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ABA abscisic acid  

CTAB Cetyltrimethyl ammonium bromide 

DNA deoxyribonucleic acid 

ET ethylene  

FC Fold change 

GO Gene Ontological 

GTC Guanidine Thiocyanate 

GWAS Genome Wide Association Study 

JA jasmonic acid  

mRNA messenger RNA 

NCBI National Center for Biotechnology Information 

PCR polymerase chain reaction 

RNA ribonucleic acid  

RT-PCR reverse transcription- polymerase chain reaction 

qRT-PCR quantitative reverse transcription-polymerase chain reaction 

SA salicylic acid  

TAIR The Arabidopsis Information Resource 

TE Tris EDTA 

Tris tris(hydroxymethyl) aminomethane 
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30  (Zea 

mays)  (Oryza sativa)  (Triticum aestivum) 

 (QTL)  (GWAS) 

 (Bülowa et al., 1999; Taji et al., 2002)  

40 7.4

1960

1961 2000 3  (2.3 ) 

16 ha 3.8 ha FAO

130 ha 15 70

 (Foley et al., 2011) 62

35 1985 2005

3 154 ha 47

43 57 2013

70 2050 90
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2  

(Alexandratos, 1999; Cassman, 1999; Federoff and Cohen, 1999; Godfray et al., 2010; 

Lutz and Samir 2010) 70 50

45 27

 (Ramankutty et al., 2008) ISRIC 

(International Soil Reference and Information Center) 20

20 ha 24

34

 (  4.3

ha 4.7 ha)

50  (Hammond-Kosack and Jones, 2000; Wang et al., 

2003) 70
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mRNA  (

)  ( )  (

) 

 

(Arabidopsis thaliana) 2000  (Lotus japonicus)

 (Physcomitrella patens) 

DNA

Gene 

Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) Array Express 

(http://www.ebi.ac.uk/arrayexpress/) 

  (Kreps et al.,2002)

 (Swindell et al., 2007)  (Chao et al., 2005)  (Rossel et al., 2002)  
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(Brown et al., 2005)  (Herbette et al., 2006; Kumari et al., 2008)  (Krapp 

et al., 2011)  (Loreti et al., 2005) 

 (Postnikova 

and Nemchinov, 2012)  (Mark et al., 2005)  (Mathinoni et al., 2011)

 (Kempema et al.,2007; Misra et al., 2010) 

 (Rasmussen et al., 

2013)

 (Atkinson and Urwin, 2012)

RNA-seq

miRNA

 

DNA
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 (N)  (P)  (K) 

FAOSTAT (http://faostat.fao.org/site/291/default.aspx) N

1961 1160 2006 1 40 9

1961 500 2006

1800 3.6

 

 (Schachtman et al., 1998; 

Raun and Johnson, 1999; Strahm and Harrison, 2006)

30 60

N
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 (N2O) 

P

 (Morimoto et al., 1996)  

 (Pepe et 

al., 2001)

 (Ernst and Peterson, 1994; Hughen et al., 2004) 

 (Tarpley et al., 2005) N  

(Yang et al., 2011)  (Helianthus annuus L.)  (Marchand et al., 2013) 

 

 (Maathuis 2009)
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N  (Krapp et al., 2011) P  (Hammond et al., 2003)  (S)  

(Maruyama-Nakashita et al., 2003) 

 (Gojon et al., 2009)

N P K

N P K
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11-2  

 

 

RIKEN BioResource Center

Columbia-0 (Col-0; JA58) 

 

 

 

Toda  (1999) 

4 3  [34 mesh 30 38 (mm)] 

[50 50 (mm)] (Fuji Firm Japan) 1cm

2% MGRL  (Table 1) 12  (photosynthetic 

photon flux density) 37 μmol m-2 s-1 25 7 14

2 19 pH HCl NaOH

Horiba pH meter F-52 pH  (Horiba, Kyoto, Japan) 

pH 5.6 2  (Table 

2) 

1/4 N

NH4NO3 NaNO3 P NaPO4 K KCl

14 7

19 2 1/4 7

3

-80  

 

 

10 10 3
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30 3 H01 [

4 4 (mm)] ( ) 

14

N P K 7

2

7

1/4 1/10 5

2 -80  

 

RRNA  

Total RNA Suzuki  (Suzuki et al., 2003)

 (Shake master Neo, BMS) buffer 

[100 mM Tris-HCl (pH6.8) 25 mM EDTA 2% (w/v) CTAB 1.4 M NaCl 5% (v/v) 

2-mercaptoethanol] 700 μl  (13,000 rpm 5 min) 

1.5 ml 65 5 min

chloroform/isoamylalcohol (24:1) 700 μl  (13,000 rpm

4 5 min) 1.5  ml 1 vol 

Mix [3.5% (w/v) GTC 200 mM NaOAc (pH 4.0) ] 

vortex 5 min  (14,000 rpm 4 5 min) 

1.5 ml Mix 0.5 vol CHL/isoamylalcohol

 (14,000 rpm 4 5 min) RNase free 

RNase free 

0.7 vol  isopropanol (SIGMA) 10 

min  (15,000 rpm 4 15 min) 75  

 200 μl  (15,000 rpm 4 5 min) 

RNA RT-PCR
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RNase free water (SIGMA)  

RNA  

(LiCl) 30 μl RNA  8 M LiCl 10 μl -80 

 (15,000 rpm, 4 , 30 min) LiCl 75 %

150 μl  (15,000 rpm, 4 , 5 min) 

RNase-free water 50 μl 3 M  5 μl isopropanol 

50 μl 10 min  (15,000 rpm, 4 , 15 min) 75 %

150 μl  (15,000 rpm, 4 , 5 min) 

RNase-free water  

RT-PCR RNA DNA DNase

25 μl RNA 2.5 μl 10 DNase I  (Takara Bio Inc.)

1 μl DNase I (5 U/μl Takara Bio Inc.) 0.5 μl RNase inhibitor (40 U/μl TOYOBO)

2 μl DEPC 37 60 min RNase free water

250 μl  150 μl chlroform/isoamylalcohol 150 μl

 ( 15,000 rpm 5 min) 

1/10 vol 3 M  (pH 5.2) isopropanol

10 min  (4 15,000 rpm 15 min) RNA

75 %  150 μl RNA  

(4 16,000 rpm 3 min) 30 μl

RNase free water RNA cDNA

1 μg RNA 1.5 ml 11 μl 

RNase free water 70 10 min

Oligo dT primer [5’-TTTTTTTTTTTTTTTTTv(A/C/G)-3’] 4 μl 10 mM dNTP 2 μl

RNase inhibitor 0.5 μl RTase TaKaRa PCR Thermal Cycler Dice (Takara Bio 

Inc.)  (42 /60min 99 /5 min) 1/4 TE 280 μl

RT-PCR RNA RNA  NanoVuePlus 
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(GE Healthcare, Tokyo, Japan) A260 RNA A260/A280

A260/A230  

 

 

Agilent Arabidopsis 4 Oligo Microarray Chip (Agilent 

Technologies, Tokyo, Japan) Cyanine-3 (Cy3) 1 Agilent 

in-situ DNA ver 2.3

1 μg RNA Cy3 CTP (Perkin 

Elmer/NEN Life Sciences, Tokyo, Japan) cRNA

DNA Agilent Scan Control Software 

(Version 6.1) 3

Agilent Feature Extraction software (Version 

9.5.1) GeneSpring 7.3.1

flags 3

Absent

2.5

 

 

RT-PCR  

DNase cDNA SYBR Premix Ex Taq II (Takara Bio 

Inc.) Thermal Cycle Dice® Real Time System II  Software Version 4.02 

(Takara Bio Inc.) 

3 UBQ1

Table 3 Table 4  
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 ( ) Toda  (1999) 

100g KCl 0.048 g  MgSO4 0.036 g (NH4)2SO4 

0.132 g Na2H2PO4 0.132 g CaCO3 0.15 g

1

N  (NH4)2SO4 P NaH2PO4 K KCl

1/4 1/16 4 3

30

28  

 

N P K  

ArrayExpress Takehisa  (2015) 

 (http://www.ebi.ac.uk/arrayexpress/experiments/E-GEOD-66935/) 

Control 1/4 1/16 1/64 p < 0.05

Intensity > 500  FC > 4.0 (up-regulation) FC < -4.0 (down-regulation)  
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Element Concentration

NaPO4 35 μM
NaNO3 80 μM
MgSO4 30 μM
CaCl2 200 μM
KNO3 60 μM

Na2EDTA 1.34 μM
FeSO4 172 nM
MnSO4 206 nM
H3BO3 600 nM
ZnSO4 20 nM

(NH4)6Mo7O24 0.48 nM
CoC12 2.6 nM
CuSO4 20 nM

Element Concentration
NH4NO3 0.5 mM
NaNO3 1.0 mM
Na-PO4 0.8 mM

KCl 0.8 mM
CaCl2 0.6 mM

MgSO4 0.5 mM
Fe-EDTA 0.05 mM

H3BO3 50 uM
MnSO4 9.0 uM
CuSO4 0.3 uM
ZnSO4 0.7 uM

(NH4)6Mo7O24 0.1 uM

Table 1. Concentrations of nutrients in modified MGRL medium

Table 2. The component of nutrient treatment medium
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Name Sequence (5'-)
F GGAACACGGTCACTTCTGG
R AAGAGCGTTTTCTCCGTTC

F AGATGCAGGACGACTCATGG
R CTGACTTTGCGGGTTTACC
F CTGTGGAGTTGGAGCAGACA
R CCAGCCAATTCTGTGATCC
F GCCGGTCAACATCATTGTC
R GAAAGGTGATGACCGATCC
F AGCACTTACTCCACCGCAG
R ATGCCGCATATCACAGGAAC
F TGTTCCGGGACGAAGTAGTG
R GGGCAAAAGCTTCCAGTACC
F CCAACAATGCATGGATCAG
R CCCGTGTCTTGCACTTTTC
F TTCTTCCCTCGAAAGCTCAA
R AGGCCCACCAGAGTGTATGA
F CCGCTTGACCAGTCTTTAGC
R TTTGAACGGTTCGTCTCCTC
F GATCGAGGATCCAAATCGTG
R TTGTTGGGTCAAAGCACAGA
F TCTCTCTCGTGACGCTTTTC
R  ACCACGAAATCATCTCTCG
F ACGGAGAACACGATGTACACAA
R ATTGCATGCATGAACCATTG
F GCGCTACCACGAAAAAGAAG
R AGGTTCAAAACCGTGGTGAG
F GCGCTACCACGAAAAAGAAG
R AGGTTCAAAACCGTGGTGAG
F CAAATTTGGAGGGGTTGATG
R ATCATTCCCGTAAGCAACC
F CACGCACATCCACTCACA
R TGAGCCCCTTCCTCCTTTA

UBQ1 F TCGTAAGTACAATCAGGATAAGATG
     (internal std.) R CACTGAAACAAGAAAAACAAACCCT

At2g18660

Table 3. Sequences of primers used for quantitative RT-PCR of the
nutrient deficinecy biomarker in Arabidopsis.

At5g15500

At1g73040

At5g16570

At1g80130

At5g23020

At4g11910

At1g03545

At2g14610

At4g23700

At1g14880

At1g21310

At1g51800

At3g38200

At2g26695

At2g44370
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Name Sequence (5'-) Sequence (5'-)
Os01g0136100 F CGAGGAACACACAACAAACAAG R TGGTTGCTCTATCTTTCGC

Os01g0155800 F CTTTCTGCCCTGCTACACCTAC R CTGCCTGCATGCACTTTA

Os02g0276200 F CTGTTTGGTCAGCCATAGG R GATCTTTCCTTGGCAATAGGTG

Os02g0503700 F GGGCAATGTCTCTGCTACTA R ATTGTAGCTTCGGGAGGTCA

Os02g0719600 F GAGCAGGTGAAGACCAAGTACC R CACACACTGGCACGCTACTTA

Os02g0782500 F TCGCCTGAATCATAGCGTAG R  GAAACACGAACAGAGCACAAAC

Os12g0231000 F GGGAACATTCCCACTATGC R GTAGAAGCGCTTGATGTAGG

Os03g0764600 F CTCTGGGCTTCTCAGGAAG R CTGTCTAGCAAGATTCCACGA

Os06g0594400 F CACACCAAGCTCAGACAAGA R CTCGTTGTAACCCATGATGC

Os04g0679400 F GACTCCAATAACACGCTCATC R GAATGGAATGGAGGTGAGGA

Os03g0431200 F CAGAACACGTGCTAAGCAG R GCAGTATACCCATCAACGAAG

Os09g0294000 F CAACCTTGTGCATAAAGCTCAG R GAAGCATCGCTCTCAGGTTAC

Os12g0503000 F GGCGAGATCATGTATCTTGTG R GGAGTAGTCCAGGTAGGTGTGC

Os03g0738600 F CATTGCTGGAGAACATCTACG R CCTCGTAGAGCTTGAGGATGTC

Os06g0242000 F GGTGAAACTATTCCAAGAGC R CTCCCACAAAATGTCAGTACC

Os12g0548700 F CATCATCAGTTTGATCGTGTCC R  TGTCCTTGAGGATCACCTTC

Os11g0655900 F CGCGCTCTGGCTCTAGTGTA R ACTTCACCATTACACCACTCG

Os03g0699700 F CACACCTGGTGAATTTGACTC R GCAGGTCCTTGATAAGTTGGAC

Os08g0150700 F GAAGAAGGGCGTCTACCTC R CCTCCTCAAACCTGGAGAG

Os06g0606700 F CGCAGCTAAGGTGTAGTCG R GAACATACTTGGCTGTGGC

Os03g0806600 F CCGTTCCAGATGTATGCTG R CATCGTAGTAGCCACCAAATG

Os10g0550900 F CATCCCGTACCTCATCAGAC R GTCTTCTGCCACCTCACTTTC

Os09g0547500 F GATCATCAACGAGAGGATGC R GCAATAACCAGAGCACGTAC

Os10g0552400 F  GAGGAAAGAACTGGAAGAAGC R GATACTCTTGCAGCGGCTTA

Os07g0258400 F GTAAGGAAACTGGAGGTTGTGG R GAATAGATTGTGCGGCATTAC

Os07g0677500 F GCACGTATAAGACGATGGAGTG R GAAACAGAGCAAGGCAAATC

Os03g0725200 F GCTGCTGGTCTTCTTGAAC R  GAGCGGCAATATCATAGCAAAC

Os07g0539900 F GAGTCCCATGATCGACTTC R  GCCAAATACAGCATAATCACG

Os04g0178300 F CTCCGACTTTACGGATACCAAG R AGTGTTGTACATTGGGGTGAC

Os04g0578600 F AGGGACGAGAATCGTGATC R CTTCAGCAAGTGCAGGTAAATG

Os04t0394100 F CTCAAGGCATGTTGAGAGC R CCTTTCGTCAGGAAGTACAC

Os11g0658900 F  CACACCGAGGTAATAGGGTC R  GCAACTTTAGACCTTGGATTGG

Os10g0515900 F  GAAGACGACGAACAAAGAGACC R GAGCAGAGCTTGATGATCTCG

Os10g0513400 F GCACGATTTTCTCCTGTACCTC R CCGGACTGTTGAATTTGTTTC

Os01g0525700 F CGTTTGTACATAGAGGCCAACA R CACTTGGTTCATCGTATTTGC

Os05g0505900 F GTCAGTGTTGTTGTCATTGTCG R CTCAATTCTCTCCTCGATCTC

Os03g0718100
(house-keeping gene)

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

F ATCCTTGTATGCTAGCGGTCGA R  ATCCAACCGGAGGATAGCATG
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N P K  

14

 (Fig. 1) Total RNA

2

 (N 55 P 177 K 126 )  7

 (N 97 P 119 K 112 ) 

2 7

2 N 51 P

103 K 51  (Fig. 2A) 7 N

73 P 89 K 87

 (Fig. 2B)

N 15 P 8 K 5

 (Fig. 2C) N N GLN1;4 (GLUTAMINE 

SYNTHETASE 1;4) UF3GT PAP1 

(PURPLE ACID PHOSPHATASE 1) P

IPS2 PR1

CHX17 (CATION/H+ EXCHANGER 17) K At1g51800

At2g44370   

 

N  

2 N N

NRT2:1 (NITRATE TRANSPORTER 2:1) UPS1 (UREIDE 

PERMEASE 1 (UPS1) MtN21 /EamA-like transporter family N

aspartate-glutamate racemase GLN1;4 anthocyanin 
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Figure 1. Phenotypes of Arabidopsis seedlings grown in several nutrient content conditions by 
hydroponics. Seedlings were grown for 14 or 19 days on control condition (2% MGRL, pH5.6) and 
transferred each nutrient starvation treatment for 7 or 2 days. Recover treatment was performed 
transferred to control condition for 3 days after nutrient deficiency treatment for 7 days. Left number 
represents adding each amount of a nutrient content in solution compared with control. 
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Figure 2. Venn diagram showing the upregulated genes under nutrient deficiency condition in 
Arabidopsis shoots. The comparison was performed using the expression level of (A) 2 days (B) 7 
days. The numbers in the intersections represent the extent overlap among three analyses. Genes 
were selected if the fold change value was in the upper 2.5% of quality-controlled spots in each 
microarray experiment after 2 days or 7 days treated with N, P or K free solution. (C) Comparison of 
the upregulated genes affected by the nutrient deficiency treatment in Arabidopsis shoots. Venn 
diagram showing overlap between genes upregulated for 2 days and 7 days. 
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5-O-glucosyltransferase 

ALLANTOINASE (ALN) HXXXD-type 

acyl-transferase-like protein 7

N NRT2.5 GLN1;4 

UDP-glucose:flavonoid 3-o-glucosyltransferase

MYB75

 

 

PP  

2 P P

PHOSPHATE-RESPONSIVE 1 INDUCED BY PI 

STARVATION 2 (IPS2) P

PHOSPHATE TRANSPORTER 1;1 (PHT1;1) 

 PATHOGENESIS-RELATED (PR) gene  DEFENSIN-LIKE 

PROTEIN 208 SAR (systemic acquired resistance) regulator protein NIMIN-1-like

peroxidase GST

P WRKY8 WRKY18 WRKY51

WRKY60 RAP2-9 7 P P

 PHOSPHATE STARVATION-INDUCED PROTEIN 2 (PS2 ) PS3 P

PHT1;4  PHO1;H1

PAP14 PR1  PR5 MAPKKK19

 

 

K  

2 K K

AGP2 (ARABINOGALACTAN PROTEIN 2) 
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Ca2+ calcium-binding protein 

CML38 Ca2+-transporting ATPase N  

WR3 (nitrate transmembrane transporter) N  Class I glutamine 

amidotransferase-like superfamily 7 K

HAK5 N  

GLUTAMATE DECARBOXYLASE 1 (GAD1) NITRATE REDUCTASE 1 (NIA1) 

 

 

GO  

N P K agriGO 

(http://bioinfo.cau.edu.cn/agriGO/) (Du et al., 2010) Analysis tool” biological 

process”  (Fig. 3) N 2

secondary metabolic process response to chemical stimulus cellular amino acid 

and derivative metabolic process response to stress 7 carbohydrate 

biosynthetic process P 2 defense 

response response to stress response to stimulus response to oxidative stress

response to bacterium defense response to fungus response to other organism

response to biotic stimulus regulation of defense response regulation of response 

to stress response to fungus multi-organism process defense response to 

bacterium response to chemical stimulus regulation of response to stimulus

response to salicylic acid stimulus immune response immune system process

innate immune response 7 cellular response to phosphate 

starvation response to nutrient levels response to extracellular stimulus

cellular response to starvation response to starvation cellular response to 

nutrient levels cellular response to extracellular stimulus response to external 

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

external stimulus “response to stress” “response to stimulus cellular response to 

stimulus cellular response to stress defense response N

2 GO 7 response to 

stimulus response to chemical stimulus response to organic substance response 

to stress response to oxidative stress  

 

 

2 7

14

1/4 7

cDNA RT-PCR  (Fig. 

4) N P

K

K  

28 N P

 (Fig. 6)  
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Figure 4. Expression patterns of specific biomarker genes induced by N, P and K deficiency 
condition using qRT-PCR. Seedlings were grown in control condition for 10 days and transferred 
control (Ctrl) treatment and each element content of (A), (B), (C) quarter or free (D), (E), (F) in (A), 
(D) -N,  (B), (E) -P and (C), (F) -K for 7 days and “Re” indicates resupply treatment for 2 days 
after stress treatment for 7 days. Date is derived for three biological replications. Relative expression 
patterns were calculated using levels of each genes transcripts normalized by housekeeping gene, 
UBQ1. Means ± SE were calculated from three biological replicates. Different letters indicate 
significant differences 5% level by Tukey test.  
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Figure 4. (Continued from previous page.) 
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Figure 5. Phenotypes of seedlings grown under nutrient deficiency condition. Seedlings were grown 
for 28 days under control and each nutrient starvation treatment on neutral forest brown soil. Left 
number represents adding each amount of bottom nutrient content in soil compared with control soil. 
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Figure 6. QuantitativeRT-PCR analysis of gene expression biomarkers under nutrient deficiency 
conditions in soil. Plant were grown for 28 days on several nutrition content soil. (A) and (D) N 
deficnecy, (B), (E) P deficiency (C), (F) K deficiency treatment. (A), (B), (C) quarter content and (D), 
(E) and (F) free soils. Relative expression patterns were calculated using levels of each genes 
transcripts normalized by housekeeping gene, UBQ1. Means ± SE were calculated from three 
biological replicates. Different letters indicate significant differences 5% level by Tukey test. Means 
± SE are shown. 
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Figure 6. (Continued from previous page.) 
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N 1/4 1/10

 (Fig. 7) P K

N P K

 

1/4 1/16 1/64

N 54 69 88 P 234 282

249 K 22 74 65

1/4 1/16 1/64 N 48 184 198

P 82 81 77 K 13 21 19

N

30 P 167 K 13  (Fig. 8)

GO agriGO  (Fig. 9) N

response to stress response to stimulus N

N cellular nitrogen compound metabolic process cellular 

nitrogen compound biosynthetic process nitrogen compound metabolic process

cellular biosynthetic process biosynthetic process metabolic process

nucleobase, nucleoside, nucleotide and nucleic acid metabolic process

P N cellular nitrogen compound biosynthetic 

process cellular nitrogen compound metabolic process pigment 

biosynthetic process pigment metabolic process  P  

cellular nitrogen compound metabolic process  
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Figure 7. Rice shoot (Koshihikari) growth under nutrient starvation treatments. Plants were grown 
by 2% MGRL medium for 14 days and transplanted from various nutrient concentrations on Nutrient 
medium for 21 days. 

 

 

  



30 
 

 

 

 
Figure 8. Venn diagram summarizing the up- or downregulated genes to nutrient deficiency in rice 
shoots. Genes were filtered by FC > 4.0 or < 1/4, Intensity > 500 and p < 0.05 in Array data from 
Takehisa et al 2015. 
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Figure 9. A bar plot showing the agriGO functional assignments in biological process in rice. 
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N

RESPONSIVE TO ABA GENE 16A (RAB16A) Dehydrin DHN1, HSP

N N

P P

Phosphate starvation response regulator-like protein Similar to Phi-1 protein

Thaumatin Os12g0198700  

WOUND-INDUCED PROTEASE INHIBITOR 1 (WIP1)

NAS3 (NICOTIANAMINE SYNTHASE 3) N

transporter family K

Mn  OsNRAMP2

OsPR1b Thaumatin-like protein  

N

N Asparagine synthetase OsTIP2;2

P K OsHAK1 high-affinity urea 

transporter OsDUR3 K

Ferritin

CYP450 family OsVIT2  

 

 

6

RT-PCR 21
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N P

 (Fig. 10)

 (Fig. 11)

2 N P
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FFigure 10. Transcript abundances of gene expression biomarkers in response to macronutrient 
deficiency in rice. Hydroponic culture-grown seedlings for 21 days were exposed to each nutrition 
condition for 7 days and then extracted RNA from 2rd leaf. qRT-PCR analysis was carried out in 
triplicate. Expression levels were normalized to the Actin1 transcripts. Relative expression values 
(stress/control) are expressed. Different letters denote significant differences (Tukey test, P < 0.05). 

 

 



35 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. (Continued from previous page.) 
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FFigure 11. Gene expression of biomarkers are specific for each macronutrient. Biomarker 
expression values are from qRT-PCR assays of eight biomarker genes.  Plants were grown by 1/50 
MGRL solution for 1 weeks and were transferred 1/4, 1/10 and free nutrient solution for 7 days. V2 
leaf stage then were sampled to extract total RNA. Relative expression patterns were calculated 
using levels of each genes transcripts normalized by housekeeping gene, Actin1. Means ± SE were 
calculated from three biological replicates. Different letters indicate significant differences 5% level 
by Tukey test.  
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FFigure 11. (Continued from previous page.) 
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N P K

3

 (N: Jeuffroy et al., 2001; Kraiser et al., 2011, Krap et al., 2013, P: Hammond et al., 

2003; Calderon-Vazquez et al., 2008; Hammond et al., 2003; Misson et al., 2005; Wu et 

al., 2003; Secco et al., 2013) N P K

 

 

N  

N N N

 (Krapp et al., 2011) N

N NRT2.5

CAT5 N

MYB75  

(Zhou et al., 2008) MYB62

 (Devaiah et al 2009)

GO secondary metabolic process”  “cellular 

amino acid and derivative metabolic process” 

N
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PP  

P K

 (Fig. 2)  (Pi) PHT 

family Pi

2 7 Pi PDF1.3

PDF2.1 WRKY18 WRKY60

Pi 2

 (Xu et al., 2006)

P

P

GO P

GO

(Uknes et al., 1992; Potter et al., 1993; 

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

 

K  

K K HAK5

K HKT AKT

K N P

2 7

GO

N P K+ Na+ 

SAUR-like auxin-responsive protein

K
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K

 

 

 

N P

RT-PCR

 

(Fig. 4)

 (Fig. 6)

 

1/4

1/64

RT-PCR

 (Fig. 10, 11)
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N P

cDNA P  MtPT4 

(Harrison et al., 2002)  StPT family LePT family (Nagy et al., 2005) 

GO

Yang  (2011) N

GO annotation ”transporter”

N NRT family  URS P  PHT 

family

 

2

N P K
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 (Phelix and Feltus, 2014)

RNA-seq
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2  

 
 

2-1  

 

 (Godfray et al., 2010; Lobell et al., 

2011) 2016 73

67

UNEP ( ) 

20 ha  20 1 4 ha

 

pH 5.5

30

Al  (Foy 1988) pH 7.0

50 3  (Fe2O3) Fe

6.5

8 ha Na

 (Na) 

 (FAO, 2005; Frommer et al., 1999; Flowers, 2004)

1/3
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Na

 (B) 

 

Al3+

Al  Al-activated 

Malate Transporter (ALMT ) family (Sasaki et al., 2004, Jurandir et al., 2007) 

MATE (Multidrug and toxic compound extrusion ) family 

 (Magalhaes et al., 2007)

Na Na

Na 2

AtSOS1 Na Na/H 

antiporter  (Wu et al., 1996; Shi et al., 2002) AtNHX1

AtSOS family Na/H antiporter

Na  (Yamaguchi et al., 2005)

Salt Overly Sensitive (SOS) 

 (Shi et al., 2000; Zhu 2000; Qiu et al., 2003) Fe
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Mn As Cd

 (Hall 2002; Nian et al., 2002; Shukla et al. 2012)

 

Al

Cd Cu NaCl
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22-2  

 

 

Nottingham Arabidopsis Stock Center (NASC) 

Arabidopsis thaliana Col-4 (Col-4)  (JT) 

Nicotiana tabacum. L cv Xanthi NtSTOP1 RNA

 (NtSTOP1-RNAi )  

 

 

4 3 2%  MGRL

10

 (MGRL P pH 5.0 ) 25 μM AlCl3 15 μM CdCl2 1.6 μM 

CuSO4 50 mM NaCl  (MGRL P pH 5.0 Al pH 

4.95) 24 -80

1

 

 

RNA  

RNA LiCl DNase 1  

 

 

Agilent Arabidopsis 3 Oligo Microarray Chip (Agilent Technologies, 

Tokyo, Japan) Cyanine-5 (Cy5) Cy3 2

Agilent

4
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3 Absent

FC > 2.0 Intensity > 500 p < 0.05

FC < 0.5 Intensity > 500 p < 0.05

 

 

 

Cluster 3.0 (Eisen et al., 1998  

http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) .cdt 

(Clustered data table) JavaTreeView 

(http://jtreeview.sourceforge.net/) 

Pearson

Fold change Scheffe  (P < 0.05) 

RFC (Relative fold change; stress expression level / other stress 

expression level)  

 

 

PRIMe (Platform for RIKEN Metabolomics; http://prime.psc.riken.jp/)  

“Correlated Gene”  “Method”  “interconnection of sets” ”Threshold 

value” 0.6 Pajek software (Batagelj and Mrvar)

Cytoscape 3.1 (http://www.cytoscape.org/)  (Shannon et al., 
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2003) GENEVESTIGATOR

 

 

 

Al Cd Cu NaCl

qRT-PCR Table 5

 

 

Al  

 ( ) 

CaCO3

1/10 1/4 30

28

1  

 

Al  

5 7

5 4 4

 (40 

meshes per inch) 10

NtSTOP1-RNAi Control 4 μM 10 μM Al  (2% 

MGRL pH 5.0 P ) 24 Suzuki
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RNA cDNA RT-PCR  

 

 

4

GO

ClueGO

CORNET 3.0 

(https://bioinformatics.psb.ugent.be/cornet/)  (De Bodt et al., 2010, 2012) 

“Abiotic stress TAIR10” “Leaf TAIR10” “Root TAIR10”  

“Microarray compendium 2 TAIR10”

Peason  > 0.8 P < 0.05 Pairwise correlations

AGRIS (arabidopsis.med.ohio-state.edu/) Cytoscape 3.0

 

 

 

Zhao  (2009) Arabidopsis Oligo DNA 

microarray ver 2.0 ver 3.0 ver 2.0

18563 3

FC > 2.0 p < 0.05  
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GeneName Sequence(5'-) Sequence(5'-)
At5G38200 F CTCATGGGGTATGATTACTC R CTCTCATCCCAGAGAGAATAGG

At1G09350 F GTTTCTGCGAGAAGACTTGGAG R GGAGGGACAACTTTGAGTGTC

At2g37330 F TATCGATCCTTGCCGGGACTTCA R GCTTGTCTTGGCGTTGCTCCTA

At5g06860 F TAAACCAAGCTTATCTCTAGGATTA R CCATCAAATAAAACATTTTGAAAATGTGC

At5g17330 F ACAGGAAGAAGACGAGTGGTAT R GAAACTTGGTTCAGTAATAAAGGGA

At5g12940 F TCGATGGGAACTTGATCTCC R TGAAGACGATTGTTCGCAAG

At5g54060 F TTGTGATGTATCCGTGGTTAGC R GATGGTGTGGAAAGTGATGAG

At2g41510 F CCAAAGTCCTGGACAGACTACC R GTTCAGAATTCCGCTTCTCAG

At5g05270 F GGGAATGATGCAGAGATGG R AGCAGGAACTTGACAAGAGG

At5g17220 F GGCTGACGTGGAGACCTATTAC R CTTTGAGATCCTCGACCAAAAC

At4g38340 F AAGTCACCACCTTCGTCATC R CTGAGAGCTGGTTTTTGGAAG

At1g61360 F GGTAGATGTGGACCTTTTGG R CCCTGCGTTTCTACAGAAGAG

At4g15100 F GTGCGAGACAACATCGTAGAAG R CTCTTCCGTTGGATTTATCGAC

At5g19110 F CTCTCTCTGCTTGCCTTC R CTTGGAATCGGATTATCGCTAC

At1g73325 F CAAAGTCAAGCATGTTCAGCTC R CTGACCACCAATGCTTACAAAG

At1g66370 F GAAAACTCTGCTCCGATGAAG R CATCGTTCATCGTGCTTCTTAC

At1g43160 F GCAATGGCCAGTATCACTAC R GAAATTGCGGTGGTAGACAAG

At2g26370 F GCAGTCACTCCCTCATAAGG R CAGGGTTATCGAACTCAACAC

At5g59310 F CTGTGCAGGAGTCAAAAAGTTG R GCCAGAGGCTAGACTTGGATTA

At3g13784 F GTCGTCACCGGAGAAAGATAAC R CGACCCTCCTTTCAATAGTTTG

At1g52690 F CTGCACAAACGACTCAAGAGAG R GGTCTTCTCCTTACCTGCTTC

At4g33550 F GGAAGTGGCATGATAAGGAC R TAGAGCACAACAAGACCGAG

At5g05410 F CTTAATTTCCCTCGGTCTGATG R GCACCATTCTCCAGACAATAC

At1g13310 F CTCTTGTTTCTCGGCTTCAG R GTACTGCATCATCGTCATCG

UBQ1(internalstd.) F TCGTAAGTACAATCAGGATAAGATG R CACTGAAACAAGAAAAACAAACCCT

NtALS3 F TCGCGATGACATCAAGATACAA R CAGGAGATAGAGCAATAACCAACGA

NtActin (internalstd.) F AACCCCAAGGCCAATAGAGAA R GAGACACCATCACCAGAATCCA

Table 5. Primer sequences used for qRT-PCR of rhizotoxic ion biomarker genes.
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22-3  

 

 

 (Zhao et al., 2009)

Al 188 Cd 361 Cu 547

NaCl 255  

 

 

4 16  (Fig. 12A) Fe

BHLH101 bHLH  PYE (POPEYE) Fe

ORG1 At5g05250 At1g47400 LEA 

(late embryogenesis abundant)  GOLS2 (GALACTINOL 

SYNTHASE 2) DREB1A (DEHYDRATION-RESPONSIVE 

ELEMENT-BINDING) 

At1g17745 At4g23680  

 

Al  

Al 122 Al 64.9  (Fig. 

12A) ALS3 (ALUMINUM SENSITIVE 3) PGIP1 

(POLYGALACTURONASE INHIBITING PROTEIN 1) K KUP6 (K+ 

uptake permease 6) Al pH

N NRT family (Nitrate transporter) N

GAD1 (Glutamate decarboxylase 1) GDH1 (GLUTAMATE DEHYDROGENASE 1) C  
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FFigure 12. Venn diagram of the most-upregulated genes in the shoots of Arabidopsis 
under rhizotoxic stress conditions. The shoot transcriptome was analyzed 24-h after 
rhizotoxic treatments to roots. Arabidopsis seedlings were precultured hydroponically 
for 10 days and then roots were exposed to rhizotoxic solutions containing AlCl3 (25 μM), 
CdCl2 (15 μM), CuSO4 (1.6 μM), or NaCl (50 mM), which induced 90–100% inhibition of 
root growth. Transcriptomes of the shoots were analyzed for three biologically 
independent samples and genes with fold change [rhizotoxic treatment/no toxin 
(control)] >2.0 relative to the mean of three replications, with P < 0.05 (t test), were used 
for Venn diagram analysis. 
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CA1 (CARBONIC ANHYDRASE 1) 

PR5 (Pathogen-related gene 5) GOLS3

ERD3 (EARLY-RESPONSIVE TO DEHYDRATION 3) 

DREB1A CBF DR4 (Drought-repressed 4) RD19 (Responsive to Dehydration 19) 

Gene 

ontology enrichment Table 2-1 Biological process

”response to abiotic or biotic stimulus” ”response to stress” ”transport”

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

 (Table 6)  

 

CCd  

Cd Cd 16

Cd  (Fig. 12A) Fe

bHLH039 DFR (dihydroflavonol 4-reductase)

chalcone-flavanone isomerase

 MYB122

ETR2 (Ethylene Response 2)  ERF9  (ethylene-responsive transcription factor 9) 

GO annotation Biological process

response to stress” response to abiotic or biotic stimulus” other biological processes”

 (Table 6)  

 

Cu  

Cu 547 254 Cu

41  (Fig. 12A) Cd

MYB90 MYB113 CYP450 (chytocrome P450) family  
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(A) highly upregulated gene by each rhizotoxic stressor
GO category Al ion Cd ion Cu ion NaCl
cell organization and biogenesis 0.5* 0.82* 1.04* 0.73*
developmental processes 0.76* 1.02 0.99 1.06
DNA or RNA metabolism 0.16* 0.51* 0.44* 0.12*
electron transport or energy pathways 1.3 0.22* 0.44* 0.64
other biological processes 3.41* 2.7* 2.13* 2.58*
other cellular processes 0.96 1.15* 1.26* 1.16*
other metabolic processes 0.97 1.27* 1.32* 1.26*
protein metabolism 0.54* 0.5* 0.67* 0.92
response to abiotic or biotic stimulus 2.92* 2.64* 2.22* 3.17*
response to stress 2.86* 2.77 2.37* 3.11*
signal transduction 1.65* 1.68* 1.65* 3.28*
transcription,DNA-dependent 0.74 1.07 0.96 1.65*
transport 2.22* 1.36* 1.56* 1.45*
unknown biological processes 0.7* 0.48* 0.61* 0.63*

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

Table 6. GO distribution of the gene groups identified by the comparative microarray approach. Genes highly upregulated by each stressor
(A), and those grouped by Venn diagram (B) were classified by GO of biological processes using the TAIR 10 throuhg the bio-analytic
resource for plant biology database.

 (A) Gene groups that were highly induced by each treatment. (B) Gene groups that were uniquely induced by a Venn diagram (see Figure 1).
Genes in the whole genome were also categorized (A). Significance difference from the whole genome was shown with asterisks (chi-square
test, P < 0.05). GO distribution of upregulated gene group within Al (188 genes), Cd (361 genes), Cu (547 genes) and NaCl (255 genes),
respectively. NA indicate absence of genes belong to the category.
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P450

Cu

CYP

MYB14

ERF JAZ family LOX3 MYC

Cu GO  response to stress

response to abiotic or biotic stimulus other biological processes signal 

transduction transport other metabolic processes

 (Table 6)  

 

CCd Cu  

Cd Cu 201  (Fig. 

12A)  bHLH38 bHLH100 Fe

AACT PDF1.2A  PDF1.2B PDF1.2C

 (At5g09980)

JAZ1 JAZ9 LOX1

Cd Cu

cytochrome P450 family GO other biological 

processes other cellular processes other metabolic processes response to abiotic 

or biotic stimulus response to stress signal transduction transport

Cd Cu

Cd Cu  (Table 6)  

 

NaCl  

NaCl 255 179  (71 ) NaCl

 (Fig. 12A) 
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DREB2A  LEA (LATE EMBRYOGENESIS ABUNDANT) 

protein HSP HSFA2 (HEAT SHOCK TRANSCRIPTION FACTOR 

A2) 

LTP CML family GO annotation

Biological process response to stress response to abiotic or biotic stimulus

other biological processes signal transduction transport

transcription,DNA-dependent other metabolic processes other cellular processes

 (Table 6)  

 

 

4

 (Fig. 12B)

FER1 FER4

ZIP (Zinc Transporter precursor) family IRT Yellow 

Stripe Like (YSL) Al

Al 82

ZIP4 ZIP9 YSL3

NAS FER

PAP27 (purple acid phosphatase 27) FLS1

Cd Cd

42 CSLG1

GSL11 YSL1

PAP9 PAP10 PAP24 Cu

Cu

70 Cu MTPA1 (METAL 
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TOLERANCE PROTEIN A2) YSL2 FRO2

kinase

MYB111 NaCl NaCl

214

SAUR-like auxin-responsive protein 12

3

 

 

 

 (Fig. 13) Al 47

STOP1 ALS3 PGIP1 N NRT1.5

NRT2.1 NIA1 GAD1 GOLS3 DREB1A DR4

Cd Fe BHLH039

chalcone-flavanone isomerase-like proetin Cu

N MATE family

JAZ family CYP P450 

family NaCl DREB2A LEA protein

calcium-binding protein CML45

 

 

4 RT-PCR  

 (Fig. 14) Cd Cu NaCl 

Al  
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FFigure 13. Hierarchical cluster analysis for identifying genes specifically upregulated by 
rhizotoxic ion treatment in Arabidopsis shoots. The rhizotoxic ion inducible genes identified 
by Venn diagram analysis (Figure 11) were further analyzed to identify specificity to 
rhizotoxic ion using relative fold change (RFC) values. RFC was calculated for all 122 genes 
[RCF = (fold change in NaCl, CdCl2, and CuCl2/fold change in Al], then grouped by 
hierarchical cluster analysis. A list of genes in the most-specific group (low RFC values in all 
other treatments; green color) is shown with the AGI code and short description. Red words 
indicate candidate biomarker genes. 
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Al 4  (Fig. 15)

Ca

Cd Cu

 

 

STOP1  

STOP1 Al pH  

 (Iuchi et al., 2007; Sawaki et al., 2009) STOP1  (stop1) Al

pH Al

188 Al stop1 233

STOP1 19  (Fig. 15)

Ca  CAX7 hydrolase (At5g38200) GDH2 PGIP1

DREB1A ALS3  

 

ALS3 Al  

Ohyama  (2013) STOP1

ALS3

ALS3 (NtALS3) Al

RT-PCR  (Fig. 16) Al

NtALS3 Al  

NtSTOP1-RNAi NtALS3 Al

ALS3  
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Figure 14. Expression profile of rhizotoxic ion biomarker in hydroponic culture conditions. 
Ten-day-old seedlings grown under control conditions were transferred to a rhizotoxic solution 
containing AlCl3 (25 μM), CdCl2 (15 μM), CuSO4 (1.6 μM), or NaCl (50 mM). Then, they were 
incubated for 24 h under continuous light. Expression of the genes was quantified by real-time 
polymerase chain reaction in three independent biological samples. Means and SD are shown. 
Different letters indicate significant difference by Tukey test (p < 0.05). 
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Figure 14. (Continued to previous page.) 
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Figure 15. Growth of Arabidopsis seedlings in acid soil containing a large amount of exchangeable 
Al, and expression levels of Al biomarker genes in shoots. Seedlings of Arabidopsis were grown on 
forest brown soil in Zao (2.5 g CaCO3 kg-1 soil) as control treatment or Kawatabi andosol with 
different levels of liming (4.0, and 0.6 g CaCO3 kg-1 soil) as acid soil treatment. Upper panel (A) 
shows the growth at four weeks and chemical properties of soil. White bar indicates 1 cm. 
Expression levels of biomarker genes in the shoots were evaluated by quantitative real-time 
polymerase chain reaction (B; Means and SD, n = 3). Different letters indicate significant difference 
by Tukey test (P < 0.05).  
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Figure 16. Genes downregulated in the stop1 mutant compared with the wild type (WT) that were 
identified by competitive microarray analyses. Greatly downregulated 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 μM) 
conditions. The genes that were in the lowest percentile of the FC values (stop1 mutant/wild type) in 
all three replications. Numbers of upregulated genes in the wild type (25 μM Al/control in the wild 
type FC > 2.0 with P < 0.05) are shown in the lower parts of the Venn diagram. 

 

 

  

FC p FC p
At5g38200 hydrolase -3.97 0.000 3.43 0.006
At5g17860 CAX7 (CALCIUM EXCHA -2.47 0.017 5.43 0.003
At2g26695 binding -2.12 0.005 1.97 0.011
At5g02480 similar to SLT1 -1.83 0.004 1.34 0.003
At4g20070 ATAAH -1.52 0.007 1.43 0.007
At5g07440 GDH2 -1.33 0.002 1.76 0.022
At5g06860 PGIP1 -1.05 0.017 1.84 0.002
At2g27830 similar to pentatricopeptide -0.91 0.043 2.30 0.004
At2g32870 meprin and TRAF homolog -0.79 0.015 1.01 0.018
At5g12930 similar to unnamed protein -0.71 0.025 1.71 0.008
At3g15353 MT3 (METALLOTHIONEI -0.70 0.025 1.06 0.009
At1g22160 senescence-associated pro -0.67 0.024 1.02 0.021
At4g25480 DREB1A -0.67 0.037 2.06 0.005
At2g37330 ALS3 -0.64 0.024 1.43 0.008
At1g73120 similar to hypothetical prot -0.57 0.036 1.17 0.009
At4g30650 hydrophobic protein -0.55 0.024 1.34 0.030
At4g01390 meprin and TRAF homolog -0.53 0.030 1.52 0.002
At5g08000 E13L3 -0.51 0.047 1.08 0.030
At1g53035 similar to unknown protein -0.51 0.045 1.83 0.043

Table 7. List of genes  in the stop1 mutant among induced genes in the wild type to Al stress  in shoots (Fig. 10)

  Three biologically indpendent replications of competitive microarray  analyses were performed as follows: stop1  mutant in
Al (10 μM, 24 h) versus the wild type in Al (10 μM, 24 h); Al (25 μM Al, 24h, pH 4.95) in the wild type versus control (no Al,
pH 4.95, 24 h) in the wild type. P values from t tests for significant differences from FC = 1.00.

AGI code DESCRIPTION
FC ( stop1 mutant / WT) in Al FC (control / Al) in WT
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Figure 17. Expression level of NtALS3 in tobacco shoots after rhizotoxic treatment with Al. Tobacco 
seedlings were grown for 10 days and then the roots were exposed to in the presence or absence of 
rhizotoxic Al [0; control, 2 and 4 μM) for 24 h. The expression level of NtALS3 in the shoots was 
quantified in wild-type plants and knockdown transgenic plants suppressing NtSTOP1. Means and 
SD of three biological replicates are shown. Different letters indicate significant difference of Tukey 
test (P < 0.05). 
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STOP1 Al

 

  

 

 (Fig. 18) Genevestigator

Al 2

Cd 3

Cu

1 Cd

NaCl

4 SA

 

 

 

18563

 (Fig. 19)

Al 38 Cd 74 Cu 122 NaCl

35 Al

LEA protein GOLS2 LTP4 ERD14 CEJ (COOPERATIVELY 

REGULATED BY ETHYLENE AND JASMONATE 1)  

MSS1  

MDR4/PGP4 PGIP1 N GDH

Al  

Cu-Zn SOD GST family Cd ERF domain protein 
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Figure 18. Coexpression gene networks within the rhizotoxic-inducible gene group identified by a 
comparative microarray approach. Rhizotoxic-inducible genes identified by Venn diagram analysis 
(Figure 12) were grouped into coexpression networks based on the criterion of Pearson’s coefficient 
> 0.6. Genes were profiled by the response to other stress and several signal inducers using 
GENEVESTIGATOR. Conditions of upregulation are indicated by alphabetical letters. 
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Figure 19. The Transcriptional rhizotoxic ion responses of Arabidopsis shoot and root. Roots of 
hydroponically grown seedlings were transferred to control (pH 5.0, no toxicant) and rhizotoxic 
solutions containing AlCl3 (25 μM), CdCl2 (15 μM), CuSO4 (1.6 μM), or NaCl (50 mM) at pH 4.95 
(Al) or 5.0 (Others). After 24 h, total RNA was extracted and microarray analyses were performed 
using the Agilent Arabidopsis 2 Oligo Microarray system. X and Y axes indicate signal intensities in 
control and rhizotoxic treatments, respectively. (A) Genes responding transcriptionally to rhizotoxic 
ions according to microarray. Bars represent the number of genes for which transcript levels were 
changed in response to each stress. (B) Principal component analysis (PCA) of the changes in 
transcript abundance in root and shoot under different growth regimes. (C) Number of rhizotoxic 
unique up or downregulated genes found in the Arabidopsis shoots and roots. The microarray data 
were selected by FC > 2.0 or < 1/2, intensity > 500 and p < 0.05. 
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transcription factor

MYB122 Cu

JAZ1 JRG21 PR4

Cd

NaCl DREB family AP2 

domain-containing transcription factor

BGL2 CHIB1  

 

 

4

GST Ca

MSS1  (Fig. 20) 8

MYB15

ZAT10 ROS WRKY40 WRKY18

WRKY60

WRKY33 WRKY40

GST  
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Figure 20. Coexpression network of upregulated genes in Arabidopsis root as affected by oxidative 
stress. Genes were selected if the FC > 2.0, P < 0.05 and intensity > 500 in each microarray 
experiment after 25 μM Al, 15 μM Cd, 1.6 μM Cu, 50 mM NaCl and 500mM H2O2. The network 
was constructed with the CORNET tool. Circular indicates Transcription factor gene. Edges colored 
blue connect coexpressed genes, and dashed allow lines indicate direct activation. Visualization is 
based on the coexpression analysis done in CORNET with a coexpression coefficient of 0.7 and 
confirmed regulatory interactions from AGRIS. 
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22-4  

 

 (Kreps et al., 2002; Matsui et al., 2008; Lager et al., 2010; Barah 

et al., 2013; Davila et al., 2016)

 

 

 

Al3+ Cd2+ Cu2+ NaCl

Fe Fe

Al Cd Cu

NAS

GOLS2

 GOLS 
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 (Teruaki Taji et al., 2002; Nishizawa et al., 2008  

Al

Al

Al

 (Negishi et al., 2012) Al

STOP1

AtALMT1 Intensity 1000

Al3+

GST SOD Al

Al Cd Cu

Cu 2

Cu

Cu

Cu   (Holmgren1995; Gupta 

et al., 1997) 2

Cu

 (Poschenrieder et al., 2006; 

Maksymiec et al., 2007) Cu

Cu
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PGPF Cu

Cu

Cd

Cu

LOX

NaCl DREB2A

Na+

 

Al PR gene Cu Cd Cu

JAZ family Cu

JAZ family VSP1 VSP2

 MYB20

MYB20

Fe FER1

FER4 FER Fe
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Fe2+ Fe3+ Fe

 (Jeong and Guerinot 2009)

Fe

NAS

ROS  

 

 

RT-PCR

Al ALS3 STOP1

Al Cd Cu

Cd Cu As Pb

DREB1A LEA

Al3+ H+  (Rao et 
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al., 1993; Kidd and Proctor, 2001) Al3+

Al3+

Al

Kobayashi  (2013) 

Al 2

Al

Al STOP1

4

CaCO3

 (Fig. 15)

GOLS3

 (  1991) Al pH pH

pH Al

 (Bartlett et al., 1972)  

Yang  (2011) Al

Al Al

AtALS3 NtALS3
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Al3+ ALS3 NtALS3

OsSTAR2 Al

STOP1  (Ohyama et 

al., 2013)  STOP1 Al

STOP1 STOP1

Al

STOP1

 (Iuchi et al., 2007; Ohyama et al., 2013)

STOP1

Al

STOP1 ALS3

CaCO3 3

Al

Cu

 (Moolenaar et al.,1998) Cu
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3  

Penicillium phinophilum
 

 

3-1  

 

20

2007

30 3,600

20 50%

 ( , 1997;  

1986; 1999; 2000)  

 (IPM

Integrated Pest Management) 

 (Ho and Trappe, 1975; George et al., 1995) 

 (Dimkpa et al., 2009)
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(Systemic Acquired Resistance: SAR)  (Induced Systemic Resistance: 

ISR)  (Lawton et al., 1996)

 (Plant Growth-Promoting Rhizobacteria: PGPR)  

(Plant Growth-Promoting Fungi: PGPF) 

B. subtilis 

 Fusarium 

 ( 2003)

12 2004 4 6800

2010 10 7500 2 2018

2 2000 (Thakore 2006)   

Penicillium 

pinophilum YS-31  ( YS-31 ) 

YS-31
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33-2  

 

 

Col-0  

 

 

PDA (potato dextrose agar) 10 mg/l

50 mg/l 10 mg/l 100 μg/l

0.8  ( PDA )  

PDB (potato dextrose broth)  

 

 

 Rhizoctonia solani  Burkholderia glumae 

400 g YS-31  (1 107 cfu/ml) 

30 100

20 25

 

 

RNA RT-PCR  

YS-31 PDB 500 ml 25ºC 10

MILLEX GV 0.22 μm (MILLIPORE) 

 

1  (2% 

MGRL pH5.6) 3 YS-31 YS-31

24 24
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YS-31 48 1

 

RNA RT-PCR 1

PR-1a (pathogenesis-related gene 1a ; Os07g0129200) PR-1b 

(Os01g0382000) PBZ1 (probenazole-inducible protein ; Os12g0555200) OsGLN1 

(endo-1,3-glucanase ; Os07g0539100) PAL (Phenylalanine ammonia-lyase ; 

Os02g0626600) Peptidase S8 (Os01g0653800) GSTU4 (Os10g0528300) Peroxidase 

(Os07g0638400) 8 PR1 PR2 PR3 PR4 PR5 PDF1-2

Peroxidase (At5g64120) WRKY41 8

Rubq1 UBQ1

Table 8  
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Name Sequence (5'-)
F TTATCCTGCTGCTTGCTGG
R GGTCGTACCACTGCTTCTCC

F ACGGGCGTACGTACTGGCTA
R CTCGGTATGGACCGTGAAG

F CGTCCTCGAGCTCATACTCC
R GAGAGGCTGTGGAAGGTCTG

F GAGCCGAACACCTTAGTTGC
R TTCCCCGACACTATCTTTCG

F TCCCATTGTTTGGGAGAAAA
R GAATATTCCTTGCATTATTCAGACA

F AGTGGCCAGGAAGACTCTGA
R GCTTCTTCATCAGCGGGTAG

F TGGAGAGCTTACCAGGCTG
R  CCATATTCCCCAAAATGTGC

F TCAGGGGCAGGATCTACAAC
R AGTTCCTCACCGTGTTGTCC

F GTGGTGGCCAGTAAGTCCTC
R GGACACAATGATTAGGGATCA

F TTCTTCCCTCGAAAGCTCAA
R CGTTCACATAATTCCCACGA

F GTCTGAATCAAGGAGCTTAGCC
R GATGGACTTGGCAAGGTATCG

F GACGCCGACCGTGCCGCCGGG
R CGGCGACTCTCCCGTCTTGGCC

F GGACCAATGCAGCAACGGAGGC
R GGCTGCCCAATGAGCTCATTGCC

F ATGTGAGCCTCGTAGATGGTTAC
R GATCCATGACCTTAAGCATGTCG

F TTTGCTGCTTTCGACGCAC
R CGCAAACCCCTGACCATG

F TAGGGTCGGGTAAACCTGTG
R GTTGCTCTCTCCGGTGGTC

F CAGCTTCAGGGTTCGTCTTC
R GATCAGGCGCAAGCTCTATC

F TCGTAAGTACAATCAGGATAAGATG
R CACTGAAACAAGAAAAACAAACCCT

UBQ1  (internal std.)

OsRubq1

Os07g0677500

Os01g0653800

Os02g0626600

PR1

PR2

PR3

PR4

PR5

PDF1-2

peroxidase

WRKY41

Table 8. List of primers used in quantitative RT-PCR experiments.

Os10g0528300

Os07g0539100

Os12g0555200

Os01g0382000

Os07g0129200
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Figure 21. Effects of P. pinophilum sp. YS-31 inoculation in rice seedlings. Disease symptoms 
caused by (A) Rhizoctonia solani and (B) Burkholderia glumae infection on rice seedlings. Left 
shows control plants and right shows plants inoculated by P. pinophilum sp YS-31. 
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Figure 22. Expression change of pathogen resistance-related genes in rice leaf and Arabidopsis 
shoots treated with P.pinophilum. (A) rice and (B) Arabidopsis treated percolate of P.pinophilum 
transferred seedlings were grown for 3 weeks. Error bars represent SE of the averages of three 
technical replication. Transcript levels were normalized to the Rubq1 in rice and UBQ1 in 
Arabidopsis as the internal control. Asterisks show a significant difference by Student’s t test (P < 
0.05). 
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 (NUE; nitrogen use efficiency) Al

 (Gallais and Hirel, 

2004; Ikka et al., 2008)

Yang N
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 (Jensen et al., 2010; Sato et 

al.,2011; Nagano et al., 2012; Alexandersson et al., 2014)  
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