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1  Al pH STOP1
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 (Seki et al., 2003; Kochian et al., 2004)

Al3+ H+  (Kinraide, 

2003)  (Horst, 1988)  (Neumann et al., 1999)

40

 

Al

Al3+

 (Triticum aestivum; TaALMT1 [Sasaki et 

al., 2004])  (Arabidopsis thaliana; AtALMT1 [Hoekenga et al., 

2006])  (Sorghum bicolor; Magalhaes 

et al., 2007) ALS3 (Aluminum 

Sensitive 3) half type ATP-binding cassette transporter Al

Al  (Larsen et al., 

2005)
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 (Mitsukawa et al., 

1997) H+  (Koyama 

et al., 1995; Yokota and Ojima, 1995; Kinraide, 2003; Watanabe and Okada, 

2005)

 (Delhaize et al., 2003)  

H+ Al  (Koyama et 

al., 1995) 2

 (Kinraide, 2003) H+ Al

Al H+ Al

 (Rangel et al., 2005; Yang et 

al., 2005) H+ Al
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H+ Al stop1  (Iuchi 
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Al 1 AtALMT1 

(Hoekenga et al., 2006) stop1  (Iuchi et al., 

2007) stop1 Al

Al  (Kobayashi et al., 2007)

 (T-DNA ) H+

AtALMT1 H+  

(Kobayashi et al., 2007) STOP1 H+ Al

Liu et al. (2009) Al multidrug and toxic 

compound exclusion protein ([AtMATE]; At1g51340) STOP1

zinc finger protein

 (Englbrecht et al., 2004) STOP1 Al H+

Al

AtALMT1 (Iuchi et al., 2007) AtMATE (Liu et al., 2009)

 

stop1 Al H+

DNA AtALMT1 ALS3 Al

pH

stop1

pH

biochemical pH stat (Sakano, 1998)  -aminobutyric acid 

[GABA] shunt (Bouche and Fromm, 2004)

pH

 (Yohannes et al., 2004)  (Hirata et al., 2003)
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pH  (Yan et al., 1992)

STOP1

stop1 H+

 

 

11-2  

 

 

stop1 Col-0 ethyl methanesulfonate

F2  (Iuchi et al., 2007)

AtALMT1-KO (SALK_009629) STOP1-KO (SALK_114108) ALS3-KO 

(SALK_061074) SALK T-DNA Arabidopsis 

Biological Resource Center Col-0 (JA58) and Col-4 

(N933) RIKEN Bio-Resource Center Nottingham Arabidopsis 

Stock Center STOP1 stop1

CaMV35S STOP1  (CaMV35S::STOP1)

 (Iuchi et al., 2007)  

 

 

 (Iuchi et al., 2007)

MGRL  (1/50 Pi 200 M CaCl2 pH 5.5)

1

12 250 mol m-2 s-1 25 7

10 3
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CaMV35S::AtALMT stop1

20  

 

 

 ( ) 

 ( ) 

Al  (Ikka et al., 2007)

 (Kobayashi et al., 2005)

CaCO3 (60, 250, and 400 mg per 100 g of dry soil) 

pH (Shoji et al., 1964)  Al  (Koyama 

et al., 2000)  

 

GFP  

GFP (sGFP) 

 (Chiu et al., 1996) GFP AtSTOP1 N

overlap PCR GFP AtSTOP1 GFP

pBE2113  (containing sGFP) SfiI-GFP 

(5’-CATTTGGCCAAATCGGCCATGGTGAGCAAGGGCGAGGAGCTG-3’), GFP-NotI  

(5’-GGATTAGCGGCCGCCCTTGTACAGCTCGTCCATGCCGTGAG-3’) 

AtSTOP1 RAFL (the RIKEN full-length cDNA clone 

[RAFL09-20I22; Seki et al., 2002] NotI-STOP1 

(5’-ACAAGGGCGGCCGCATGGAAACTGAAGACGATTTGTGCAAC-3’) STOP1-SfiI  
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(5’-ACAAGGGCGGCCGCATGGAAACTGAAGACGATTTGTGCAAC-3’) 

DNA SfiI NotI

SfiI pBI2113SF DNA

22 12 GFP  (Fujita et al., 

2004)  

 

sstop1 AtALMT1  

AtALMT1 DNA DNA PCR

Forward: 

5’-CATTTGGCCAAATCGGCCATGGAGAAAGTGAGAGAGATAGTGAGAGAAG-3’  

Reverse: 5’-AGAACGGCCTTATGGCCTTACTGAAGATGCCCATTACTTAATG-3’

AtALMT1 pBE2113SF (Liu et al., 1998) CaMV 35S

stop1

floral dip  (Clough and Bent, 1998) T1

T2  

 

RNA  

200 M CaCl2 1/50 MGRL  (pH 5.6)  (Toda 

et al., 1999) 30 mol quanta m-2 s-1, 12 , 25 1

10 Al  (10 M AlCl3 pH 5.0) pH   

(pH4.5)  (Iuchi et al., 2007) 24

-80 RNA

 (Suzuki et al., 2004) RNA
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Agilent 2100 Bioanalyzer GC-MS (gas 

chromatography-mass spectrometry) CE-MS (capillary electrophoresis-mass 

spectrometry) 50% Qiagen 

Mixer Mill MM300 kit GC-TOF-MS (for GC-time of 

flighty-mass spectrometry) CE-MS

N-methyl-N-(trimethylsilyl)-trifluoroacetamide (Urano et al., 

2009)  

 

RRT-PCR RT-PCR 

RT-PCR  (Kobayashi et al., 2007) RT-PCR

PCR (Applied Biosystems 7300) 

UBQ1

Table 1  

 

 

Agilent Arabidopsis 3

Cy3 Cy5 2

Col-4  (-Al, pH 5.0, 24 h)  (-Al, pH 4.5, 24 h 

 10 M Al solution, pH 5.0, 24 h) Al pH Col-0 stop1

Al Col-0 AtALMT1-KO 5

3

Col-0 Col-4 Al pH

 (Ikka et al., 2007) cDNA cRNA

Dye Agilent Low RNA Input Linear Amplification Kit PLUS 
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  Sequence (5'-) Tm ( ) Annealing temp.  ( )
F GGCCGACCGTGCTATACGAG 62.5
R GAGTTGAATTACTTACTGAAG 50.7

F GGCCGACCGTGCTATACGAG 62.5
R CATGAGTCCTGTGAACTCCC 58.4

F CAGTCGACATAAGCTGTTTACTTTT 55.6
R GAATCTCAGCGTCCGACAATATAGAA 58.9

F CATCAGCCAGTACATCTACTCAGA 58.8
R ATGGCAATGCCTTAGAGACTAGTA 57.1

F ATGTGTATGACCGAAAATGGTACCCGATC 61.9
R CCTCCATTACATTGCTCGGGGCTTAAGT 63.4

F TTAATAAACACTGGGAAGACT 50.7
R ACCGCTTTGAGTAGCGTATACA 56.7

F AAGACAAGATCCACGAGGACGAC 60.5
R GTCGTAGACATGTTTGGGGGTTG 60.5

F GGTTTATAACTGAAGCTGTGCTTAG 57.2
R CTATAACAAAAGTGCCCAAATAACC 55.6

F AAGGCGATCACGACAGGGGGCGTG 67.3
R TTATGAGAAACCCCCAATAGAGATG 57.2

F GTGTTCGTCCTTCAGCGTGTTTACCTGT 63.4
R GCAAGTGGGCTATTCGTTAACTTCTGTG 62.0

F CACATACCGTCTCTACCGTTGA 58.6
R GAGAGATCTTGGCATGTGTTTGA 56.9

F AGAGAGATGGCGATAATACATCAAC 57.2
R ATGGTCCTCCCAAGATTCATCATTT 57.2

F TAGTGATCTCTCTGTCTCCGGTTTT 58.8
R GTTTCAATCTGAGGAGAAGACATGA 57.2

F TATCGATCCTTGCCGGGACTTCA 60.5
R GCTTGTCTTGGCGTTGCTCCTA 60.4

F AGAGATCCCATTATCAAACCGAATC 57.2
R CCCATTAAAACAGTGAAAACGCCTA 57.2

F GCGTATCAGACGGCTAAGGAGA 60.4
R CCAGGAATGCTGGAACGACAAAGTT 60.5

F TAGCTGGGAGTTTAGTGACCATAGC 60.5
R AATTTATGGATACGATCGAAGCCGA 57.2

F TGTTAGTCCGTGTTGCAGGTGA 58.6
R CACTTCTTGTGCTGAGCCTTGA 58.6

F GCTTTGGACAGCCAGTCGGAACGTG 65.4
R TGATTACAAATAATTTCATTAGCGA 50.6

F GCGAGAGAGAAAGGGATGGTTTATC 60.5
R TCCCCTAAACATGGAGACACTTTAT 57.2

F ACTTTCAAGCTGGTTGATCAGATGG 58.8
R TGGTTAAATACAACTTGCTCTGAAG 55.6

F TAAACCAAGCTTATCTCTAGGATTA 53.9
R CCATCAAATAAAACATTTTGAAAATGTGC 54.9

F AGGAGTGACAGTGAGTTACTTCG 58.7
R TGGCTCGAGCGACTCGGTTA 60.4

F GCACAAGTGACAGAAGAGCATTAC 58.8
R GAGAGTTCACAAACAGCATCATAATG 57.3

F AGCATTACGCCAATGGTCTGATCTA 58.8
R TTCGACGCCAATCCGAGGTCATA 60.5

(Table continues on following page.)

At5g11670a 60.0

Table 1.  Primer sequences used for quantitative RT-PCR of the markedly down-regulated genes of the stop1-
mutant.

Name

At1g08430 53.0

At2g37330a 60.0

At2g37330 53.0

At1g34370 53.0

At1g51830 53.0

At1g08430-2 53.0

At1g30270 53.0

60.0

At1g77760 53.0

At2g18480 53.0

At1g51840 53.0

At1g67325 53.0

60.0

At2g37570 53.0

At2g41380 53.0

At2g19900 53.0

At2g28270 53.0

At2g19900a

60.0

At4g13420 53.0

At5g02480 53.0

At3g05400 53.0

At3g28345 53.0

At3g22200a

At5g06860 53.0

At5g11670 53.0

At5g07440a
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Sequence (5'-) Tm ( ) Annealing temp.  ( )

F ACAGGAAGAAGACGAGTGGTAT 56.7
R GAAACTTGGTTCAGTAATAAAGGGA 55.6

F GAAGGTGAACGATGAGCTAAAGACT 58.8
R GCGTCTTCTAGTACTTGTAAACACA 57.2

F GTGGCTCAAGCTACCATTCTCAGA 60.5
R CTGTTAACTCAGGATGACCTCTA 56.9

F CCTTCTTCTTAGTTATTAGTGGGAA 55.6
R GAAATTTTCATTTATCGCTTCTTGC 53.9

F CGTTTCTTTGTTTTTGGGCCACGTA 58.8
R TCTATGCATGATACCCATCAGAACC 58.8

F GGGTTCAAGACGTTGACTTAGTTC 58.8
R TATGGATCCAAAACAAACCGCTACTA 57.3

F GCATATAGAGATCAAAGACATGATC 55.6
R GACCTCATCTAAATTTCCCATTCCA 57.2

F TGTATACAAACACTCACTGATCATT 53.9
R TCTTTGACGATAGCATCAAACTTTC 55.6

F GAGGGATTATCTTCGATCAAGGCCG 62.1
R CAAGAAGCAAATCTTCCAATCTCCC 58.8

F GTTTCATGTGAATGAATCGCATGCA 57.2
R TCATTGTTGGATCTACATCAGCAAT 55.6

F CGGATTAGGCCTAATAATGGCC 58.6
R AAGAATTACGATCAACAACGACCAG 57.2

F TCGTAAGTACAATCAGGATAAGATG 55.6
R CACTGAAACAAGAAAAACAAACCCT 55.6

F AGAGCTGTCAACTGCAGGAAGAA 58.7
R ACAAGAAAAACAAACCCTATCAAAGG 55.8

Table 1.  (Continued from previous page.)
Name

At2g37330a primer is used for Real-time RT-PCR in Fig. 3. 
At2g19900a, At3g22200a, At5g07440a, At5g11670a, At5g17330, At5g18170a and At3g52590a primer is used for real time
RT-PCR in Fig. 6.

At5g18170a 60.0

At1g08430-2 primer is used for RT-PCR in Fig. 4. 

At5g17330 53.0

At5g18170 53.0

At5g19600 53.0

At5g22890 53.0

At5g51980 53.0

At5g35410 53.0

At5g27920 53.0

At5g47560 53.0

At3g52590 (internal std.) 53.0

Tm indicates melting temparature calculated with GC% method.

At5g38200 53.0

At5g66650 53.0

At3g52590a (internal std.) 60.0
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Agilent  (G2565BA) 

Feature Extraction version 9.5.1 software (Agilent) 

GeneSpring GX version 7.3.1 (Agilent) 

quality control

GeneSpring flags (low intensity, not uniform, abnormal in the 

background; http://www.chem.agilent.com/cag/bsp/products/gsgx/downloads/ 

pdf/FE_Plugin.pdf)  

(wild type in Al and low-pH treatments comparisons between the stop1 

mutant and the wild type) 2

Al pH stop1

Fold Change (FC)

1%  

 

 

GC-TOF-MS LECO Pegasus III mass spectrometer (Agilent) 

Agilent 6890 GC system CE-MS Agilent 1100 

series MSD mass spectrometer Agilent CE system CE-MS

GC-TOF-MS Urano et al. (2009)

( )

Mr

fresh weight

3 Excel  ( : ratio of 

normalized peaks of STOP1-KO /wild type, pH 4.5) 
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11-3  

 

Al  

24

Al 3 Al La Er 2

pH Na Al

Al

Al Al

 (Fig. 1a)

glutamate dehydrogenase

GABA

TCA Malic enzyme

Malate dehydrogenase PEP carboxykinase TCA

 (Fig. 1b) Al

Al

TCA

 

 

stop1  

Al 1 AtALMT1 Al

stop1 AtALMT1  (Iuchi et al., 2007)  
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FFigure 1. (a) Metabolism overview by transcriptome in Arabidopsis roots 
treated by 10 M Al for 24 hours. The color indicated up (red) and down (blue) 
regulations, or no change (white), compared 10 M 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 in 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 I. 40S ribosomal are shown as control. 
  

Col-4

GABA-T (AT3G22200)

lactate dehydrogenase(AT4G17260)

glutamate decarboxylase (AT5G17330)

malate dehydrogenase (AT5G58330)

SSADH1 (AT1G79440)

AtNADP-ME2 (AT5G11670)

GDH1 (AT5G18170)

GDH2 (AT5G07440)

40S ribosomal (AT2G09990)

AtNADP-ME1 (AT2G19900)

a 

b 
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AtALMT1 H+  (Kobayashi et al., 2007)

STOP1 AtALMT1 Al H+

DNA

Al H+ stop1 stop1

3 Al H+ stop1

fold change (FC) (stop1  / 

) 3 1%

Al 101 H+ 45  (Fig. 

2a) Al H+ 32

 

stop1

Al H+

Al  / control H+  / control

FC

 (FC <1 t-test P <0.05) FC 0.8

Al 64 H+ 28  ( 19 )  (Fig. 

2a Table 2) stop1

AtALMT1 T-DNA

 (AtALMT1-KO) Al  (FC [AtALMT1-KO / ] <1

t-test P <0.05 FC <0.8) (Table 2 Table 3)  
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Figure 2. (a) Genes repressed in the stop1 mutant compared with the wild type 
(WT) that were identified by competitive microarray analyses. Greatly 
repressed genes in the stop1 mutant, when they were compared with the wild 
type, were identified by three biologically independent replications of the 
comparative microarray of the stop1 mutant/wild type under Al toxic (10 M) 
and low-pH (pH 4.5) conditions. The genes that were in the lowest percentile of 
the FC values (stop1 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 AtALMT1-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 stop1 mutant, STOP1-KO, and a complemented stop1 mutant 
carrying CaMV35S::STOP1 (stop1-comp) were determined by semiquantitative 
RT-PCR. 
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AtALMT1-KO

stop1

Al pH

Al AtALMT1-KO

1 At1g53480 stop1

Al

STOP1 12 Al

pH 39  (Table 3 Fig. 

2a)  

stop1 STOP1

12 Al pH

STOP1-KO (STOP1 T-DNA )  (

 (35S CaMV) STOP1

stop1  (Iuchi et al., 2007))

stop1 STOP1-KO  (Fig. 2b)

STOP1 stop1 12

 (Fig. 2b) STOP1

 

 

sstop1  

stop1 Al pH

Al AtALMT1 (Hoekenga et al., 2006; 

Table 3) zinc finger protein STOP1  (

STOP2) SULTR3;5  
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FC ± SD P-value FC ± SD P-value FC ± SD P-value FC ± SD P-value FC ± SD P-value

At1g08430 0.01 ± 0.00 0.001 0.01 ± 0.00 0.000 0.01 ± 0.00 0.001 24.40 ± 13.8 0.009 7.41 ± 4.07 0.021 ATALMT1 (Al-activated malate transporter)

At1g30270 0.13 ± 0.03 0.003 0.19 ± 0.02 0.001 1.02 ± 0.14 0.866 1.44 ± 0.09 0.009 1.42 ± 0.25 0.073 ATCIPK23 CBL-interacting protein kinase 23)

At1g51840 0.25 ± 0.06 0.010 0.40 ± 0.06 0.008 1.03 ± 0.15 0.765 1.31 ± 0.42 0.272 1.21 ± 0.30 0.305 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 0.433 6.97 ± 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 0.327 6.98 ± 3.70 0.021 2.28 ± 0.57 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 0.491 2.02 ± 0.31 0.015 1.18 ± 0.07 0.040 similar to SLT1 (sodium  and lithium tolerant 1)

At5g06860 0.05 ± 0.00 0.000 0.13 ± 0.06 0.017 1.17 ± 0.17 0.201 1.93 ± 1.46 0.232 1.00 ± 0.74 0.992 PGIP1 (polygalacturonase inhibiting protein 1)

At5g18170 0.08 ± 0.01 0.001 0.27 ± 0.11 0.030 1.26 ± 0.18 0.109 2.91 ± 0.39 0.005 1.19 ± 0.10 0.068 GDH1 (glutamate dehydrogenase 1)

At5g19600 0.01 ± 0.00 0.002 0.29 ± 0.06 0.008 1.33 ± 0.19 0.074 1.50 ± 0.45 0.138 2.08 ± 0.37 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 0.520 1.03 ± 0.20 0.809 1.15 ± 0.15 0.200 similar to STOP1 (sensitive to proton rhizotoxicity 1)

At5g38200 0.02 ± 0.00 0.001 0.10 ± 0.04 0.009 1.06 ± 0.15 0.552 4.16 ± 1.79 0.027 1.77 ± 0.19 0.012 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 similar to unknown protein

At1g53480 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 similar to unknown protein

Downregulated in stop1  and not downregulated by Al; 24 genes

At1g35670 0.34 ± 0.02 0.001 0.76 ± 0.06 0.030 1.05 ± 0.15 0.598 1.35 ± 0.07 0.011 0.53 ± 0.08 0.020 ATCDPK2 (calcium-dependent protein kinase)

At1g60610 0.26 ± 0.05 0.006 0.54 ± 0.05 0.008 0.95 ± 0.14 0.618 1.68 ± 0.23 0.023 1.16 ± 0.10 0.095 similar to protein binding / zinc ion binding

At1g61560 0.26 ± 0.03 0.003 0.61 ± 0.09 0.029 0.99 ± 0.14 0.955 3.34 ± 0.75 0.011 2.65 ± 1.02 0.045 MLO6 (mildew resistance locus O 6)

At1g72870 0.22 ± 0.09 0.021 0.59 ± 0.15 0.064 0.92 ± 0.13 0.406 1.29 ± 0.32 0.213 0.60 ± 0.05 0.008 putative disease resistance protein (TIR-NBS class)

At1g77760 0.18 ± 0.05 0.008 0.88 ± 0.30 0.574 1.29 ± 0.19 0.088 1.66 ± 0.30 0.038 1.68 ± 0.13 0.007 NIA1 (nitrate reductase 1)

At2g01180 0.31 ± 0.03 0.003 0.59 ± 0.09 0.028 1.03 ± 0.15 0.779 2.13 ± 0.32 0.013 1.04 ± 0.09 0.525 ATPAP1 (phosphatidic acid phosphatase 1)

At2g16660 0.34 ± 0.01 0.001 0.53 ± 0.06 0.009 1.23 ± 0.18 0.126 2.62 ± 0.66 0.021 1.29 ± 0.43 0.310 similar to nodulin family protein

At2g23150 0.31 ± 0.03 0.002 0.61 ± 0.13 0.054 1.04 ± 0.16 0.661 2.80 ± 0.55 0.012 1.27 ± 0.08 0.020 NRAMP3 (manganese ion transporter)

At2g28270 0.08 ± 0.03 0.006 0.41 ± 0.26 0.114 0.98 ± 0.23 0.873 2.52 ± 0.92 0.046 0.74 ± 0.34 0.357 similar to DC1 domain-containing protein

At2g39380 0.28 ± 0.05 0.005 0.83 ± 0.07 0.064 1.03 ± 0.15 0.753 1.41 ± 0.21 0.054 2.63 ± 0.22 0.003 ATEXO70H2 (exocyst subunit EXO70 family protein H2) 

At2g39510 0.27 ± 0.07 0.013 1.32 ± 1.12 0.579 1.35 ± 0.20 0.072 9.60 ± 7.83 0.032 1.97 ± 1.57 0.235 similar to nodulin MtN21 family protein

At2g43590 0.25 ± 0.10 0.025 1.09 ± 0.50 0.754 0.84 ± 0.15 0.157 3.20 ± 0.63 0.009 2.22 ± 2.00 0.214 putative chitinase

At2g45220 0.26 ± 0.04 0.005 0.69 ± 0.02 0.003 1.13 ± 0.29 0.458 1.98 ± 0.26 0.012 0.43 ± 0.11 0.026 similar to pectinesterase family protein

At3g05400 0.19 ± 0.04 0.004 0.63 ± 0.15 0.076 1.20 ± 0.17 0.158 2.98 ± 1.04 0.031 1.07 ± 0.09 0.293 SUGTL5 (sugar transporter ERD6-like 12)

At3g28290 0.13 ± 0.03 0.004 0.46 ± 0.16 0.055 0.87 ± 0.12 0.237 1.51 ± 0.13 0.014 0.93 ± 0.28 0.713 similar to AT14A

At4g13420 0.03 ± 0.00 0.000 2.21 ± 1.35 0.135 0.84 ± 0.12 0.165 7.54 ± 4.39 0.023 6.86 ± 1.12 0.002 HAK5 (high affinity K+ transporter 5)

At4g16563 0.09 ± 0.07 0.026 0.22 ± 0.27 0.113 1.13 ± 0.28 0.449 1.22 ± 0.31 0.307 0.35 ± 0.04 0.004 similar to aspartyl protease family protein

At4g30270 0.28 ± 0.06 0.010 0.84 ± 0.63 0.693 0.91 ± 0.15 0.407 12.56 ± 5.39 0.009 2.05 ± 0.76 0.074 MERI5B (endo xyloglucan transferase)

At4g38470 0.29 ± 0.05 0.007 0.80 ± 0.22 0.297 1.17 ± 0.17 0.200 1.13 ± 0.20 0.343 1.15 ± 0.17 0.245 similar to protein kinase family protein

At5g07440 0.29 ± 0.05 0.005 0.54 ± 0.15 0.060 1.16 ± 0.17 0.208 2.55 ± 0.16 0.001 1.23 ± 0.17 0.123 GDH2 (glutamate dehydrogenase 2)

At5g11670 0.26 ± 0.07 0.012 0.67 ± 0.06 0.017 1.02 ± 0.14 0.834 3.62 ± 0.78 0.009 1.53 ± 0.15 0.018 ATNADP-ME2 (malic enzyme 2)

At5g17860 0.31 ± 0.03 0.003 0.98 ± 0.02 0.208 0.98 ± 0.17 0.837 1.28 ± 0.06 0.012 1.02 ± 0.06 0.681 CAX7 (calcium exchanger 7)

At5g47560 0.12 ± 0.02 0.002 0.75 ± 0.15 0.129 1.09 ± 0.19 0.423 1.05 ± 0.12 0.557 1.06 ± 0.12 0.457 ATTDT (tonoplast malate/fumarate transporter)

At5g66800 0.33 ± 0.03 0.003 0.58 ± 0.06 0.011 0.71 ± 0.11 0.057 1.04 ± 0.05 0.248 0.91 ± 0.06 0.124 similar to unknown protein

Downregulated in stop1  and not downregulated by pH; 4 genes

At1g62280 0.97 ± 0.62 0.936 0.47 ± 0.01 0.001 0.84 ± 0.15 0.161 0.33 ± 0.30 0.133 1.06 ± 0.51 0.858 SLAH1 (SLAC1 homologue 1)

At1g75840 0.58 ± 0.04 0.005 0.47 ± 0.03 0.002 0.99 ± 0.15 0.879 0.94 ± 0.14 0.570 1.03 ± 0.06 0.460 ATROP4 (rho-like gtp binding protein 4)

At3g12750 0.60 ± 0.05 0.010 0.46 ± 0.09 0.020 1.42 ± 0.21 0.053 0.55 ± 0.04 0.004 1.62 ± 0.13 0.009 ZIP1 (zinc transporter 1)

At5g24780 0.65 ± 0.57 0.431 0.43 ± 0.01 0.000 2.21 ± 0.42 0.004 1.06 ± 1.02 0.918 4.00 ± 1.69 0.027 VSP1 (vegetative storage protein1)

Three biologically independent  replications of competit ive microarray analyses were carried out  as follows: stop1  mutant  versus the wild type in Al
(10 M, 24 h) or low pH (pH 4.5, 24 h); AtALMT1 -KO versus the wild type in Al (10 M, 24 h); control (pH 5.0, no Al, 24 h) versus Al (10 M, 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 t tests for significant  differences from FC = 1.00.

Downregulated in stop1 and  not downregulated by Al and low pH; 12(+1) genes

Arabidopsis
Genome

Initiat ive
Code

Table 3. List of repressed genes in the stop1 mutant among up-regulated or stable genes in the wild type under Al and low-pH conditions

Al stop1 -MT low pH stop1 -MT Al AtALMT -KO Al low pH

FC (stop1 Mutant or AtALMT1-KO/Wild Type) FC in the Wild Type with Al or Low-pH
Treatments (Treatment/Control)

Description
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PLT3 AKT1 CBL-interacting 

protein kinase 23 (CIPK23) Na+ / K+ SLT1 (sodium 

and lithium tolerant 1)

1 glutamate dehydrogenase 1 (GDH1)

polygalacturonase inhibiting protein 1 (PGIP1)

 

Al pH 2

 (Table 3)

1 HAK5 NIA1 

(nitrate reductase) GDH2 Al ALMT1

AtTDT (vacuolar malate/Na+ 

co-transporter) SLAC1 (slow anion channel 1)

ME2 (malic enzyme) Al  (AtTDT ME2) pH (SLAC1 )

STOP1

stop1  

 

sstop1 ALS3  

pH Al

stop1 FC

1% Al

stop1

FC (stop1  / ) 
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Al ALS1 ALS3

 (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))

Al Al ALS3 

(At2g37330) stop1 FC 0.33  (Fig.3)

ALS3 RT-PCR stop1 STOP1-KO

CaMV35S::STOP1 stop1

(Fig. 4a)

STOP1 AtALMT1 ALS3 Al

 

stop1 Al Al

KO  (Iuchi et al., 2007)

STOP1-KO pH AtALMT1-KO (Fig. 4b, 

4c; Kobayashi et al., 2007) Al pH 5.5

KO pH  

(pH 5.5 ) pH 5.0 30%

pH 4.7 50 ALS3-KO pH 5.0

pH 4.7 stop1 ALS3

pH KO

Al pH pH

QTL (quantitative trait locus) pH 5.0

 (Kobayashi et al., 2005; Ikka et al., 2008) pH 5.5  
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Figure 3. Fold change of gene expression in microarray, whose gene is 
associated with Al tolerance as follows; AtALMT1 (Hoekenga et al., 2006), 
ALS1 (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; stop1-mutant versus wild type in Al (10 M, 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 stop1 mutant and comparison of growth 
among T-DNA insertion mutants. (a) ALS3 expression in the wild type (WT), 
the stop1 mutant, STOP1-KO, and a complemented line of the stop1 mutant 
carrying CaMV35S::STOP1 (stop1-comp), which were grown for 10 d in normal 
conditions and exposed to Al (10 M, pH 5.0) for 24 h. ALS3 expression was 
normalized by UBQ1 expression and compared with that of the wild type. (b) 
and (c), Growth response of ALS3-KO compared with that of STOP1-KO and 
AtALMT1-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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pH ALS3-KO Al

STOP1-KO AtALMT1-KO (Fig. 4b, 

4c) stop1 Al ALS3

stop1 CaMV35S::AtALMT1

stop1 AtALMT1

Al3+ AtALMT1

Al  (Fig. 5)

STOP1-KO pH 5.5 Al AtALMT1-KO

2 P = 7.71 10-5

(t- test) STOP1-KO Al

Al

 

 

STOP1-KO Al KO  

pH

pH  (Ikka et al., 2007)

STOP1-KO Al KO pH

 (pH 6.6) STOP1-KO Al

KO STOP1

 (Fig. 6) STOP1-KO

Al KO Al pH

KO

Al CaCO3 Al

A L S 3 - K O A t A L M T 1 - K O  
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FFigure 5. Root growth of the wild type (WT), the stop1 mutant, and a transgenic 
stop1 mutant carrying CaMV35S::AtALMT1. Seedlings were grown 
hydroponically in Al toxic solution containing 2 M 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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FFigure 6. (a) Growth of ALS3-KO, AtALMT1-KO, and STOP1-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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 (ALS3-KO)  (AtALMT1-KO)

 (Fig. 4b, 4c) KO

Al Al

STOP1-KO

Al stop1

pH

 (pH 5.2) STOP1-KO

 (Iuchi et al., 2007)  

 

sstop1 pH  

AtTDT pH

Al stop1

pH

stop1 pH

pH

pH

1 pH GABA 

shunt GDH (Bouche and Fromm, 2004) biochemical pH stat 

malic enzyme (Sakano, 1998) stop1

 (Table 3)  

pH  (pH 4.5 24 h) DNA  (stop1  / 

)  (STOP1-KO / ) pH

 (Fig. 7)

 (< 1000)  



35 
 

(glycolysis pathway tricarboxylic acid cycle related organic acid and amino 

acid metabolic pathways; Table 4) 222 11

stop1  (stop1  /  < 

0.8 P < 0.05 in t test between the FC and 1) 4

pH (Fig. 7; Table 4)

GABA shunt  (GDH1 GAD1; Bouche and Fromm, 

2004) 2 biochemical pH stat pathway  (ME1 ME2; Sakano, 

1998) stop1 GABA-T 

(GABA aminotransferase) GDH2 RT-PCR STOP1-KO

 (GABA-T, FC = 0.76 stop1  /  <1 t test P = 

0.06; GDH2, FC = 0.54, stop1  /  <1 t test P = 0.06)

P value

STOP1-KO RT-PCR  

(Fig. 7) stop1 pH

STOP1  (Fig. 7) 4

stop1 (pH 4.5; stop1 

mutant/wild type > 1.25, P < 0.05 in t test between the FC and 1) 4

pyruvate decarboxylase (PDC2)  

(At4g33070; Table 4)  

STOP1-KO

24 STOP1-KO 

4 (Fig. 7; Table 5) GABA shunt 

GABA KO pH stat
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FFigure 7. Comparison of metabolites and transcripts in glycolysis, tricarboxylic 
acid (TCA) cycle, and pH-regulating pathways between the wild type (WT) and 
the stop1 mutant. Seedlings of the wild type and the stop1 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 stop1 mutant and 
the wild type on the pathway (222 genes in Table 4) were compared, while the 
metabolomes were compared between STOP1-KO and the wild type. 
Determined metabolites are shown in colored boxes, and the ratio of STOP1-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 (stop1 
mutant/wild type < 0.8) or up-regulated (stop1 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 (t test, P < 0.05). 
Transcript levels of selected genes in the wild type, the stop1 mutant, and 
STOP1-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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FC ± SD P-value (1) stop1 -mutant WT
sucrose to fructose

At1g12240 0.92 ± 0.12 0.373 10010 10983 ATBETAFRUCT4 (Beta-fructofuranosidase 4)
At1g22650 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 SUS1 (Sucrose synthase 1)
At3g05820 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 SUS1 (Sucrose synthase 1)
At5g22510 0.94 ± 0.06 0.249 2977 3191 similar to beta-fructofuranosidase
At5g37180 0.97 ± 0.05 0.434 1487 1538 similar to SUS1 (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 SUS1 (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 SUS1 (Sucrose synthase 1)
At5g17310 1.11 ± 0.05 0.056 4385 3960 UTP-glucose-1-phosphate uridylyltransferase 1
At5g20830 1.06 ± 0.11 0.436 4973 4672 SUS1 (Sucrose synthase 1)
At5g37180 0.97 ± 0.05 0.434 1487 1538 similar to SUS1 (Sucrose synthase 1)
At5g49190 1.03 ± 0.10 0.679 119 118 SUS2 (Sucrose synthase 2)

sucrose to glucose
At1g12240 0.92 ± 0.12 0.373 10010 10983 ATBETAFRUCT4 (Beta-fructofuranosidase 4)
At1g22650 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
At3g05820 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
At5g22510 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 HXK1 (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 PGM1 (Phosphoglucomutase 1)

glucose to glucose 6-P
At1g47840 0.67 ± 0.02a 0.003 4588 6768 HXK3 (Hexokinase 3)
At1g50460 0.94 ± 0.03 0.079 3515 3771 HKL1 (Hexokinase like 1)
At2g19860 1.00 ± 0.02 0.696 2748 2730 HXK2 (Hexokinase 2)
At3g20040 0.76 ± 0.02a 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
At4g24620 0.94 ± 0.12 0.509 17908 18686 PGI1 (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 ATTPS7 (Trehalose-6-phosphate synthase 7)
At1g22210 1.29 ± 0.12 0.043 67 52 similar to ATTPPB (Trehalose-6-phosphate phosphatases)
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
At1g60140 1.09 ± 0.25 0.572 15516 13642 ATTPS10 (Trehalose-6-phosphate synthase 10)
At1g68020 0.78 ± 0.07a 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 ATTPS1 (Trehalose-6-phosphate synthase 1)
At2g18700 1.28 ± 0.15 0.069 2870 2140 ATTPS11 (Trehalose-6-phosphate synthase 11)
At2g22190 1.46 ± 0.31 0.089 6258 4783 similar to trehalose-6-phosphate phosphatase
At4g12430 1.24 ± 0.35 0.307 1907 1640 similar to trehalose-6-phosphate phosphatase
At4g17770 0.80 ± 0.15 0.178 7561 9651 ATTPS5 (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
At4g24040 1.09 ± 0.26 0.584 849 833 ATTRE1 (Trehalase 1)

(Table continues on following page.)

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 (stop1 -mutant/WT)
AGI code

Intensity
Description
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FC ± SD P-value (1) stop1 -mutant WT
fructose 6-P to glyceraldehyde-3-P

At1g18270 0.96 ± 0.16 0.744 9059 9400 similar to 6-phosphogluconate dehydrogenase
At2g01140 1.10 ± 0.18 0.395 33744 30996 Fructose-bisphosphate aldolase 3
At2g21170 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 PFK5 (Phosphofructokinase 5)
At2g36460 0.84 ± 0.07 0.073 19427 23249 similar to fructose-bisphosphate aldolase
At3g52930 0.79 ± 0.04a 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
At4g29220 1.08 ± 0.09 0.264 10584 9652 PFK1 (Phosphofructokinase 1)
At4g32840 0.96 ± 0.06 0.359 879 925 PFK6 (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 (Phosphofructokinase 2)
At5g56630 0.90 ± 0.10 0.230 13698 15457 PFK7 (Phosphofructokinase 7)
At5g61580 0.97 ± 0.09 0.627 4787 4816 PFK4 (Phosphofructokinase 4)

glyceraldehyde-3-P to 3-phosphoglycerate
At1g12900 3.02 ± 1.53 0.057 350 105 similar to GAPA (Glyceraldehyde-3-phosphate dehydrogenase A)
At1g13440 0.82 ± 0.07 0.051 115738 139222 GAPC2 ( Glyceraldehyde-3-phosphate dehydrogenase 2)
At1g16300 1.00 ± 0.08 0.980 8787 8849 similar to GAPC1 ( Glyceraldehyde-3-phosphate dehydrogenase 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)
At1g56190 0.90 ± 0.17 0.433 590 691 Phosphoglycerate kinase
At1g79530 0.98 ± 0.05 0.509 36346 37385 similar to GAPC2 ( Glyceraldehyde-3-phosphate dehydrogenase 2)
At1g79550 0.93 ± 0.20 0.620 27039 29195 PGK (Phosphoglycerate kinase)
At2g24270 2.05 ± 1.87 0.252 219 86 ALDH11A3 (NADP-dependent glyceraldehyde-3-phosphate dehydrogenase)
At3g04120 0.77 ± 0.16 0.159 55709 74529 GAPC (Glyceraldehyde-3-phosphate dehydrogenase C)
At3g12780 0.99 ± 0.21 0.927 4676 4852 PGK1 (Phosphoglycerate kinase 1)
At3g26650 3.42 ± 2.33 0.075 665 172 GAPA (Glyceraldehyde-3-phosphate dehydrogenase A)
At3g62410 1.21 ± 0.19 0.163 39 32 CP12-2 (CP12 domain-containing protein 2)

3-phosphoglycerate to PEP
At1g09780 1.09 ± 0.19 0.475 51145 47522 PGM1 (Phosphoglycerate mutase 1)
At1g22170 1.05 ± 0.14 0.574 4315 4057 similar to phosphoglycerate/bisphosphoglycerate 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 (Phosphoglycerate/bisphosphoglycerate 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)
At3g08590 1.03 ± 0.16 0.785 3668 3626 PGM2 (Phosphoglycerate mutase 2)
At3g50520 0.98 ± 0.02 0.271 5603 5731 similar to phosphoglycerate/bisphosphoglycerate mutase
At4g09520 0.84 ± 0.03 0.018 7183 8484 similar to phosphoglycerate/bisphosphoglycerate mutase
At5g04120 2.88 ± 2.30 0.121 341 123 similar to phosphoglycerate/bisphosphoglycerate 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
At3g55650 1.06 ± 0.15 0.525 144 136 similar to pyruvate kinase
At3g55810 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
At5g08570 0.94 ± 0.05 0.187 11811 12696 similar to pyruvate kinase
At5g52920 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 7771 7173 similar to pyruvate kinase

pyruvate to acetyl-CoA
At1g01090 0.93 ± 0.11 0.386 40375 44908 PDH-E1 ALPHA (Pyruvate dehydrogenase E1 alpha)
At1g24180 1.11 ± 0.03 0.026 29557 26654 IAR4 (Pyruvate dehydrogenase E1 alpha)
At1g30120 0.89 ± 0.13 0.299 9981 11381 PDH-E1 BETA (Pyruvate dehydrogenase E1 beta)
At1g34430 0.84 ± 0.13 0.182 5861 7078 EM B3003 (Embryo defective 3003)
At1g48030 1.02 ± 0.09 0.732 12188 12059 M TLPD1 (M itochondrial Lipoamide dehydrogenase 1)
At1g54220 1.03 ± 0.01 0.065 2275 2202 Dihydrolipoyllysine-residue acetyltransferase component 3 of pyruvate dehydrogenase
At1g59900 0.96 ± 0.01 0.038 5368 5572 AT-E1 ALPHA (E1 alpha subunit of the pyruvate dehydrogenase)
At3g13930 0.98 ± 0.08 0.746 16956 17195 Dihydrolipoyllysine-residue acetyltransferase component 2 of pyruvate dehydrogenase
At3g16950 0.84 ± 0.04 0.028 6900 8286 LPD1 (Lipoamide dehydrogenase 1)
At3g17240 1.01 ± 0.03 0.675 22675 22577 LPD2 (Lipoamide dehydrogenase 2)
At3g25860 0.88 ± 0.04 0.041 12264 14026 LTA2  (Dihydrolipoamide S-acetyltransferase 2)
At3g52200 1.00 ± 0.03 0.890 6639 6634 LTA3 (Dihydrolipoamide S-acetyltransferase 3)
At4g16155 0.86 ± 0.12 0.208 390 457 PTLPD2 (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 M AB1 (Pyruvate dehydrogenase)

(Table continues on following page.)

Intensity

Table 4. (Continued from previous page.)

AGI code
Fold change (stop1 -mutant/WT)
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FC ± SD P-value (1) stop1 -mutant WT
pyruvate to acetaldehyde

At4g33070 1.28 ± 0.15b 0.070 34180 34345 similar to PDC3 (Pyruvate decarboxylase 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 1.30 ± 0.12b 0.037 9572 7432 PDC2 (Pyruvate decarboxylase 2)

acetaldehyde to ethanol
At1g77120 1.25 ± 0.31 0.252 2323 1790 ADH1 (Alcohol dehydrogenase 1)

pyruvate to lactate
At4g17260 0.88 ± 0.05 0.049 2763 3159 similar to PMDH2 (peroxisomal NAD-malate dehydrogenase 2)

acetyl-CoA to citrate
At2g11270 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 CSY5 (Citrate synthase 5)

citrate to 2-OG
At1g54340 1.05 ± 0.05 0.215 5484 5215 ICDH (NADP-specific isocitrate dehydrogenase)
At1g65930 0.99 ± 0.08 0.857 71656 72245 similar to ICDH (Isocitrate dehydrogenase)
At2g05710 1.00 ± 0.15 0.988 26157 25342 ACO2 (Aconitate hydratase 2)
At2g17130 1.05 ± 0.08 0.390 14665 13899 IDH2 (NAD+ dependent isocitrate dehydrogenase 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 dehydrogenase NAD regulatory subunit 3 (IDH3)
At4g35830 1.03 ± 0.07 0.520 33 47 ACO1 (Aconitate hydratase 1)
At5g03290 1.04 ± 0.06 0.334 17121 16462 Isocitrate dehydrogenase NAD catalytic subunit 5 (IDH5)
At5g14590 0.98 ± 0.17 0.828 6783 7145 similar to ICDH (Isocitrate dehydrogenase)
At5g54950 1.01 ± 0.22 0.958 93 90 similar to aconitate hydratase

2-OG to succinate
At2g20420 1.07 ± 0.09 0.315 21576 20448 Succinyl-CoA ligase beta-chain
At3g55410 1.03 ± 0.07 0.563 10245 9949 similar to 2-oxoglutarate dehydrogenase E1 component
At5g08300 1.05 ± 0.16 0.608 20634 19905 Succinyl-CoA ligase subunit alpha-1
At5g23250 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 dehydrogenase E1 component

Glu to Gln
At1g48470 0.91 ± 0.03 0.048 702 770 GLN1-5  (Cytosolic glutamate synthetase)
At1g66200 0.69 ± 0.06a 0.019 58574 84217 ATGSR2 (Cytosolic glutamate synthetase 2)
At3g17820 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)
At5g35630 0.90 ± 0.04 0.061 12179 13582 GS2 (Glutamine synthetase 2)
At5g37600 0.90 ± 0.13 0.328 12924 13782 ATGSR1 (Cytosolic glutamate synthetase 1)

Glu to 2-OG
At1g51720 1.01 ± 0.08 0.861 4157 4049 similar to GDH2
At3g03910 1.41 ± 0.23 0.070 4225 2966 GDH3 (Glutamate dehydrogenase 3)
At5g07440 0.54 ± 0.15a 0.060 22572 45606 GDH2 (Glutamate dehydrogenase 2)
At5g18170 0.27 ± 0.11a 0.030 1941 8258 GDH1 (Glutamate dehydrogenase 1)

Glu to GABA
At1g65960 0.98 ± 0.25 0.896 15676 16607 GAD2 (glutamate decarboxylase 2)
At2g02000 0.87 ± 0.07 0.089 153 176 GAD3 (glutamate decarboxylase 3)
At2g02010 1.76 ± 0.56 0.088 271 141 GAD4 (glutamate decarboxylase 4)
At3g17760 1.17 ± 0.27 0.355 29 25 GAD5 (glutamate decarboxylase 5)
At5g17330 0.49 ± 0.10a 0.025 24520 50641 GAD1 (glutamate decarboxylase 1)

GABA to succinate
At1g79440 1.14 ± 0.07 0.071 8537 7625 SSADH1 (succinic semialdehyde dehydrogenase1)
At3g22200 0.76 ± 0.09a 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 SDH1-2 (Succinate dehydrogenase)
At2g46390 1.03 ± 0.02 0.114 30984 29934 Unknown protein
At2g46505 0.95 ± 0.05 0.189 4500 4777 SDH4 (Succinate dehydrogenase)
At3g27380 0.98 ± 0.09 0.744 18292 18582 SDH2-1 (Succinate dehydrogenase)
At3g47833 0.92 ± 0.06 0.144 11730 12810 Unknown protein
At5g40650 0.93 ± 0.14 0.501 7858 8581 SDH2-2 (Succinate dehydrogenase)
At5g40650 0.93 ± 0.14 0.501 7858 8581 SDH2-2 (Succinate dehydrogenase)
At5g65165 0.69 ± 0.18 0.128 61 87 SDH2-3 (Succinate dehydrogenase)
At5g66760 1.06 ± 0.15 0.530 18616 17681 SDH1-1 (Succinate dehydrogenase)

fumarate to malate
At2g47510 0.94 ± 0.24 0.706 2912 3222 FUM1 (Fumarase 1)

malate to OAA
(Table continues on following page.)

Description

Table 4. (Continued from previous page.)

AGI code
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FC ± SD P-value (1) stop1 -mutant WT
OAA to malate

At1g04410 0.97 ± 0.05 0.392 80989 83890 M DH1 (M alate dehydrogenase 1, cytosolic)
At1g53240 0.95 ± 0.30 0.815 2856 3055 M DH1 (M alate dehydrogenase 1, mitochondrial)
At3g15020 0.99 ± 0.11 0.885 4353 4428 M DH2 (M alate 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 M DH2 (M alate dehydrogenase 2, cytosolic)
At5g56720 1.06 ± 0.06 0.227 1067 1010 similar to malate dehydrogenase, 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 enzyme 4)
At2g13560 1.01 ± 0.03 0.650 24116 24026 similar to NAD-dependent malic enzyme
At2g19900 0.68 ± 0.09a 0.038 2565 3735 ATNADP-ME1 (Malic enzyme 1)
At4g00570 0.94 ± 0.05 0.161 8775 9387 similar to NAD-dependent malic enzyme
At5g11670 0.67 ± 0.06a 0.017 26981 39328 ATNADP-ME2 (Malic enzyme 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)
At2g13810 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 ASP5 (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 ± 0.64b 0.042 4944 2203 similar to SDH1-1 (Succinate dehydrogenase 1-1)

Asp to Asn
At3g47340 2.43 ± 2.03 0.169 921 379 ASN1 (Asparagine synthetase 1)
At5g10240 0.90 ± 0.24 0.557 3505 4041 ASN3 (Asparagine synthetase 3)
At5g65010 1.03 ± 0.18 0.823 2314 2292 ASN2 (Asparagine synthetase 2)

3-phosphoglycerate to Ser
At1g17745 0.94 ± 0.17 0.609 33485 36862 PGDH (3-Phosphoglycerate dehydrogenase)
At1g18640 0.91 ± 0.06 0.125 4580 5088 PSP (3-Phosphoserine phosphatase)
At2g17630 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 dehydrogenase)
At4g34200 1.01 ± 0.15 0.896 2910 3215 similar to PGDH (3-Phosphoglycerate dehydrogenase)
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 hydroxymethyltransferase 6)
At1g36370 1.10 ± 0.06 0.098 4158 3818 SHM 7 (Serine hydroxymethyltransferase 7)
At4g13890 1.65 ± 0.34b 0.049 4682 3030 SHM 5 (Serine hydroxymethyltransferase5)
At4g13930 0.96 ± 0.21 0.779 54423 58176 SHM 4 (Serine hydroxymethyltransferase 4)
At4g32520 0.93 ± 0.14 0.501 5781 6297 SHM 3 (Serine hydroxymethyltransferase 3)
At4g37930 0.88 ± 0.10 0.208 3013 3461 SHM 1 (Serine hydroxymethyltransferase 1)
At5g26780 1.07 ± 0.06 0.180 5921 5509 SHM 2 (Serine hydroxymethyltransferase 2)

Ser to O-acetyl-L-Ser
At1g55920 1.12 ± 0.24 0.457 16315 13571 ATSERAT2-1 (Serine acetyltransferase 2-1)
At2g17640 0.98 ± 0.15 0.810 1111 1158 ATSERAT3-1 (Serine acetyltransferase 3-1)
At3g13110 1.10 ± 0.04 0.047 20570 18529 ATSERAT2-2 (Serine acetyltransferase 2-2)
At4g35640 0.90 ± 0.34 0.659 11 13 ATSERAT3-2 (Serine acetyltransferase 3-2)
At5g56760 0.88 ± 0.05 0.069 22131 25210 ATSERAT1-1 (Serine acetyltransferase 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 ATCYSD1 (Cysteine synthase D1)
At3g22460 1.20 ± 0.27 0.291 3457 2900 similar to OASA1 (O-Acetylserine lyase)
At3g61440 1.02 ± 0.03 0.301 44581 43380 ATCYSC1 (Cysteine synthase C1)
At4g14880 1.04 ± 0.10 0.595 52006 50718 OASA1 (Cysteine synthase)
At5g28020 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)
At5g27380 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; stop1-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 stop1 -
mutant and WT. Italicalized gene showed the intensity <1000.

Table 4. (Continued from previous page.)

AGI code
Fold change (stop1 -mutant/WT) Intensity
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rep.1 rep.2 rep.3 mean SD
4-aminobutyrate GC-MS 0.62 0.48 0.60 0.57 ± 0.07a

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 0.91 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 ± 0.04a

succinate GC-MS 0.77 0.58 0.67 0.67 ± 0.09a

sucrose GC-MS 4.09 5.44 4.38 4.64 ± 0.71a

trehalose GC-MS 0.89 1.04 0.97 0.97 ± 0.07

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.

Letter indicates significant difference between STOP1 -KO and WT (t-test, P  < 0.05).

method
Ratio of STOP1 -KO to WT
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FFigure 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 m. 
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RT-PCR STOP1 AtALMT1 

(Kobayashi et al., 2007) ALS3 (Larsen et al., 2005) 2 Al

 (Fig. 3)

1 Al AtMATE STOP1-KO

STOP1  (Liu et al., 2009)

AtMATE

pH 3 2

Al

 (Al stop1  / FC 0.23 0.07; 

Table 3, Table 6) Al

STOP1

 (Fig. 9)  

STOP1 pH pH

 (Table 3; Fig. 7)

STOP1-KO AtALMT1-KO ALS3-KO Al KO

 (Fig. 4, Fig. 6) STOP1-KO pH
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FFigure 9. Schematic representation of regulating genes by STOP1 in relation 
to low pH and Al tolerance. Major genes identified as downregulated in the 
stop1 mutant are shown with possible functions in low pH and Al stress 
tolerance. Except for AKT1, other genes were downregulated in the stop1 
mutant. AtMATE was reported by Liu et al. (2009). Underlined genes were 
greatly down-regulated in the stop1 mutant with both low-pH and Al 
treatments (Table 3). 
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AtALMT1-KO ALS3-KO pH stop1

pH

DNA  (e.g. stop1 

) RT-PCR STOP1-KO

( i.e. CaMV 35S:: STOP1 stop1 ) pH

STOP1  (Fig. 9)

AtTDT (

) stop1 1

T-DNA pH

pH  (Hurth et al., 2005)

stop1 pH  (FC = 0.75)

pH pH

stop1 K+

pH  (Zhang and Kone, 

2002) K+ AKT1 (Lee et al., 2007)

CIPK23 AKT1 stop1

pH SO4 NO3

pH

pH K2SO4  (Yan et al., 1992)

K+ Al  

(Lindberg and Strid, 1997) NO3

(Libourel et al., 2006)

stop1 H+

K+
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cation-proton

CHX13 K+ pH (pH 4.3 and 5.6; Zhao et 

al., 2008) K+

H+  

STOP1 pH pH

pH stat

 (malic enzyme)

 (lactate dehydrogenase)

H+  (Roberts et al., 1992; Sakano, 1998) pH stat

GABA shunt GDH GAD GABA-T H+

 (Bown and Shelp, 1997) GABA shunt

 (Crawford et al., 1994)

pH stop1

 (Fig. 7) GDH1 GDH2  

GAD1 GABA-T ME1 ME2 stop1  (Table 3; Fig. 

7) GAD 1 GAD4 stop1

 (Table 4) GAD4 GAD1

GAD  (Miyashita and Good, 2008)

stop1

stop1

stop1 H+

 (Castanie-Cornet et al., 1999) GAD

pH  (Yohannes et al., 2004) stop1
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pH

 

STOP1 H+

pH

stop1 1

PGIP1

Rudrappa AtALMT1

 (Rudrappa et al., 2008) STOP1

STOP1 PGIP

PGIP1 H+

 (polygalacturonic acid)

‘‘egg box’’  (Spadoni et al., 2006)

 (O’Neill et al., 2004)

pH H+

(Koyama et al., 2001) H+ PGIP1

pH

1

CWP2 (for cell wall 2) pH

H+  (Skrzypek et al., 1997)

PGIP1

 (polygalacturonase) pH

(Spadoni et al., 2006) PGIP1 PGIP2

stop1
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 (Table 6)

H+ PGIP

stop1

pH pH

 (CN) pH

pH

CN  

(Hirata et al., 2003) pH 0

CN

 (Fütterer et al., 2004) STOP1

pH  

 (e.g. protein kinases transcriptional regulators)

stop1 STOP1 2

1 STOP2 STOP2 STOP1

Cys-2-Hys-2 zinc finger domain (Iuchi et al., 

2007) STOP2 zinc finger 

transcription factor STOP1

zinc finger transcription factor protein DOF1 

(At1g51700) DOF2

 (e.g. PEP and PPDK; Yanagisawa et al., 2004)

 (Yanagisawa, 2000) STOP2 STOP1

H+ stop1 Al
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H+ Al pH GFP

Al pH

(Moseyko and Feldman, 2001) Al

H+-ATPase (Ahn et al., 2001)

Al

STOP1

 

stop1 AtALMT1-KO

Al

 (Fig. 4b, 4c; Figure 6A in Iuchi et al., 2007) H+

stop1

Al

H+ (Ikka et al., 2007) H+

1

STOP1 H+  (Fig. 9) 

H+

(Iuchi et al., 2007)  
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2  Al AtSTOP1

 

 
2-1  

 

1

 (e.g., Greaves et al. 1997; Campinhos 1999)

1700 ha  (FAO 2001)

1  (Raymond and Apiolaza 2004)

 

(DOE Joint Genome Institute and the Eucalyptus Genome Network, 

EUCAGEN)  (Ito et al. 

1996)

 

 (White et al. 2009; Feikema and 

Baker 2011) Al

UDP-glucose  (Fukuda et al. 2007)

 (Wagatsuma et al. 1995)
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Al

 (Ma et al. 2001; Kochian et al. 2004)

Al  (Delhaize et al. 1993)

Al  (buckwheat)  (Zheng et 

al. 2005)

Al  (e.g. Ma et al. 

1998; Zheng et al. 1998) Al

 (e.g., canola, Anoop et al. 2003; alfalfa, Tesfaye et 

al. 2001)  

(Furukawa et al. 2007; Magalhaes et al. 2007)

 (white lupin)  (Neumann et al. 1999; Kihara et al. 2003)

 (Takita et al. 1999; Ohno et al. 2003)

 

Al ALMT1 (Aluminum activated malate 

transporter 1)  (Sasaki et al. 2004)

 (Hoekenga et al. 2006) ALMT1 multidrug 

and toxic compound extrusion (MATE) 

 (Rogers and 

Guerinot 2002) MATE Al

 (sorghum)  (Magalhaes et al. 2007; Maron et al. 2010)  

(barley)  (HvAACT1: Hordeum vulgare aluminum-activated citrate 

transporter 1, Furukawa et al. 2007)  Al
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Al

 (Sasaki et al. 2006; Furukawa et al. 2007)

MATE  (Raman et al. 2008)

AtSTOP1

Al pH

MATE STOP1

 

MATE

STOP1 Al pH

MATE Al

 

 

22-2  

 

 

 (Eucalyptus camaldulensis var. obtuse, 

Location: EMU CREEK PETFORD) Australian Tree Seed Center

GUT5  (Eucalyptus grandis)  

(E. urophylla) in vitro

 (Kawazu et al., 1996)

Colombia-0 (Col-0) T-DNA ALS3-KO (SALK_061074)

BY-2 (Nicotiana tabacum, Bright-Yellow 2)
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Ri hyper-virulent Agrobacterium rhizogenes 

strain ATCC15834 (American type culture collection, VA, USA)

Agrobacterium tumefaciens GV3101  

 

 

 (1% available chlorine; 10 20

) in vitro Kobayashi et al. (2007)

4

(1.3 cm square of 50 mesh per inch; 20 seedlings per sheet)

 (5 cm square) 150 ml

Hoagland-Arnon  (0.4 mM Ca(NO3)2, 0.1 mM NH4H2PO4, 0.2 mM MgSO4, 

40 M KCl, 5.4 M EDTA-Fe, 1 M MnCl2, 4.6 M H3BO3, 0.076 M ZnSO4, 

0.032 M CuSO4, 0.001 M (NH4)6Mo7O24) 1 % sucrose

pH 5.6 23 16  (20 mol E m-2 

s-1)  

6

1

pH 4.8

RNA

Cu ( 1 M CuSO4, 

pH 4.8) NaCl ( 30 mM NaCl, pH 4.8) Al (

50 M AlCl3, pH 4.6) pH ( , pH 4.0)

3 ml
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6

 (calyculin) K-252a  (staurosporin)  

(cyclosporine) 5 M 25

 (20 mol E m-2 s-1)  

 

GUT5  

GUT5 4 5 2 cm 1%

1/5 Hoagland-Arnon  (pH 5.6) 150 ml

23 20 E m−2 s−1 16 RNA

GUT5 1% 

1/4 B5  (1%)  (pH 4.6) Al

50 M AlCl3 (pH 4.6) pH pH 4.0 3

22 20 E m−2 s−1 16

1 1/50 MGRL

200 M CaCl2 pH 5.0

Al 2 M Al 25

35 E m−2 s−1 12 7 2  

 

RNA DNA  

Total RNA Suzuki  (Suzuki et al., 2004) Total 

RNA Transcriptor High Fidelity cDNA synthesis kit (Roche Applied Science, 

Tokyo, Japan) ABI PRISM 3130xl DNA 
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sequencer ABI BigDye terminator system (ver3.1)

CLUSTALW 

(http://www.ebi.ac.uk/Tools/msa/clustalw2/)

HMMTOP (http://www.enzim.hu/hmmtop/)  

 

MATE  

MATE cDNA degenerate primer Al

cDNA nested PCR degenerate primer

 (At3g08040)  (Os03g11734.1) Lupinus albus (Q3T7F5)

MATE 1st PCR forward, 

5’-GCIGCIGAYCCIYTIGCI, reverse, 5’-RCARAAIGTIACIGCIACIAC 2nd PCR 

forward, 5’-GAYACIGCITTYATHGGI, reverse, 5’-RTCYTTRAAICCICKRAA

ABI PRISM 3130xl DNA sequencer ABI 

BigDye terminator system (ver 3.1) SMART RACE cDNA 

Amplification Kit (Takara-bio, Ohtsu, Japan) 30 50

Genbank

 (Accession numbers: EcMATE1, AB725912; EcMATE2, 

AB725913; EcMATE3, AB725914; EcMATE4, AB725915) GUT5 ALS3

MATE1 STOP1 Ohyama  (Ohyama et al., 2013) cDNA

Kihara  (Kihara et al., 2003) 3ʹ 5ʹ RACE (rapid amplification of cDNA 

ends) total RNA Transcriptor High Fidelity cDNA 

synthesis kit (Roche Applied Science, Tokyo, Japan) oligo dT

degenerate PCR RACE ABI PRISM 3130xl 

DNA sequencer GENETYX 
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software version 11.01 (Genetyx, Tokyo, Japan) ClustalW 

(http://www.ddbj.nig.ac.jp/index-e.html) HMMTOP 

(http://www.enzim.hu/hmmtop/) 

GenBank Accession number  AB826006 (EguSTOP1) AB826007 

(EguMATE1) AB826008 (EguALS3)  

 

 

LightCycler 480 SYBR Green I Master kit (Roche)

PCR (LightCycler 480 SYBR Green I Master kit (Roche))

Actin

 

EcMATE1:  forward 5’-AGTCTCCCTTATCAGCATTGCTTCA,  

reverse 5’-TAAACGTTGTGGAAGAAGTCCTTCTCTAAT,  

EcMATE2:  forward 5’-ATGCCAGAGGACAGTGTTCAGCATCT,  

reverse 5’-TGCAGTGTCAATTAGGGAAGCAACAGGATC,  

EcMATE3:  forward 5’-GCGTTGAATCTTTCTTGATTTTG,  

reverse 5’-CAGTCTCCCCACTTCAAGAATTA,  

EcMATE4:  forward: 5’-CACAGGCGGCTTTGCTGCAA,  

reverse 5’-AGGCTGATAACTATTGGCGCTG, 

EcActin:  forward 5’-GTTGCACCTCCTGAGAGAAAGT,  

reverse 5’-TAGCTCACCAACAAAGACCTTGC, 

EguSTOP1:  forward 5ʹ- GTTTAATGAGTTCACGCGATCTGCT, 

reverse 5ʹ- CACTAAAATCAGGCCACCTCGTTC, 

EguALS3:  forward 5ʹ- AACCCTAGCACAACTCGAATCC, 
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reverse 5ʹ- CTCAACATGGTGCAAGAAAATG, 

EguMATE1:  forward 5ʹ- AGTCTCCCTTATCAGCATTGCTTCA, 

reverse 5ʹ- TAAACGTTGTGGAAGAAGTCCTTCTCTAAT, 

EguActin:  forward: 5ʹ- GTTGCACCTCCTGAGAGAAAGT, 

reverse 5ʹ- TAGCTCACCAACAAAGACCTTGC. 

 

 

EcMATE1-4 Mini-Ti

Gateway pGWA2  

(Nakagawa et al. 2009) pGWA2 pBI121 cauliflower mosaic virus 

35S Agrobacterium nopaline synthase terminator (NOS-T)

Gateway

T-DNA

EcMATE1-4 Gateway

PCR T-DNA Gateway

MATE pGWA2-EcMATE1-4

Gateway system (Invitrogen)

TOPO PCR  

EcMATE1:  forward 5’-CACCATGGCCGAGGACTCTGATGTTCGTG, 

reverse 5’-TCATAAACGTTGTGGAAGAAGTCCTTCTCTAAT, 

EcMATE2:  forward 5’-CACCATGCCAGAGGACAGTGTTCAGCATCT,  

reverse 5’-TTATGAAGCCTGTGGTGTACGTTGACCC,  

EcMATE3:  forward 5’-CACCATGCCTCTGTCTATGTTCTTCAAGGA,  

reverse 5’-TTAGTTATTTAGAAATCCCCAAGGTCCCATGCC, 
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EcMATE4:  forward: 5’-CACCATGGAGCCTCTGGAGGGTTCG, 

reverse 5’-TCAGCCCCAGAGAAAATTCCAAGGACCC. 

pGWA2-EcMATE1 Diaz  (Diaz et al. 1989) Agrobacterium 

rhizogenes ATCC15834

BY-2  

(1 cm square) 1 % (w/v) galactose acetosyringone (20 g/ml) 1/4

B5  (1%) 2 6.25 mg/l meropenem (Sumitomo 

pharmaceutical Co., Japan, Tokyo) sucrose 

(1 % w/v)  meropenem (6.25 mg/l)  1 ppm naphthylacetic acid (NAA)

1/4 B5  (1%) 2

meropenem 50 g/ml 

of hygromycin 22 16  (20 

mol E m-2 s-1)  

EguSTOP1-RNAi (RNA interference) (pGWB80-EguSTOP1-RNAi)

EguSTOP1 250 bp GATEWAY binary vector pGWB80 

(Nakagawa et al. 2009) pGWB80 isocitrate 

dehydrogenase (At1g65930) GATEWAY

RNAi

pGWB80-EguSTOP1-RNAi

Agrobacterium rhizogenes ATCC15834 GUT5

pBI121 (with a GUS cassette in the T-DNA)

 

EguALS3 AtALS3 (At2g37330)

 (ATG  -700 bp) 3’  (stop 400 bp)
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overlap extension PCR (Horton et al., 1989) DNA

pBIG-HYG T-DNA GUS Agrobacterium tumefaciens strain 

GV3101 ALS3-KO floral dip  (Clough et al., 1998)

T2  

 

EcMATE1 EguSTOP1

 

EcMATE1 EguSTOP1 Sparkes (2006)

green 

fluorescent protein (sGFP; see Sawaki et al. 2009) cDNA

C PCR PCR

 

EcMATE1: forward  5’-TTAACCCGGGATGGCCGAGGACTCTGATGT-3’, 

reverse 5’-TCGCCCTTGCTCACCATTAAACGTTGTGGAAGAAGT-3’ 

sGFP: forward  5’-ACTTCTTCCACAACGTTTAATGGTGAGCAAGGGCGA-3’ 

reverse 5’-CGAAGAGCTCTTACTTGTACAGCTCGTCCA-3’ 

EcMATE1-sGFP EguSTOP1-sGFP EcMATE1 EguSTOP1 forward

sGFP reverse PCR DNA pBI121

-glucuronidase hypervirulence Agrobacterium tumefaciens 

EHA101  (1 % (w/v) sucrose 1/2 MS  

(Murashige and Skoog 1962) containing) 4

150 M acetosyringone Agrobacterium buffer (pH 5.6 

of 10 mM MES/KOH, 10 mM of MgCl2, OD660 = 0.2)

2 GFP  (Axio, 
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Zeiss-Japan, Tokyo)  

 

 

GUT5 3  

Kihara (2003) NAD+/NADH 

cycling method (Hampp et al. 1984)

malate dehydrogenase citrate lyase NADH

NADH cycling method  

 

 

2 % sucrose 1/4 MS solution (pH 5.6) 1

 (3 cm; 100 root tips) 30 ml

 (1 % (w/v) sucrose 1/20 MS solution (-Pi), pH 4.8) 100 

ml 2 30 ml 

Al  (  + 25 M AlCl3)

24 48 25

 (50 rpm) 24

Al 3

 

 

 

2

student t-test  

 



63 
 

22-3  

 

 

Al

 

1  ( 5-10 mm) Al

Al 25 M

Al  (Fig. 10a) Al

 (Fig. 10b) 3 12

Al

 

50 M Al

pH (pH4.0) 1.0 M Cu 30 mM NaCl 

50%  (Fig. 10c)

Al

 (Fig. 10d) Al
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FFigure 10. Citrate and malate release profile in Eucalyptus camaldulensis. a 
Response to Al concentration. b Time-course response to Al (50 M) stress. c  
Growth of roots with various stressors (50 M AlCl3, low pH (pH 4.0), 1.0 M 
CuSO4 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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PPCR EcMATE  

MATE

degenerate primer EcMATE

cDNA 40

3’RACE 5’RACE 4 EcMATE

cDNA degenerate primer

502 579

 (Table 7) 5’ 3’ UTR  

EcMATE MATE

 (Fig. 11a) EcMATE 12

MATE

EcMATE1 2

EcMATE3 EcMATE4  (Fig. 11b)

AtFRD3 (Arabidopsis thaliana ferric 

redictase defective 3)

EcMATE1 EcMATE2 AtMATE Al

MATE EcMATE4  

 

EcMATE  

EcMATE

EcMATE4

EcMATE1 2 3

 ( F i g .  1 2 ) E c M AT E  
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Table 7. Basal information of MATE family genes in E. camaldulensis.

gene name ORF (bp) amino acid (AA) transmembrane helices

EcMATE1 1740 579 12
EcMATE2 1641 546 12
EcMATE3 1509 502 12
EcMATE4 1608 534 12

The transmembrane helices were predicted by the HMMTOP program.
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FFigure 11. Amino acid alignment (a) and phylogenetic tree (b) of 
citrate-transporting MATE proteins from Eucalyptus and other plant species. 
EcMATE1–4, Eucalyptus camaldulensis; AtMATE (At1g51340) and AtFRD3 
(At3g08040), Arabidopsis thaliana; OsFRDL1 (Os03g0216700), 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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FFigure 12. Comparison of expression level of EcMATE genes in the shoots with 
various rhizotoxic treatment. Amplicons for EcMATE1-4 genes in 
semi-quantitative RT-PCR were analyzed by gel electrophoresis. The Actin 
gene was used as an internal control. 
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EcMATE1 50 % Al pH

 (Fig. 10c) EcMATE1 Al pH NaCl (30 mM)

 (1.0 M)  (Fig. 13a) EcMATE1 fold 

change (i.e., Al/control) Al 4 6.4

 (Figs. 10b, 13b) EcMATE1 Al pH

 (Fig. 13c, d) EcMATE1

(Figs. 13e, 14) EcMATE1

Al

 

 

EEcMATE1  

EcMATE1

EcMATE1:sGFP sGFP

 (Fig. 15a, c)

EcMATE1:sGFP  (Fig. 15b, d)

EcMATE1  

 

EcMATE1  

EcMATE1 Al Ri

EcMATE Km T-DNA Ti

hyper-v i ru l en  A .  rh i zogenes

Ca MV3 5 s : :EcMAT E1 Al GUS 

( -glucuronidase) 

E c M A T E 1 A l  
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FFigure 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 M Al by real-time PCR. Dose response analysis of Al (c) and low pH (d). 
e Relative expression of EcMATE1 in root tip (0-5 mm) and mature part of roots 
(>5 mm) with or without 50 M 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 M of AlCl3 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. 
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FFigure 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 m. 



74 
 

 (Fig. 16a) EcMATE1 GUS

 (Fig. 16b) EcMATE3

Al  (Fig. 17) Al  

(Fig. 13a) EcMATE1 Al

MATE  

 

pprotein kinase phosphatase EcMATE1  

Al protein 

kinase inhibitor phosphatase inhibitor

 (Fig. 18) Al protein kinase inhibitor (K-252a

staurosporine) phosphatase inhibitor (calyculin A cyclosporine A)

Cyclosporin A 40 70

 (Fig. 18a) K-252a staurosporine calyculin EcMATE1

 (Fig. 18b) EcMATE2  (Fig. 19)

EcMATE1 Al

 

 

STOP1  

AtSTOP1 degenerate PCR RACE

GUT5 1959 bp 217 bp 3’ 158 bp

5’ ORF 528  (Fig. 20)

zinc-finger domain STOP1 (AtSTOP1, ART1, NtSTOP1, 

AtSTOP2, PpSTOP1) (zinc-finger domain  
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FFigure 16. Citrate release and growth of transgenic tobacco hairy roots carrying 
EcMATE1. a Citrate release at 24 h in Al (25 M at pH 4.8) and control (pH 4.8) 
media. b Relative root elongation (25 M 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 t test (P<0.05) 
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FFigure 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 M 
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 t-test 
(P < 0.05). 
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FFigure 18. Effect of protein kinase and phosphatase inhibitors on citrate 
release and EcMATE1 expression. a Citrate release to Al solution (50 M, 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 EcMATE1 in roots treated with Al solution (50 M, 
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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FFigure 19. Expression level of actin and EcMATE2, 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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FFigure 20. Deduced amino acid sequence of EguSTOP1 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.  

C2H2 domain 1

EguSTOP1 0 ---------------------------------------------------------------------- 0
AtSTOP1 0 ---------------------------------------------------------------------- 0
OsART1 0 ---------------------------------------------------------------------- 0
Zea mays 0 ---------------------------------------------------------------------- 0
NtSTOP1 0 ---------------------------------------------------------------------- 0
PpSTOP1 1 MQGGNQQPAPSPTNDSLSTLAFLHHQLTQQFSTSNLPNTPLLSSSLGFSMSGNAQDQSHTHQNIQQQQIQ 70
AtSTOP2 0 ---------------------------------------------------------------------- 0

EguSTOP1 1 --------------------------------------MDSKMDLEERLRAETWGKPSSVNDLPQRVPPD 32
AtSTOP1 1 -------------------------------------------------------------------MET 3
OsART1 0 ---------------------------------------------------------------------- 0
Zea mays 1 -------------------------------------------------------MEGRMTSLEATMKVS 15
NtSTOP1 1 ------------------------------------------MDPDDSLSEDPWTKPSSSGNELLKIVPS 28
PpSTOP1 71 SMISGGGSRGHAQVGSRSGESPGGLFQHLQHGNRDSNLDQHQFYNETTNQLFSENVLNQASLVEQRVRSI 140
AtSTOP2 0 ---------------------------------------------------------------------- 0

EguSTOP1 33 RQTPFPNFASHKNLQKREDQDPSISNYGMRIEPSFSEFNRPSECQPPLPSNPISQDRGVQMNDILQLGKT 102
AtSTOP1 4 EDDLCNTNWGSSSSKSREPGSSDCGNSTFAGFTSQQKWEDASILDYEMGVEPGLQESIQANVDFLQGVRA 73
OsART1 1 ------------------MDRDQMTNTMRDQAANLTSMNPLFYPFMADDALLGMAPPPPQQLLPSVSIQH 52
Zea mays 16 SLMASSMSRNADPDQQTLRPNSVEQFYFPRPGQSLPGIPPFFGPPSSSLYLPNDNEAKFGNQFESNPSQN 85
NtSTOP1 29 DNHSFTNFNLH--AQKWEG--SSYLDQQTRIEQQFSGF------TQPKHTYQMDQ-HGNQMNENHDSTST 87
PpSTOP1 141 TEHLSMLQDRIQQLQALVPLISQLSHFQNEGNVLAQQQVASAAVVSITSQLAMVAVDLLLQSGVNTGTQP 210
AtSTOP2 1 --------------------------------------------------MHIHMMNRDEHIAKKVEGSI 20

EguSTOP1 103 QEWDPKAMLNNLSFLEQKIHQLQELVHAIVGRRGPVLGRPDELVAQQQQLITADLTSIIIQLISTAGSLL 172
AtSTOP1 74 QAWDPRTMLSNLSFMEQKIHQLQDLVHLLVGRGGQLQGRQDELAAQQQQLITTDLTSIIIQLISTAGSLL 143
OsART1 53 MDWSPDTMLDNLTFIEEKIRQVKDVIRSMAGRRASSSSAATP----EQQLVNADLTCLIVQLISTAGSLL 118
Zea mays 86 TDWDPQAIVSNLTFLEQKIKQVKDIVQSMSNRENQVAGGSSELAAKQH-LVTADLTSIIIQLISTAGSLL 154
NtSTOP1 88 KDWDPSNLLNNLSFLEQKIHQLQELVHLIVGRRGQTGLQGNDLIVQQQQLITADLTSIIVQLVSTAGSLL 157
PpSTOP1 211 NHSKEMHLSQLLQNAANPNFSQQNAPRHDLRAPHMSHWMEKLLGGSFAASEGVNAAITSGNGGIRFSGGG 280
AtSTOP2 21 SSFSGETSTSSKQIYVNPVTTTGTKSMEDDDVSLSLLYNLSTLHEKVHQIQSLVSFYMVSTNNINQSSGS 90

EguSTOP1 173 PSVKNS--LSSASTPPIRQLGQLGGILNNSGSGIGLDSNLVLPSQ--GGSKVPDQSNQVDPMDQSAID-- 236
AtSTOP1 144 PSVKHN--MSTAPGPF---TGQPGSAVFPYVREAN---NVASQSQ--NNNNCGAREFDLPKPVLVDEREG 203
OsART1 119 PSLKNSSFLSRTTPPPAAAAGAAQAVSLAAGESSSSARNNETNREDEEEQMGSPDYDELFKVWTNGGAMD 188
Zea mays 155 PSMKNP--LLSSNPAV-RQLGNTLGSPMGLGMNANQRPSVDSKTDIPDTGKTSDYDELMNSLNPTQDERD 221
NtSTOP1 158 PTMKHS--LSSVSHAA-SQLVQFGGVTVPSATCTN-GGGLPCNDG--GVTKVEDQSNHVDQLRDCGIEQS 221
PpSTOP1 281 GNFPVLIDDVENSGQQSLSGAQQVGGNGSAGSMIHYPMSNMIGKDFGSILDGKDRKPSDVLGSSSREGDS 350
AtSTOP2 91 TSLAVANIGSLVQEIITAASSMLYTCQQLQIGSNNNNNDIDNDQTVDAMVLEFSRQETDPGHDFVQESTN 160

EguSTOP1 237 -NL----------------EDHESKDDEDGDEGENLPPGSFEILQLEKEEILAPHTHFCTICGKGFKRDA 289
AtSTOP1 204 HVV----------------EEHEMKDEDDVEEGENLPPGSYEILQLEKEEILAPHTHFCTICGKGFKRDA 257
OsART1 189 ECV------------GAAGDEQDARENPAAAAEEE----KYEVLQLEEDEILAPHTHFCGICGKGFKRDA 242
Zea mays 222 EMIKCPNPCDGEGSELTPMEDHDVKESDDGGEGENLPPGSYVVLQLEKEEILAPHTHFCLICGKGFKRDA 291
NtSTOP1 222 HAV----------------DGHESKDEDEAEEEENLPPGSYEILQLEKEEILAPHTHFCTICGKGFKRDA 275
PpSTOP1 351 GANEFISVELRGVNAGLEDLDNDSRVDDEGSDSDNISPGSFDLVEMDATEILAEHTHFCEICGKGFKRDA 420
AtSTOP2 161 LFGVQERGQISFPDQNLDWYNTETINPKKDKHRSKPSSGSYDILELDVADLLAKYTHYCQICGKGFKRDA 230

EguSTOP1 290 NLRMHMRGHGDEYKTPAALAKPHKE--AGSEMMLI-KRYSCPYAGCKRNKDHKKFQPLKTILCVKNHYKR 356
AtSTOP1 258 NLRMHMRGHGDEYKTAAALAKPNKESVPGSEPMLI-KRYSCPFLGCKRNKEHKKFQPLKTILCVKNHYKR 326
OsART1 243 NLRMHMRGHGDEYKSAAALAKPPPPPEGEEQPPQPERRYSCPHAGCKRNRMHASFQPLKTILCVKNHYKR 312
Zea mays 292 NLRMHMRGHGDEYKTPAALAKPTKD--SGADHAPV-TRYSCPFVGCKRNKEHKKFQPLKTILCVKNHYKR 358
NtSTOP1 276 NLRMHMRGHGDEYKTPAALAKPHKE--PSSEPTLI-KRYSCPNVGCKRNKEHKKFQPLKTILCVKNHYKR 342
PpSTOP1 421 NLRMHMRGHGDVYKTAAALARPDRG--TQIPTSNASRRYSCPYVGCKRNKKHRKFQPLKTLLCVKNHYRR 488
AtSTOP2 231 NLRMHMRAHGDEYKTREALISPTSQ-DKKGGYSLKKHYYSCPQHGCRWNQRHEKFQPLKSVICAKNHYKR 299

EguSTOP1 357 THCDKSYTCSRCNTKKFSVIADLKTHEKHCGKDKWLCSCGTTFSRKDKLFGHITLFQGHTPAIPFDENKG 426
AtSTOP1 327 THCDKSFTCSRCHTKKFSVIADLKTHEKHCGKNKWLCSCGTTFSRKDKLFGHIALFQGHTPAIPLEETKP 396
OsART1 313 SHCEKRHVCGRCGAKRFSVMADLKTHEKHCGRDRWLCSCGTSFSRKDKLFAHVALFQGHAPALPPPPPPP 382
Zea mays 359 SHCDKSYTCSRCNTKKFSVIADLKTHEKHCGRDKWLCSCGTTFSRKDKLFGHVALFQGHTPALPMEDVKV 428
NtSTOP1 343 THCEKAYTCSRCNIKKFSVIADLKTHEKHCGKDKWLCSCGTTFSRKDKLFGHIALFQGHTPAVPLDETKG 412
PpSTOP1 489 SHCPKVLNCQKCSTKKFSVVADLKTHEKHCGREKWLCSCGTTFSRKDKLVGHIGLFVGHAPAMPLHDMEG 558
AtSTOP2 300 SHCPKMYMCRRCSVKHFSVLSDLRTHEKHCGDIKWVCSCGTKFSRKDKLMSHVSLFLGHVPAHGSSKPPT 369

EguSTOP1 427 GLSLQGEHNEDTNKVGNVSF-SFGSSTPSSGGVQNIMEDVKGNVDDPTSFFSPLSFEASNFGGFNEFTRS 495
AtSTOP1 397 SASTSTQRGSSEGGNNNQGMVGFNLGSASNANQETTQPGMTDGRICFEESFSPMNFDTCNFGGFHEFPRL 466
OsART1 383 TSGRRRHKQEEPEFTWGGGGGNEFLDVKGIAGVGSGSGGGDEFFSAGSFGAMDFGFGQLDASLAMLLPSE 452
Zea mays 429 SEASEQPQDSEPMNEMARSN-VYSFPCSSSDGISNLD---MKMADDVRGYFSPLNFDPC-FGALDDFTRP 493
NtSTOP1 413 SAGTSDRGQTSEVTMKARQE-DFKVNASHGNEFQDPR-DIKSAADDPGSYFSPLNFDTSNLNGFQEFPRP 480
PpSTOP1 559 GVGSNLIVDHHQSPAEAFGLGSKSPMAFWE---------------------------------------- 588
AtSTOP2 370 ITLK------------------------------------------------------------------ 373

EguSTOP1 496 AFDDSEGAFSFLLQASCNYPQKNGGQSSSNNLE- 528
AtSTOP1 467 MFDDSESSFQMLIANACGFSPRNVGESVSDTSL- 499
OsART1 453 QFAGDHQEENGDK--------------------- 465
Zea mays 494 GFDISENPFSFLPSGSCSYGQQNGDS-------- 519
NtSTOP1 481 PFDESDSSFSFLLSGSCEYPPHKAAKYMSFTELE 514
PpSTOP1 588 ---------------------------------- 588
AtSTOP2 373 ---------------------------------- 373
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Figure 21. Amino acid alignment and phylogenetic tree of EguSTOP1 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 AtSTOP1 (TAIR: At1g34370), AtSTOP2 (TAIR: At5g22890), 
PpSTOP1 (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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FFigure 22. Fluorescence microscopy image of EguSTOP1::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 
μm. 
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FFigure 23. Root growth inhibition of Arabidopsis stop1 mutants expressing AtSTOP1 
promoter-driven EguSTOP1 in Al and low pH stress treatments. Seedlings were grown in 
Al-toxic (pH5.5, Al 2 μM), 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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FFigure 24. Vector construct for RNAi suppression of EguSTOP1 (a), suppression of 
EguSTOP1 transcript levels (b) and growth assay of transgenic hairy roots in low pH and 
Al treatments (c). Control transgenic hairy roots were not carrying EguSTOP1 (white bar) 
and in EguSTOP1-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 M) medium. Means and SE are 
shown (n = 3). An asterisk indicates significant difference from control (student’s t-test, P 
< 0.05). 
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FFigure 25. Comparison of the deduced amino acid sequences of orthologous genes for 
citrate transporting MATE and ALS3/STAR2 transporters. Phylogenetic tree analysis of 
EguMATE1 and previously identified citrate transporting MATE proteins in various plants 
(a). The orthologous genes are EcMATE1 (GenBank: AB725912), EcMATE2 (GenBank: 
AB725913), EcMATE3 (GenBank: AB725914), EcMATE4 (GenBank: AB725915), 
AtMATE (TAIR: At1g51340), AtFRD3 (TAIR: At3g08040), OsFRDL1 (RAP-DB: 
Os03g0216700), HvAACT1 (GenBank: BAF75822), SbMATE (GenBank: ABS89149), 
LaMATE (GenBank: AAW30733) and ZmMATE1 (GenBank: FJ015156.1). The bar 
indicates nucleotide substitutions per site. Amino acid alignment of AtALS3 (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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FFigure 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 μM), 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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FFigure 27. Transcripts levels of EguMATE1 and EguALS3 in control transgenic and 
EguSTOP1-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 μM) 
medium. Means and SE are shown (n = 3). Transcript levels for EguMATE1 and EguALS3 
were quantified by real-time PCR in the control and EguSTOP1-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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