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10% , 2005
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AM 4

Remy et al., 1994; Taylor et 

al., 1995; Brundrett, 2002

AM
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AM

Parniske, 2008; Harrison, 

2012; Gutjahr and Parniske, 2013 AM

Yoneyama et al., 2007 AM

Akiyama and Hayashi, 2005; Besserer et al., 

2006; Besserer et al., 2008 AM

pre-penetration apparatus PPA

Genre et al., 2005

SYM Kistner and Parniske, 2002; Parniske, 

2008; Oldroyd et al., 2013 AM
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SYM

Ca2+ Sun et al., 2015

SYM RAM1

Pimprikar et al., 2016 RAM1

Gobbato et al., 2012

 

AM

AM

AM

host-induced gene silencing HIGS Nowara et al., 2010 AM

MST2 Helber et al., 2011

MST2 HIGS

Helber et al., 2011 MST2

AM HIGS

AM strigolactone-induced putative secreted protein 1

SIS1 Tsuzuki et al., 2016 SIS1

HIGS

Tsuzuki et 

al., 2016 SIS1 AM AM

AM  

 



- 4 - 
 

RNA-seq  

RNA-seq

Wang et al., 2009; Nookaew et al., 2012

RNA-seq

3,000

Handa et al., 2015

Liu et al., 2003; Hohnjec 

et al., 2005; Gomez et al., 2009; Guether et al., 2009a; Benedito et al., 2010; Hogekamp 

et al., 2011; Gaude et al., 2012; Bonneau et al., 2013; Hogekamp and Küster, 2013

RNA-seq Handa et al., 2015

RNA-seq

Wang et al., 2014; 

Handa et al., 2015 AM Rhizophagus irregularis

Tisserant et al., 2013 RNA-seq AM

AM RNA-seq

AM
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3

RNA-seq

4

AM RNA-seq AM
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AM  
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2  

 

 

 

AM

70% AM

Brundrett et al., 2009

Delaux et al., 2015  

AM

AM AM

Akiyama et al., 2005; Besserer et al., 2006; 

Besserer et al., 2008 AM

SYM

CSSP Maillet et al., 2011; Genre et al., 2013 CSSP AM

Endre et 

al., 2002; Stracke et al., 2002 Ané et al., 2004; Imaizumi-Anraku et 

al., 2005; Charpentier et al., 2008; Charpentier et al., 2016

Kanamori et al., 2006; Saito et al., 2007; Groth et al., 2010 -

CCaMK Lévy et al., 2004; Mitra et al., 2004; Tirichine et al., 2006  

CYCLOPS/IPD3 Messinese et al., 2007; Yano et al., 2008; Singh et al., 2014

CSSP

Gutjahr et al., 

2013; Parniske, 2008; Oldroyd et al., 2013
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CSSP

Banba et al., 2008; Gutjahr et al., 2009; Wang et al., 2010; Delaux et al., 2015

CSSP

Pimprikar et al., 2016

RNA-seq

Liu et al., 2003; Wulf et al., 2003; Manthey et al., 2004; Güimil et al., 2005; 

Hohnjec et al., 2005; Kistner et al., 2005; Gomez et al., 2009; Guether et al., 2009; 

Benedito et al., 2010; Hogekamp et al., 2011; Gaude et al., 2012; Hogekamp, 2013; 

Handa et al., 2015

Fiorilli et al., 2009

Fiorilli et al., 2009

 

RNA-seq

RNA-seq

Handa 2015 RNA-seq

de novo

Tomato Genome 

Consortium, 2012



- 8 - 
 

AM Rhizophagus 

irregularis   
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Solanum lycopersicum cv. Micro-Tom Lotus japonicus 

MG-20 1 500

R. irregularis DAOM 197198 Mycorise, Premier Tech, Rivière-du-Loup, Canada

1/2

0.1 mM KH2PO4, 2.5 mM KNO3, 2.5 mM Ca(NO3)2, 1 mM MgSO4, 2.5 

mg Fe L-1 Fe(III)-EDTA, 0.25 mg B L-1 H3BO3, 0.25 mg Mn L-1 MnCl2, 0.025 mg Zn 

L-1 ZnSO4, 0.01 mg Cu L-1 CuSO4, and 0.005 mg Mo L-1 NaMoO2 2 1

25°C 16 8

4 -80°C  

 

RNA-seq  

RNA-seq Handa 2015 RNAiso Plus Takara, 

Shiga, Japan Fruit-mate™ for RNA Purification Takara

RNA RNA DNA RNase-free DNase Qiagen, 

Hilden, Germany RNeasy Spin Column RNA

Agilent 2100 Bioanalyzer system Agilent Technologies, Santa Clara, CA

TruSeq RNA Sample Prep Kit Illumina, San Diego, CA cDNA

Illumina HiSeq 2000 Sequencing System

2 × 100 bp DDBJ Sequence 
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Read Archive DRA005187  

International Tomato Annotation Group release ITAG2.4

https://solgenomics.net/organism/Solanum_lycopersicum/genome; Tomato Genome 

Consortium. 2012 Handa et al., 2015

TopHat Trapnell et al., 2009

L. japonicus genome assembly build 2.5

Lj2.5, http://www.kazusa.or.jp/lotus/release2/ Cufflinks assembly

Lj2.5 http://mycorrhiza.nibb.ac.jp

de novo Lj2.5

http://mycorrhiza.nibb.ac.jp R. irregularis

JGI MycoCosm database

http://genome.jgi.doe.gov/Gloin1/Gloin1.home.html; Tisserant et al., 2013

rRNA protein ID: 67218, 67222, 73108, 

102514, 235478, 247295, 336739

 

iDEGES/edgeR Sun et al., 2013

edgeR Robinson et al., 

2010 n = 2 false discovery rate FDR 0.01

AM

FDR < 0.01

Handa et al., 2015

Tomato Genome Consortium, 2012 BLAST
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TBLASTX e-value < 1e-6

TBLASTX

AM

TopGO Alexa and Rahnenführer, 2016

GO AM GO JGI MycoCosm database

Tisserant et al., 2013  

 

AM  

10% KOH 2% 0.05%

Phillips and Hayman, 1970 McGonigle 1990

JMP7 SAS Institute, NC, USA t P 

≤ 0.05  
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R. irregularis

2.1a AM

2.1b

RNA-seq

55–88%

2.1

928 1,697

2.2

3% AM

TBLASTX e-value < 

1e-6 744

700 2.2

1,024

818

24%

4%  

one-to-one reciprocal best Blast hit RBH
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11,631 RBH TBLASTX, e-value < 1e-6

92 RBH

34% 27%

2.2a RBH

3 2.2a RBH

 ρ = 0.437, P < 0.0001; 

2.2b

2.3 PT4 Javot 

et al., 2007; Yang et al., 2012 ABCG STR/STR2 Zhang et al., 

2010; Gutjahr et al., 2012; Kojima et al., 2014 -ACP FatM

Bravo et al., 2016 GRAS RAM1 Gobbato et al., 2012; Rich et al., 2015; 

Xue et al., 2015; Pimprikar et al., 2016 RAD1 Xue et al., 2015; Pimprikar et al., 

2016 Exocyst Exo70I1 Zhang et al., 2015

RBH

2.2b  

 

AM  

R. irregularis

AM AM

10% 2.1

Tisserant et al., 2013; Handa et al., 2015; Sugimura and Saito, 2016 AM
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 ρ = 0.833, P < 0.0001; 2.3 428 AM

1.4%

2.3 GO

ATP GO ATP synthesis coupled electron transport, 

cellular respiration, ATP synthesis coupled proton transport, NADH dehydrogenase 

(ubiquinone) activity and proton-transporting ATP synthase complex

2.4 AM

2.4

AM GO 2.4  
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2.1. R. irregularis 4 S. lycopersicum L. 

japonicus a b . 

HC% AC% VC%

 ± n = 5 * P < 0.05 n.s. t  
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2.2. . 

a

RBH

11,631 330

671 AM FDR < 0.01 b
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2.3. R. irregularis . 

AM Reads per kilobase per million mapped reads RPKM

AM FDR < 0.01

AM FDR < 0.01
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2.4. R. irregularis . 

AM

FDR < 0.01 R. irregularis RPKM  
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2.1. Rhizaophagus irregularis AM

NM . 

 S. lycopersicum  L. japonicus 

AM roots NM roots  AM roots NM roots 

Total raw reads 25,554,717 24,200,612  8,923,628 10,029,123 

<S. lycopersicum/L. japonicus>      

Mapped reads against the S. lycopersicum reference sequence 21,306,768 21,337,381  - - 

Mapped reads against the L. japonicus reference sequence - -  4,891,691 6,910,383 

Mapped reads / total raw reads (%) 83 88  55 69 

<R. irregularis>      

Mapped reads against the R. irregularis reference sequence 1,076,008 -  772,325 - 

Mapped reads / total raw reads (%) 4 -  9 - 
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2.2. AM FDR < 0.01 . 

 S. lycopersicum L. japonicus 

Putative protein-coding genes 34,725 57,103 

<Upregulation>   

Upregulated genes 744 1,024 

Upregulated genes with a significant tblastx hit against the database of the other species (A) 700 818 

Co-upregulated genes between S. lycopersicum and L. japonicus (B) 168 194 

B/A (%) 24 24 

<Downregulation>   

Downregulated genes 184 673 

Downregulated genes with a significant tblastx hit against the database of the other species (C) 143 624 

Co-downregulated genes between S. lycopersicum and L. japonicus (D) 6 9 

D/C (%) 4 1 
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2.3. RBH  

. 

RBH S. lycopersicum L. japonicus  Annotation in L. japonicus 

Gene ID Log2FC†  Gene ID Log2FC†  

RBH01 Solyc04g050940.1.1 13.1 CM0105.260.r2.a 7.5  Serine-threonine protein kinase 

RBH02 Solyc11g007970.1.1 12.6  CM0909.780.r2.m 7.5  4-coumarate-CoA ligase 

RBH03 Solyc02g090080.1.1 12.3  TCONS_00041135 10.2  Unknown protein 

RBH04 Solyc05g053750.1.1 12.0  LjT47N10.60.r2.a 10.9  Triacylglycerol lipase 2 

RBH05 Solyc07g054700.2.1 11.7  CM0432.310.r2.a 5.6  LysM domain containing protein 

RBH06 Solyc02g083160.1.1 11.6  LjB12E19.100.r2.d 6.3  GDSL esterase/lipase 

RBH07 Solyc12g096380.1.1 11.6  LjT04I16.80.r2.d 6.2  High affinity cationic amino acid transporter 1 

RBH08 Solyc06g051860.1.1 11.4  CM2121.10.r2.a 13.6  AM-induced phosphate transporter LjPT4 

RBH09 Solyc05g008570.1.1 10.9  CM0328.70.r2.d 10.9  Palmitoyl-acyl carrier protein thioesterase 

LjFatM 

RBH10 Solyc03g117460.1.1 10.9  CM0573.170.r2.m 6.7  Major allergen Mal d 1 

RBH11 Solyc07g065240.1.1 10.8  LjT48A12.120.r2.d 6.5  Leucine-rich repeat receptor-like protein kinase 

RBH12 Solyc03g110950.1.1 10.7  CM1864.540.r2.m 4.3  GRAS family transcription factor LjRAD1 

RBH13 Solyc09g098410.1.1 10.6  CM0177.350.r2.m 7.7  ABCG transporter LjSTR2 

RBH14 Solyc08g062140.1.1 10.5  TCONS_00007973 9.8  Serine-threonine protein kinase 

RBH15 Solyc12g007220.1.1 10.2  CM0617.810.r2.d 9.3  Peptide transporter 

RBH16 Solyc07g054570.1.1 10.1  LjSGA_003462.2 10.1  Kelch-like protein 

RBH17 Solyc07g006940.1.1 9.8  CM0244.1000.r2.m 5.9  Cysteine-rich receptor-like protein kinase 

RBH18 Solyc06g007860.1.1 9.7  CM0127.320.r2.m 2.1  Unknown protein 

RBH19 Solyc10g081520.1.1 9.7  CM0104.2930.r2.a 13.8  Blue copper protein 

RBH20 Solyc08g077000.1.1 9.6  CM0021.530.r2.m 6.2  Palmate-like pentafoliata 1 transcription factor 

RBH21 Solyc12g010490.1.1 9.4  CM0041.30.r2.a 5.9  AP2 domain-containing transcription factor 

RBH22 Solyc11g068580.1.1 9.3  LjSGA_022237.1 13.5  Germin-like protein LjGLP 

RBH23 Solyc03g097860.1.1 9.2  CM0042.2530.r2.d 6.2  Potassium transporter 

RBH24 Solyc03g115620.1.1 9.1  CM0087.740.r2.m 5.9  Unknown protein 

RBH25 Solyc03g119900.2.1 9.1  TCONS_00033391 7.9  Unknown protein 

RBH26 Solyc02g085060.1.1 8.9  CM0249.1340.r2.m 8.3  Replication factor C subunit 5 

RBH27 Solyc12g089230.1.1 8.7  CM0195.70.r2.d 7.9  Peptide transporter PTR1 

RBH28 Solyc03g005950.1.1 8.7  CM0046.1690.r2.m 10.4  Peptide/nitrate transporter 
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2.3. Continued 

RBH29 Solyc03g117170.1.1 8.6  LjSGA_026747.2 8.1  Unknown protein 

RBH30 Solyc02g089150.2.1 8.6  CM0163.300.r2.d 7.3  PI-PLC X domain-containing protein 

RBH31 Solyc02g069550.1.1 8.5  CM0797.40.r2.m 6.8  Prune homolog 

RBH32 Solyc08g079780.1.1 8.5  CM0104.2940.r2.a 10.8  Blue copper protein 

RBH33 Solyc12g056000.1.1 8.3  LjB03G07.10.r2.a 12.1  Cysteine proteinase 

RBH34 Solyc09g072720.1.1 8.3  TCONS_00120316 7.8  Exocyst complex component 

RBH35 Solyc04g077760.1.1 8.1  CM0096.900.r2.d 7.1  Exocyst complex component LjExo70I1 

RBH36 Solyc01g105080.2.1 7.9  CM0314.250.r2.d 8.6  Leucine-rich repeat receptor-like protein kinase 

RBH37 Solyc01g111790.1.1 7.9  CM1439.100.r2.d 2.7  Serine/threonine protein phosphatase 2A 

RBH38 Solyc01g097430.2.1 7.9  CM0042.2570.r2.d 8.7  ABCG transporter LjSTR 

RBH39 Solyc07g007080.1.1 7.9  comp286719_c0_seq1 9.3  Unknown protein 

RBH40 Solyc08g007960.1.1 7.8  TCONS_00114768 6.8  Nuclear transcription factor Y subunit C-1 LjCbf 

RBH41 Solyc11g008030.1.1 7.3  CM0909.730.r2.m 7.9  Monocopper oxidase-like protein SKU5 

RBH42 Solyc01g094450.1.1 6.9  CM0284.730.r2.d 13.5  Ripening-related protein 

RBH43 Solyc09g061240.1.1 6.9  CM0105.270.r2.a 5.5  Unknown protein 

RBH44 Solyc01g010260.2.1 6.8  CM0318.690.r2.d 10.4  Cytochrome P450 93A1 

RBH45 Solyc06g066390.1.1 6.7  CM0608.1100.r2.m 6.8  AP2 domain-containing transcription factor 

RBH46 Solyc01g095250.1.1 6.6  CM0105.320.r2.a 11.3  Acidic chitinase 

RBH47 Solyc04g080400.1.1 6.6  CM0071.1240.r2.a 8.7  Reticuline oxidase 

RBH48 Solyc07g020870.1.1 6.4  CM0617.800.r2.d 4.4  U-box domain-containing protein 

RBH49 Solyc02g092400.1.1 6.3  LjSGA_134299.1 9.2  Unknown protein 

RBH50 Solyc02g094340.1.1 5.9  CM1852.30.r2.m 10.3  GRAS family transcription factor LjRAM1 

RBH51 Solyc11g072830.1.1 5.9  CM0616.310.r2.d 9.0  Chitinase 2 

RBH52 Solyc07g064120.1.1 5.7  CM1543.140.r2.m 7.1  ABCB transporter 

RBH53 Solyc07g006610.2.1 5.6  comp12648_c0_seq1 8.5  PTI1-like tyrosine-protein kinase 

RBH54 Solyc09g072780.1.1 5.3  CM0295.1000.r2.m 6.2  Peptide transporter 

RBH55 Solyc09g091700.2.1 5.2  CM1323.380.r2.d 2.9  NADP-dependent alkenal double bond 

reductase 

RBH56 Solyc01g081080.1.1 5.2  CM0017.1160.r2.a 6.6  Replication factor C subunit 

RBH57 Solyc01g068380.2.1 5.2  CM0127.890.r2.m 5.6  Purple acid phosphatase 

RBH58 Solyc00g170200.1.1 5.2  CM0153.40.r2.d 2.8  Alpha/beta-hydrolases superfamily protein 
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2.3. Continued 

RBH59 Solyc09g008360.2.1 5.1  CM0012.1760.r2.d 6.2  Heparan-alpha-glucosaminide 

N-acetyltransferase 

RBH60 Solyc03g112110.1.1 5.1  LjSGA_012459.1 7.2  Unknown protein 

RBH61 Solyc05g009960.2.1 5.1  CM0124.80.r2.d 9.0  Unknown protein 

RBH62 Solyc02g088310.1.1 4.9  comp41326_c0_seq1 7.2  Ethylene-responsive transcription factor 

RBH63 Solyc03g080020.2.1 4.7  TCONS_00022353 4.1  Major facilitator superfamily transporter 

RBH64 Solyc08g062200.1.1 4.6  CM0133.890.r2.m 6.9  Unknown protein 

RBH65 Solyc08g067170.1.1 4.5  TCONS_00048122 7.6  U-box domain-containing protein 

RBH66 Solyc09g011700.1.1 4.4  LjT44L17.30.r2.d 5.1  Copper transporter 

RBH67 Solyc03g114080.1.1 3.8  LjT46F11.70.r2.a 3.5  Leucine-rich repeat receptor-like protein kinase 

RBH68 Solyc05g009430.2.1 3.8  CM0903.40.r2.d 2.7  Nuclease S1 

RBH69 Solyc09g065040.1.1 3.7  TCONS_00091213 4.4  Antifungal protein ginkbilobin-2 

RBH70 Solyc02g086820.2.1 3.5  CM0081.350.r2.m 2.0  Carbonic anhydrase 

RBH71 Solyc01g095720.2.1 3.1  CM0105.760.r2.a 3.5  Unknown protein 

RBH72 Solyc02g083700.2.1 3.0  comp13066_c0_seq1 2.8  Lysosomal alpha-mannosidase 

RBH73 Solyc09g065750.2.1 2.9  CM0375.30.r2.m 3.7  Unknown protein 

RBH74 Solyc09g009610.1.1 2.9  CM0010.40.r2.d 9.5  Purple acid phosphatase 

RBH75 Solyc04g080480.1.1 2.9  LjSGA_124844.1 6.9  AMP-dependent synthetase and ligase 

RBH76 Solyc08g082620.2.1 2.9  CM0004.1640.r2.a 2.3  Beta-ketoacyl-ACP synthase I 

RBH77 Solyc02g084940.1.1 2.6  CM0249.1160.r2.d 7.3  Unknown protein 

RBH78 Solyc01g111050.2.1 2.5  CM0113.40.r2.a 6.6  COBRA-like protein 1 

RBH79 Solyc02g092060.1.1 2.5  LjSGA_065775.1 8.6  NAD(P)-binding Rossmann-fold superfamily 

protein 

RBH80 Solyc09g015430.2.1 2.3  TCONS_00085591 3.2  Unknown protein 

RBH81 Solyc08g062950.2.1 2.1  CM0133.560.r2.m 3.4  Cytochrome P450 711A1 

RBH82 Solyc01g006380.2.1 2.1  CM0017.760.r2.a 3.8  U-box domain-containing protein 

RBH83 Solyc03g031830.1.1 2.1  CM0367.670.r2.d 9.6  Unknown protein 

RBH84 Solyc07g062810.2.1 1.9  LjSGA_054315.1 2.0  Unknown protein 

RBH85 Solyc08g066650.2.1 1.8  LjB19M02.90.r2.m 2.9  Carotenoid cleavage dioxygenase 8 LjCCD8 

RBH86 Solyc10g083180.1.1 1.8  comp63373_c1_seq1 5.1  Momilactone A synthase 

RBH87 Solyc03g117470.2.1 1.7  comp40972_c0_seq1 2.3  Unknown protein 

RBH88 Solyc01g059900.2.1 1.4  comp62669_c0_seq1 3.3  Dirigent protein 
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2.3. Continued 

RBH89 Solyc01g081620.2.1 1.4  comp65143_c0_seq1 2.3  Unknown protein 

RBH90 Solyc02g081050.2.1 1.3  CM0367.820.r2.m 2.5  LysM type receptor kinase 

RBH91 Solyc06g069530.2.1 1.3  CM1882.210.r2.a 11.4  Acetyl-CoA carboxylase biotin carboxyl carrier 

protein 

RBH92 Solyc04g081400.2.1 1.2 comp64780_c0_seq1 1.8  Hexokinase 

†  
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2.4. AM GO . 

GO ID GO term Number of genes P-value 

R. irregularis genes showing higher transcript levels in L. japonicus roots 

Biological process 

GO:0042773 ATP synthesis coupled electron transport 4 2.5E-05 

GO:0045333 cellular respiration 7 7.7E-05 

GO:0015986 ATP synthesis coupled proton transport 3 7.6E-04 

GO:0006334 nucleosome assembly 3 1.7E-03 

GO:0006366 transcription from RNA polymerase II promoter 2 3.3E-03 

GO:0006621 protein retention in ER lumen 1 8.0E-03 

GO:0015703 chromate transport 1 8.0E-03 

GO:0046087 cytidine metabolic process 1 8.0E-03 

Molecular function 

GO:0015078 hydrogen ion transmembrane transporter activity 13 5.9E-14 

GO:0008137 NADH dehydrogenase (ubiquinone) activity 5 1.8E-07 

GO:0020037 heme binding 9 4.8E-04 

GO:0005506 iron ion binding 8 1.1E-03 

GO:0005507 copper ion binding 3 3.6E-03 

GO:0004126 cytidine deaminase activity 1 8.2E-03 

GO:0015109 chromate transmembrane transporter activity 1 8.2E-03 

GO:0046923 ER retention sequence binding 1 8.2E-03 

GO:0008398 sterol 14-demethylase activity 2 8.3E-03 

Cellular component 

GO:0045259 proton-transporting ATP synthase complex 4 8.4E-04 

R. irregularis genes showing higher transcript levels in S. lycopersicum roots 

Biological process 

GO:0042364 water-soluble vitamin biosynthetic process 3 4.1E-04 

Molecular function 

GO:0033764 steroid dehydrogenase activity, acting on the CH-OH group of donors, 

NAD or NADP as acceptor 

5 3.9E-05 

GO:0050051 leukotriene-B4 20-monooxygenase activity 2 1.4E-03 

GO:0000253 3-keto sterol reductase activity 3 3.9E-03 

GO:0004495 mevaldate reductase activity 3 3.9E-03 
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2.4. Continued 

GO:0008875 gluconate dehydrogenase activity 3 3.9E-03 

GO:0018451 epoxide dehydrogenase activity 3 3.9E-03 

GO:0018452 5-exo-hydroxycamphor dehydrogenase activity 3 3.9E-03 

GO:0018453 2-hydroxytetrahydrofuran dehydrogenase activity 3 3.9E-03 

GO:0032442 phenylcoumaran benzylic ether reductase activity 3 3.9E-03 

GO:0043713 (R)-2-hydroxyisocaproate dehydrogenase activity 3 3.9E-03 

GO:0048258 3-ketoglucose-reductase activity 3 3.9E-03 

GO:0051990 (R)-2-hydroxyglutarate dehydrogenase activity 3 3.9E-03 

GO:0000252 C-3 sterol dehydrogenase (C-4 sterol decarboxylase) activity 3 4.3E-03 

GO:0033765 steroid dehydrogenase activity, acting on the CH-CH group of donors 3 4.8E-03 

GO:0004448 isocitrate dehydrogenase activity 3 5.2E-03 

GO:0004033 aldo-keto reductase (NADP) activity 3 6.3E-03 

GO:0046933 proton-transporting ATP synthase activity, rotational mechanism 3 7.5E-03 

GO:0046961 proton-transporting ATPase activity, rotational mechanism 3 8.1E-03 

Cellular component 

GO:0016469 proton-transporting two-sector ATPase complex 3 9.6E-03 
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RNA-seq

Liu et al., 2003; Manthey et 

al., 2004; Güimil et al., 2005; Hohnjec et al., 2005; Fiorilli et al., 2009; Gomez et al., 

2009; Benedito et al., 2010; Hogekamp et al., 2011; Handa et al., 2015

1/4 1/3

RBH

AM

2

SYM

 

AM

Bago et al., 2002



- 29 - 
 

Tisserant et al., 2012; Tisserant et al., 2013; Tang et al., 2016

DNA

Tisserant et al., 2012; Tisserant et al., 2013; Tang et al., 2016

Helber et al., 

2011; Ait Lahmidi et al., 2016; Fiorilli et al., 2016; Kikuchi et al., 2016; Sugimura and 

Saito, 2016; Tsuzuki et al., 2016 AM

Smith and Read, 2008

Handa et al., 2015 R. irregularis

AM

AM

AM

Gigaspora margarita Candidatus Glomeribacter gigasporarum

G. margarita

ATP

Salvioli et al., 2016

R. irregularis

ATP

AM

AM AM
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3  

 

 

 

AM

AM

Alexander et al., 1989  

Birdfoot

Birdfoot

2 Gutjahr and Parniske, 2013 SYM

CCaMK CYCLOPS vapyrin SbtM1

Demchenko et al., 2004; Kistner et al., 2005; Reddy et al., 2007; 

Yano et al., 2008; Takeda et al., 2009; Pumplin et al., 2010

ATP-binding cassette ABC

Stunted Arbuscule STR STR2

Zhang et al., 2010; Gutjahr et al., 2012; Kojima et al., 2014
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PT4

Javot et al., 2007; Yang et al., 2012

GRAS RAM1 CYCLOPS

DELLA CCaMK-CYCLOPS-DELLA RAM1

Pimprikar et al., 2016 GRAS RAD1

Gobbato et al., 2012; Rich et al., 2015; Xue et al., 2015 AP2/ERF

MtERF1 Devers et al., 2013

RAM1 -3-

RAM2 Wang et al., 2012; Gobbato et al., 2013 -ACP

FatM Bravo et al., 2016

AM AM

Wewer et al., 2014; Tang 

et al., 2016

 

Bravo  2016 phylogenomics
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138 FatM

Bravo et al., 2016

RNA-seq

Liu et al., 2003; Wulf et al., 2003; Manthey et al., 2004; 

Güimil et al., 2005; Hohnjec et al., 2005; Kistner et al., 2005; Gomez et al., 2009; 

Guether et al., 2009; Benedito et al., 2010; Hogekamp et al., 2011; Gaude et al., 2012; 

Hogekamp, 2013; Handa et al., 2015

2

 

Kobae et al., 2016

Kobae et al., 2016

RNA-seq
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Lotus japonicus B-129 Gifu : 0.5–2.0 mm

1 500 R. irregularis DAOM 197198 Mycorise, Premier 

Tech, Rivière-du-Loup, Canada AM

0.1 mM KH2PO4 1/2 2

1

3

1 0.5 mM

0 3 6 12 24 7 0.5 mM 

KH2PO4 0 6 24

4 25 16

8

-80  

Ljram2-1 accession number: 30000742 LORE1

Fukai et al., 2012; Urbański et al., 2012 R. irregularis

4

 

 

RNA-seq  

2 RNA cDNA Illumina 

HiSeq 2000 Sequencing System 2 × 100 bp
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2

false discovery rate FDR 0.001

n = 2

MBCluster.Seq Si, 2012 k-means

k-means

TopGO Alexa and Rahnenführer, 2016 GO

GO Handa 2015  

 

 

The Arabidopsis Information Resource 10, 

https://www.arabidopsis.org/ Blastp tBlastn

Blast

Handa  2015

; Medicago Truncatula Genome Project v4.0

http://jcvi.org/medicago/ ; International Tomato Annotation Genome 

release ITAG 2.3

https://solgenomics.net/organism/Solanum_lycopersicum/genome ; Populus 

trichocarpa v3.0 

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Ptrichocarpa ; 

MSU Rice Genome Annotation Project Release 7 

http://rice.plantbiology.msu.edu/ ; Brachypodium distachyon 

v3.1 https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Bdistachyon ; 
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Sorghum bicolor v3.1 

https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Sbicolor

ABCG Verrier 2008

AP2/ERF

Nakano 2006 Handa 2015

ClustalW Thompson et al., 1994

1,000

MEGA6 Tamura et al., 2013  

 

qRT-PCR 

RNA TURBO DNase Thermo Fisher Scientific

DNA High Capacity RNA to cDNA Kit Thermo Fisher Scientific

RNA cDNA StepOne Real-Time PCR System Thermo 

Fisher Scientific cDNA Power SYBR Green PCR Master 

Mix Thermo Fisher Scientific qRT-PCR PCR 95°C 10

95°C 15 60  1 40 qRT-PCR

Primer Express Software Thermo Fisher 

Scientific LjUBC LjEF2

2-Δ(ΔCt)  

 

 

R. irregularis 4

Gomez 2009 Hogekamp 2011
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:  = 3:1 (v/v) RNase-free

4 14

75% (v/v), 85%, 95%, 100% 2; 15

Steedman 400 : 1-

 = 9:1 (v/v) Steedman 1 1

37 2 100% 2

3 4

15 μm UV PEN-membrane

Carl Zeiss RNA

RNAsecure RNase Inactivation Reagent Thermo Fisher Scientific

4

100% 38°C

Zeiss P.A.L.M system Carl Zeiss 4

arbuscule-containing cortical 

cells; ARB non-colonized cortical cells around 

arbuscules; NAC AM cortical cells without fungal 

infection; COR AM epidermal cells without 

fungal infection; EPI 1 1,500

RNA qRT-PCR

LjEF2  

 

 

RNA-seq
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AM

0 6 24 7 ram2-1

 LC-Q-TOF-MS  

 

LjERM  

LjERM2 693 bp LjERM3 782 bp

PCR pENTR D/TOPO Thermo Fisher Scientific

Gateway RNAi

pUB-GWS-Hyg Maekawa et al., 2008

Agrobacterium tumefaciens LBA4404

Handberg and Stougaard, 1992; Stiller et al., 1997

R. irregularis LjERM1 LjERM2 LjERM3 qRT-PCR

 

 

 

LjERM2 3,057 bp PCR pENTR D/TOPO

pGWB3 Nakagawa et al., 2007 HindIII sGFP Niwa 

et al., 1999 pGWB-sGFP Gateway

pGWB-sGFP Takeda 2013

Agrobacterium rhizogenes AR1193

R. irregularis

SZX12; Olympus



- 39 - 
 

GFP 37°C GUS 

Alexa Fluor 594 AM

Takeda et al., 2009  

 

 

10% KOH 2% HCl 0.05%

Phillips and Hayman, 1970 Trouvelot

1986 1 10

1 1.28 mm 6 3

100

F%, frequency of mycorrhiza in the root system ; M%, 

intensity of the mycorrhizal colonization in the root system ; 

m%, intensity of the mycorrhizal colonization in the root fragments ; 

A%, arbuscule abundance in the root system ; 

a%, arbuscule abundance in mycorrhizal parts of root fragments  

 

 

70°C 48

200°C 120

- Watanabe and Olsen, 1965
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DDBJ Sequence Read Archive

DRA004207

ArrayExpress database E-MTAB-4992
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Kobae et al., 2016

4 500 μM Pi

0 6 24

7

F%

85% 3.1

M% m% 24 7

0 10% 3.1

A% a% 24

0 15 3.1

 

 

 

RNA-seq

66-72%

3.2 RNA-seq

45 qRT-PCR RNA-seq
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0

qRT-PCR

r = 0.894, P < 0.001 3.2

2,189 3.1a reads per kilobase 

per million mapped reads RPKM

3 6 II 12

24 III 7

3.1b  

1 500 μM 3.3

1,575

286 3.1a  

2,189

k-means 5

A E 3.1c

A

A 65%

AM 3.1d A

LjAMT2;2 LjPT4 LjRAD1 LjRAM1 LjRAM2

LjSTR LjSTR2 LjVpy1
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3.4 B II 3 6

C III 12 24

B extracellular region cell wall cycteine-type peptidase activity GO

3.3

C xyloglucan: xyloglucosyl transferase 

activity oxidation-reduction process GO 3.3

D 24

D alcohol dehydrogenase activity

response to high light intensity GO 3.3

E 7

photosystem GO 3.3  

 

A  

A

A

A GO A

acetyl-CoA/malonyl-CoA metabolism

glycerol-3-phosphate metabolism GO 3.3

/ 3.4
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A 3.5

AM

H+-ATPase

3.5 A LjSTR LjSTR2 ABC

 

3.6

Breuillin et al., 2010

1 1- -D-

5- DXS

PSY

 

2 TOC

TIC Kovács-Bogdan et al., 2010

TIC LjTIC32;1 CM0368.30.r2.a

6 3.5a

LjTIC32;1

3.5b  

4- CoA 4CL 1 Lj4CL1 AM
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3.6 4CL

p- CoA

Yonekura-Sakakibara et al., 2008; Fraser and Chapple, 2011 4CL

LjCHS13 LjCHI4

3.6 3'

3.6 AM

 

 

/  

/

3.4

/ C16 C18

ER

/

 

CoA

ACCase CoA
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CoA ACCase 4

BC BCCP

α- α-CT β-

β-CT 1 BC

BCCP α-CT β-CT RNA-seq ACCase 1

LjBC LjBCCP2 Ljα-CT1 Ljβ-CT1 AM

3.4 4 ACCase

3- ACP KAS ACP ENR

ACP KAR ACP HAD

KASIII CoA ACP KASI

CoA 2

-ACP C16:0 -ACP C18:0 KASII 

LjKASI-like 1 LjKASIII LjENR1

AM LjKASI-like 1 LjKAR

3.4 LjKASI-like 1 KASI 

KASI 3.6a LjKASI-like 1

-ACP -ACP

-ACP

ACP C16 C18 ACP

LjFatM

ACP

Wewer et al., 2014; Handa et al., 2015

3.4 FatM
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FatA FatB 3.6b  

/

CoA LACS CoA

P450 CYP

-3- GPAT -3-

A 2 LACS LjLACS2;1 LjLACS9

3.4 LjLACS2;1

 LACS2 Schnurr et al., 2004 3.6c

LjLACS2;1

LjLACS9 3.4 A

21 CYP 3.4

CYP77 CYP86

CYP77 CYP86 A

A GPAT LjRAM2

3.4 RAM2

Wang et al., 2012 -3-

GPDH -3-

2 GPDH 3.4  

ABCG

LTP GDSL /

A LjSTR LjSTR2 4 ABCG

3.5

ABCG AtABCG11 AtABCG12 AtABCG13

AtABCG32 Pighin et al., 2004; Bird et al., 2007; Panikashvili et al., 2007; 
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McFarlane et al., 2010; Panikashvili et al., 2010; Bessire et al., 2011; Kang et al., 2011; 

Panikashvili et al., 2011 A

3.7 A 2 LTP LjLTP1 LjLTP2

3.4 LjLTP1 LjLTP2

3.4 LjLTP1 LjLTP2

LjLTP1

AtLTPG1 AtLTPG2 A

GDSL

GDSL  

A

qRT-PCR

LjPT4

 MYB LjMAMI

3.8

Guether et al., 2009; Gaude et al., 2012

3.8  

 

 

LC-Q-TOF-MS

FFA 16:1
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18:1–18:3 FFA

3.9a 16:1 0

24 58% 1 35% 16:1 AM

3.9a 16:1 AM

HFA 3.9b

16:0-HFA 6

16:1-FFA 16:0-HFA 3.9c, d  

 

-3-

LjRAM2  

RAM2

Wang et al., 2012 RAM2

LjRAM2

LORE1a Ljram2-1 3.10a

Ljram2-1 Ljram2-1

AM 3.10b, c

Ljram2-1 3.10b, c

3.10c Ljram2-1

16:0-HFA 18:1-FFA



- 50 - 
 

3.10d

Ljram2-1 16:1-FFA 20:3-FFA 24:1-HFA

AM  

 

AP2/ERF LjERM  

93 3.7 A 26

GRAS LjRAM1 LjRAD1

GRAS LjSCR3 MYB LjMAMI A

A AP2/ERF LjERM1 LjERM2 LjERM3

3.7 LjERM1-3 2

AP2 AP2 

3.11

AM

Gaude et al., 2012; Gutjahr et al., 2015; Handa et al., 2015

MtERF

Devers et al., 2013 LjERM 2 AP2/ERF

LjWRI3 LjWRI4 D

24 3.7 LjWRI3
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LjWRI4 LjERM1-3

WRIKLED 3.11 LjERM

LjERM1 LjERM2 LjERM3

3.12a LjERM2 GUS

3.12b LjERM RNAi

3 RNAi-1 RNAi-2 RNAi-3 RNAi-1 3

LjERM 3.12c RNAi-2

LjERM1 LjERM3 LjERM2

RNAi-3 LjERM2

LjERM1 LjERM3

RNAi-3

M% m% RNAi

RNAi-1 RNAi-2 A% a% RNAi-3

3.12d RNAi-1 RNAi-2

3.12e LjERM

 

LjERM

qRT-PCR AM

LjPT4 LjAMT2;2 AM

RNAi-1 RNAi-2 RNAi-3

3.12f

LjERM

WRIKLED
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LjERM RNAi /

A RNAi-1 RNAi-2

/ AM

RNAi-3 LjKASI-like 

1 LjLACS9 LjGPDH1 LjGPDH2 RNAi-1

RNAi-2 NM

3.12f  
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3.1. DEG . 

a AM_Pi NM_Pi

. 

b . 
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c k-means

. 6 log2-fold

 

d k-means AM

. 
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3.2. RNA-seq qRT-PCR . 

45

RNA-seq Log2FC RPKM

qRT-PCR ΔCt RNA-seq 2 qRT-PCR

3  

 

  



- 56 - 
 

 
 

3.3. RNA-seq . 

AM AM NM

 ± n = 3 Tukey-Kramer

P < 0.05  
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3.4. AM .  

a 0 . RPKM

FDR < 0.001  

b qRT-PCR AM .  ± 95%

n = 3  
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3.5. qRT-PCR LjTIC32;1 . 

a LjTIC32;1 . 

 ± n = 3  

b LjTIC32;1 . 

ARB NAC

AM COR AM EPI

LjEF2 n = 2-3  
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3.6. 3- ACP KAS ACP Fat

long chain acyl-CoA synthetase LACS . 
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KAS a Fat b LACS c

AT Medtr Solyc  Potri

LOC Bradi Sobic
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3.7. A ABCG . 

ABCG

AT Medtr LOC

ABCG

Verrier 2008
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3.8. . 

/

qRT-PCR ARB

NAC AM COR AM

EPI LjEF2 

LjEF2  = 1 n = 1-3 40

PCR 0 n.d., not determined. 
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3.9. . 

a b

c d

 ± n = 6

: * P < 0.05, ** P < 0.01, *** P < 0.001  PC, 

; PE, ; PI, 

; PG, ; MGDG, 
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; DGDG, ; SQDG, 

; GlcADG, 

. 
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3.10. Ljram2 . 

a LjRAM LORE1 Ljram2-1 Plant line ID: 30000742

264 265 LORE1

 

b Ljram2-1 Trouvelot

1986  ± n = 5  

c R. irregularis WGA

50 μm 10 μm

A IA I  

d Ljram2-1

 ± n = 6 Tukey-Kramer

P < 0.05  
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3.11. AP2/ERF .  

AT Medtr

LOC 2 AP2 AP2

Nakano 2008 Handa 2015
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3.12. LjERM1-3 LjERM RNAi . 

a qRT-PCR LjERM1 LjERM2 LjERM3

ARB

NAC AM COR AM

EPI LjEF2 
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LjEF2  = 1 n = 2-3 40

PCR 0  

b LjERM2 pro-GUS GUS

WGA-Alexafluor 594 100 μm  

c LjERM RNAi LjERM1, LjERM2, LjERM3

WT (AM) WT (NM) LjERM RNAi

 ± n = 3

Tukey-Kramer P < 0.05  

d LjERM RNAi

Trouvelot 1986  ± n = 3 Tukey-Kramer

P < 0.05  

e RNAi-1 RNAi-2

AM 10 μm  
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3.12. Continued 

f LjERM RNAi /

3 1

40 PCR

10-4  
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3.13. / . 

ABCG family, ATP-binding cassette transporter G subfamily; ACCase, acetyl-CoA 

carboxylase; ACP, acyl carrier protein; CoA, coenzyme A; CYP family, cytochrome 

P450 family; DAG, diacylglycerol; DHAP, dihydroxyacetonephosphate; ENR, 

enoyl-ACP reductase; FAS, fatty acid synthase; Fat, fatty acyl thioesterase; FFA, free 

fatty acid; G3P, glycerol 3-phosphate; GDSL family, GDSL esterase/lipase family; 

GPAT, glycerol-3-phosphate acyltransferase; GPDH, glycerol-phosphate 

dehydrogenase; HAD, 3-hydroxyacyl-ACP dehydrase; KAR, 3-ketoacyl-ACP 

reductase; KAS, 3-ketoacyl-ACP synthase; LACS, long-chain acyl-CoA synthetase; 

LTP family, lipid transfer protein family; MCMT, malonyl-CoA: ACP 

malonyltransferase; LPAAP, lysophosphatidic acid acyltransferase; PP, phosphatidate 

phosphatase; RAM2, reduced arbuscular mycorrhization 2; SAD, stearoyl-ACP 

desaturase.  
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3.1.  
Time after 

high-Pi 

application 

F% M% m% A% a% 

0 99.0 ± 0.4 a 88.3 ± 1.1 a 89.2 ± 0.8 a 53.5 ± 2.0 a 60.5 ± 1.6 a 

6 h 98.2 ± 0.6 a 85.6 ± 1.5 a 87.1 ± 1.1 a 47.9 ± 2.6 ab 56.0 ± 2.9 ab 

24 h 94.8 ± 2.3 ab 82.6 ± 3.6 a 87.0 ± 1.9 a 38.5 ± 3.8 bc 46.3 ± 3.4 c 

7 d 88.4 ± 1.6 b 67.8 ± 4.1 b 75.6 ± 3.8 b 33.3 ± 2.8 c 49.2 ± 2.7 bc 

Trouvelot 1986  

 ± n = 4–5  

Tukey Kramer test P < 0.05  

F%, frequency of mycorrhiza in the root system ; M%, intensity of the mycorrhizal 

colonization in the root system ; m%, intensity of the mycorrhizal colonization in the root 

fragments ; A%, arbuscule abundance in the root system ; 

a%, arbuscule abundance in mycorrhizal parts of root fragments  
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3.2. Handa et al., 2015 . 

 
Arbuscular mycorrhizal roots Non-mycorrhizal roots 

0 h 3 h 6 h 12 h 24 h 7 d 0 h 6 h 24 h 

Total raw reads 31,964,910 28,591,786 44,942,208 41,679,782 49,125,426 34,800,882  31,900,050 32,074,674 27,924,970 

Mapped reads to the L. 

japonicus reference 

sequences 

21,831,607 20,008,515 32,407,269 27,705,525 34,492,594 23,847,325  15,489,533 18,082,589 18,149,635 

Mapped reads/total raw 

reads (%) 
68.3 70.0 72.1 66.5 70.2 68.5  48.6 56.4 65.0 

 

  



- 78 - 
 

3.3. A-E GO .  

GO P < 0.01 . 

Group A 

GO ID GO term Number of genes P-value 

Biological process 

GO:0055114 oxidation-reduction process 66 3.1E-07 

GO:0046168 glycerol-3-phosphate catabolic process 4 2.7E-06 

GO:0006817 phosphate ion transport 5 1.8E-05 

GO:0046167 glycerol-3-phosphate biosynthetic process 3 3.6E-05 

GO:0072488 ammonium transmembrane transport 4 3.7E-05 

GO:0006200 ATP catabolic process 15 5.2E-04 

GO:0016036 cellular response to phosphate starvation 4 7.0E-04 

GO:0009873 ethylene-activated signaling pathway 4 8.8E-04 

GO:0009611 response to wounding 7 1.3E-03 

GO:0006071 glycerol metabolic process 3 3.1E-03 

GO:0018108 peptidyl-tyrosine phosphorylation 4 3.9E-03 

GO:2001295 malonyl-CoA biosynthetic process 2 5.2E-03 

GO:0006308 DNA catabolic process 2 9.2E-03 

Molecular function 

GO:0016705 oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen 

33 1.6E-09 

GO:0005506 iron ion binding 27 4.9E-07 

GO:0004497 monooxygenase activity 22 6.5E-07 

GO:0020037 heme binding 24 2.6E-06 

GO:0004367 glycerol-3-phosphate dehydrogenase [NAD+] activity 4 2.7E-06 

GO:0008519 ammonium transmembrane transporter activity 4 3.6E-05 

GO:0003989 acetyl-CoA carboxylase activity 4 9.3E-05 

GO:0051213 dioxygenase activity 14 1.3E-04 

GO:0030145 manganese ion binding 5 6.2E-04 

GO:0008889 glycerophosphodiester phosphodiesterase activity 3 7.5E-04 

GO:0010333 terpene synthase activity 4 1.7E-03 

GO:0051287 NAD binding 6 3.0E-03 

GO:0030151 molybdenum ion binding 2 3.0E-03 
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3.3. Continued 

GO:0016884 carbon-nitrogen ligase activity, with glutamine as 

amido-N-donor 

4 3.6E-03 

GO:0004185 serine-type carboxypeptidase activity 5 3.6E-03 

GO:0004096 catalase activity 2 4.0E-03 

GO:0004713 protein tyrosine kinase activity 4 4.1E-03 

GO:0045735 nutrient reservoir activity 4 7.2E-03 

GO:0004867 serine-type endopeptidase inhibitor activity 2 7.7E-03 

Cellular component 

GO:0009331 glycerol-3-phosphate dehydrogenase complex 4 2.3E-06 

GO:0009317 acetyl-CoA carboxylase complex 3 2.7E-04 

GO:0031224 intrinsic component of membrane 51 6.1E-04 

GO:0005955 calcineurin complex 1 1.9E-02 

Group B 

GO ID GO term Number of genes P-value 

Biological process 

GO:1901599 (-)-pinoresinol biosynthetic process 3 2.3E-06 

GO:0044550 secondary metabolite biosynthetic process 9 1.6E-05 

GO:0006869 lipid transport 7 3.3E-05 

GO:0006629 lipid metabolic process 21 4.4E-05 

GO:0006308 DNA catabolic process 2 2.4E-03 

GO:0000041 transition metal ion transport 4 5.9E-03 

Molecular function 

GO:0042349 guiding stereospecific synthesis activity 3 2.6E-06 

GO:0008234 cysteine-type peptidase activity 10 3.1E-06 

GO:0018685 alkane 1-monooxygenase activity 2 2.5E-04 

GO:0033897 ribonuclease T2 activity 2 1.4E-03 

GO:0046906 tetrapyrrole binding 12 2.1E-03 

GO:0008081 phosphoric diester hydrolase activity 4 2.4E-03 

GO:0003993 acid phosphatase activity 3 2.7E-03 

GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 12 6.8E-03 
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3.3. Continued 

GO:0016705 oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen 

14 7.7E-03 

GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 12 6.8E-03 

GO:0016705 oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen 

14 7.7E-03 

GO:0008271 secondary active sulfate transmembrane  

transporter activity 

2 8.0E-03 

GO:0005506 iron ion binding 11 8.1E-03 

Cellular component 

GO:0005576 extracellular region 26 1.1E-09 

GO:0005618 cell wall 8 6.3E-04 

GO:0000324 fungal-type vacuole 2 4.7E-03 

Group C 

GO ID GO term Number of genes P-value 

Biological process 

GO:0055114 oxidation-reduction process 82 7.2E-10 

GO:0010951 negative regulation of endopeptidase activity 7 7.5E-08 

GO:0009074 aromatic amino acid family catabolic process 5 6.9E-05 

GO:0006558 L-phenylalanine metabolic process 4 2.8E-04 

GO:0030418 nicotianamine biosynthetic process 2 5.9E-04 

GO:0009800 cinnamic acid biosynthetic process 3 2.0E-03 

GO:0007018 microtubule-based movement 8 2.0E-03 

GO:0006166 purine ribonucleoside salvage 2 2.9E-03 

GO:0019354 siroheme biosynthetic process 2 4.0E-03 

GO:0015698 inorganic anion transport 6 4.4E-03 

GO:0009095 aromatic amino acid family biosynthetic process, prephenate 

pathway 

2 5.3E-03 

GO:0006566 threonine metabolic process 2 6.7E-03 

GO:0009851 auxin biosynthetic process 3 7.8E-03 

GO:0015671 oxygen transport 2 8.3E-03 

GO:0010200 response to chitin 5 9.1E-03 

GO:0009620 response to fungus 7 9.9E-03 
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3.3. Continued 

Molecular function 

GO:0016762 xyloglucan:xyloglucosyl transferase activity 8 7.1E-08 

GO:0004866 endopeptidase inhibitor activity 7 5.9E-06 

GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds 27 8.7E-05 

GO:0016705 oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen 

25 8.7E-05 

GO:0010181 FMN binding 6 1.7E-04 

GO:0016210 naringenin-chalcone synthase activity 4 2.3E-04 

GO:0030410 nicotianamine synthase activity 2 5.8E-04 

GO:0019202 amino acid kinase activity 3 1.6E-03 

GO:0016491 oxidoreductase activity 83 1.9E-03 

GO:0045548 phenylalanine ammonia-lyase activity 3 1.9E-03 

GO:0003777 microtubule motor activity 8 2.1E-03 

GO:0016682 oxidoreductase activity, acting on diphenols and related 

substances as donors, oxygen as acceptor 

4 2.1E-03 

GO:0070008 serine-type exopeptidase activity 6 2.4E-03 

GO:0004851 uroporphyrin-III C-methyltransferase activity 2 2.8E-03 

GO:0043115 precorrin-2 dehydrogenase activity 2 2.8E-03 

GO:0005315 inorganic phosphate transmembrane transporter activity 3 3.0E-03 

GO:0008171 O-methyltransferase activity 5 3.2E-03 

GO:0016774 phosphotransferase activity, carboxyl group as acceptor 3 3.9E-03 

GO:0004421 hydroxymethylglutaryl-CoA synthase activity 2 3.9E-03 

GO:0016671 oxidoreductase activity, acting on a sulfur group of donors, 

disulfide as acceptor 

3 4.4E-03 

GO:0004351 glutamate decarboxylase activity 2 6.6E-03 

GO:0008429 phosphatidylethanolamine binding 2 6.6E-03 

GO:0032403 protein complex binding 9 7.5E-03 

GO:0004350 glutamate-5-semialdehyde dehydrogenase activity 2 8.1E-03 

GO:0004372 glycine hydroxymethyltransferase activity 2 9.8E-03 

Cellular component 

GO:0005576 extracellular region 36 9.3E-08 

GO:0030089 phycobilisome 3 1.6E-05 
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GO:0005618 cell wall 13 2.7E-04 

GO:0005871 kinesin complex 8 5.3E-04 

GO:0005874 microtubule 8 3.5E-03 

Group D 

GO ID GO term Number of genes P-value 

Biological process 

GO:0009644 response to high light intensity 5 2.1E-04 

GO:0006829 zinc ion transport 3 2.7E-04 

GO:0042542 response to hydrogen peroxide 5 1.1E-03 

GO:0009873 ethylene-activated signaling pathway 3 1.7E-03 

GO:0009408 response to heat 6 1.8E-03 

GO:0046685 response to arsenic-containing substance 2 2.4E-03 

GO:0006351 transcription, DNA-templated 30 6.7E-03 

GO:0019432 triglyceride biosynthetic process 1 6.8E-03 

GO:0030011 maintenance of cell polarity 1 6.8E-03 

GO:0055092 sterol homeostasis 1 6.8E-03 

GO:0006857 oligopeptide transport 3 8.2E-03 

GO:0009686 gibberellin biosynthetic process 2 9.6E-03 

Molecular function 

GO:0004022 alcohol dehydrogenase (NAD) activity 3 2.3E-04 

GO:0003700 sequence-specific DNA binding transcription factor activity 17 6.8E-04 

GO:0005385 zinc ion transmembrane transporter activity 2 5.7E-03 

GO:0043178 alcohol binding 2 5.7E-03 

GO:0016705 oxidoreductase activity, acting on paired donors, with 

incorporation or reduction of molecular oxygen 

12 5.8E-03 

GO:0043565 sequence-specific DNA binding 10 6.2E-03 

GO:0004679 AMP-activated protein kinase activity 1 6.7E-03 

GO:0010314 phosphatidylinositol-5-phosphate binding 1 6.7E-03 

GO:0043325 phosphatidylinositol-3,4-bisphosphate binding 1 6.7E-03 

GO:0070273 phosphatidylinositol-4-phosphate binding 1 6.7E-03 

Cellular component 

GO:0032541 cortical endoplasmic reticulum 1 7.0E-03 



- 83 - 
 

3.3. Continued 

Group E 

GO ID GO term Number of genes P-value 

Biological process 

GO:0015979 photosynthesis 48 3.0E-18 

GO:0009765 photosynthesis, light harvesting 13 6.7E-17 

GO:0010207 photosystem II assembly 9 2.4E-07 

GO:0019344 cysteine biosynthetic process 8 6.6E-07 

GO:0015994 chlorophyll metabolic process 8 5.8E-06 

GO:0035304 regulation of protein dephosphorylation 6 1.0E-05 

GO:0006779 porphyrin-containing compound biosynthetic process 7 1.3E-04 

GO:0042548 regulation of photosynthesis, light reaction 3 1.5E-04 

GO:0006364 rRNA processing 9 1.7E-04 

GO:0009414 response to water deprivation 7 4.7E-04 

GO:0051258 protein polymerization 5 7.9E-04 

GO:0009060 aerobic respiration 5 1.3E-03 

GO:0009686 gibberellin biosynthetic process 3 1.3E-03 

GO:0009657 plastid organization 10 1.4E-03 

GO:0010617 circadian regulation of calcium ion oscillation 2 1.4E-03 

GO:0009308 amine metabolic process 7 1.9E-03 

GO:0009773 photosynthetic electron transport in photosystem I 3 2.1E-03 

GO:0015977 carbon fixation 3 2.4E-03 

GO:0009785 blue light signaling pathway 2 2.6E-03 

GO:0015986 ATP synthesis coupled proton transport 4 3.2E-03 

GO:0006597 spermine biosynthetic process 2 3.4E-03 

GO:0009740 gibberellic acid mediated signaling pathway 3 3.5E-03 

GO:0010044 response to aluminum ion 2 4.2E-03 

GO:0018298 protein-chromophore linkage 3 4.2E-03 

GO:0048509 regulation of meristem development 5 4.9E-03 

GO:0055114 oxidation-reduction process 50 4.9E-03 

GO:0032880 regulation of protein localization 3 6.3E-03 

GO:0010027 thylakoid membrane organization 5 9.5E-03 

GO:0010019 chloroplast-nucleus signaling pathway 1 9.9E-03 
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Molecular function 

GO:0016168 chlorophyll binding 6 2.6E-06 

GO:0004519 endonuclease activity 13 7.5E-06 

GO:0008131 primary amine oxidase activity 4 9.7E-06 

GO:0004365 glyceraldehyde-3-phosphate dehydrogenase (NAD+) 

(phosphorylating) activity 

2 3.1E-04 

GO:0009496 plastoquinol--plastocyanin reductase activity 2 3.1E-04 

GO:0016984 ribulose-bisphosphate carboxylase activity 3 4.3E-04 

GO:0004108 citrate (Si)-synthase activity 2 6.1E-04 

GO:0048038 quinone binding 5 1.9E-03 

GO:0004325 ferrochelatase activity 2 2.1E-03 

GO:0009882 blue light photoreceptor activity 2 2.1E-03 

GO:0046872 metal ion binding 81 2.8E-03 

GO:0046961 proton-transporting ATPase activity, rotational mechanism 3 2.8E-03 

GO:0004014 adenosylmethionine decarboxylase activity 2 3.5E-03 

GO:0046933 proton-transporting ATP synthase activity, rotational mechanism 3 4.2E-03 

GO:0016161 beta-amylase activity 2 4.4E-03 

GO:0003913 DNA photolyase activity 2 9.9E-03 

Cellular component 

GO:0009521 photosystem 38 1.0E-30 

GO:0042651 thylakoid membrane 28 4.9E-13 

GO:0009536 plastid 54 5.6E-06 

GO:0009535 chloroplast thylakoid membrane 15 6.2E-06 

GO:0019898 extrinsic component of membrane 7 1.5E-05 

GO:0009533 chloroplast stromal thylakoid 2 7.6E-04 

GO:0045261 proton-transporting ATP synthase complex, catalytic core F(1) 3 3.8E-03 
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3.4. A . 
a0 log2 .RPKM biDEGES/edgeR

log2 .*FDR < 0.001. 

Gene ID Annotation Gene name 

Fold changes 

after high-Pi 

application in 

AM rootsa 

 

Fold change in 

expression in AM 

versus NMb 

6 h 24 h 7 d 

CM0004.2010.r2.m Acetyl-CoA carboxylase biotin carboxylase LjBC -0.9 -0.9 -1.3 3.3* 

CM1882.210.r2.a Acetyl-CoA carboxylase biotin carboxyl carrier protein LjBCCP2 -0.7 -1.6 -1.7 6.1* 

LjSGA_008658.1 Acetyl-CoA α-carboxylase carboxyltransferase Ljα-CT1 -0.3 -0.6 -1.8 4.9* 

LjSGA_008659.1 Acetyl-CoA β-carboxylase carboxyltransferase Ljβ-CT1 -0.3 -0.7 -1.6 3.2* 

CM0004.1640.r2.a 3-ketoacyl-ACP synthase I LjKASI-like 1 -0.9 -1.2 -1.7 4.0* 

LjSGA_019091.2 Ketoacyl-ACP reductase LjKAR -0.8 -1.5 -1.1 1.6 

CM0328.70.r2.d Acyl-ACP thioesterase LjFatM -0.8 -1.5 -2.7 10.9* 

LjSGA_037278.1 Long-chain acyl-CoA synthetase 9 LjLACS9 0.1 -1.3 -2.2 7.0* 

CM0091.510.r2.m Long-chain acyl-CoA synthetase 2 LjLACS2;1 0.0 -0.6 -1.4 0.5 

CM1788.310.r2.m Cytochrome P450 (CYP) 71 subfamily -0.9 -1.0 -1.7 7.6* 

LjSGA_018247.1 CYP71 -0.6 -1.3 -1.4 4.1* 

CM0007.30.r2.d CYP72 0.2 -0.3 -1.0 2.4* 

CM0797.140.r2.d CYP72 0.4 0.0 -0.9 1.0 

LjT06P13.100.r2.d CYP76 -0.9 -1.6 -1.3 7.8* 

CM0378.230.r2.m CYP76 -0.5 -2.0 -1.2 -1.0 

LjSGA_046308.1 CYP81 -0.3 -1.3 -1.4 4.3* 

LjSGA_065168.2 CYP81 / isoflavone 3'-hydroxylase -0.7 -2.4 -1.5 4.5* 

LjSGA_080540.1 CYP81 -0.2 -1.6 -1.8 2.5* 

CM0451.580.r2.d CYP88 -0.6 -2.8 -3.5 0.9 

TCONS_00048278 CYP88 -0.4 -2.2 -2.6 1.4 

CM0314.520.r2.d CYP93 -0.4 -1.3 -1.5 2.0 

LjT40P18.30.r2.m CYP701 -0.8 -1.6 -1.6 1.0 

LjT40P18.40.r2.m CYP701 / ent-kaurene oxidase -0.7 -0.1 -1.3 4.3 

comp1902537_c0_seq1 CYP707 -0.8 -1.5 -2.3 8.6* 

CM0318.680.r2.d CYP712 -0.1 -0.9 -1.1 0.7 
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LjSGA_008031.1 CYP714 -0.5 -0.8 -1.4 4.0* 

LjSGA_013296.2 CYP714 -0.5 -1.0 -1.1 3.2 

LjSGA_055194.1 CYP716 -0.3 -1.3 -1.8 0.9 

comp1458088_c0_seq1 CYP722 -0.7 -1.2 -2.2 8.6* 

CM0131.430.r2.d CYP722 -1.3 -3.0 -3.2 1.4 

CM0905.160.r2.d Glycerol-3-phosphate acyl transferase LjRAM2 -0.5 -1.8 -2.3 7.9* 

LjSGA_041824.1 Glycerol-3-phosphate dehydrogenase [NAD(P)+]  LjGPDH1 -0.6 -1.6 -2.3 5.4* 

CM0398.610.r2.a Glycerol-3-phosphate dehydrogenase [NAD(P)+]  LjGPDH2 -0.5 -0.9 -1.5 4.0* 

CM0042.2570.r2.d ABCG transporter LjSTR -0.9 -1.6 -1.7 8.2* 

CM0177.350.r2.m ABCG transporter LjSTR2 -0.9 -1.0 -1.5 7.3* 

LjT38L02.20.r2.d ABCG transporter -0.7 -0.8 -1.4 8.0* 

LjSGA_077747.1 ABCG transporter -0.7 -1.2 -1.6 3.5* 

CM0460.270.r2.d Lipid transfer protein LjLTP1 -1.1 -2.6 -3.3  9.4* 

CM0091.770.r2.d Lipid transfer protein LjLTP2 -2.8 -2.9 -3.8  -9.8* 

LjSGA_088091.1 GDSL esterase/lipase -0.9 -1.4 -1.6 11.7* 

comp1419844_c0_seq1 GDSL esterase/lipase -0.8 -1.2 -1.9 10.2* 

LjB12E19.100.r2.d GDSL esterase/lipase -0.9 -1.4 -1.5 7.0* 

LjSGA_107965.1 GDSL esterase/lipase -0.5 -0.8 -2.1 6.7* 

CM0013.380.r2.d GDSL esterase/lipase -0.7 -1.0 -1.5 4.6* 

LjSGA_096799.1 GDSL esterase/lipase 0.1 -0.2 -1.6 2.3* 

LjSGA_028144.1 GDSL esterase/lipase  -0.5 -0.3 -2.2 0.4 
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3.5. A . 
a0 log2 .RPKM biDEGES/edgeR

log2 .*FDR < 0.001. 

Gene ID Annotation Gene name 

Fold changes after high-Pi 

application in AM rootsa  

Fold change in 

expression in AM 

versus NMb 6 h 24 h 7 d  

CM0416.610.r2.a ABCB transporter -0.8 -1.2 -1.3 6.0* 

CM1543.140.r2.m ABCB transporter -0.5 -0.9 -1.5 5.5* 

LjSGA_023222.1 ABCB transporter -0.4 -1.3 -2.3 5.1* 

LjSGA_014888.1 ABCB transporter -0.3 -1.2 -1.6 5.0* 

CM0042.2570.r2.d ABCG transporter LjSTR -0.9 -1.6 -1.7 8.2* 

CM0177.350.r2.m ABCG transporter LjSTR2 -0.9 -1.0 -1.5 7.3* 

LjT38L02.20.r2.d ABCG transporter -0.7 -0.8 -1.4 8.0* 

LjSGA_077747.1 ABCG transporter -0.7 -1.2 -1.6 3.5* 

LjSGA_121101.1 ABC protein -1.0 -1.2 -0.8 2.8 

LjSGA_016680.1 Ammonium transporter LjAMT2;2 -0.5 -0.8 -1.9 11.1* 

LjB06H14.30.r2.m Ammonium transporter -0.7 -1.2 -1.5 0.1 

CM0046.1610.r2.m Aquaporin LjNIP1 -1.0 -2.1 -2.8 9.9* 

LjSGA_141991.1 Aquaporin LjXIP1 -0.6 -1.9 -2.6 7.3* 

LjT04I16.80.r2.d Cationic amino acid transporter -0.5 -1.1 -1.9 9.5* 

CM0435.1060.r2.a Cyclic nucleotide-gated ion channel -1.0 -0.5 -1.5 4.8* 

LjSGA_014542.1 Cyclic nucleotide-gated ion channel -0.9 -0.8 -1.3 3.5* 

LjSGA_023995.1 H+-ATPase LjHA1 -0.6 -0.7 -2.0 11.7* 

CM0410.470.r2.m H+-ATPase -0.8 -0.6 -0.9 0.0 

TCONS_00013182 LHT-type amino acid transporter -0.7 -1.5 -1.2 9.2* 

LjSGA_057161.1 MATE transporter -0.7 -1.0 -1.2 2.1 

CM0055.40.r2.m Metal transporter -1.6 -0.9 -1.9 8.4* 

CM0249.1160.r2.d Metal transporter -1.1 -1.3 -1.0 5.1* 

CM0050.420.r2.d Nucleobase-ascorbate transporter -1.2 -1.8 -1.8 0.8 

CM0617.810.r2.d Oligopeptide transporter 0.2 -0.9 -2.4 8.7* 

CM0118.580.r2.m Oligopeptide transporter -0.5 -1.2 -2.1 8.3* 

CM0021.2200.r2.m Oligopeptide transporter -1.0 -1.6 -2.1 5.7* 

CM0170.290.r2.m Oligopeptide transporter -1.4 -1.3 -1.5 4.1* 

LjT15I01.230.r2.d Oligopeptide transporter -0.4 -0.4 -0.3 2.2 
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CM2121.10.r2.a Phosphate transporter LjPT4 -0.5 -2.0 -2.6 10.0* 

LjSGA_027372.1.1 Sugar transporter SWEET  -2.5 -1.4 -2.4  5.2* 

LjSGA_011755.1 Sulfate transporter LjSultr1;2 -0.7 -1.1 -1.7 5.3* 

CM0803.290.r2.m Urea transporter -1.0 -1.2 -1.8 3.8* 

CM0337.590.r2.m Vacuolar iron transporter homolog LjSen1 0.2 -0.6 -2.5 7.4* 

CM0081.800.r2.a Zinc transporter  -0.5 -1.2 -1.8  5.1* 
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3.6. A . 
a0 log2 .RPKM biDEGES/edgeR log2 . 

*FDR < 0.001. 

Gene ID Annotation Gene name 

Fold changes after high-Pi 

application in AM rootsa 

Fold change in 

expression in AM 

versus NMb 6 h 24 h 7 d  

Methylerythritol 4-phosphate and carotenoid pathway 

LjSGA_147689.1 1-Deoxy-D-xylulose 5-phosphate synthase (DXS) -1.1 -1.4 -1.7 2.6* 

CM0323.550.r2.d Geranylgeranyl diphosphate synthase (GGDS) -0.3 -2.2 -2.0 -0.1  

LjSGA_059008.1.1 Phytoene synthase (PSY) -1.2 -1.7 -2.0 3.7* 

CM1323.130.r2.m zeta-carotene desaturase (ZDS) -0.8 -1.1 -1.2 0.9  

Gibberellin biosynthesis 

LjT40P18.40.r2.m ent-kaurene oxidase -0.7 -0.1 -1.3 4.3  

LjSGA_024348.1 Gibberellin 3-oxidase LjGA3ox-1 -0.2 -0.9 -1.2 -0.4  

CM0200.220.r2.m Gibberellin 20-oxidase LjGA20ox-1 -0.4 -1.0 -1.0 3.9* 

LjSGA_113869.1 Gibberellin 2-oxidase LjGA2ox-1 -1.6 -1.5 -1.8 6.1* 

CM0088.930.r2.m Gibberellin 2-oxidase LjGA2ox-2 -0.1 -1.3 -1.8 6.4* 

CM0113.1050.r2.d -0.4 -1.1 -1.3 4.4* 

Strigolactone and mycoraddicin biosynthesis 

CM0375.30.r2.m D27 -0.9 -1.2 -1.7 1.9* 

LjSGA_131670.1 CCD7 -0.6 -1.5 -2.0 2.3  

LjSGA_049641.1 CCD1 -0.4 -0.9 -1.2 2.9* 

ABA biosynthesis 

LjSGA_061479.1 9-cis-epoxycarotenoid dioxygenase (NCED) -0.1 -0.7 -1.6 2.6  

Flavonoid biosynthesis 

LjSGA_030709.1 4-coumarate:CoA ligase Lj4CL1 -1.1 -1.8 -2.2 9.8* 

CM0018.1150.r2.m Chalcone synthase LjCHS14 -0.9 -1.1 -0.9 2.4* 

CM0180.680.r2.m Chalcone isomerase LjCHI4 -1.5 -2.8 -2.2 3.6* 

LjSGA_065168.2 Isoflavone 3'-hydroxylase -0.7 -2.4 -1.5 4.5* 

CM0387.340.r2.d Isoflavonoid glucosyltransferase -1.5 -2.1 -1.8 5.8* 

CM0387.390.r2.d Isoflavonoid glucosyltransferase  -0.5 -1.8 -2.0 6.1* 
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3.7. . 
a0 log2 .RPKM biDEGES/edgeR log2 . 

 *FDR < 0.001. 

Gene ID Annotation Gene name 

Fold changes after 

high-Pi application 

in AM rootsa 

Expression 

pattern 

(FDR < 0.001) 

Fold change in expression in 

AM versus NMb 

6 h 24 h 7 d  

comp391100_c0_seq1 AP2/ERF LjERM1 -0.6 -0.9 -2.2 Group A 5.1* 

CM0608.1100.r2.m AP2/ERF LjERM2 -0.4 -1.3 -2.9 Group A 8.4* 

CM0081.1990.r2.m AP2/ERF LjERM3 -0.6 -0.9 -2.6 Group A 8.3* 

CM0905.90.r2.d AP2/ERF -0.8 -0.6 -1.8 Group A 0.2 

CM0118.1050.r2.a AP2/ERF -0.5 -1.0 -1.1 Group A 4.0* 

CM0075.50.r2.m AP2/ERF -1.0 -1.1 -1.0 Group A 6.2* 

CM0126.2330.r2.a AP2/ERF -2.1 -1.3 -1.8 Group A 0.9 

CM0029.1590.r2.a ARF -0.5 -0.9 -2.0 Group A 6.8* 

CM0314.840.r2.d bZIP -1.2 -1.1 -1.3 Group A 0.8 

LjSGA_032180.1 C2H2 -0.5 -1.1 -2.0 Group A 6.6* 

CM2079.250.r2.m C2H2 -1.6 -1.0 -2.5 Group A 0.3 

CM0087.940.r2.d C2H2 -0.9 -0.9 -1.5 Group A 1.5 

LjB18K24.100.r2.a G2-like -1.3 -1.5 -1.6 Group A 7.1* 

CM0698.550.r2.m G2-like -0.2 -0.6 -1.7 Group A 5.1* 

CM1852.30.r2.m GRAS LjRAM1 -0.6 -1.6 -1.6 Group A 10.9* 

CM1864.540.r2.m GRAS LjRAD1 -0.9 -2.4 -2.5 Group A 1.3 

CM2163.230.r2.m GRAS LjSCL3-2 -0.8 -1.9 -2.9 Group A 9.7* 

CM2163.240.r2.m GRAS LjSCL3-1 -0.9 -1.3 -2.2 Group A 7.3* 

CM0127.880.r2.m GRAS -0.7 -1.1 -1.8 Group A 5.5* 

CM0239.240.r2.m GRAS -0.7 -0.8 -1.7 Group A 6.6* 

LjB18K24.70.r2.a MYB LjMAMI -1.1 -1.9 -2.5 Group A 10.7* 

CM0012.840.r2.m NAC -0.8 -1.2 -2.6 Group A 5.9* 

CM0111.130.r2.d NAC -1.1 -1.5 -2.3 Group A 5.7* 

LjSGA_036303.1 NAC -0.8 -1.8 -1.8 Group A -2.0 

LjT41F16.60.r2.d WRKY -0.6 0.1 -2.0 Group A 2.6* 

CM0004.1290.r2.m WRKY -1.3 -0.5 -1.3 Group A 2.2 

CM0070.320.r2.m bHLH -0.3 -0.7 -0.3 Group B -0.6 
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LjSGA_105845.1 bHLH -2.4 -1.1 -0.7 Group B -0.9 

CM0147.640.r2.d bHLH -0.4 -0.4 0.0 Group B -0.1 

LjSGA_045015.1 GRAS 0.6 -1.1 -0.9 Group B 3.3* 

CM0118.530.r2.m LSD 2.0 0.0 0.0 Group B -1.8 

CM1835.10.r2.m NAC 1.7 -0.2 -0.6 Group B 0.4 

CM0909.290.r2.m AP2/ERF 0.6 0.6 -0.3 Group C -1.1 

LjSGA_147935.1 AP2/ERF 0.3 1.7 -1.5 Group C 0.3 

CM0200.2550.r2.m bHLH 0.9 1.2 -0.6 Group C -3.4 

LjSGA_036476.1 bHLH 0.0 0.5 0.0 Group C -2.8 

CM0096.490.r2.m C2H2 -0.1 0.3 -1.1 Group C -0.6 

CM0002.160.r2.m C3H -0.3 0.3 -1.0 Group C 0.1 

CM1285.320.r2.d C3H 0.7 1.2 0.0 Group C 0.2 

TCONS_00033315 G2-like 0.9 1.0 0.7 Group C 5.0* 

LjT16G06.130.r2.d G2-like 0.6 1.6 0.8 Group C -0.1 

CM0619.20.r2.d GRAS -0.3 0.7 -0.5 Group C 1.3 

LjT05B18.50.r2.d HD-ZIP -0.7 0.5 -0.4 Group C -1.3 

CM0244.980.r2.m HD-ZIP -0.7 1.2 0.1 Group C -0.4 

CM0021.630.r2.m LSD 0.8 0.9 -0.3 Group C 0.5 

comp13127_c0_seq1 MYB 1.6 2.6 0.2 Group C -3.3* 

TCONS_00002102 MYB 0.3 1.0 0.3 Group C -0.2 

CM0133.340.r2.m MYB_related -0.8 -0.2 -1.8 Group C 1.3 

LjT06B21.210.r2.d NAC 0.6 1.4 -0.8 Group C -0.1 

CM0460.20.r2.d NAC 0.7 0.9 -0.8 Group C 2.2 

CM0042.2540.r2.d NF-X1 0.1 2.6 1.8 Group C -1.2 

CM0282.920.r2.m SBP 1.2 2.2 1.4 Group C 2.5 

CM0466.100.r2.d Trihelix 0.3 0.2 -0.9 Group C 1.4 

CM0378.200.r2.a Trihelix 0.7 0.9 -0.7 Group C 5.3* 

LjSGA_046833.1 WRKY -0.6 0.6 -1.1 Group C 1.0 

CM0032.170.r2.d WRKY -0.8 0.8 0.3 Group C 2.2 

CM0243.470.r2.m WRKY 1.1 1.7 0.9 Group C 1.6 

comp13156_c0_seq1 WRKY -0.3 -0.6 -0.4 Group C 2.3 

LjSGA_012098.1 AP2/ERF LjWRI3 -1.6 -1.5 -1.2 Group D 3.9* 

CM0041.30.r2.a AP2/ERF LjWRI4 -1.9 -1.1 -1.1 Group D 7.4* 
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CM0104.2670.r2.m AP2/ERF LjERN1 -1.1 -1.7 -0.3 Group D 0.4 

comp13274_c0_seq1 AP2/ERF -0.1 -1.6 -0.6 Group D 1.0 

CM0105.1010.r2.m AP2/ERF -1.1 -1.3 0.4 Group D -3.1* 

CM0227.40.r2.d AP2/ERF -2.6 -2.2 -1.1 Group D 2.9 

CM1616.250.r2.d bHLH -0.9 -1.4 -1.1 Group D 0.3 

CM0328.960.r2.d C2H2 -0.5 -1.5 0.1 Group D -1.8 

LjSGA_078086.1 C3H -0.7 -1.7 -0.5 Group D -2.1 

CM0004.2380.r2.d C3H -1.2 -2.2 0.3 Group D -1.6 

LjSGA_027183.1 Dof -1.2 -1.1 -0.7 Group D 0.3 

CM0644.100.r2.d GATA -0.7 -0.9 -0.3 Group D 1.3 

CM1976.90.r2.m GRAS LjNSP2 -0.5 -1.5 -0.3 Group D -4.5* 

LjSGA_085595.1 GRAS -0.7 -1.6 -0.4 Group D -1.0 

CM0021.180.r2.m HD-ZIP -0.5 -0.9 0.1 Group D -0.3 

CM0200.2670.r2.d LBD -0.6 -1.6 0.3 Group D -1.0 

TCONS_00114768 NF-YC LjCbf1 -1.2 -1.9 -1.2 Group D 5.9* 

CM0282.500.r2.a TCP -0.8 -0.8 0.1 Group D 2.5* 

CM1729.40.r2.a TCP -1.2 -1.4 -0.1 Group D -1.2 

CM0046.1360.r2.d WRKY -0.8 -0.9 0.0 Group D -0.7 

CM0307.180.r2.m AP2/ERF 0.2 0.1 1.2 Group E -1.6 

CM0021.1480.r2.a AP2/ERF -1.5 -1.4 0.2 Group E -0.5 

CM0318.640.r2.d bHLH -0.2 0.1 0.5 Group E 0.3 

CM0040.410.r2.m CO-like -0.4 -0.4 1.0 Group E -1.2 

LjSGA_015804.1 CO-like -0.3 -0.3 1.4 Group E 1.8 

CM0087.1770.r2.m Dof -0.4 -0.3 0.3 Group E -1.8 

CM0160.640.r2.d G2-like -0.7 0.0 1.0 Group E 0.0 

CM0088.550.r2.d LBD -0.3 0.2 1.2 Group E 0.2 

LjSGA_021740.1 LSD -0.9 -0.8 0.6 Group E -1.2 

CM0096.100.r2.m MYB -0.8 -1.1 0.6 Group E -3.2* 

comp12809_c0_seq1 MYB -0.9 0.1 0.1 Group E 0.3 

comp31955_c0_seq1 MYB 0.0 0.1 0.0 Group E 0.8 

CM0269.1200.r2.a MYB_related -1.3 -0.6 0.1 Group E 0.4 

CM0087.290.r2.d NAC -0.6 -0.5 0.5 Group E 1.2 

LjSGA_040439.1 NAC  0.0 0.0 1.0 Group E 1.7 
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16:0-HFA

Ljram2 16:0-HFA

16:0-HFA /

AM FAS

AM

Trépanier et al., 2005; Wewer et al., 2014; Tang et 

al., 2016 FAS

Vijayakumar et al., 2015 FAS

Wewer et al., 2014

/ AM

3.13  

A 26 AP2/ERF

LjERM1, LjERM2, LjERM3 LjERM

RNAi

LjERM

LjERM RNAi LjKASI-like 1, LjLACS9, LjGPDH1, 

LjGPDH2

LjERM
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/  

/

Beisson et al., 2012; Li-Beisson et al., 2013; Yeats and Rose, 2013; Borisjuk et al., 

2014

FatM RAM2

/

3.13  

A GPAT LjRAM2

GPAT 1- -3-

LPAAT

/

 

3- ACP III KASIII -ACP -ACP

KASI C6:0 C16:0-ACP

KASII C16:0 C18:0 Shimakata 

et al., 1982; Jackowski and Rock, 1987; Clough et al., 1992; Wu and Xue, 2010
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A LjKASI-like 1

KASI KASI

 

ACP Fat C16-ACP C18-ACP

ACP

Voelker, 1996 Fat FatA FatB 2

FatA C18:0-ACP C18:1-ACP FatB C16:0-ACP

Salas and Ohlrogge, 2002; Bonaventure et al., 2003

FatA 2 FatB 1

A LjFatM FatA FatB

LjFatM

 Wewer et al., 2014; Handa et al., 2015 LjFatM

MtFatM

Gomez et al., 2009; Bravo et al., 2016 LjFatM

Sobic.006G259300.1 C14:0 C16:0 C16:1

Jing et al., 2011

LjFatM  

LACS CoA

LACS1 LACS9 9 Shockey et 

al., 2002 LACS1 LACS2 Schnurr et al., 2004; 
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Bessire et al., 2007; Lü et al., 2009; Weng et al., 2010 LACS6 LACS7

β Fulda et al., 2002 LACS

A LjLACS2;1 LjLACS9

LjLACS9 AM

LACS9

in vitro

ACP Schnurr et al., 2002

Atlacs9 Schnurr et 

al., 2002; Zhao et al., 2010 LACS9

LACS9 Ljlacs9

LjLACS9

 

RAM2 -3-

ram2 Wang et al., 

2012 ram2 16

AM

RAM2 Wang et 

al., 2012; Murray et al., 2013; Schmitz and Harrison, 2014; Bonfante and Genre, 2015

RAM2

RAM2 /
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AP2/ERF LjERM 

AP2/ERF LjERM1, LjERM2, LjERM3

WRIKLED1 WRI1 WRI3 WRI4

WRI1, WRI3, WRI4

AP2/ERF  Cernac and Benning, 

2004; Maeo et al., 2009; To et al., 2012 WRI1 AW-box

AtBCCP2 AtKASI Maeo et al., 

2009 Atwri1

Cernac and Benning, 2004 Atwri3 Atwri4

wri1wri3wri4

10,16-

To et al., 2012  

LjERM1 MtERF

RNA Devers et al., 

2013 Devers MtERF

1 MtERF

RNAi

LjERM1-3 LjKASI-like 

1, LjLACS9, LjGPDH1, LjGPDH2

LjERM1-3

LjERM RNAi
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ChIP-seq
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DXS

D27 CCD1

GA20ox, GA2ox

A

DXS

Floss et al., 2008a CCD1

Floss et al., 2008b AM

CCaMK-CYCLOPS-DELLA

Floss et al., 2013; 

Takeda et al., 2015; Pimprikar et al., 2016
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Dénarié et al., 1996 AM
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CHS Harrison and Dixon, 1994

Schliemann et al., 2008 AM

A

 

A TIC

LjTIC32;1 TIC32 TIC

NADP(H) NADP+/NADPH

TIC Hormann et al., 2004; Chigri et al., 2005

TIC32

Lohse et al., 2006; Fester et al., 2007

LjTIC32;1
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4  

 

 

 

AM 2

Gu et al., 2011; Carbonnel 

and Gutjahr, 2014

AM Baylis, 

1967; Mosse, 1973; Breuillin et al., 2010; Balzergue et al., 2011; Gu et al., 2011; 

Carbonnel and Gutjahr, 2014; Kobae et al., 2016

3 AM

 

Baylis, 1967; Mosse, 1973; Breuillin et al., 2010; Balzergue et al., 2011; Gu et al., 

2011; Carbonnel and Gutjahr, 2014; Kobae et al., 2016

Balzergue et al., 2011

Branscheid et al., 2010; Breuillin et al., 2010

Kobae et al., 2016
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Kobae et al., 2016

Balzergue et al., 2010; Breuillin et al., 2010

RNA 

miR399 Branscheid et al., 2010; Gu et al., 2014 miR399

PHO2 Liu 

et al., 2012

AM Branscheid et al., 2010

miR399

Branscheid et al., 2010

Ca2+

SYM

Balzergue et al., 2013

AM

Balzergue et al., 2010; Breuillin et al., 2010

Balzergue et al., 2010; Breuillin et 

al., 2010 /DELLA SYM

Floss et al., 2013; Foo et al., 

2013; Yu et al., 2014; Pimprikar et al., 2016
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Lotus japonicus B-129 1 500

R. irregularis DAOM 197198 Mycorise, Premier Tech, Rivière-du-Loup, 

Canada 1/2 100 μM Pi 2

1 3 20, 100, 300, 500 

μM Pi 1 25 16

8

-80  

 

RNA-seq  

2 RNA cDNA Illumina 

HiSeq 2000 Sequencing System 2 × 100 bp

FDR < 0.01

2 false discovery rate FDR

0.001 n = 2

TopGO Alexa and 

Rahnenführer, 2016 GO DDBJ 

Sequence Read Archive DRA004607  
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R Tukey P ≤ 0.05
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20 100 300 500 μM

HC% VC%

4.1 AC%

20 100 μM 70% 300

500 μM 40% 4.1  

R. irregularis

RNA-seq RNA-seq AM

Rhizophagus irregularis DAOM 181602 v1.0 Gloin 1 Tisserant et al., 

2013 % 4.1 AM

DNA

FDR < 0.01 163

RPKM

20, 100 μM 300, 500 μM

4.2 GO nucleosome 

assembly GO:0006334 nucleosome GO:0000786

GO 3.2 GO 9

4.3a

CDK DNA DNA
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Pol δ PCNA

RNR

4.3a 29

18% 4.3b

strigolactone-induced putative secreted protein 1 SIS1 Tsuzuki et al., 2016

4.3b  

4.3

5

4.4 FTR1, AQP1

GintPT

major facilitator superfamily

protein ID: 11960

4.4  
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4.1. . 

hyphal colonization: HC% arbuscular colonization: 

AC% vesicular colonization: VC%

n = 3 . Tukey–Kramer P < 

0.05  
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4.3. a

b .  

Tisserant 2013  Sędzielewska Toro and Brachmann 2016

4
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4.1. R. irregularis DAOM198197

.  
Descriptions Pi concentration 

20 μM 100 μM 300 μM 500 μM 

Total raw reads 32,676,804 31,964,910 23,071,556 34,800,882 

Mapped reads to annotated genes without rRNA 

genes 
409,845 1,021,831 218,605 385,924 

Mapped reads/total raw reads (%) 1.3 3.2 0.9 1.1 
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4.2. AM GO . 

GO ID GO term Number of genes P value 

Biological process   

GO:0006334 nucleosome assembly 9 5.1E-12 

GO:0006120 mitochondrial electron transport, NADH to ubiquinone 2 1.4E-03 

Molecular function   

GO:0015078 hydrogen ion transmembrane transporter activity 6 3.2E-05 

GO:0043765 T/G mismatch-specific endonuclease activity 2 1.6E-03 

GO:0016631 enoyl-[acyl-carrier-protein] reductase activity 2 2.0E-03 

GO:0018498 2,3-dihydroxy-2,3-dihydro-phenylpropionate dehydrogenase activity 2 2.0E-03 

GO:0018499 cis-2,3-dihydrodiol DDT dehydrogenase activity 2 2.0E-03 

GO:0018500 trans-9R,10R-dihydrodiolphenanthrene dehydrogenase activity 2 2.0E-03 

GO:0018501 cis-chlorobenzene dihydrodiol dehydrogenase activity 2 2.0E-03 

GO:0018502 2,5-dichloro-2,5-cyclohexadiene-1,4-diol dehydrogenase activity 2 2.0E-03 

GO:0018503 trans-1,2-dihydrodiolphenanthrene dehydrogenase activity 2 2.0E-03 

GO:0043786 cinnamate reductase activity 2 2.0E-03 

GO:0003677 DNA binding 13 2.7E-03 

GO:0008137 NADH dehydrogenase (ubiquinone) activity 2 7.2E-03 

GO:0008398 sterol 14-demethylase activity 2 7.2E-03 

GO:0003871 5-methyltetrahydropteroyltriglutamate-homocysteine S-methyltransferase 

activity 

1 7.6E-03 

GO:0004123 cystathionine gamma-lyase activity 1 7.6E-03 

GO:0004345 glucose-6-phosphate dehydrogenase activity 1 7.6E-03 

GO:0004556 alpha-amylase activity 1 7.6E-03 

GO:0004781 sulfate adenylyltransferase (ATP) activity 1 7.6E-03 

GO:0030337 DNA polymerase processivity factor activity 1 7.6E-03 

Cellular component   

GO:0000786 nucleosome 9 2.6E-11 

GO:0045259 proton-transporting ATP synthase complex 3 4.7E-03 
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4.3. AM . 

RPKM, reads per kilobase million; FDR, false discovery rate. *FDR < 0.05, **FDR < 0.01, ***FDR < 

0.001. 

Protein ID Annotation Gene expression (RPKM) FDR 

  20 μM 100 μM 300 μM 500 μM  

Glycolysis 

346548 Hexokinase 80 65 75 110 

147891 Hexokinase 39 49 20 27 

193121 Phosphoglucose isomerase 58 82 167 186 

338655 Phosphofructokinase 5 10 10 8 

342398 Fructose bisphosphate aldolase 806 925 971 884 

176549 Triose phosphate isomerase 443 538 386 366 

334053 Glyceraldehyde phosphate dehydrogenase 2443 2060 2428 2105 

92682 Glyceraldehyde phosphate dehydrogenase 0 0 0 0 

72500 Phosphoglycerate kinase 265 252 306 293 

344364 Phosphoglycerate mutase 155 131 240 316 

349357 Phosphoglycerate mutase 0 60 0 32 

336130 Phosphoglycerate mutase 0 10 43 8 

337051 Phosphoglycerate mutase 353 348 443 407 

341195 Pyruvate kinase 102 98 45 56 

Pentose phosphate pathway 

14299 Glucose-6-phosphate dehydrogenase 115 88 316 297 ** 

337443 6-phosphogluconolactonase 173 171 165 180 

40197 6-phosphogluconate dehydrogenase 701 551 856 546 

18940 6-phosphogluconate dehydrogenase 0 0 0 0 

339749 Ribose-5-phosphate isomerase 171 89 90 85 

342208 Ribulose-5-phosphate epimerase 154 144 187 304 

18332 Ribulose-5-phosphate epimerase 0 0 0 0 

338208 Transketolase 124 101 137 85 

82179 Transaldolase 363 402 580 638 

TCA cycle 

336663 Pyruvate dehydrogenase alpha subunit 85 106 39 55 

339332 Pyruvate dehydrogenase alpha subunit 69 50 21 46 

340327 Pyruvate dehydrogenase beta subunit 168 189 249 265  
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4.3.  Continued 

Protein ID Annotation Gene expression (RPKM) FDR 

  20 μM 100 μM 300 μM 500 μM  

TCA cycle 

33696 Pyruvate dehydrogenase beta subunit 45 56 66 112 

2373 Citrate synthase 44 52 43 37 

343775 Aconitase 261 249 225 227 

336602 Aconitase 19 17 24 20 

341257 Isocitrate dehydrogenase 75 143 68 109 

336777 Isocitrate dehydrogenase 153 171 188 185 

214587 Isocitrate dehydrogenase 37 56 84 42 

78748 Isocitrate dehydrogenase 17 59 66 33 

85412 2-ketoglutarate dehydrogenase 59 51 54 52 

4708 2-ketoglutarate dehydrogenase 27 23 27 27 

74074 2-ketoglutarate dehydrogenase 35 33 17 21 

340297 Succinyl-CoA synthetase 166 155 121 142 

345426 Succinyl-CoA synthetase 57 67 27 28 

130838 Succinyl-CoA synthetase 137 128 136 104 

346712 Succinate dehydrogenase (SDH) 150 160 210 75 

335540 Succinate dehydrogenase (SDH) 500 461 393 603 

337726 Fumarase 91 163 159 37 

335443 Malate dehydrogenase 1393 884 1611 1693 

79743 Malate dehydrogenase 450 438 301 286 

ATP synthesis 

345979 NADH dehydrogenase 54 32 16 43 

308381 NADH dehydrogenase 49 26 41 15 

333797 Ubiquinol-cytochrome-c reductase 756 523 832 598 

128960 Cytochrome c oxidase 3761 2095 3459 3331 

59916 Cytochrome c oxidase 1569 101 451 521 

348751 Cytochrome c oxidase 1491 1144 1811 1861 

38715 Cytochrome c oxidase 1143 102 386 290 *** 

336468 Cytochrome c oxidase 886 722 324 413 

64177 Cytochrome c oxidase 722 55 149 180 *** 
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4.3.  Continued 

Protein ID Annotation Gene expression (RPKM) FDR 

  20 μM 100 μM 300 μM 500 μM  

ATP synthesis      

337729 Cytochrome c oxidase 553 55 295 118 * 

46853 Cytochrome c oxidase 397 63 238 75 

223394 Cytochrome c oxidase 396 638 584 574 

347873 Cytochrome c oxidase 383 713 983 1027 

335115 Cytochrome c oxidase 375 507 477 501 

257806 Cytochrome c oxidase 358 33 165 195 

12993 Cytochrome c oxidase 0 0 0 0 

29967 F-ATPase 1787 1518 2210 1801 

975 F-ATPase 581 41 174 209 *** 

131507 F-ATPase 573 737 1080 1109 

337610 F-ATPase 548 736 631 603 

337284 F-ATPase 530 666 585 628 

144549 F-ATPase 480 705 847 718 

175263 F-ATPase 346 358 183 173 

345873 F-ATPase 334 531 326 382 

334467 F-ATPase 318 351 300 328 

26871 F-ATPase 287 445 454 732 

87044 F-ATPase 73 178 81 99  
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4.4. .  

RPKM, reads per kilobase million. 

Protein ID Annotation Gene expression (RPKM) 

  20 μM 100 μM 300 μM 500 μM 

11960 Major facilitator superfamily 46 28 206 138 

98222 Aquaporin AQP1 561 194 0 0 

345528 Phosphate transporter GintPT 479 543 205 170 

347887 Iron permease FTR1 706 943 360 355 

349038 Mitochondrial oxaloacetate transport protein 53 156 13 24 
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Baylis, 1967; Mosse, 1973; Breuillin et al., 2010; Balzergue et al., 2011; Gu et 

al., 2011; Carbonnel and Gutjahr, 2014; Kobae et al., 2016

AM

AM

S Bauer 

and Burgers, 1990; Kurat et al., 2013 AM

CDK1 DNA Pol δ PCNA RNR

AM

G0/G1

Bianciotto and Bonfante, 1993; Bianciotto et al., 1995; Marleau et al., 2011

CDK1

DNA

Rustici et al., 2004 DNA 3

Pol δ PCNA DNA PCNA Pol δ
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Pol δ PCNA

S Bauer and Burgers, 

1990 RNR DNA

G1 Rustici et 

al., 2004 DNA S

Hereford et al., 1981; Kurat et al., 2013 DNA

G1 Rustici et al., 2004 AM DNA

Kobae 2016

AM

 

Kikuchi 2014 Rhizophagus sp. HR1

AM



- 119 - 
 

AM

Breuillin et al., 2010

Balzergue et al., 2011 3

AM

Besserer et al., 2008 AM

AM SIS1

Tsuzuki et al., 2016

SIS1  

Kamoun, 2006

AM

Tisserant et al., 2013; Lin et al., 2014; Fiorilli et al., 2016; Sędzielewska Toro and 

Brachmann, 2016; Tang et al., 2016; Tsuzuki et al., 2016 Kloppholz 2011

AM SP7 SP7

ERF19 AM

SIS1

AM
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FTR1 AQP1

GintPT 4

AQP1

AQP1

Aroca et al., 2009 AQP1

AQP1

GintPT

Harrison and van 

Buuren, 1995; Benedetto et al., 2005; Tisserant et al., 2012; Fiorilli et al., 2013

GintPT

Fiorilli et al., 2013 GintPT

major facilitator superfamily 1

Tisserant et al., 2012
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Wewer et al., 2014; Tang et al., 2016
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