 24 h). Means of fold change (FC)
and whose = SD are shown. Different letters (a; down-regulation, b; up-regulation) indicates significant difference from FC 1.0 (t-test, P < 0.05). Means of intensity were also shown in stop! -
mutant and WT. Italicalized gene showed the intensity <1000.
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Table 5. Metabolite profile in major carbohydrate metabolic pathways (see Fig. 6) of the STOP1-KO
relative to those determined for the WT under low pH conditions.

Ratio of STOP1 -KO to WT

method

rep.1 rep.2 rep.3 mean+SD

4-aminobutyrate GC-MS 0.62 0.48 0.60 0.57+0.07"
2-oxoglutarate GC-MS 1.19 0.73 1.05 0.99+0.24
citrate GC-MS 0.70 0.76 0.93 0.80+0.12
fructose GC-MS 1.19 1.05 1.11 1.12+0.07
fructose 6-phosphate GC-MS 1.08 1.17 1.25 1.16£0.08
fumarate CE-MS 0.50 0.72 0.68 0.63+£0.12
glucose GC-MS 0.28 0.87 0.87 0.67+0.34
glucose 1-phosphate GC-MS 0.58 0.95 0.85 0.79+0.19
glucose 6-phosphate GC-MS 1.09 1.39 1.11 1.19+£0.17
glutathione (reduced) CE-MS 1.32 1.21 0.86 1.13+£0.24
glycine GC-MS 0.77 0.88 0.69 0.78 £0.09
L-asparagine GC-MS 1.21 1.02 1.36 1.20+0.17
L-aspartate GC-MS 0.78 0.77 091 0.82+0.08
L-glutamate GC-MS 1.16 1.00 1.12 1.09 + 0.08
L-glutamine GC-MS 1.41 1.30 1.80 1.51+0.26
L-serine GC-MS 1.16 1.04 1.11 1.11 +0.06
malate GC-MS 0.97 0.74 0.90 0.87+0.12
O-acetyl-L-serine CE-MS 1.45 1.70 1.86 1.67+0.21

pyruvate GC-MS 0.56 - 0.51 0.54 + 0.04°

succinate GC-MS 0.77 0.58 0.67 0.67 = 0.09"

sucrose GC-MS 4.09 5.44 438 4.64+0.71°
trehalose GC-MS 0.89 1.04 0.97 0.97 +0.07

Letter indicates significant difference between STOPI -KO and WT (t-test, P <0.05).
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D OFERIT, stop] ZEFAKT pH FHEIRE BRI SNz Z & 2R LTV D,
5, A7 a—ADREIL stop] BRI THBEIZHIML T\, 2D Z &1X,.STOP1
DHEREEEPRICB T HA 70— 2DEFRICH B EZHEATWH I L2 LT
W5, ZHIEAF Y FF—F (HXK3, HXK4) D\ < DD AT 1 7 OGNS

LoTEZ-oTWNA,

STOP1 % /37 G OHIPNJFTE

stopl ZERIRKIZE T D4 1B s FOEEGHHIEL, STOP1 23K pH <° Al &
R DB FHBUCEHD > TWAH 2 EZRLTWD, ZORRHEEZIRDL I b7 5 E
BRC, STOP1 I GFP 245 L7= 4 v /"7 B & ¥~ %% (Allium cepa)# FZHIlEIC
NIV T veA 352 ET STOPL ¥ 2 XU EOMINRTEZRE LT,
arvhre—OarAr7 7k (CaMV35S:GFP) & /\—7 ¢ 7 V77 Tzl
AN & 2 A, IR RERFREOE N Z R L, EO®INITHTHTh - 72 (Fig. 8),
TR MO GFP OMBTE TH oo, xR,
CaMV35S8:STOP1:GFP ## A L7= b D%, HOAHTELEHE LIZ(Fig. 8), Zh
X STOP1 BMEEICRTET D Z L2 LT L, BRER & LT, 13K pH <0
Al ¥ 7 FIARERIEIZ & DD A L X — DR G IENCE 59 2 Al REME 2 /R LTV

60
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GFP Nx GFP+Nx

358::GFP:STOP1

35S8::GFP

Figure 8. Localization of the GFP::STOP1 protein that was transiently
expressed in onion epidermis cells. Vectors containing
CaMV35S::GFP:STOP1 (top) or CaMV35S::GFP (bottom) were introduced by
particle bombardment. Fluorescence images (left) and brightfield images
(middle) are merged at right. Bars = 100 pum.
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1-4 EZ%

g~ A 7 a7 LA fEFTH O E B RT-PCR 1%, STOP1 OFEREREE 7% AtALMT1
(Kobayashi et al., 2007) & ALS3 (Larsen et al., 2005)® 2 > D EZE 7y Al fiMiEls
TOEEMHEIC L > ChlER SN2 E2HLMMC L (Fig. 3), M T, b9
1 >® Al & sF Th 5 AtMATE X, STOP1-KO TEAnFDFRELD 720 M
fil STz 728 STOPLIZ K » TRl ST 2 & [AE 47z (Liu et al., 2009),
AL TIE, AtMATE [Jtbig~A 7 a7 LA fffro 7 4V 7 41— ba—)uic
FoTHbfRs 7z, ZHEEHARICBIT 2R pHFEED 3 D S 6, 21 DT —X
TERERAX Y T —H ThHolzloOThLD, IEL VUL, Al ITL->TKE
< & T (Al B E T D stopl BRAK | 84RO FC 1% 0.23+0.07;
Table 3, Table 6), £ &5 &, ZNHDOFEEIL, Al iMEDOEEDOBEEF, A
A XFAXFSTOPL ¥ "I EHE B LT DB FRIRKIC L > TR ST
WbHZEERLTVS (Fig. 9),

AT, STOP1 O#Re~4xlE, i pH MPEIZ B %2 52 5 A A AP pH

iR BT 2 s oG b5l X & 23 (Table 3; Fig. 7). Ziud,

STOPI-KO & . AtALMTI-KO <° ALS3-KO » Al #gsz 1 KO Rk D kHE, +
Bk O A BISERE R L —2T % (Fig. 4, Fig. 6), STOPI1-KO IZ/& pH &3 T
b5, K pH BN TIEZ2 WMo AL KO BRI Lt Bt o 4AF
FEBRCTAEFTIH SN TV, Z6ORRIE, Al LXK pH BHEO M O 2 2
T LM, STOP1 & ATEY 7 F IMBERIEIC L > THHfiah TnWa Z L 26
MR LTV (Fig. 9, GFP 254 L7- STOP1 OHIfIPN RTEDKE #, STOP1
DI TR BRI 7>, £ G 2 e T 20O EE 2K 1 & L TH< Z L BnRS i

7= (Fig. 8),
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Low pH defense
systems
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< | ME pH regulation Malate m Malate

Pectin
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Figure 9. Schematic representation of regulating genes by STOP1 in relation
to low pH and Al tolerance. Major genes identified as downregulated in the
stopl mutant are shown with possible functions in low pH and Al stress
tolerance. Except for AKT1I, other genes were downregulated in the stopl
mutant. AtMATE was reported by Liu et al. (2009). Underlined genes were
greatly down-regulated in the stopl mutant with both low-pH and Al
treatments (Table 3).
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AtALMTI-KO <° ALS3-KO 13 pH B METIE ARV, £ 2, stopl
ZRARCHE BN S le 2 LIS OBAS 723, 1K pH BIEDIMMES A7 2 & LT
RELTWDE Lvv, DNA ~A 7 a7 LAt (e.g. stopl 7255k L WA=
DI~ A 7 0T LA)DWIZAT 5 EE RT-PCR X, STOPI-KO <CAHAHHA LA
(i.e. CaMV 35S:: STOP1 E A stopl ZEEMANZEB T, A A U EFMES pH GO
BL T2 STOPLIZ L » TGRS S h T b Z &bz L= (Fig. 9), #1213,
WY IRV R TV AR—2—Tdh % AtTDT (VTN T v AR —F —
O—FENL, stopl ZRETEEMH SNEETO 1 2L LT& I, o
{51 T-DNA i AZEBARITHAE O pH [ TEDSHERE L7a Ipofzizth, vaA
X F X F D pH OB & LTl 47z (Hurth et al., 2005), Z D&+
1L stop1 2 BAR DK pH ALEE TR & < B S TiInW o 7228 (FC=0.75),
Z DK pH BIESZ MO —EBIEEIA T & 5, O TEOIX pH M- B2 28 s T
DV DM, stopl BERETEGEMH STz, FlxIiE, Bx kEpfc K
DA OTEF M F 7 pH i L LMo T% (Zhang and Kone,
2002), £% 7 K+ b7 AR —4%—0 AKT1 (Lee et al., 2007) % i 4 5% —E
% =1— 4% CIPK23 OEEEHMH1%, AKT1 iHIEORD 25| X 24+ 2 & T stopl

ERAED pH HENEAZ 52 TV H0h Lty S04 NOs (BT 5o k

W

T URAR=E =4 FPO pH HEIZEHF G L TWDHEnb LAY, hYERa VT

a

1. 1K pH B IO R DO AEEF N, KeSO4 DR ThESNS (Yan et al., 1992), <
DI Z., FHEEDO Kt Al LB L7- a2 AXOMBEAN OB ZBIV TV D
(Lindberg and Strid, 1997), —J7, NOs @B, MEEXZ TFTO TR LD
7 ¥ K=y A& fEM LTV b (Libourel et al., 2006), £&HbH &, ZNHDT—X
(X, A A AEFEERA A R B 2 AR T OGN stop] EE{kD H*

eI T A2 RELTWS, ZorAEEME, v eAg X F X5 Ktk
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T U AR—Z — OO CIAES LTV 5, cation-proton 7 > F R —4 —T
&5 CHX13 O ELIx, KHlRSEMIZI VT, 1K pH (pH 4.3 and 5.6; Zhao et
al., 2008) COAEFIZOLTMNIEKELIZZ LD, vaA XFXFT0 KHEF X
HHYESZMECREERHH Z 2R LTV D,

STOP1 DkREREE L. pH FEI OS2 T =4 & L7, WWfaN o pH 18
HHETr AL TREND AT =ALTHEEL 52 T\\5, pH stat #REK O —H
X, U v dEEEE#E (malic enzyme) P E L E VB LR XL T —F T a—LF
b Na s —r, 73 i0@ikFEREFE (lactate dehydrogenase) (2 &> THEK
. Ht%# % T% % (Roberts et al., 1992; Sakano, 1998), f.®> pH stat %% T,
GABA shunt {3 GDH, GAD, GABA-T THE S, MIE o HAICE S LT
VW% (Bown and Shelp, 1997). GABA shunt #&#i%. fMED 7T v F— 2 % 5|
T TR EIREC O A R LRI > CTEE D (Crawford et al., 1994), 4 (Al
DOFEFIL, 25O pH FHHi/ XA T = A W stop] BERTHH SN TNWD Z L AR
LTW5 (Fig. 0 ZNHORKEDOERT A Y 7+ —2LThHbH GDH1, GDH2,
GAD1,GABA-T.ME1,ME2 iX stopl Z BAR TG 4TV 7= (Table 3; Fig.
Do GAD 7 A Y 74 —A-LD 1>CThHsD GAD4 1L, stopl ZRARTEGEHE ST
W7z28 (Table 4). GAD4 #BlLIZ X 2 H#kIZ. GAD1 LV b/h&<l, F—=Z1D
GAD 15 DR AN et O#FFE T T (Miyashita and Good, 2008), —J5
T, OGS BB T OB L ~OUE, BAERL L stopl ZERR T 0 2L
TN e, TEDOREIKIT stop] ZRAKTHHIFIFE SN TND I EE2RLT
W5, ZAUT stopl ZBEARD HHUEZ RIS E L 52 T D AlREMNEDN B 5, BILERTE
WZ R, TNHDOBETOA—Y a7, tho LR CEEMEREL OIS ICEE T
HoHELTRTEZINTUWD (Castanie-Cornet et al., 1999), KIGHE CTlix. GAD IX

K pH 55 COAEE R (MR LD TH S (Yohannes et al., 2004), stopl 255
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R CERGNH Sz 2 b OB, oA XF X F 0K pH itk A B = X LI
BAH L TWD 2 Liv7auy,

STOP1 (2 L » Tillffi S 7o th o in 11, =S HHiHE s 1 & L TTIER
< MMOEYFHHBGIZ L > CTRES - E LT, (K pH Mtk DOEEE R > T
HAREMEDR D 5. Bl 21X, stopl BRI TEGMH I NIZBIETDO 1 DTHD
PGIP1 &, JRIFRER OB 27 M D 2 R 7B e LTR<mbitTn
%, Rudrappa B i%, HE~ORFFEEIC X 2850 AtALMT1 OB 2755 L, RE
DA HAEZEL L= 2 & 2 #iE L7- (Rudrappa et al., 2008), Z ik, STOP1 73
W FEEMRIA F R F OGO AT MR T 2 ZmMEIR FCThDH L
ZRLTWVWDHZ b, STOPL X PGIP BB AFHFHI L Wb EEZZbNDH, —FH
T, PGIP1 HARDMILEEIZ I 1T 2H8REIC K 0 | HA i OER 72 % E & Ff > T
Do XY F UM DAY H T 7 a U (polygalacturonic acid)IZFEA T DH Z DX
VORI, “egg box” & Wbl A Y A 59 %5 (Spadoni et al., 2006), Z @
HIEIX, AR AICL D27 FUBEHORAITKLETH Y (O'Neill et al., 2004),
K pH &I L 2208, v aA XFAFRO HHEEO—D2E ST D
(Koyama et al., 2001), HH: 2381 5 PGIP1 O&ENIARTZH S 0MT 2> TR
WS, BERHIC B W CHIIBBE D2 E 2 PR L OREZ b > & v /N7 E MK pH i
AN =ALD 1L LTHESNTWD, v /) — A kT 54 "I E
Td 5 CWP2 (for cell wall 2) 1%, EERFICEB W UK pH SoE CHllnBE 2 22 E S H 5
ZEMTE L0, HAEIZHZETH S (Skrzypek et al., 1997), BLERZENZ &
12, PGIP1 [ ZHESRM TR F U LOREEZRESE L0, HWEERORY A
Z 7> uJ—+E (polygalacturonase) #[LET 25— T, 7 F o OAMILIE pH
ZMcHE N3 % (Spadoni et al., 2006), 1z C. PGIP1 ®7&Er 7 ThoH PGIP2

b stopl ERIK THBICIRGEMH S CWER,. v~/ 70T Lf DAF Yy T —H
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DAV T 4 —ar br—/LOERETHRSN TV (Table 6), rA XFXF
R HHPEIZEE T2 2 b PGIP % U X7 O ERBRICOWT, S 57 5HF%RIC X
D, FHET A ERMETH D, BRI, stopl ZRIRTEEGMH S LTV iziE
B Id, oM O AW FEOIR pH S pH fEHHICET 285 & L TIRE S
Nz, Bz IR F TR S TV D, FEORFFEIZ 31T 2 SRR 2 3L SRR ERY
Th DN, A Ak L i, 2H (CN) REOZEEIC L 2853, 1K pH BREEIC
LT 570 THY, thoEMETHILETH D, B2, LEOMK pH KNI
U, 7RI UL KEEHEEL CN REOLTHLZ ERHLNE SN
(Hirata et al., 2003), S B pH O THEET L7 7 U 7, o fdfhr ¢
BT HNRI T Y TR A4 b T AR—=2 == CN G OfEE D =2 v —#
NEho 7= (Fitterer et al., 2004), STOP1 Hlfi&Es D & 572 HAFFE T, B4
M DOEHET: pH HTES 2T AR HNZ R D00 LIV,

HIfE & 7D —#E (e.g. protein kinases, transcriptional regulators)i.
stopl BRI THI GG SNz, FZIZidvuA X+ XF STOP1 D 2 >H 5 KT
RO HLO1OREENTEY, g STOP2 &4 f+iF7-, STOP2 (X STOP1
EIEFIZ L <72 Cys-2-Hys-2 zinc finger domain % - CU 7/=(Tuchi et al.,
2007), STOP2 DHEREIXE M S NI > TWAR WA, fid zinc finger
transcription factor & [Flfk, STOP1 & & HI2W\ < D DB n1 D#RE % ILHIfH L
TWADmE Ly, #ilz X, zinc finger transcription factor protein @ DOF1
(At1g51700)1%, = DAE1r 7 DOF2 L H:[FET, R TT 2 /g L kRIbKEDH
DFE % 21— K9 51E/x1 (e.g. PEP and PPDK; Yanagisawa et al., 2004) Dz 5.
Z I LT3 (Yanagisawa, 2000), STOP2 0#&E| k&L, STOP1 2k -~ T
I SN DBIB T OGN AY = A Z i+ 5 5 A THRELRFE THDH, — T,

H*Z X % stopl ZRARDOBETFEEGHIBENL AL THE Z 72, Z3E, W& O
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ARVARE LY 7N EFHEET L2 LT BRI EEZTZELE2RLT
W5, HP ALIC X o fiaE oMb DFFE T, pH 2B+ 25 GFP 2 v m
A XF AT THed Svic, Al L, K pH LB T TO Y v A XF X T RO
BN 72 @EME(E % & 72 59 (Moseyko and Feldman, 2001), Al (2 L % flfafs
H*-ATPase DFHLEFIL, WO O THA STV 5 23(Ahn et al., 2001),
FNO bMREOBRMLIZE 2 00 Lk, 5898 T, Al AEICk
7%, STOP1 iZ X » THlIE & 2 8fs O vt 2T 550 T A =X
LEHLDIZT LT ENTE D,

stopl ZRIRIT, AtALMTI-KO (2t~ BtEHBICBIT 2AFRRE 20,
—J7. Al itk L~ L 2 KBRS CHIE Lz & 24, ZOfERIIEFICL LT
7= (Fig. 4b, 4c; Figure 6A in Tuchi et al., 2007), Ziuid, H*ORZMER, ikt
HEZBT D stopl BRARDEFICHELHZ TWDHIEERT, 2O &I, v
A XFAF Oz N EDEFTERICL > ThXFFsh20b Lty &
A XFAF O ML R U CAETIE S & Al IERENE TV 55
A FOAEE T HHEE L MBEN H 5 (kka et al., 2007), Z iuE HHETEAS, B
TRIIBTLv A XF AT OEFEZIRET HOICEHERERD 1 HDLlgoTW
HZLERLTND, STOPL IZ&» THIE &5 HHiHED#EEE T (Fig. 9) O X
572 DRI, MAEOIEY O HHitEE  BIA RO T ) Lo~ —T—&

L7 vallloT®BETHZ EICEKT 28 LitZe W (Tuchi et al., 2007),
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F2E 2—h U 0AlMEERETF & AtSTOP1 AEr 7 BiE
F & O REE M

2-1 #=S

2—=R VIIAROTTHRROENED 1 > TH Y | LT ERED TR & 72
% (e.g., Greaves et al. 1997; Campinhos 1999), —=—7% U ORI 72 1 THEF b
T1700 T ha U bDT T T =2 a yBEE LTS (FAO 2001), =-—4 U (3,
Z OHUIER D B IREREERNFITHE IS LT A EFT LT 50, RN RV, HDH W
XV T AEREVED @V &N D J09 A TEMITIE L2 R 2o T & L Ciskdk
shiczl—h7a—2 3 thOEFHINTRENES 2D LD D, ~—T—
BB FEANC LD FEMIL, 77 07— a VOREEA ML AICKT 5
PitExE 52 5 6872 FEDO 1 5 TH D (Raymond and Apiolaza 2004), FEES,
DA~ —=A—DHELDTZD DT ) ARHINEEEILFERFEE L TEITLTEY
(DOE Joint Genome Institute and the Eucalyptus Genome Network,
EUCAGEN), #{x - BEERO FIEIN OO TSN TS (Tto et al.
1996), & 5 EDTHE AT 2 BInFORETEETH Y | Zh R E I
EERITTDIDDOERENTRERTH D,

WA R VARREA R L AD LS B BA ML RT 2= B VDT T T —
3 VNIBITHREDIRTOFEERFE TH S (White et al. 2009; Feikema and
Baker 2011), &M HH&ITHBHTHIIZ NS DA L TV D72, AL X FLRD LS
IRfRME A b L AR EE B S OREIE, BRSBTS 50 F~— I —0i
HNCEETH D, UDP-glucose ZFIH T DS (Fukuda et al. 2007), Hfzfz

I OEABRD X 9 72 (Wagatsuma et al. 1995), k& 7220 A 71 = X LN EFED
52



TR SN TE 2N, ARERRMIHIEZ < OREWTRIZ @D Al i A I = X 2
ELTRMENTET (Ma et al. 2001; Kochian et al. 2004), B> 5 O Bz i
L, RSO AL MR % € OB G LT % (Delhaize et al. 1993),
U BRI LD Al BEOARTEMALIL, V) (buckwheat) TR 5417228 (Zheng et
al. 2005), FHkRE, 3 70bb Y v AR, 72U, 22 VRRORD D ORHIE Y A
Db oL HbHEERAIMEA D=L THLNE Lt e Sh/z (e.g. Ma et al.
1998; Zheng et al. 1998), W< D2 OHFFE T, AHEREICHT O IT Al ifitHE DA
it D HEFRIZZNL D & S (e.g., canola, Anoop et al. 2003; alfalfa, Tesfaye et
al. 2001). & O I\ZHALIEE O IERE ) b A HEER i DR EER L A S
(Furukawa et al. 2007; Magalhaes et al. 2007), ZUZfl7z A B =KL L LT,
KU A h—t > (white lupin)X° (Neumann et al. 1999; Kihara et al. 2003).
=V UMD BARTIL (Takita et al. 1999; Ohno et al. 2003), V VX ZIC
Lo THBERKEH R EO bND Z e L, ZNb07 mk ACEE T 5 HE
IRBAR T, ~ — W — R OB TN 2 & 6D D oy F-~ — 0 — sl & 72 D v]
REPEDS 8 5 o

ALGEMEY T N7 o AR —4%—, ALMT1 (Aluminum activated malate
transporter 1) |L, = AF THE I (Sasaki et al. 2004), FDH% v A XF X
FTTHIRIE S 7= (Hoekenga et al. 2006), —5, ALMT1 & %729 | multidrug
and toxic compound extrusion (MATE) FZ7 > AR—F¥—7 7 IV —IZ@ET57
TUMNT VAR —HF —T, xR CHEEBES N TS (Rogers and
Guerinot 2002), 7 =%k d 5 MATE DWW < Shid, AlREWETHY . £
7 13 (sorghum)<° (Magalhaes et al. 2007; Maron et al. 2010), A4 A
(barley) T % (HvAACT1: Hordeum vulgare aluminum-activated citrate

transporter 1, Furukawa et al. 2007), Al MEICB G325 e S iz, &5 T
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FEHTCIE, WL OO MO AEERHIZ L5 Al THEDE WA, HHEEE -7 2 A
R—H —DHEE L~V DiE (Sasaki et al. 2006; Furukawa et al. 2007) T®H Y |
MATE % > /X7 B O AR EEE /) (Raman et al. 2008)IZ L > TR X % =
EEPILMNZ LI, 2D, aA XX THEES L7z AtSTOP1 1355 (A
L LT, ZoTFmICE ALmE, R pH MPEICH S T2 L E2 b5 8I5 T
NELEENTWE, Ziux, MATE k7 v AR—4%—=, STOP1 O Fiildh 5
B2, B L2 ES 5 ~— I — &K O DA X —7 v b &
RH T L ERRELTND,

ZOETE, 22— U ORNEOFEREKHL, 7 n—=0 710857 = Wk
kD MATE k7 v AKR—F —KREw V% a— KT 5BE ORI OV THE
T2, £/, 22— U ® STOP1 At v V#s 72l L, £ Al, K pH it
(ZENTWD D0 7z, BBERT-& LTEE, BEFo MATE 23X L &3 % Al

MHPEB AR T2 HE L TV D DT TR R 2 & T 5,

2-2 BB ROERITIE

FEAELE X OB RHE

2—H U B~ KL A (Bucalyptus camaldulensis var. obtuse,
Location: EMU CREEK PETFORD)/% Australian Tree Seed Center 7> 5 Huf5 L
oo Flz, 2=V GUTS (X, 77 T 4 A (Eucalyptus grandis) & =1—v1 7 47
(E. wrophylla) ZRB. L Ci#&k SN/ ue— il ThHd, 2D v— X in vitro
THEMRE . RSN TV D (Kawazu et al., 1996), v 1A X+ A TBpAR & L
T Colombia-0 (Col-0)%, T-DNA fii AZEF{K & LT ALS3-KO (SALK_061074) % {51 ]

L7z, fiz, %32 BY-2 (Nicotiana tabacum, Bright-Yellow 2), =—7% U FJRIR
54



DFEEDT=®, Rl 77 A R&FF> hyper-virulent Agrobacterium rhizogenes
strain ATCC15834 (American type culture collection, VA, USA)ZfEH L7z, > &

A X RS ORBURVERIZIX, Agrobacterium tumefaciens GV3101 A H L7,

2= VHZNV RV ARAEDEBTFRERTR b ARG

o—J7 VR A R SRR TR L (1% available chlorine; 10CT 20
D\ Al 1T v v A X XF T in vitro £ F L 7= Kobayashi et al. (2007) D 5% %
beiZ, PLOERZ L) AT, BEILRXMETIT o7, 42D T A B DAy
v 2 v — (1.3 ecm square of 50 mesh per inch; 20 seedlings per sheet)%, 77
AF w7 DAy a—b (5 ecm square)lZiE X, 150 ml DREEEEIRIKD A - 7=
TIAF IRy MCENN, BE L, AIEEEKROME I, ®E
Hoagland-Arnon &% (0.4 mM Ca(NOs)s, 0.1 mM NH4H2PO4, 0.2 mM MgSOy,
40 uM KCl, 5.4 uM EDTA-Fe, 1 uM MnCls, 4.6 uM H3BOs, 0.076 uM ZnSO.,
0.032 pM CuSOy, 0.001 uM (NH9)sMo702:)1Z, 1 % & 725 X 9 sucrose Z N X,
pHZ 56 IZHELI-LDOTHD, ZOKR Y ME 23°C, 16 KEEBAH (20 pmol E m2
sh) THERF LTz,

ARG 2 6 B, AR ZFFL TV H Ay v a v — e ay e — LR
AT LWT T AF v 7Ry MIBLEA, 1 R 21T o7z, 22 br—
NVERHRIE, BTSRRI NG U U igZzbrE . pH 2 48 1L LD TH S, AL
H U2 RIE, Kl TA b L AREREOR v M LB A7, RNA flilio
2D A b L ABERIL, 2> ba—b, Cu(a v b e —/ LK +1 uM CuSOy,
pH 4.8). NaCl (= k7 — Lg% +30 mM NaCl, pH 4.8), Al (= b o —/LiRK
+50 uM AlCls, pH 4.6), {& pH (= > b v — /L&, pH 4.00 TH 5, MBS S

NI AHEEZ RIS 57, BILER LU 7=SEWR D A~ v 2 — MME 3 ml DA b
55



L AEIRE R T 2 b — WD AT 6 U 2 VT L — MO L A AL
AT ole, 2N ED) LR, WY CEBLOEA O EZTRR D720, Y
27 U v (calyculin), K-252a, A& 71 AR U (staurosporin), 7 12 AR >
(cyclosporine) & #&IR L 5 uM 12725 £ 9 A THULER L 7=, X CoMLERFX, 25°C,

HifgEAH (20 pmol E m2 s1) (THERF L 7=,

a—# Y GUT5 DEBRHER TR b L 2L FAF

BERINZAET L2 GUTS 2, 4 20D 5 DKL 2em ORZFEL TUIWT L, 1%
DAY va— A&z 7= 1/5 ¥ 7 Hoagland-Arnon i5# (pH 5.6) 150 ml D A -
TS TAF DRy M, TITAF v I Ayvap7a—h ECTERLE, BE
SR 23°C, BE 20 uEm 2 s, 16 I CTH D, T LT RNA filiH=°, 7 =
CREUHIE A Uz, M GUTS BIRIRIT, 1% A7 n—2X%&x, U o x
BN 1/4 JBEED BS R (1%) B (pH 4.6) 22> ho—/L b L, Al AAE X
50 uM AICI; (pH 4.6). 15 pH ALERX (X pH 4.0 [ZFR4& L7=ssi 2 H L. 3 HELE
L7, IBEESMIE 22°C, BREE 20 uE m 27!, 16 FEfRAMI CH D, v u A XFXF
AR TR 1 BERI UM TITo 72, 2 b — LiX 1/50 RO MGRL B Ht
12200 uM 12725 L9 CaCl, 2z, U v BEZFRE pHS.0 IZFHELI-L DO TH 5,
AVLEX T 2> b — /WAIRIZ2 pM 272 5 XD AL 23 L 7=, $hiE# IR1% 25°C.,

FREE3S uEm st 12 REEFAMIC 7 BRI Uiz, I 2 H 2 S ICHE#H LT,

RNA i, ##:E, DNA > —27 = A ERFIfEYT
Total RNA 1% Suzuki H D H{EIZ XL - THiH L7= (Suzuki et al., 2004), Total
RNA % Transcriptor High Fidelity cDNA synthesis kit (Roche Applied Science,

Tokyo, Japan)iZ X » C#Hifiz5 L7-, #EE E5iE ABI PRISM 3130x] DNA
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sequencer & ABI BigDye terminator system (ver3.1)Zfii f L CTH#HT L 7=, EZ5
fg Hr . 7 X BT 74 v A v b, K & B 1L CLUSTALW
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) TIT\ >, % > X7 @ B @ a7l

HMMTOP (http://www.enzim.hu/hmmtop/) T17 - 7=,

7 = U EREE MATE 7 7 R ) —BEBFO2—0 U SET 7 OHRB

7 x Pt MATE @ ¢cDNA Wr /i iX. degenerate primer % VT Al ZLEE L
AR B L 72 cDNA % #5712 nested PCR (2 & » T 7z, degenerate primer
I, v A XS XF (At3g08040), 1 * (0s03g11734.1), Lupinus albus (Q3T7F5)
D7 T A MATE OFRFHERE H & I3 E L72, 1st PCR %, forward,
5-GCIGCIGAYCCIYTIGCI, reverse, 5-RCARAAIGTIACIGCIACIAC, 2nd PCR
forward, 5-GAYACIGCITTYATHGGI, reverse, 5-RTCYTTRAAICCICKRAA T
b5, HEEEWEY 7 7 n—="7 1, ABI PRISM 3130xl DNA sequencer & ABI
BigDye terminator system (ver 3.1) THESIZRE LT, € D%, SMART RACE ¢cDNA
Amplification Kit (Takara-bio, Ohtsu, Japan) T i&{n 1 30 7> 5 50 OWr 7 2345 5
. BLAERE L, 2EES, HEEL7=7 v — 2 Ol Genbank OF — & X
— A2 % #k L 72 (Accession numbers: EcMATE1, AB725912; EcMATE2,
AB725913; EcMATE3, AB725914; EcMATE4, AB725915), GUT5 @ ALS3.
MATE1, STOP1 (% Ohyama & (Ohyama et al., 2013)D J5 1L THLEE L 72, 524K cDNA
I% Kihara & (Kihara et al., 2003) ®J5{%7T 3', 5' RACE (rapid amplification of cDNA
ends) VA2 X0 BLEE L 72, MR 7> 5 total RNA Z4fiH L . Transcriptor High Fidelity cDNA
synthesis kit (Roche Applied Science, Tokyo, Japan)% fJ\ T oligo dT 77 A ~—Tifi
M5 L7 PEY) % degenerate PCR & RACE (2 L7, ElFiX ABI PRISM 3130xl

DNA sequencer CIRE L7z, 7 X /BERESNOT T A X > b & RiMIE GENETYX
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software version 11.01 (Genetyx, Tokyo, Japan) & ClustalW
(http://www.ddbj.nig.ac.jp/index-e.html) TE R L, & & 18 56 45 7 # 1 X HMMTOP
(http://www.enzim.hu/hmmtop/) Zfifl L7z, TN 6 DF— Y v 7 E s FEAIT
GenBank [Z%¢#k L 72, Accession number % AB826006 (EguSTOPI), AB826007

(EquMATEI), AB826008 (EguALS3) T %,

BAGF DI E BT
F B aA DG L1, LightCycler 480 SYBR Green I Master kit (Roche)

U741 5L PCR (LightCycler 480 SYBR Green I Master kit (Roche)) THEHT
L7 A LIZT 7A4A~—IZUTOLEY TH D, b, WEMELEL L Actin Zff
AL TW5,
EcMATE1: forward 5-AGTCTCCCTTATCAGCATTGCTTCA,

reverse 5-TAAACGTTGTGGAAGAAGTCCTTCTCTAAT,
EcMATEZ2: forward 5-ATGCCAGAGGACAGTGTTCAGCATCT,

reverse 5-TGCAGTGTCAATTAGGGAAGCAACAGGATC,
EcMATES: forward 5-GCGTTGAATCTTTCTTGATTTTG,

reverse 5-CAGTCTCCCCACTTCAAGAATTA,
EcMATEA4: forward: 5-CACAGGCGGCTTTGCTGCAA,

reverse 5-AGGCTGATAACTATTGGCGCTG,
EcActin: forward 5-GTTGCACCTCCTGAGAGAAAGT,

reverse 5-TAGCTCACCAACAAAGACCTTGC,
EguSTOPI: forward 5'- GTTTAATGAGTTCACGCGATCTGCT,

reverse 5'- CACTAAAATCAGGCCACCTCGTTC,

EguALS3: forward 5'- AACCCTAGCACAACTCGAATCC,
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reverse 5'- CTCAACATGGTGCAAGAAAATG,
EguMATEL: forward 5'- AGTCTCCCTTATCAGCATTGCTTCA,

reverse 5'- TAAACGTTGTGGAAGAAGTCCTTCTCTAAT,
EguActin: forward: 5'- GTTGCACCTCCTGAGAGAAAGT,

reverse 5'- TAGCTCACCAACAAAGACCTTGC.

R F—BEBIOT /a7 VoML EEH
EcMATE1-4 % Mini-Ti (Z8fe L7 77 A X KT ¥ — L, HWIE~DIE iR
PR S L7z Gateway X7 Z—Th 5D pGWA2 Z{HEH L THEE L 7=
(Nakagawa et al. 2009), pGWA2 % pBI121 % % & 12, cauliflower mosaic virus
35S 7' 1 &—X% — & Agrobacterium nopaline synthase terminator (NOS-T)D[#
(CEIETHHAT D Gateway 7 B —= ¥ A FaFFoTWD, ZOH &y M
T-DNA fHIICH D . ZDOBRZIINA T a~ A U DT~ A UMD T+
v b3H 5, EcMATE1-4 1 Gateway 7 nF—Y ORGRE SN 25 L= 7 T4 ~
— T PCR #lg L., T-DNA ® Gateway 7 n—=2 7%+ NMIEA LT, ZiiTk
D, BIRIRT MATE Z iR Bl X &% pGWA2-EcMATE1-4 #{Epk L7z, 9X T
DY a—=7 Xy Z—L, Gateway system (Invitrogen) DIEHEZ 11 | = )LTHE
W, TOPO 7 == 7 DIHDPCR 774 ~—ZUTDOLEEY Th D,
EcMATE1: forward 5-CACCATGGCCGAGGACTCTGATGTTCGTG,
reverse 5-TCATAAACGTTGTGGAAGAAGTCCTTCTCTAAT,
EcMATEZ2: forward 5-CACCATGCCAGAGGACAGTGTTCAGCATCT,
reverse 5-TTATGAAGCCTGTGGTGTACGTTGACCC,
EcMATES: forward 5-CACCATGCCTCTGTCTATGTTCTTCAAGGA,

reverse 5-TTAGTTATTTAGAAATCCCCAAGGTCCCATGCC,
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EcMATE4: forward: 5-CACCATGGAGCCTCTGGAGGGTTCG,
reverse 5-TCAGCCCCAGAGAAAATTCCAAGGACCC.

pGWA2-EcMATET1 % Diaz ®5EIZHEV (Diaz et al. 1989), Agrobacterium
rhizogenes ATCC15834 |Z L 7 hrRL— g o TEAL, SR EIRIRZFHE T
H7-20, MEMNZAER S E /33 BY-2 OGS, RS atE
(1 cm square)ix. 1% (w/v) galactose & acetosyringone (20 pg/ml) % & A7- 1/4
BED B ZREM (1%) T 2 HERE L. 6.25 mg/l meropenem (Sumitomo
pharmaceutical Co., Japan, Tokyo) T¥i% L7z, P L7233 X, & 51T sucrose
(1 % w/v). meropenem (6.25 mg/l) & 1 ppm ® naphthylacetic acid (NAA) % &
ATE 1A JREED B ZEREH (1%) THFE L7z, BHUIBRRAFESNLET2
WA Z I Lz, 58 S E R IL meropenem DRIV 1T 50 pg/ml
of hygromycin % & A 72 (R USE RIS Tl L7z, Hiaeld 22°C. 16 RefEEAE (20
umol E m2 1) THERF L7z,

EguSTOPI-RNAi (RNA interference) (pGWB80-EguSTOPI-RNAi)D~X 7 & —{ERK
AT > 72, EquSTOPI DFCL%| 250 bp % GATEWAY binary vector pGWBS80
(Nakagawa et al. 20091238 A L 7=, pGWB80 (X 1 A X F X J isocitrate
dehydrogenase (At1g65930)D 1 > b & > OlisilZ GATEWAY (2 & 0 FEAf. WikEAIZ
B XOWH ZEATHI LT RNAL ZHETELLHICLIE~T X —=Th D,
pGWB80-EguSTOPI-RNAi % Eft & FEklIC =L 7 fr AR L —3 9 T
Agrobacterium rhizogenes ATCC15834 (ZHA L, GUTS DIEIZES S E 5 2 & THidh
FIRREHST-, F£7-. pBI121 (with a GUS cassette in the T-DNA) % [RIEE (20 Ar 42 2 7=
ERREa br—LE LTz,

uA XF X FRRHRBR O Z—X, EgudLS3 & AtALS3 (At2g37330)D 7 1

FT—F— (ATG ® Ltk -700 bp), 3 ¥mfEAL (stop = F /726 400 bp) & 4543 % 72
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¥ overlap extension PCR (Horton et al., 1989) #17-> C{ERk L7z, Z® DNA L
pBIG-HYG @ T-DNA fEIk D GUS O3 ITE AN L, Agrobacterium tumefaciens strain
GV3101 T uA XF X F ALS3-KO 7 A >|Z floral dip % (Clough et al., 1998) CJ

Jestic, oM TZ2/EFRER, WA IV,

Tr7any 7 I LERWE—EBREBRIZL S EcMATEL, EguSTOP1 OMiaN
JRTE
EcMATE1 ¥ X ' EguSTOP1 O N RTEIE Sparkes (2006) D k% & & 12,
ANARoOT a7 T LA EMH L BB CTHEAT L7, green
fluorescent protein (sGFP; see Sawaki et al. 2009)% = — K L7z ¢cDNA % %&i&ix
T C KmlZ PCR THifie L7z, TNLNDBIsT- X, ERIIZ PCR HbE L7223,
ZOEEIHER LT T4~ =L TFIRT,
EcMATE1: forward 5-TTAACCCGGGATGGCCGAGGACTCTGATGT-3’,
reverse  5-TCGCCCTTGCTCACCATTAAACGTTGTGGAAGAAGT-3’
sGFP: forward 5-ACTTCTTCCACAACGTTTAATGGTGAGCAAGGGCGA-3’
reverse 5-CGAAGAGCTCTTACTTGTACAGCTCGTCCA-3
EcMATE1-sGFP, EguSTOP1-sGFP iZ EcMATE1 % 721% EguSTOP1 ® forward
& sGFP @ reverse 77 4 ~—TPCR IZL > THE L7z, Z® DNA /% pBI121
@ B-glucuronidase & & X #i 2 . hypervirulence Agrobacterium tumefaciens
EHA101 (ZE A L7z, ZEXREEH (1 % (w/v) sucrose 5 e 1/2 JRIE MS HiHh
(Murashige and Skoog 1962) containing) T# /N2 %4 4 HAEF L. ZAEKTH
W L7, D%, 150 uM @ acetosyringone % 7 ¢ Agrobacterium buffer (pH 5.6
of 10 mM MES/KOH, 10 mM of MgCls, ODego = 0.2)1Z7% L7z, Z DIHEMIKZ 1T

ST 4K —_—R— T 2 HIEHMERE L, RO GFP 24 RIS (Axio,
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Zeiss-Japan, Tokyo) THZL L 7=,

BobBHENTZ) v AWML 7 = U BROER

GUT5 O 7 = e fi i 328 Tl NEfk 3 M M OAE IR 248 1 L 72,

Wikt o7 = me Y 3fRx, Kihara (2003) D 51k T, NADY/NADH
cycling method (Hampp et al. 198)IZ L ARG CTHIE LT-, Va7 =
VRIS EMIIZ malate dehydrogenase <° citrate lyase (2 &> T NADH (245 #4

i, £ D1 NADH % cycling method TE&(k L7,

R 2 N 2 BRIR O BEER T

FHHRZ N BAIRARIT, 2 % sucrose & e 1/4 2% MS solution (pH 5.6) T 1
AR Lz, U0 o 7=MR i (3 cm; 100 root tips)iZ, 30 ml d = > fr—
IR (1 % (wiv) sucrose % & T2 1/20 J 5 MS solution (-Pi), pH 4.8) D A - 72 100
ml 7 7 A a1 C 2 RFMFTAEE 21T o 7o, BT, RIZ30ml o= hr—/LE
WEZIT AL A b LA RILERIRIE + 25 uM AICIDICH L 2 72, Z o,
24 WF[E TR L, 48 WFHE CREL L7z, §°XTO 7 7 R 2 3WEHT, 25°C CRIERR;
#% (50 rpm) L7z, 24 FERILEE U 7= K5 U IABER AT IS U e, MBREBRIR O
Rl A BRI fEA L2y ha— b Al A R L ARIET 3 B OB E

W E o TRHRBR L7,

Wt ART
TANTORERITD R &b 2RIKAE TN, HHEEZHERL TWD, Kl

Wiz~ 27vay7 o7 aefH L, student ® t-test Z1T7-o7-,
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2—7 U OF IR

Bhx ZeREE AL ICIRE U TR A2 Ul LT 508, i3 2 A o FH
RFER AT 2B ASY = OFEWAH D, THERT, =2—h I I~ L
YU ADRINO R SN D FEAEEEATIE LTCRIR, U TR E 7 = RO T
AR L7720, a2 ORI SR oTo, 16T, o) =g 7o
[ =S o BN (R Y N

U a@ge s U BEOEL LR LN S D ERAREEETH D T-0I1T,
FBRE LA O —0 U <L R oo 29ME (RE 5-10 mm) % Al %K T
L7co 7 = VBRI, ALIREEAY 25 uM UL BTN 223, —5 TV v SRk
1T ALIC L B8 1320 - 1= (Fig. 10a), ALIAHETH O 7 = Ul i3 % ORIk
7 L7- (Fig. 10b), Mtz 3R Z LIS~ 7m L 2 A, D &b 12 E T
L7, ZNO6ORERIZ, =—B U I~/ RL U A0 Al 807 = Vg
DRENZF>TNWDHZ EZRLTND,

SORDMMNED 7 =Pl ) o AR 2 S 5720, oo A b LA TR
LR, WE OAEBEKRH &2, TN ENOABREIX, 50 uM Al,
& pH (pH4.0). 1.0 uM Cu, 30 mM NaCl T, =¥ b — /LR DK & i LT
50% DM EEZ RTEETH D (Fig. 10c), TXTOMFIZBNT, U > IR
DI L~ L 9 R b D Th o2, 7 = U EiHIE Al OB WD TR
&tz (Fig. 10d), ZHOFERIT 7 = ey Al A b L A Sx U CRERI

SNHZEZRLTVD,
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Figure 10. Citrate and malate release profile in Eucalyptus camaldulensis. a
Response to Al concentration. b Time-course response to Al (50 uM) stress. ¢
Growth of roots with various stressors (50 uM AlCls, low pH (pH 4.0), 1.0 uM
CuS0O4 and 30 mM NaCl) for 3 days. d Citrate release with various stressors
(identical to conditions used for c¢). Each solution was adjusted to pH 4.6 except
the low pH treatment. Each experiment was replicated three times and mean +
SD are shown.
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PCR % Ff L7z EcMATE 0 Biff

FTCICHE SNz 7 = U EElE MATE #fs 1707 2/ BB ORIFRE D 6
YER% L 7= degenerate primer ZfH L7=& Z A, EcMATE 7 7 2V —#x % 2
— R9°% cDNA Wi 2349 40 EfS b iz, ZOMRA L OIER ST 7 A ~—% H
T 3RACE, 5RACE %17\, 4 DD #7225 EcMATE % "V Baa— K45
BETFABEEL7-, 245D cDNA 7 2 — i3 degenerate primer O {E 2117
ENT=T X EBBESEFEoTEY 502 15 579 DT X JEEa— KL TnbHH v
NI ETHY (Table 7)., T b DBIRTIEL 5 L 3D UTR fElk A £ > Tz,

EcMATE O 7 2/ BEEH NI O FED 7 = o Bt MATE o iU 70 1513
o TW= (Fig. 11a), T3T® EcMATE % >R 7B i% 12 O E miEm 4 £
S>TEY, o = % MATE % > X7 B THRIESN TV D, Rk &
HIEHTCIE, EeMATEL &Efthod 2 DX VI ENE LT N—TIZ Ao 7208, —J5F
<. EcMATES3 & EcMATE4 (330 7 v — 7125 s n7- (Fig. 11b), 2607
NTOZ N IEIR, BFEEYORER 7LD, aAf XFAF RUA ML
— B DX D MR o 7=, AtFRD3 (Arabidopsis thaliana ferric
redictase defective )IIEBUHICERT L7 =V b T VAR —F2 —Th 5D,
EcMATE1l, EcMATE2 |2 bir<. —H5 T, AtMATE (v = A X} XF D Al &

B Pk MATE Toh 5725, EcMATE4 (IZE bt o72,

BEHURIZGET 5 ECMATE B FOEE a7 7 4 )L

EcMATE &nFORBLZFHRD720, xR A L AALBITI T 518 & Hi E
OG-~ L &G~ T, EeMATE4 O¥5 3R & EERo il 7 TG ST
M, —F T EcMATE1, 2, 3 3kkx 72 A ML ATHILEEI L D IR TREWERE & T

Ho7- (Fig. 12), R THEE T 5 EcMATE ~"Env2 70 55 T,
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Table 7. Basal information of MATE family genes in E. camaldulensis.

gene name OREF (bp) amino acid (AA) transmembrane helices
EcMATE] 1740 579 12
EcMATE?2 1641 546 12
EcMATE3 1509 502 12
EcMATE4 1608 534 12

The transmembrane helices were predicted by the HMMTOP program.
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ZMMATE1
ECMATE3
N ECMATE1
ECMATE2
AFRD3
LaMATE
SHMATE
— HvAACT1
—— OsFRDL1
ECMATE4
AIMATE 01

Figure 11. Amino acid alignment (a) and phylogenetic tree (b) of
citrate-transporting MATE proteins from Fucalyptus and other plant species.
EcMATE1-4, Eucalyptus camaldulensis; AtMATE (At1g51340) and AtFRD3
(At3g08040), Arabidopsis thaliana; OsFRDL1 (0s03g0216700), Oryza sativa;
HvAACT1 (BAF75822), Hordeum vulgare; SbMATE (ABS89149), Sorghum
bicolor; LaMATE (AAW30733), Lupinus albus; ZmMATE1 (FJ015156.1), Zea
maize. TM1-12 in a indicates transmembrane regions predicted by HMMTOP,
and the box indicates the highly conserved region. The scale bar in b indicates
amino acid substitutions per site. The actual value depends on the branch
lengths in the tree.
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EcMATE1
EcMATEZ2
EcMATE3
EcMATE4

Actin

Shoot

Figure 12. Comparison of expression level of EcMATE genes in the shoots with
various rhizotoxic treatment. Amplicons for EcMATEI-4 genes in
semi-quantitative RT-PCR were analyzed by gel electrophoresis. The Actin
gene was used as an internal control.
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EcMATEI O#51E 50 %k EMEZ L Z 3 A b L ALEOF T Al &K pH 1254
L7= (Fig. 10c), EcMATE1 Ois5 1% Al 1K pH (2 & » CT#FE &1, NaCl (30 mM)
L4 (1.0 pM) TIEFEE SN2 o 7= (Fig. 13a), EcMATE1 Ot &\ fold
change (i.e., Al/control) (%, Al ZLEl 4 B[tk CT6.4 72 o7/, DL &7 = Uk
et E - 7= (Figs. 10b, 13b), EcMATE1 O#55T Al &K pH TA b L A58
I L CTBEE STV (Fig. 13, d), X T, EcMATE1 OB IRTT L0 6
HREIED I S DR TEnyo 72 (Figs. 13e, 14), L6 DOfERIL. EcMATE1
Fa—=B V=V R ATAlFHEY = CRBHICEE 2R Z L TWnWh 2 L

oL TWAD,

EcMATE1 O#ifRN FHE

EcMATE1 QAN RTEE Al 2720, 77a"r 7 )y haz il LiE—
AR B LV EcMATEL:sGFP @ RfEa it Lz, HIIREN sGFP 28 % /N afi
(BN SR, Milao RN TH L < > Tz (Fig. 15a, o), —H.
EcMATE1:sGFP OF 8%, MIEO5 ChrO® N2 < Blgg S (Fig. 15b, d).,

ZiUE EeMATEL % > /87 QR REE L CTWAH Z AR LTV 5,

Z N aBRIR TD EcMATEL ORE

EcMATE1 » Al I3% 7 = U IiBERE 2R~ 25720, Ri 77 A I N &,
EcMATE & Km fitthiE 5 1% T-DNA SEIICHASAATE T1 77 A REAER L,
hyper-virulen A. rhizogenes % fE W% N2 BRIRZ ERk L 72,
CaMV35s::EcMATE1 # M x 72 % N a BRIBIT, Al B5#1T GUS
(B-glucuronidase) A4z /- ho—L bbb, 7o Ufka L2t L

72 EcMATE1 ##AKIZ Al OF E R WEH# ToO 7 = > 8K H
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Figure 13. MATE gene expression analysis of E. camaldulensis roots treated
with ion stress. a Expression of MATE1-4 to various stressors for 24 h (see
conditions in Fig. 10d), b Timecourse analysis of EcMATE1 expression treated
with 50 uM Al by real-time PCR. Dose response analysis of Al (¢) and low pH (d).
e Relative expression of EcMATE]I in root tip (0-5 mm) and mature part of roots
(>5 mm) with or without 50 uM Al for 24 h. Expression level was quantified by
realtime PCR. Means of three replicates and the error bar + SD are indicated.
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Figure 14. Position of the organic acid efflux in the roots was visualized by the
method of Takahashi et al. (1999, Simple visual detection of Al-tolerance level
in plant root by decoloring the filter paper stained by hematoxylin : Study using
the root of carrot seedling. Jap J Soil Sci Plant Nutr, in Japanese 70:554 - 557).
Briefly, primary roots of seedlings were placed on a filter paper, which was
pre-stained in 0.2% hematoxiline and 5 pM of AlICl3 at pH 4.5 for 1 hour and
supported on a grass plate. After 12 hours of incubation, distained position of
the hematoxiline-stained-paper was photographed.

72



EcMATE1::sGFP

sGFP

Figure 15. Subcellular localization of EcMATE1::sGFP fusion protein in tobacco
root cells. Genes for fusion protein of EcMATE1:sGFP (a, b) and
cytosol-localizing sGFP (c, d) were introduced to tobacco by Agrobacterium
transformation then visualized by a fluorescent microscope at 3 days after
infection (a, c¢). Bright field images (b, d) are also shown. Bar indicates 50 um.
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WL 22h- 7= (Fig. 16a), Mz T, EcMATE1 #H# % S a2 BB O EIL. GUS
Mo Fr— L b BL o7z (Fig. 16b), ok r 7 Tlk, EcMATES 1%
AVSE 7 Ui 2R Li=ay (Fig. 17, — 5 T ALIC X 8558 13 e o 7=
(Fig. 13a), N6 DOfERIT, EcMATEL (32— 5 U A~/L KL > v AZEIT 5 Al

A7 RS MATE 22— RLCTWAZ L A/R LTV,

protein kinase & phosphatase ®RLEANZX 35 EcMATE1 552

2=N VD7 BRI S X7 O R, L) ERRIEO T v AL
STHEI SNTNDINE I MERMDT2D, AlIRE Y = U D3R % 72 protein
kinase inhibitor <> phosphatase inhibitor ®{F1E T E D X 5 12T D D)~
7= (Fig. 18), Al J&%& 7 = ki H1E protein kinase inhibitor (K-252a .
staurosporine) & phosphatase inhibitor (calyculin A. cyclosporine A) D i J7 28
AT %, Cyclosporin A |3/ % 40%BHE L, — 5 CHOFLEANI A %2 70%
PLEMREE U7= (Fig. 18a), K-252a. staurosporine, calyculin OLEHIL EcMATE1
DELE %1% L= (Fig. 18b). EcMATE2 DHrE13Z8L Lo - 7= (Fig. 19),
INHORRIE. EcMATEL %0 U7z ALJRNE 7 = Ui, £ 0iFE 7 m & 2

WZHHE L NTEDY b, Y CBICEIR L TWAZ EEZ R LTS,

o—% Y STOP1 R BixF D Bl

AtSTOPI1 &fn 1 DA — v 7% degenerate PCR, RACE (2L > TCx—74
GUTS /5 B S iu7-, 1959 bp O HEL— 7 b — U BHEEE X 11,217 bp @D 3’5 & 158 bp
® 5’¥%m, ORF % 528 O7 X /B CTHEL S LTV e (Fig. 20), 7 X/ BREESINZIE
zine-finger domain OELHI3E E 4v, M OFEYFED STOP1 (AtSTOP1, ART1, NtSTOPI,

AtSTOP2, PpSTOPI1) & mWAHIAIME Z 7R L 72 (zinc-finger domain D EL%I T
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Figure 16. Citrate release and growth of transgenic tobacco hairy roots carrying
EcMATE]. a Citrate release at 24 h in Al (25 uM at pH 4.8) and control (pH 4.8)
media. b Relative root elongation (25 uM Al at pH 4.8-0 Al control at pH 4.8).
GUS transgenic lines were used as a control experiment. Mean + SD are shown
(n = 3). Asterisks indicate significant difference compared with each control
(GUS) line by student ¢ test (P<0.05)
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Figure 17. Citrate and malate excretion from the transgenic tobacco hairy roots
carrying EcMATE1-4. Citrate (a) and malate (b) excretion at 24 h in Al (25 uM
at pH 4.8) and control (pH 4.8) media are shown (Means = SD, n=3). GUS
transgenic lines were used as a control experiment. Asterisks indicate

significant difference compared with each control (GUS) line by student ttest
(P < 0.05).
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Figure 18. Effect of protein kinase and phosphatase inhibitors on citrate
release and EcMATE] expression. a Citrate release to Al solution (50 uM, pH
4.6) from E. camaldulensis roots in the presence of protein kinase inhibitors
(K-252a and staurosporin A) and protein phosphatase inhibitors (calyculin A
and cyclosporin A) or the absence of protein phosphorylation/dephosphorylation
inhibitors. b Transcripts of EcMATE]1 in roots treated with Al solution (50 pM,
pH 4.6) alone or supplemented with calyculin A or K-252a. Citrate released into
the medium and the transcript levels of ECMATE1 were analyzed after 24-h
treatment. Each experiment was replicated three times and mean + SD are
shown. Calyculin A and K-252a greatly repressed Al responsive citrate release
from the roots
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EcMATE2

EcActin

Figure 19. Expression level of actin and EcMATE?Z2, a constitutively expressing
homologue, under Al treatment in the presence or absence of various kind of
inhibitors for protein phosphorylation and de phosphorylation (see detail in Fig.
17 legend).
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EguSTOP1 173 PSVKNS--LSSASTPPIRQLGQLGGILNNSGSGIGLDSNLVLPSQ--GGSKVPDQSNQVDPMDQSAID-- 236
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NtSTOP1 158 PTMKHS--LSSVSHAA-SQLVQFGGVTVPSATCTN-GGGLPCNDG--GVTKVEDQSNHVDQLRDCGIEQS 221
PpSTOP1 281 GNFPVLIDDVENSGQQSLSGAQQVGGNGSAGSMIHYPMSNMIGKDFGSILDGKDRKPSDVLGSSSREGDS 350
AtSTOP2 91 TSLAVANIGSLVQEIITAASSMLYTCQQLQIGSNNNNNDIDNDQTVDAMVLEFSRQETDPGHDFVQESTN 160
C2H2 domain 1
EgQuSTOP1 237
AtSTOP1 204

289
257

OsART1 189 242
Zea mays 222 291
NtSTOP1 222 275
PpSTOP1 351 420
AtSTOP2 161 230
EguSTOP1 290 N < A HKE--AGSEMMLI-KR \ 356
AtSTOPL 258 NIBNY K KESVPGSEPMLI-KR ] NHY] 326
OSART1 243 } < PPPPEGEEQPPQPERR QP o VI 312

Zea mays 292 N €HGDI# YK TKD--SGADHAPV-TRMS]eI { b VINIERYKIN 358
NtSTOPL 276 N 2 KE--PSSEPTLI-KR d L SRR 342
PpSTOP1 421 488
AtSTOP2 231 { 099

EguSTOP1 357
AtSTOP1 327
OsART1 313
Zea mays 359
NtSTOP1 343
PpSTOP1 489
AtSTOP2 300

426
396
382
428
412
558
369

EguSTOP1 427 GLSLQGEHNEDTNKVGNVSF-SFGSSTPSSGGVQNIMEDVKGNVDDPTSFESPLSFEASNFGGFNEFTRS 495
AtSTOPL 397 SASTSTQRGSSEGGNNNQGMVGEFNLGSASNANQETTQPGMTDGRICFEESESPMNEDTCNFGGFHEFPRL 466
OsART1 383 TSGRRRHKQEEPEFTWGGGGGNEFLDVKGIAGVGSGSGGGDEFFSAGSFGAMDFGFGQLDASLAMLLPSE 452
Zea mays 429 SEASEQPQDSEPMNEMARSN-VYSFPCSSSDGISNLD---MKMADDVRGYFSPLNFDPC-FGALDDETRP 493
NtSTOP1 413 SAGTSDRGQTSEVTMKARQE-DFKVNASHGNEFQDPR-DIKSAADDPGSYFSPLNFDTSNLNGFQEFPRP 480

PpSTOP1 559 GVGSNLIVDHHQSPAEAFGLGSKSPMAFWE- - 588
AtSTOP2 370 Il LK mmm e e 373
EguSTOP1l 496 AFDDSEGAFSFLLQASCNYPQKNGGQSSSNNLE- 528
AtSTOPL 467 MEDDSESSFQOMLIANACGFSPRNVGESVSDTSL- 499
OsART1 453 QFAGDHQEENGDK-—=——==—===——————————— 465
Zea mays 494 GEDISENPESFLPSGSESYGQONGDS—-—------ 519
NtSTOP1 481 PFDESDSSESFLLSGSCEYPPHKAAKYMSFTELE 514
PpPSTOP1 - - - - 588
ALSTOP2 373 —mmmmmmmmmmmmmmmmmmm e 373

Figure 20. Deduced amino acid sequence of EguSTOPI1 and orthologous genes
in other plant species. Letters highlighted with black are strictly conserved
among orthologues and those with gray belong to the same amino acid group.
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72~94%DAH[FEM:, Fig. 21a, 21b), ZD=x—A Y STOP1 ¥ > X7 & (LL'F.
EguSTOP1) %, M IZJHFEL T\ 5 sGFP &< B 5 {ifE% 7~ L, EguSTOP1
L —1\PR BT I L D TR DB S - (Fig 22), Z OFESR D5 EucSTOP]
I3 PRAF S 4172 zine-finger domain ZFF 5, MLOFEMFED STOP1 L@ L T\ D Z &
DR ST,

Ohyama B E> 1 A X F X F D stopl 2 RARIZAMAELD STOP1 Bl & RV EH %
FAIM L7 & = A, HUEZ M E1E L= (Ohyama et al., 2013), [A UFEBRSAMT,
AtSTOP1 71 & — 4% —|Z EguSTOP1 D54 K cDNA & Lic 7 Z—Z T m A
XF X F D stopl Z2FARIZEA U T AHAFAHIR 2 ERL L7 & 2 A pH 5.5 Tl stopl
EHIR L 5 R OFMAAITE AR D Col-0 LR UAEBF R LT-, —J7, pH 4.7
TIE. stopl R pH BEZMED 72 OIRO R 1T 72 < | FIFHIIARIT stopl 25
FLARDIK pH BRSO —E A 118 L RO BERITEF AL DK 50% DAEE Th -7
(Fig. 23), Z4UIE EguSTOP1 73, stopl ZEIKIZ L > THHI Sz v A XFXF D
W OO HYTIHEBS 721 S8 5 Z & 27" L, EguSTOP1 OREREITHRE K

FTHDERHME LT,

RNAi 2k %=2—% Y STOP1 / v 7 X0V BIRIBR DFEYT

GUT5 1% Agrobacterium rhizogenes |2 X 2B IRBEZIER TE 5,
EguSTOP1 ® Al E HYAE 27§ 2725, EguSTOP1 @ RNAi =2 A kT 7
k (Fig. 24a) %8 A LB EBRBOAEFIGE %, EguSTOP1 RNAi O A>T\
WA v kay ha—)Ll LCHEE L7z, EguSTOP1 @ RNAL / v/ X 77
A~ (EguSTOP1-KD; knock-down)?® EguSTOP1 x5 &I Fu—/L D 10%
Toh -7 (Fig. 24b), EguSTOP1-KD |31k pH 55l (pH4.0) TAE L7k, BpER

kX, 40 %Yo AEEFEMHEEL2ZITEZ (Fig. 24c¢),
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a

C2H2 domain C2H2 domain 2

* % * *

327
297
270
459
313
283

EguSTOP1 278
AtSTOP1 246
AtSTOP2 219
PpSTOP1 409
NtSTOP1 264
OsART1 231

* *

393

C2H2 domain 4
*
363
336

*
EguSTOP1 365 IT
AtSTOP1 335 I
AtSTOP2 308 Slstv SR,
PpSTOP1 497 I
NtSTOP1 351 KYCHC S CGTF SRKDKLIYE il
OSART1 321 KYENC SCGTEF SRKDKL

525

b

Vitis vinifera Populus trichocarpa AtSTOP2
Glycine max Malus x domestica
EquSTOP1
NtSTOP1 — PpSTOP1
AtSTOP1
OsART1 0.1

Zea mays Brachypodium distachyon —_—

Figure 21. Amino acid alignment and phylogenetic tree of EguSTOPI and
orthologous genes in other plant species. Predicted C2H2 zinc finger domains
(a) and phylogenetic tree of overall proteins (b) were shown. Strictly conserved
amino acids are highlighted with black, while the amino acids belong to the
same amino acid group were shown with gray (a). The overall similarity of
proteins was analyzed with Clustal W, and then visualized in the phylogenetic
tree (b). The bar indicates nucleotide substitutions per site. The orthologous
genes are AtSTOPI (TAIR: Atlg34370), AtSTOP2 (TAIR: At5g22890),
PpSTOPI (GenBank: AB811779), NtSTOP1 (GenBank: AB811781), OsART1
(GenBank: AB379846), Brachypodium distachyon (GenBank: XP_003564719),
Glycine max (GenBank: XP_003556206), Malus x domestica (GenBank:
ADL36633), Populus trichocarpa (GenBank: XP_002327330), Vitis vinifera
(GenBank: XP_002270196), Zea mays (GenBank: NP_001149728).
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EguSTOP1::sGFP 35S::sGFP

Figure 22. Fluorescence microscopy image of EguSTOPI1::sGFP by
Agrobacterium-mediated transient assay in tobacco leaf cells. Fluorescent images (left) and
bright field images (right) of EguSTOP1::sGFP and sGFP are shown. The bar indicates 50

pm.
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AtSTOP1pro::EquSTOP1 in stop1
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Figure 23. Root growth inhibition of Arabidopsis stopl mutants expressing AtSTOPI
promoter-driven EguSTOP1 in Al and low pH stress treatments. Seedlings were grown in
Al-toxic (pHS.5, Al 2 uM), low pH-toxic (pH 4.7) and control solutions for 5 days. Mean +
SD relative root lengths (% to Control) are shown (n = 5). Different letters indicate
significant difference from Col-0 (Tukey’s test, P < 0.05).
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CaMV35s
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Figure 24. Vector construct for RNAi suppression of EguSTOPI (a), suppression of
EguSTOPI transcript levels (b) and growth assay of transgenic hairy roots in low pH and
Al treatments (c). Control transgenic hairy roots were not carrying EguSTOPI (white bar)
and in EguSTOP-KD plants (black bar) the STOP1-orthologue was suppressed. Transcript
levels were compared after exposure to Al toxic solution. Means and SE are shown (n = 3).
(b) For each line, three independent transgenic hairy roots were grown for 3 days on
control (pH 5.6), low pH (4.0) or Al (pH 4.0, Al 100 uM) medium. Means and SE are
shown (n = 3). An asterisk indicates significant difference from control (student’s ¢-test, P
<0.05).
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Mz T, Al ARV ALE 256 WM ADTOAF T2 hr— X0 L EWVEELZ%
J72, 22 he— LT 0 uM AL (2R 50 %D FLE %52 1) 7243, EguSTOPI-KD @
REIX 15 %272 -> Tz (Fig. 24c), ZuiE EguSTOP1 NERIRD Al & 1K pH

MHEOHTE L CTnNDZ EEZ/RLTWD,

EguSTOP1 / v 7 XU VBIRIRD Al TtE#EF4— Y v 7 DEEEE

kDR, =B U B</L L ABNTALGE 7 = s Al
MPEA D =X LTEENTEY . AlFFETHEE T2 EcMATEL (& X > Tht 23k
ZHZENHBMNEIR o7, F£T7-. bacterial-type ABC transporter # 21— F7° %
ALS3 / STAR2 (sensitive to Al rhizotoxicity 2)iZ AtSTOP1 / ART1 #55-[A 12 &
> Tl SN diia - & L CTHRE SN 7= (Yamaji et al., 2009), Z OFEERNL, 2
N 2 SOEETH EguSTOP1-KD TGN S 405 25~ 7=,

Al &% MATE transporter X° ALS3 % 22— K4 5i#{x 1%, GUT5 25
degenerate PCR, RACE |Z X » THRff L7z, =—H U GUTS 2»6 4l 7 =
ik MATE # B L7-, =0 12 (EguMATED(X, 582 ©7 X /& = — KL,
2= Y A~V R A0 EcMATEL & 96% OHEFEIMETH 72, ZhbDa—
71U MATE 1%, BEEn o> 7 = > gk MATE (2 X % #&### < AtFRD3 X° LaMATE
ERICZA—7 2B LTz (Fig. 25a), v a2 A X+ XF AtALS3 O=—H
GUT5 A€ v 7 (LLF, EguALS3)i%. AtALS3 (78%) & STAR2 (rice ALS3; 71%)
b CICHEEL 72, EguALS3 i%, 285 O 7 X /B CHER S, e & dh@mo
TODMRER N AA v Z2Ff-> Tz (Fig. 25b), EguALS3 @ Al ffifth: -~ & ik % 7 F
i 272D, vrAXFXFD T-DNAFAN v 770 F 74 (ALS3-KO)DHH
WRBRE1T o7, ZOfEE, EguALS3 13 ALS3-KO O Al 321 % B [Al{E &

# (Fig. 26). =—H U D Al TiHEOREREZ FF> TW\WD Z E VR E Tz,
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ECMATEL £ JUMATE

EcMATE2
AtMATE1

LaMATE
EcMATE4
ZmMATE1
ECMATE3 HVAACT1
OsFRDL1
0.1
AtFRD3 SbMATE —_—

b

EguALS3 1 -MDIVSGAATGLGLEWDWVEDVEHL
AtALS3 1 MDLKWDDFEN--DYE]
OsSTAR2 1 MMASMAALLQRLLVVVNQVDPGAPG

EguALS3 70
AtALS3 58
OsSTAR2 70

EgQuALS3 140 N\
AtALS3 128
OsSTAR2 140

EQuALS3 210
AtALS3 198
0sSTAR2 210

EQuALS3 280
AtALS3 268
0sSTAR2 280

Figure 25. Comparison of the deduced amino acid sequences of orthologous genes for
citrate transporting MATE and ALS3/STAR?2 transporters. Phylogenetic tree analysis of
EguMATEI and previously identified citrate transporting MATE proteins in various plants
(a). The orthologous genes are EcMATEI (GenBank: AB725912), EcMATE? (GenBank:
AB725913), EcMATE3 (GenBank: AB725914), EcMATE4 (GenBank: AB725915),
AtMATE (TAIR: Atlg51340), AtFRD3 (TAIR: At3g08040), OsFRDLI (RAP-DB:
0s03g0216700), HvAACTI (GenBank: BAF75822), SbMATE (GenBank: ABS89149),
LaMATE (GenBank: AAW30733) and ZmMATEI (GenBank: FJO15156.1). The bar
indicates nucleotide substitutions per site. Amino acid alignment of At4LS3 (TAIR:
At2g37330), STAR2 (rice homologue of ALS3; GenBank: AB379845) and EguALS3 (b).
Black boxed residues are identical and gray boxes indicate similar amino acids. Putative
transmembrane domains are indicated with bars above the letters.
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Figure 26. In planta complementation assay of EguALS3 in a T-DNA insertion mutant of
Arabidopsis thaliana. Vector construct for in planta complemented assay (a). The
complemented lines were obtained by introducing EguALS3 into the T-DNA insertion
mutant of ALS3 in Arabidopsis. All lines were grown in solution in the presence or absence
of Al (pH 5.0, Al 2 uM), and then relative root length was calculated (b). Means and SE (n
= 5) were shown. Expression of EguALS3 in the complemented lines was compared by
RT-PCR.
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Figure 27. Transcripts levels of EguMATEI and EguALS3 in control transgenic and
EguSTOPI-suppressed hairy roots. For each line, three independent transgenic hairy roots
were grown for 3 days on control (pH 5.6), low pH (pH 4.0) and Al (pH 4.0, Al 100 uM)
medium. Means and SE are shown (n = 3). Transcript levels for EguMATE] and EguALS3
were quantified by real-time PCR in the control and EguSTOPI-KD hairy roots. Means
and SE of three replications are shown. Different letters indicate significant difference
(Tukey’s test, P < 0.05).
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EguMATE1 & EguALS3I3ALIZ L > Car he— T4 o CHEENGLS 2D,
EguSTOPI-KD TG E1T#H STz (Fig. 27), Ziud=—A VU DO F72R

Al itEiEfE 28, EguSTOPL IC Xk » CHfish CWnWA Z &2 RL TV 5,

2-4 E£

% < OREWFRIL, RO AR E T 2 2 & TIRIGD Al B % i
3% (Ma et al. 2001; Kochian et al. 2004), Z O#ElEIX, H 142 LW 1B [l 7
DEARRYTLBTH D, ZOMRTIE, 2= YR ALIIRE LT = VB E L
952 xR/l L7 (Fig. 10a), ZAVUIARARIEY ORI D OF BT S, Al
Mt DHEENZFFHOZ L AR LTS, =B VT Al 2 L A7 U —DdR{ THR A
ZV rAfEE 7 T URRERH LT D08, Al BT = U OB L7
(Fig. 10d), ZHUL, H¥ D 7 = Bl MATE % X7 B E L THIbN D AER
ZNZE EeMATE R 7 v AR —4% —D Al B85 35E 12 L » CRITE %,

MATE (% 12 OREBERAZ R > TV | 1 DORMAFEBIL Y = BRi AR
EREOfHT 5TV D (Yang et al. 2011), —H U B</L KL 2T RANEG 4 O0
MATE AEr 7 ZHEEL, T X TOREFIT7 = U BEfEE MATE (23508 O R,
Tebb 12 OREEEER & B0 7 © i MATE OREER 2 - Tz
(Fig. 11a), MATE =€ 1 7 O[T, EcMATEL 1%, Mi— Al ALFE Cliz 5358 X,
Al LK pH OFFEMEIT ALICE AL N7V AR —F — OB/ Z — ATV
(Fig. 13), #lziE, v uA XFXFTALEY v TR 28+ 5 AtALMT1
1T, A N U ARFRMEEZFIRDER T AL > THFE SN Tz (Kobayashi et al.
2007), £7z. vrAXF RSO B MATE (AtMATE) 1%, Al fittE~o

k7Y AtALMT1 1% & T2 0 Bz AlFE % — > %R L7z (Liu et al. 2009),
89



Agrobacterium rhizogenesis |Z £ % % /SN2 EIRRTO EcMATED %81 T, Al
IS T RN L= (Fig. 16), Ziud EcMATEL 0 7 = U FRHii kA3 # 3
IO THIET 22 LZ R LTS, ZTOMBIL, v rA X F XK T
SbMATE Z%ELL ., 7 =V BRMZHENsE 5 2 & TALMMMHEEZ R LIofEFR & LT
W% (Magalhaes et al. 2007), Z#1. 5 MATE % L /R 7 E O3 EHIZ L 5 7 = L Fiifi
L, ALIC X DTEME L TR T & 5, IRREIROBIFE Tk, MATE # > /37 B )
Al L EEMEFEHT 22 Lo TIEMRILSND ATREMEZ R LT (eg,
Magalhaes et al. 2007), = ® Al{EMAbLO T av AIZBIT D, X o X7 ED ) ik
b1, v oA X5 25> ALMT1-type V > I b7 v AKR—Z—D AL &) o=
Fe it EBR 2 & L 12T > 72 (Kobayashi et al. 2007), ¥l X L R0 ED Y Lk
b7 vt xh 22— Y D EcMATEL ZiEM(L Lo vgEtEn o v | FEER, # o

7EDY U, Y CEBALOBERBINL, Al INE T = RIS R RIE
L7z,

AHEER R T, Bx ) TR b U ARSI 2 R L TWD, filzid Al

MPECF#AAE Y > (Neumann et al. 1999), #£%%715% (Miethke and Marahiel
2007), AR FE T 2 HPE (e.g., Rudrappa et al. 2008)72 X ThH 5, 41
AW LD | AR O b T U AR —F — L T OFEN ., AR OREE &
A M VAISEOWREICHERER THDL Z LWRINT, EF, A4 LFD ALIS
2 HvAACT1 7 = U D A =AM, T rE—F — DR X > iFI
Sl EREENT-, HVAACT1 O 7 v & — 4 —fifffr ©, SO DD 7 = Vil
tH MATE O 7' 0 &—% —DOZ LN iR & L TAl BN OIRGEZIRET D720 D
BIGFORBFNAY - (B2 -2 L &R LT 5 (Fujii et al. 2012), EcMATE %
B, Rk bR T LEL< 20 (Fig. 13e), HRTETH - 7723 (Fig. 15), =

Ul HYAACT1 &l Cuv7=, EcMATE1 & Al (it O &= B 1 XA 728 & 0N
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o TWRWA, EcMATEL @ & 572 2015818, AAEMFEICE T 5 Al IS 7 —
VIR OBE(E DBRAE &\ S TR THIBRIR

LIRS S 7z X 912, STOPL FHIFIEAR T- 138k < 7B il € Al M8 R 1%
FEI L TWD, A X XF T stopl ZEARIT AtALMTI (Tuchi, et al., 2007)
& ALS3 (Sawaki, et al., 2009) D EEZIH L, — 5T, 41D ARTI (rice
STOP1-like protein) (Yamaji, et al., 2009)Z Bk L 7= ZR(KTlX, STARZ (the
rice orthologue of ALS3)Z ¥ 54| L7z, Mz T, WELFEE-7=, X¥/3aT
?® STOP1-like protein (NtSTOPID)i&{s1-® RNAi / v 7 X' Tik, NtMATE
& NtALS3 OG- &n Ml S 4v, Al @&z & 72 > 72 (Ohyama, et al., 2013), LA
LofERD S STOP1-like protein O W ERFIL, MO FE T Al ittEEs %
WETHZENARETH D Z Rz, WHFfdEY ., EguSTOPI @ RNAL / v
7 HZ %, 7 = B MATE & ALS3 O A4 — Y 1 585 1 O 5 B & i L,
IS AL PPERREE &8 7= (Fig.27), ZiuE, STOP1-like proteins @ RNAi
G2 OMWTETH Al HEBIR FOREICAMRT 7o —FThHH 2 &
ZRLTND,

Sk & B Y | Eucalyptus camaludrensis 3 ALIZINE LT = U fEx it L.
7 = Ul MATE (EcMATED O¥E5 L)Lz K> TlRETS T b, GUT5 &
F 72 ALIZ X > T EguMATE O8R5 8H B D R O A A i3 5, 2,
AlFFE 7 = AN DD —R VFETALMPEA I =X LD12L7-5T
WHZ EERLTWS, EguSTOPI-KD ERBIZEB W T, EcMATE1 =5 &%
ALS3-like protein (EguALS3) & & & 124 Tz (Fig. 27), ZAUd, $HE
RIRICBNTALEZ N EED Z L THATEDHREERDH S, 26 ORI,
STOP1-like protein & Al ifPEER T DO MBS T2 X DI, = —B U THELRAF

ENTWBHZ EERLE, MATE <° ALS3 OEZEIIHNIIZ N a T FEEICHIZE S
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1 (Ohyama, et al., 2013), > 2 A X X F ((Sawaki, et al., 2009); ALS3, (Liu, et
al., 2009); MATE), A % (rice ALS3-like protein, (Yamaji, et al., 2009)) T & ¥/
SN TWD, Ziuld STOP1-like proteins & Z L2343 2 18 {n T-REDY 2% < DOFEY)
BMCHIETHZLERLTND, MA T, vaA XFXF D EguSTOPI FAffifHHE
RTIE, HUESPEITHSMIICEE L TWAH Z &b, vrA XF X+ 0 HHit %
YN ONOBEBE T OEEN, =—F Y O STOPL I L > T fbahizZ &
ZRLTWD, iUk, fild 286 7F0Z—5 >y Nerb cism L AL MRTnm
ARXFAFLa—T Y TRIES I, & BIZPRAFE S 72 STOP1-like proteins D
IZE > THAEFHTE MR TH D LR Zilz, STOP1-like protein (T K %A

FEREO S SRR, ZOARMEORKRIECSHLETH D,
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AHFIETIL, STOPL #25 K 1-12 £ % Al X pH MitEFEOMRIAZ B & LT,
A XFXF STOP1 % /37 H i, Cys2-His2 zinc finger protein & &\ 7K€
nY—%FFoTHED, Al ML= be— 3 58BOEEFEZHE L T\ D,
A XFAXFSTOP1 D TiRBInFa2~A 7T LA NLERIKT L2 A HAYE
L7281 ETIE, B LY X FodicBimo Al HEIn 7. A A o AEH P
pH FAHEIZE D 2Bl E EN Tz, RT-PCR OFfEENG, Bk SN Ex T
BEIHENIC~ A 7 a7 LA OfERE—E L, Al £7213K pH, 5 W 338 T <
BT NEENTOD AEENEE -7, Al TPEITER OB T OmTEREIC
> TRAEICTHPEIZE 235 i, £ 724K pH IR A 7 = X A0 R BRI D720
2, ZNHDY A RNBERD Al K pH MHHER T 23FE S D 2 & B3 HIRE
b,

F1ETITET VDOV v A XF R F NI TR 21T > 7243, FEEMY T
OWFFEIL, WA THEREO R W FEOHZIC D723 5, B TIERIR 5T 5
W7 VT T I o7 —var 2R T 52— ) TIIAHIT Al &K pH o5
LS EEENMEIZ D73 %, EcMATEL @ X 5 7¢ Al &R - O EHEBLT—> D
T7ua—FThHY ., AEO7r—2 T, EEMATEL O@REIFH & AmAH 021k
(e.g., citrate synthase OIEFEFH,; ¥4 =3 77 7 75, Anoop et al. 2003,
Nicotiana benthamiana. Deng et al. 2009) ® 2 Ex—3 3 %, 7 T UK
HIZ L2207 Al IO BILICAE R TH 5, = —A U O STOP1 AEw 7T kL
% EcMATE1 OFEIZHOWTITFRAR G T RWR, 8 1 ETHLMNILIE LD
(2. AtMATE 72 E OB D Al HPEEAR T OEHIEIE, v A XJ X7 STOP1

(Sawaki et al. 2009), -/ = ART1 (Yamaji et al. 2009) & B# 3% 5, STOP1 &~+E
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B Ko T SN DB FOFEICET 2 S 620098, ==—H Y O Al it
MR T ORI 2 FFET 2 HRENT T n—FIZhd B2 6, 2—A VO
Al B RA 72 FBERDO~—H — ORBIZFATE 5,

ARFIETIE, =—H U ® STOP1 il v 27 JMZ@T 25 2 oD Al fittEiEis 1
HPE LTc, Z2OMBIL, 22— D Y OSFBREIZEHTH 2006 Liviawn, #2013,
BARDASA FT 7 7Y —0iEH (e.g., gene transformation; (Ho, et al., 1998;
Kawazu, et al., 20032 LV =— 4 U OFEBFFEOF|H 23 Al HEIZ 72 - 7= (Kirch,
et al., 2011), B, ML Eucalyptus globulus |3 H DOEF3E %\ H Bl S &
%2 L ThA% Sz (Matsunaga, et al., 2012), 77 7 /AR U o O@mEIFREIL, —
710 OKRFH#E R EFE 72 (Tsuchihira, et al., 2010), = Z T, THFEOL—H
7 27 A% SNP [RIEO#EHx 1T (e.g., genome-wide ¢cDNA, SNP identification
(Novaes, et al., 2008)), HEHEY / 2 7 A0, ZWRHREFO MR A RAE L 72 (e.g.,
genomic selection, (Grattapaglia and Kirst, 2008; Grattapaglia and Resende,
2011), Z D & 5 RO AL FT 7 ) v —I2 & D MATE X° ALS3 O 53,
ML OMEN RIS < ~—F —FH KL (e.g., EguMATE X° EguALS3
DEFBEEROE L7 >3 v), a—0 ) AlTiEOR EIZ R HiETH D,

N E TOHETIX, STOP1-like protein OFERER 2L, HT-EERMY (1 %D
ART1 22K (Yamaji, et al., 2009)), W1 (Vv A XF X FZEIK (Tuchi,
et al., 2007); %32/ » 7 X (Ohyama, et al., 2013)) T Al 45| &k =
L7z, AREFGETIE, JRER O —H Y STOP1 A— Y ua JBETD /) v 7 XTI
X5 Al iMEEDIKR T 2R LT, ITH, v aA XF X J stopl-mutant 7R A &
L 7= L3R (.e., tea, black poplar)® STOP1 4 — Y v /& s 1 & fHAERIC
X 0 e L= (Ohyama, et al., 2013), Z D H L /37 OIEVEN £ 723 M STV

MoOTNS, T—F _X—=R K DRBTHIERP A — Y 0 T 2> TWDH I L &R
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L7z, Z4uZ STOPL filffie 27 & (STOP1 % > /37 & Z Ol )28, Ak
ELTHL, BIARZ G EMICAKIEEL TS Z 2R LTS, 7= U
ik MATE X, ALS3 O X 9 R G SN2 BIR DOV DniE, Hx 2ol
TE72 AlMiEE & L TR0 > Tvb, MATE IZ sorghum (Magalhaes, et al.,
2007), barley (Furukawa, et al., 2007), corn (Tan and Binger, 1986) T fiL-27>0 |
TNEDX U RTEIR R EM A A T D N T o AR— S — L RN E T H o 7
(Ryan, et al., 2011), Z#uixfE B D STOP1 o+ A7 AW & BIEAAFE U Th
HZ EERELTWDS, AMFEM O STOP1 ORI R Tix, FIEFIC I B2
MiPE A 7 = X2 (i.e., transcriptional regulation of some shared genes)) E£fE
(Gregori, et al., 2008)<°Mfi 74 (Gunshin, et al., 1997) T S L7228, B &
DAY TITFHFEMED > T2, & BR DM AT 5O A FER O FiiF5EIE .
ENEND VAT LRI B EMFECHNLIZHEL Lo EI D DE 2 72500

[BYWAAN
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B

Mtk T CRIE & 70 D Al RO HHIMRMRAF 2GS EZ L, U UVBa2 R alfa
BRI T D728, MO ZIEIT 5, ZHUSH LT 27280 FEWITRI D DOFHHE
B Z I T LT D2 ISR EFF > T D, ET UEM TH DA XF X
F T A b L RITIPEOMRE A 5 2 2 Bis 233 L S, STOP1 (sensitive to
proton rhizotoxicity 1) & & fHiT HiLiz, AWML TIL, MFEAICHER G &4 JIE T &
H~vA4 a7 LA EHNTYrA XX F STOPL Bl L T\ 5 Fiti#Efs 1. 9
2B Al B XK pH MPEICEBRICREDL L BIn F 2 RE T2 2 HNE LT,
o, ERMEYE LTV TIER S D 2 —5 U OB X 5D Al it
et & T~ T

YA RXFRAFTII AR ML ATY vagpfitians e biz, U I
GEMNENT D EBMONT WS, 20RO Y v TERHICE D % B DS
BEhZFHRI2 L 2 A, TCA VA 7 VANOBEE XL ENINZ LN TWDH DI
%f L. Malic enzyme, Malate dehydrogenase, PEP carboxykinase 72 & TCA -
A 7 NDFDTEH BEFREWVIEETEEZ /R LTV, Eo, Al 1T X L H)
TARTAE R TN E BN LT AT R BRI L Tz, BRSNS
Al BIZ XL U TBINTE Y VRIS, JAF I VBN T ANRT X URE
TR, TCA YA Z VDA RA L 72 DI EE R EEEZ LT D
ZENREEINT, 61T, STOP1 / v o7 v MESEKEEATZ I LT~ A
77T LA DORERNG Al iEEET& LTabLnD U v It 7 v AR —
% —@® AtALMT1 <° half type ATP-binding cassette transporter @ ALS3
(Aluminum Sensitive 3) 7% STOP1 ZEIK THEAGHH| ST, £ DIENIT b

T VAR L —=RA I Uk AT D & N7 E | pH SREM G OBR TN RE
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M S =2 Evs, STOPL 728 Al & HYSEOEREHITEHD > 7 MRZICED 5
ZENIRE S HTs, K pH ALERLIZ BT D STOP1 2 BARDHW DT T H GABA
shunt <> pH stat @ pH FAEIFEEE 23 ZRAK TR Lz, £72.GFP % M /2 STOP1
D JHTERAT Tl STOP1 BEACRTEL T2 Z & & 51T Al, H* o &M & i
Dk % AR ORBIAH 2 LT\ 5 Z £, STOP1 MEFH T 5 ATHEN:
EREL TN D,

=B VITHRFCTERHAR SN TOER, BETEZ I LD ET IR
THEOZD | @R mIEOM S, BEAREE 2> TVD, 2O Lnb,
Al TitPEZ 53 2 BB O~ — I — L 72 0 15572, (REMZRLFET
bHa—H ) A~V R AR EZ R~ T, BB, K pH R &,
a2 A N U A TR EOEN RO 708, AEEEHHNIT Al OZIZRE L T2
TUBRERH Uiz, WRIZ, 2—B ) Tl = U kicBlb b 7 2 g kT v AR
— X = IRHEBECH oo, HBEL 79 2 TEDOBBEIZ D W TN L 7=,
Multidrug and toxic compound extrusion (MATE) kT v AR —H—7 7 I U —
BT D7 2N T AR—E — % MOEHFORS 2 LI, 2—h VT~
LRV A0S 4 50 EcMATE AEw ZZ2HEEL7-, 2O TALIISELT
BRERMHENL TV ARE T 71T EeMATEL OATh 7=, GFP IC & 5 RTEMAT
TiX EcMATE1L 2SHBEBEIZAFE L, Z 32 BRIRTO EcMATEL @RI BLA Tl
Al ICRY 7 = CEEHUHA L, R RILE b SE S, o, 2T HED
U Uik, Y R bPREANC L0 AR & EcMATEL #x5 & 13 L7z,
LLEG, EcMATEL i Al fifEICEBRL TV D B2 bz, VT, 2—Hh U
® STOP1 BEF2HEEL, 727 a s 7V L) Y FR AL HBRIBFHE L &
H1Z RNAL OEAIZ L - T STOP1 0G4z /2L 25, MATE X° ALS3 4 —

v u Zln ORI Sz, =—5 Y STOP1 23 v A X F X F O stopl &
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BARIZEN LT ARAERR Tl K pH MRS EIE Lz, #3afE~o GFP @ia #
Yo7 OEATIEL, STOP1 IEICHEL Tz, Bl =— U @ STOP1
& Al MBI T2 & Te ALPEEE T O ) — X E2HE LTz, 21D Oiafs 113
MR CE T 20 T ERESCY ) v 7L v a VICHATH D AREEZ R

L7,
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P

A ORFZEZE U AR DR & BT 21T - T < 72 & o 72BUL 2R IE AT DA%
IR —HESE A R SE A0 Se A4 BB SRR IE AT N A A Y — R v X — D/ NRIER S |
FWNESGEA, N7 —a Rt L TS o T BIRRFOP)IEEA, £/, ~A 7
27 LA REIEZHY LTS 272,003 & DNABFERT O 4 | R e
IR AEICEH O LET,

2—J U OWFFEIZBEI L, 58 L T IE S ol serk, EM Rk, HEEs
B, TIEWUERE, OHE—TRTR. EROMBIZ L T E S o bR A X U o,
T RARARE VR IEAT ORI 2 L3, e, =—h U O#FZEIX METI
TuYxs NOMIC Ko TIThhvE Lz,

BRI, AFFEEOREINREEZ LT\ E £ L, R RIS AR

HYANTNNE St RPANY 7 N /£B2 o o ta S 1/ T S VAl D= S
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