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1.2.  

 

	

	

	 DNA RNA

	 DNA 1 DNA 2 DNA

	RNA 1 RNA 2 RNA

1 RNA 	mRNA

RNA 	mRNA RNA

	 	 	 	 	

	 	

	 2

Reddy et al., 2009 	

 

 

 

1.3  

 

	 	 	 3

1.2 	 RNA

 

 

1.3.1
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coat protein; CP 	 RNA

1.3 	 RNA 	

	 RNA

den Boon and Ahlquist, 2010 	

RNA

	

Schwartz et al., 2002; Fernández de 

Castro et al., 2017; Nagy, 2016 	 RNA

RNA 	 RNA RNA

	 RNA RNA 3′

RNA Sztuba-Solińska et al., 2011

RNA 	 open reading frame ORF

RNA 	 	

Nagy 

and Pogany, 2012; Hyodo and Okuno, 2014 	 	

 

 

1.3.2

 

plasmodesmata; PD

	

movement protein; MP

PD 	

MP PD 	
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MP PD

Schoelz et al., 2011  

 

1.3.3

 

	 	 	

	 	 	

	

Wan et al., 2015

	

Hipper et al., 2013; Folimonova and Tilsner, 2018 	

Hipper et al., 2013

	  

1.2  

3 ,
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1.3  
RNA i

RNA ii RNA
RNA-dependent RNA polymerase; RdRp iii RdRp

RNA host factor; HF iv
RNA RNA v RNA

RNA vi RNA
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1.4  

 

	

Adams et al., 2012 2019

3 	38 	 Potato virus X PVX

470–580 nm 1.4 	 PVX

plantago asiatica mosaic virus PlAMV

Wang et al., 2011; Conijn, 2014; Hanssen and Thomma, 

2010; Koh et al., 2014 1 RNA 5.9–7.0 kb 	

2 untranslated region; UTR 5 ORF 5′

ORF1–5 Adams et al., 2012 1.5 RNA 5′

3′ poly(A)  

ORF1 RNA-dependent RNA polymerase; RdRp 	

RdRp 3

	N 	 	

ORF2–4 triple gene block protein TGBp 1–3

Verchot-Lubicz et al., 2010; Park et al., 2014 TGBp1

	 RNA

Senshu et al., 2009 PlAMV TGBp1 RNA-dependent RNA 

polymerase 6 RDR6 suppressor of gene silencing 3 SGS3 	2

RNA

Okano et al., 2014 ORF5 CP 	

Ozeki et al., 2009 RdRp RNA

	 RNA

3 RNA 	TGBp1

RNA1 	TGBp2 TGBp3 RNA2 	CP
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RNA3 Verchot et al., 1998; Verchot-Lubicz et al., 

2007 TGBp3 	 TGBp2

Verchot et al., 1998  

 

 

 

 

 

 

 

  

1.4  

PVX 200 nm
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1.5  

 

	

	

	 	 	 	

	

	

	 , 2008

	  

RNA 	 	

	 nucleotide-binding leucine-rich repeat

1.5  

RNA RdRp RNA1 TGBp1 RNA2
TGBp2 TGBp3 RNA3 CP

(A)n A
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NLR 	 non-NLR

 

 

1.5.1 RNA  

 

RNA 	

Pumplin and Voinnet, 2013 RNA

	 RNA 2

RNA Dicer-like 	21–24 small interfering 

RNA siRNA siRNA Argonaute

RNA-induced silencing complex RISC RISC siRNA

RNA 	RNA

RNA 	 RDR6 SGS3

	 2 RNA 	 RNA

	 RNA

Csorba et al., 2015 RNA

	

 

 

1.5.2  

 

	

Truniger and 

Aranda, 2009; Hashimoto et al., 2016

	 eukaryotic translation initiation factor eIF
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4E eIFiso4E

Wang and Krishnaswamy, 2012; Bastet et al., 2017 	

eIF4E mRNA 	 eIF4G

	 40S

eIF4E

Yoshii et al., 2004; Truniger et al., 2008; Keima et al., 2017 	eIF4E

	 eIF4E

Hashimoto et al., 

2016  

 

1.5.3 NLR  

 

200 	

de Ronde et al., 2014

	 	

NLR NLR

18 de Ronde et al., 2014 NLR

	 	 	

	 NLR

160 Guo et al., 2011  

NLR 	N coiled-coil CC

Toll/Interleukin-1 Receptor TIR 	nucleotide-binding NB 	leucine-rich 

repeat LRR CC TIR 	

Monteiro and Nishimura, 2018 NB

ATP NLR LRR



 

 14 

de Ronde et al., 2014

NLR 	

 

NLR

	ATP 	

1.6 Slootweg et al., 2010; Tameling et 

al., 2010; Bhattacharjee et al., 2013; Padmanabhan et al., 2013; Padmanabhan and 

Dinesh-Kumar, 2014 NLR 	

Mandadi and Scholthof, 2013  

 

 

 

 

 

1.6 NLR  
NLR ATP

NLR
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1.5.4 non-NLR  

 

	NLR non-NLR

	NLR

de Ronde et al., 2014; Gouveia et al., 2017 non-NLR

	 	

	 non-NLR

	 1.1 non-NLR  

Tm-1 	TIM-barrel

	 tomato mosaic virus ToMV

Ishibashi et al., 2007 Tm-1 ToMV 	

ToMV 	ToMV

Ishibashi et al., 2007; Ishibashi and Ishikawa, 2013; Ishibashi and Ishikawa, 2014; 

Ishibashi et al., 2014  

Ty-1 RNA-dependent RNA polymerase 	

tomato yellow leaf curl virus TYLCV

Verlaan et al., 2013 Ty-1 	

Butterbach et al., 2014  

STV11 rice stripe virus RSV

	 Wang et al., 2014 STV11

	

RSV  

Scmv1 	

sugarcane mosaic virus SCMV Scmv1

SCMV 	
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Liu et al., 2017 	 Scmv2

SCMV 	

Leng et al., 2017  

restricted tobacco etch virus movement 1 RTM1 	RTM2	RTM3

	 	meprin and TRAF homology MATH

Chisholm et al., 2000; Whitham et al., 2000; Cosson et al., 

2010 	 tobacco etch virus TEV 	lettuce mosaic virus

LMV 	plum pox virus PPV Mahajan et al., 1998; Revers et al., 

2003; Decroocq et al., 2006 RTM TEV

	 Mahajan et al., 1998 	

RTM4 RTM5 	

Cosson et al., 2012 RTM 	

Mahajan et al., 1998 	  
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1.6 non-NLR JAX1 

 

plantago asiatica mosaic virus PlAMV

Bay-0 	non-NLR

jacalin-type lectin required for potexvirus resistance 1 JAX1 Yamaji et 

al., 2012 1.1 JAX1 	

	NLR 1.7A  

JAX1 PlAMV Yamaji et al., 

2012 	JAX1 NLR

	 	 JAX1

Nicotiana benthamiana 	4 PlAMV	PVX	asparagus 

virus 3 [AV3]	white clover mosaic virus [WClMV]

 

	 N. benthamiana 	JAX1 N. benthamiana

	 PVX 	 JAX1

Sugawara et al., 2013

1092 A C T 	

RdRp 336

PVX JAX1 N. benthamiana

1.7B 	

 

	JAX1 	NLR

	 RdRp

	JAX1 	JAX1

2 	JAX1

	 3 JAX1
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1.7 JAX1 JAX1 PVX  
A JAX1 JAX1 157

B JAX1 PVX
1092 A C T RdRp 336

PVX JAX1
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2  JAX1  
 

2.1

 

NLR 	NLR

de Ronde 

et al., 2014 NLR 	

	non-NLR Tm-1

Ishibashi et al., 

2007  

JAX1 	JAX1

PVX RdRp 1 Sugawara et al., 2013 	

RdRp JAX1 	JAX1
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2.2

 

2.2.1  

 

1 PlAMV-GFP PlAMV-53U-RdRp  

N. benthamiana PlAMV-GFP PlAMV-GFP∆CP 	

pLi1-CPNsGFP-mtfCP pLi1-CPNsGFP∆CP Minato et al., 2014

	PlAMV-GFP∆TGBp1	PlAMV-GFP∆TGBp2	PlAMV-GFP∆TGBp3

	pLi1-CPNsGFP-mtfCP TGBp1	TGBp2	TGBp3

pLi1-CPNsGFP-mtfCP∆TGBp1	pLi1-CPNsGFP-mtfCP∆TGBp2	

pLi1-CPNsGFP-mtfCP∆TGBp3 pLi1-CPNsGFP-mtfCP∆TGBp1

	 pLi1-CPNsGFP-mtfCP Li2606F LidelTG1R	

LidelTG1F oligodT 2.1 polymerase chain reaction PCR

PCR 	 Li2606F oligodT

PCR PCR BglII SpeI 	

pLi1-CPNsGFP-mtfCP pLi1-CPNsGFP-mtfCP∆TGBp2 	LidelTG2R

LidelTG2F LidelTG1R LidelTG1F 	

pLi1-CPNsGFP-mtfCP∆TGBp3 	LidelTG3R	LidelTG3F Li6095R

LidelTG1R	LidelTG1F oligodT 	

	PlAMV-53U-RdRp p53U-RdRp1 Komatsu 

et al., 2011  

 

2 JAX1	RTM1	GUS	p19  

N. benthamiana JAX1	RTM1	b-glucuronidase GUS 	tomato bushy stunt virus

RNA p19 	 DNA

pENTA Himeno et al., 2010 pENTA
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JAX1	RTM1	GUS 	Gateway LR  II Thermo Fisher Scientific

LR pEarleyGate 202 Earley et al., 2006 pENTA

p19 pE7133-GW Netsu et al., 2015 LR  

 

3 PVX-53U-RdRp-myc-WT PVX-53U-RdRp-myc-A1092C  

N. benthamiana PVX-53U-RdRp-myc-WT

PVX-53U-RdRp-myc-A1092C 	pCAM-53U-UK3RdRp-myc-WT

pCAM-53U-UK3RdRp-myc-A1092C cauliflower mosaic virus CaMV

35S GFP PVX-UK3 PVX-UK3-GFP

pCXI Uhde-Holzem et al., 2010 	 PRDb-F2

polydT-SpSlR SalI PCR PCR BlnI

ORF1 SalI poly(A) 	

BlnI XhoI ORF5 poly(A)

pCXV 	pCX-a pCXV CaMV 35S

PVX-UK3 pCX-a 	

poly(A) XhoI 	ORF5

XhoI  

	 PRDb-F2 PVX-RDmycR PVX PCR

	BlnI XhoI 	 pCX-a

SpeI 	 Klenow fragment 	

SacI SacI PmaCI pCAMBIA1301

pCAM-53U-UK3RdRp-myc-WT

pCAM-53U-UK3RdRp-myc-A1092C 	GENEART Site-Directed Mutagenesis 

System Thermo Fisher Scientific 	

pCAM-53U-UK3RdRp-myc-WT 1092 A C

UK3-A1092C-F UK3-A1092C-R  
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4 PlAMV-53U-RdRp-myc-WT PlAMV-53U-RdRp-myc-G1046C

 

N. benthamiana PlAMV-53U-RdRp-myc-WT

PlAMV-53U-RdRp-myc-G1046C 	

pCAM-53U-Li1RdRp-myc-WT pCAM-53U-Li1RdRp-myc-G1046C

pCAM-53U-Li1RdRp-myc-WT 	 pLi1 Ozeki et al., 2006

PlAMV-1F LiRDMycR PCR pLi1 	CaMV 

35S PlAMV Li1

PCR MfeI XbaI 	MfeI SpeI

pLi1 pCAM-53U-Li1RdRp-myc-G1046C 	GENEART 

Site-Directed Mutagenesis System Thermo Fisher Scientific

pCAM-53U-Li1RdRp-myc-WT 1046 G C

Li-G1046C-F Li-G1046C-R  

 

 

2.2.2  

 

N. benthamiana 15 25 9 20

	Agrobacterium tumefaciens EHA105

 

	 Johansen and Carrington, 2001

10 mM MgCl2, 10 mM MES, 150 μM 

, pH5.6 	OD600 1.0 	

	 	N. benthamiana 1 mL
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2.2.3. RT-PCR 

 

1 RNA cDNA  

N. benthamiana 	ISOSPIN Plant RNA

Nippon gene 	 RNA DNase

DNase RNA 	High-Capacity cDNA Reverse Transcription Kit Thermo 

Fisher Scientific cDNA RNA 10×RT buffer 1 µL	25×dNTP mix

100 mM 0.4 µL	10×random primers 1 µL	Multiscribe Reverse Transcriptase 0.5 µL

	 10 µL 	25 10 	37 2  

 

2 PCR 

cDNA 	SYBR Premix Ex Taq II TaKaRa Thermal Cycler Dice Real 

Time System III TaKaRa PCR 100

cDNA 2.5 µL forward primer 5 µM 0.8 µL	reverse primer 5 µM 0.8 µL	SYBR Premix 

Ex Taq II 10 µL	  5.9 µL 95 30 	40 PCR

95  5 	60  30 2 1 	95  15 	

60  30 	95  15 mRNA

PlAMV-53U-RdRp PlRep-F3 PlRep-R3 	  

NbUBQ-26F NbUBQ-136R 2.1  
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2.2.4  

 

N. benthamiana 	 0.1 g

0.4 mL 50 mM Tris-HCl [pH 7.5], 15 mM MgCl2, 120 mM KCl, 

0.1% 3-Mercapto-1,2-propanediol, 20% glycerol, 1 tablet/10 mL Complete Mini protease 

inhibitor cocktail [Roche] 1,000×g	4ºC	10 	

2,000×g	4ºC	20 	EZview Red anti-FLAG M2 

affinity gel 1 50 µL 50%

	 1 mL wash buffer 1×phosphate buffered saline [PBS; 137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4 12H2O, 1.8 mM KH2PO4, pH 7.4], 0.05% Tween 20, 0.1% 

3-Mercapto-1,2-propanediol 	 	12,500×g	4 	1

	 	

1 mL wash buffer 	 4

	 0.45 µm Advantec

	50 µL FLAG 	

4 2 	8,200×g	4 	1

	 1 mL wash buffer 	8,200×g	

4 	30 3 wash buffer

150 µg/mL 3×FLAG peptide 500 µL 	4 30 8,200×g	

4 	30 	 FLAG  

 

 

2.2.5  

 

1 SDS-PAGE 

4×SDS-PAGE sample buffer 250 mM Tris-HCl [pH 6.8], 9.2% 
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SDS, 20% 3-Mercapto-1,2-propanediol, 40% glycerol, 0.02% bromophenol blue 	

95 5 	NuPAGE 4–12% Bis-Tris protein gel

Thermo Fisher Scientific MOPS buffer Thermo Fisher Scientific

	180 V	60 sodium dodecyl sulfate-polyacrylamide gel electrophoresis

SDS-PAGE  

 

2  

100% 1 polyvinylidene difluoride PVDF

Immobilon-P; Merck 	

25 mM Tris, 192 mM glycine, 20% 

[v/v] 	100 V	60

 

 

3  

PBST 1×PBS, 0.05% [v/v] Tween20 	

5% [w/v] , 1×PBST 1  

 

4  

PBST 	

	 myc clone 4A6; Millipore FLAG clone M2; Sigma-Aldrich

Can Get Signal Solution I ToYoBo 	 myc 1,000 	

FLAG 2,000 	37 40 PBST

	horseradish peroxidase

myc FLAG 	

Can Get Signal Solution II ToYoBo 3,000 4,000

GE Healthcare 37 40 PBST 	
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Clarity Western ECL Substrate Bio-Rad Clarity Max Western ECL 

Substrate Bio-Rad 	 LAS 4000 mini FUJIFILM

Quick-CBB Wako  
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& 2.1 �"5�24<ZBO?\<JM7,� 

<ZBO?\<JM� ,�`5′13′a 

Li2606F CAAAGTCTCCACATATGCCG 

LidelTG1R GGGCTGAGATGACTATGTCCGTGTTAATCGGAGTTAAGG 

LidelTG1F CCTTAACTCCGATTAACACGGACATAGTCATCTCAGCCC 

oligodT GCTGTCAACGATACGCTACGTAACGGCATGACAGTGTTTTTTTT

TTTTTTTTTT 

LidelTG2R GAGGTGGTGGGCTCCGGACGTGTAGTTGGGCTCGGTG 

LidelTG2F CACCGAGCCCAACTACACGTCCGGAGCCCACCACCTC 

LidelTG3R CGGCCTCCGTGTGGGAGTGCGTGAAGGTTGTCGCCGACGTG 

LidelTG3F CACGTCGGCGACAACCTTCACGCACTCCCACACGGAGGCCG 

Li6095R CAGACTTTCACTGGTTGTAG 

PRDb-F2 CCTGAGCCCCAGACACACATG 

polydT-SpSlR AAAAGTCGACACTAGTTTTTTTTTTTTTTTTTTTTTTTTTTA 

PVX-RDmycR TTTACTCGAGTCACAGGTCCTCTTCTGAGATGAGTTTTTGTTCG

CATGCAAGAAAGTTTCTGAGGCGGGGA 

UK3-A1092C-F ATTTTTGCCAAAGTCAGACACTTAATTAAATCATCTGACTT 

UK3-A1092C-R AAGTCAGATGATTTAATTAAGTGTCTGACTTTGGCAAAAAT 

PlAMV-1F GAAAACAAACCTACACAAACCA 

LiRDMycR TTTATCTAGATCACAGGTCCTCTTCTGAGATGAGTTTTTGTTCAC

TAGTATCGGAGTTAAGGAAAGATGAACC 

Li-G1046C-F CTGGGCAAAATTCAGACACCTCATCAGCACCAAGGAG 

Li-G1046C-R CTCCTTGGTGCTGATGAGGTGTCTGAATTTTGCCCAG 

PlRep-F3 AATCCCCAGACTTCCATGAGCACC 

PlRep-R3 TTTTCTTTGCGCCGAGCTTCTC 

NbUBQ-26F CGGCATGCTTAACACATGCA 

NbUBQ-136R AGCCGTTTCCAGCTGTTGTTC 
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2.3

 

2.3.1 JAX1  

 

JAX1 	PlAMV

green fluorescent protein GFP PlAMV

PlAMV-GFP TGBp1	TGBp2	

TGBp3	CP ORF PlAMV-GFP 2.1 ; 

PlAMV-GFP∆TGBp1	PlAMV-GFP∆TGBp2	PlAMV-GFP∆TGBp3	PlAMV-GFP∆CP

N. benthamiana GUS JAX1

	GFP

	 PlAMV-GFP 	GUS JAX1

GFP 2.1 	JAX1 TGBp1	

TGBp2	TGBp3	CP  
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2.1 PlAMV JAX1  

PlAMV-GFP TGBp1 TGBp2 TGBp3 CP PlAMV-GFP
GUS JAX1

OD600=1 N. benthamiana
5 GFP
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2.3.2 JAX1  

 

JAX1 TGBp1	TGBp2	TGBp3	CP

	JAX1 PlAMV RdRp	5′ 3′ UTR

	PlAMV-53U-RdRp PlAMV-53U-RdRp RdRp

ORF1 5′ 3′ UTR

Komatsu et al., 2011 2.2 PlAMV-53U-RdRp

	RdRp RNA PlAMV-53U-RdRp

N. benthamiana GUS JAX1

	 PCR

	GUS JAX1 PlAMV-53U-RdRp

2.2 	JAX1 PlAMV RdRp

5′ 3′ UTR  

  

2.2 PlAMV-53U-RdRp JAX1  
PlAMV-53U-RdRp PlAMV-53U-RdRp GUS JAX1

OD600=1 N. benthamiana
1.5 RNA RT-PCR

GUS
, 1.0

Student t p < 0.001  
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2.3.3 JAX1  

 

JAX1 	PlAMV RdRp

	JAX1 PVX RdRp

Sugawara et al., 2013 	JAX1 RdRp

	 JAX1 RdRp

 

	PVX RdRp PVX-53U-RdRp-myc-WT

PVX-53U-RdRp-myc-A1092C PVX-53U-RdRp-myc-WT 	PVX

TGBp1–3 CP 	5′ 3′ UTR myc

RdRp PVX-53U-RdRp-myc-A1092C 	

PVX-53U-RdRp-myc-WT 1092 A C 	JAX1

RdRp 336

	FLAG JAX1

RTM1 FLAG-JAX1 FLAG-RTM1 	N. benthamiana

	

	 FLAG 	

	PVX-53U-RdRp-myc-WT RdRp FLAG-JAX1

	FLAG-RTM1 2.3A 	

PVX-53U-RdRp-myc-A1092C RdRp 	FLAG-JAX1 FLAG-RTM1

2.3A  

	PlAMV 	 PlAMV-53U-RdRp-myc-WT

PlAMV-53U-RdRp-myc-G1046C PVX JAX1

RdRp 336

	PlAMV RdRp 320

Sugawara et al., 2013 PlAMV-53U-RdRp-myc-WT 	myc
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RdRp PlAMV-53U-RdRp PlAMV-53U-RdRp-myc-G1046C 	

PlAMV-53U-RdRp-myc-WT 1046 G C 	RdRp 320

PVX

	PlAMV-53U-RdRp-myc-WT RdRp FLAG-JAX1

	FLAG-RTM1 2.3B 	

PlAMV-53U-RdRp-myc-G1046C RdRp 	FLAG-JAX1 FLAG-RTM1

2.3B  

	JAX1 PVX PlAMV RdRp 	

JAX1 RdRp
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2.3 RdRp JAX1  
A PVX RdRp JAX1 PVX-53U-RdRp-myc-WT

PVX-53U-RdRp-myc-A1092C FLAG-JAX1 FLAG-RTM1
OD600=1 N. benthamiana

2.5 control FLAG
FLAG input FLAG IP: 

FLAG RdRp
myc JAX1 RTM1 FLAG B PlAMV RdRp
JAX1 PlAMV-53U-RdRp-myc-WT PlAMV-53U-RdRp-myc 
-G1046C FLAG-JAX1 FLAG-RTM1 p19

OD600=1 10 10 1 N. benthamiana
1.5 control FLAG

A  
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2.4

 

2.4.1 JAX1  

 

	JAX1

JAX1 TGBp1–3 CP PlAMV-GFP

2.1 	JAX1 RdRp ORF1 5′ 3′ UTR

PlAMV 2.2  

	JAX1 TGBp1–3 CP 	RdRp

UTR TGBp1–3 CP

Park et al., 2014; Ozeki et al., 2009 	

	 	

	JAX1

RNA

	JAX1

Yamaji et al., 2012  

 

2.4.2 JAX1  

 

	JAX1 PVX PlAMV RdRp

	JAX1 RdRp

2.3 	JAX1 RdRp JAX1

	JAX1 RdRp

2.4.1 JAX1

	JAX1 RdRp
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2.3 	 	RdRp 1

JAX1

	

ToMV

Tm-1 	 Ishibashi et al., 2007; 

Ishibashi et al., 2014 JAX1

 

PlAMV 1046 G C RdRp 320

	RdRp JAX1

2.3B 	 PlAMV JAX1

	

PlAMV JAX1–RdRp JAX1

 

	JAX1 RdRp 	

	JAX1 RdRp

	 3

in vitro JAX1  
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3  JAX1  
 

3.1

 

2 	JAX1 RdRp 	RdRp

	JAX1

	in vitro

	 JAX1

 

	 RNA 	in vitro

	 BY-2 BYL

Komoda et al., 2004 BYL

BY-2 	

Komoda et al., 2004 	 	BYL

RNA

	 	 	 	

	 RNA BYL

Komoda et al., 2004; Iwakawa et al., 2007; Gursinsky et al., 

2009 	BYL

 

BYL 	

BYL 30,000×g 	 ; BYLP30

; BYLS30 	BYLS30 RNA 	

	 RNA

Komoda et al., 2007 	BYLS30 RNA BYLP30
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RNA 	BYLS30

pre-membrane-targeting complex; PMTC

RNA Komoda et al., 2007; Kawamura- 

Nagaya et al., 2014 	 	 	

PMTC 	PMTC 	 	

RNA Komoda et al., 2007; 

Ishibashi and Ishikawa, 2016  

	BYL PVX

	JAX1  
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3.2

 

3.2.1  

 

1 PVX-53U-RdRp-WT PVX-53U-RdRp-A1092C in vitro

 

PVX-53U-RdRp-WT PVX-53U-RdRp-A1092C in vitro

	pT7-53U-UK3RdRp-WT pT7-53U-UK3RdRp-A1092C

pCXV 	 PRDb-F2 2.1 PVX-Rd-XhR XhoI

3.1 PCR PCR BlnI XhoI

ORF1 	 pCX-a 	

pCX-53U-UK3RdRp pCX-53U-UK3RdRp AgeI

SpeI 	 pL61

	pT7-53U-UK3RdRp-WT pL61 	T7

PVX-UK3-GFP pT7-53U-UK3RdRp-A1092C

	GENEART Site-Directed Mutagenesis System Thermo Fisher Scientific

pT7-53U-UK3RdRp-WT 1092 A C

UK3-A1092C-F UK3-A1092C-R 2.1  

 

2 JAX1 RTM1 in vitro  

C FLAG JAX1 RTM1 in vitro

JAX1 RTM1 cDNA

pNK-JAX1-F  pNK-JAX1-R pNK-RTM1-F pNK-RTM1-R 3.1

PCR PCR BamHI SalI 	

pNK Netsu et al., 2015 RTM1

pNK-RTM1-FLAG JAX1
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GENEART Site-Directed Mutagenesis System Thermo Fisher Scientific 	

JAX1-1Mmut-F JAX1-1Mmut-R

pNK-JAX1-FLAG  

	C 3×FLAG JAX1 in vitro

3×FLAG-temp

BamNco-3×FLAG-F SpeStop-3×FLAG-R PCR PCR

BamHI SpeI 	 pNK-JAX1-FLAG

	pNK-JAX1-3×FLAG  

 

 

3.2.2 BYL  

 

BYL Komoda Komoda et al., 2004 BY-2

	4 300 mL 1 /L MS Salt [WAKO], 30 g/L sucrose, 100 

mg/L myo-inositol, 1 mg/L thiamine HCl, 200 mg/L KH2PO4, 0.2 mg/L 2,4-D 100 mL 5 mL

	3 26 50 mL 	150×g	

23 	2 	 	

1% [w/v] Cellulase Onozuka RS [Yakult Pharmaceutical], 0.1% [w/v] 

Pectolyase Y-23 [Kyowa Chemical Products], 0.4 M mannitol, pH 5.5 150 mL 	300 

mL 2 	25 2 50 mL

	150×g	23 	5 	wash buffer 12.5 mM 

NaOAc, 5 mM CaCl2, 0.37 M mannitol, pH5.8 25 mL 	 2

1 150×g	23 	3 	

wash buffer 50 mL 2 	

	 	

	35% v/v 1.5 mL –70% v/v 1.5 mL
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10–35% v/v 5.5 mL

	Percoll PLUS GE Healthcare 0.7 M 

mannitol, 20 mM MgCl2, 5 mM PIPES-KOH [pH 7.0] 2.75 

mL 10% 2.75 mL 35% 	Gradient 

mate BioComp 86°	5 rpm	2 48 86°	20 rpm	12

	10–35% v/v 1.5 mL 35% 70%

	

	SW41 Ti Beckman Coulter 	10,000×g	

25 	1 	 	35%

70% 15 

mL 	wash buffer 14 mL

150×g	23 	3 	 wash buffer 14 mL

2 	 	 	

	3–3.5 TR buffer 30 mM HEPES-KOH [pH 

7.4], 80 mM KOAc, 1.8 mM Mg(OAc)2, 2 mM dithiothreitol [DTT], 1 tablet/10 mL Complete 

Mini protease inhibitor cocktail [Roche] 	

1.5 mL 	800×g	4 	10

BYL 	 –80  

	100 µL BYL S110AT Hitachi-koki Co. 30,000×g	4 	

15 	90 µL BYLS30 10 µL

25 µL TR buffer 	BYLP30  

 

 

3.2.3 in vitro RNA  

 

BYL in vitro JAX1-FLAG	RTM1-FLAG	JAX1-3×FLAG	
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PVX-53U-RdRp-WT	PVX-53U-RdRp-A1092C RNA 	AmpliCap-Max T7 High Yield 

Message Maker Kit CELLSCRIPT in vitro

pNK-JAX1-FLAG	pNK-RTM1-FLAG	pNK-JAX1-3×FLAG NotI

	pT7-53U-UK3RdRp-WT	pT7-53U-UK3RdRp-A1092C SpeI

1 µg 5.5 µL 	10×T7 transcription 

buffer 2 µL	Cap/NTP premix 8 µL	100 mM DTT 2 µL	RNase inhibitor 0.5 µL	T7 enzyme 

solution 2 µL 	37 	90

DNase I 1 unit/µL 0.8 µL 	37 15

	RNeasy Mini Kit QIAGEN RNA 	in vitro

PVX TMV RNA 	 PVX-UK3 Kavanagh et al., 1992

TMV-OM Watanabe et al., 1999  

 

 

3.2.4 in vitro  

 

1  

3.2.3 RNA 25 µL BYL 12.5 µL BYL, 0.75 mM ATP, 0.1 

mM GTP, 25 mM creatine phosphate, 25 µM of each amino acid, 80 µM spermine, 5 µg 

creatine kinase [Roche], 10 units of Ribonuclease inhibitor [TaKaRa], TR buffer

	25 1 10 mM puromycin 0.5 µL

	25 10 5 µL 	

 

	 5×gel sample buffer 250 mM Tris-HCl 

[pH 6.8], 10% SDS, 50% grycerol, 500 mM DTT, 0.04% bromophenol blue 	

70 10 SDS-PAGE	 	 	 2.2.5

PVX RdRp 	 Can Get Signal 
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Solution I 2,000 PVX RdRp PVX RdRp

	6× PVX-OS Kagiwada et al., 2002 RdRp N

353 	Ni 	

	Can Get Signal Solution II 4,000

FLAG JAX1 RTM1 	

	 Can Get Signal Solution I 2,000

FLAG 	 Can Get Signal Solution II 4,000

 

	5 µL 5×replication mixture 5 mM ATP, 5 mM GTP, 5 mM 

UTP, 125 µM CTP, 1 µL [α-32P]CTP [29.6 TBq/mmol; PerkinElmer], 50 mM DTT, 500 µg/mL 

actinomycin D [Wako Pure Chemicals], 25 mM Mg(OAc)2 	25 1

	 171 µL	Dr. GenTLE Precipitation Carrier TaKaRa 4 µL	

 200 µL 	21,500×g	23 	10 185 µL 	

/ /  25 24 1 PCI 200 µL

	21,500×g	23 	10 170 µL 700 µL	7.5 

M 100 µL 	21,500×g	4 45

	70%  200 µL 21,500×g	4 	10 	

RNA 15 µL 	RNA 3 µL loading buffer

8 M urea, 12% glycerol, 10 mM EDTA, 0.017% bromophenol blue, 0.012% xylene cyanol 5 

µL RNA 8 M urea–2.4 	 400 mM 

Tris, 200 mM NaOAc, 7.3 mM EDTA 2Na, pH 7.2 180 V	120

	 500 mM NaOAc, 

2.67 mM methylene blue, pH 5.2 	

BAS IP MS 2040E; GE healthcare [α-32P]CTP FLA-5000

FUJIFILM S1 	RNA 10×S1 buffer

TaKaRa 5 µL	S1 nuclease TaKaRa 1 µL 50 µL



 

 44 

	23 25 146 µL	Dr. GenTLE Precipitation Carrier TaKaRa

4 µL	PCI 200 µL 	21,500×g	23 	10 	

	RNA  

 

2 JAX1  

PVX-53U-RdRp-WT RNA 19 µL BYLS30 9.5 µL BYLS30, 0.75 mM ATP, 

0.1 mM GTP, 25 mM creatine phosphate, 25 µM of each amino acids, 80 µM spermine, 3.8 µg 

creatine kinase [Roche], 7.6 units of Ribonuclease inhibitor [TaKaRa], TR buffer

	25 1 	PVX-53U-RdRp-WT RNA 0	15	30	

45	60 3.2.5 JAX1

TR buffer 1 µL 60 JAX1 TR buffer

10 mM puromycin 0.5 µL 25 10 	BYLP30 5 µL

	15 1 5 µL 	

3.2.4 1

ImageJ National Institutes of Health

 

 

 

3.2.5 JAX1 JAX1  

 

JAX1 JAX1 	BYLS30

3 µg FLAG JAX1 RNA 100 µL BYLS30

	25 2 JAX1 	EZview Red anti-FLAG M2 

affinity gel Sigma-Aldrich 50 µL 50% 150 µL

TR buffer 	 	1,400×g	4 	30
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150 µL TR buffer 	

50 µL 	4 90 	15

	 1,400×g	4 	30 	

	TR buffer 150 µL 	

4 	 1,400×g	4 	30 	

	TR buffer 400 ng/µL 3×FLAG Sigma-Aldrich 40 µL

	4 30 	10

1,400×g	4 	1 	 	 TR buffer

400 ng/µL 3×FLAG 40 µL 	

	 JAX1  

 

 

3.2.6  

 

	Komoda Komoda et al., 2007

30 mM HEPES-KOH [pH 7.4], 80 mM KOAc, 1.8 mM EDTA, 2 mM DTT

	15% 40% w/v

1 mL 40% 	 1 mL 15%

Gradient mate BioComp 	85°	20 rpm	1

	S55S

Hitachi-koki Co. 100,000×g	4ºC	2

	 10 	 1–

10  
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3.2.7 BN-PAGE 

 

4 µL 	2.5 µL NativePAGE 4×Sample Buffer Thermo Fisher Scientific 	

0.7 µL NativePAGE 5% G-250 Sample Additive Thermo Fisher Scientific 	2.8 µL

	NativePAGE 3–12% Bis-Tris Protein Gel Thermo Fisher Scientific

blue native BN -PAGE 	Dark Blue Cathode Buffer 200 mL 

1×NativePAGE Running Buffer, 10 mL NativePAGE Cathode Additive 150 V 30

	Light Blue Cathode Buffer 200 mL 1×NativePAGE Running Buffer, 1 mL 

NativePAGE Cathode Additive 150 V 60 	

NativeMark Unstained protein standard Thermo Fisher Scientific BN-PAGE

	2.2.5 2

	 PVDF 	Quick-CBB

8% 	15 	

	 	SDS 50 mM 

Tris-HCl [pH 6.8], 2% SDS, 0.8% 3-Mercapto-1,2-propanediol 	50 1

PBST 	2.2.5 3

	2.2.5 4 	

	Can Get Signal Solution I 2,000

PVX RdRp FLAG PVX RdRp

FLAG 	Can Get Signal Solution II

2,000  
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& 3.1 �"5�24<ZBO?\<JM7,� 

<ZBO?\<JM� ,�`5′13′a 

PVX-Rd-XhR TTTACTCGAGTTAAAGAAAGTTTCTGAGGCGGGGA 

pNK-JAX1-F TATAATTTCACTCGAGGTCGACAATGGCTACACCATCAGGTTC

A 

pNK-JAX1-R CCTTGTAGTCCCATGGGGATCCCTTAGCAGGAGAAAGCGGTGC 

pNK-RTM1-F TATAATTTCACTCGAGGTCGACAATGAAGATAGGACCTGTAGG

GA 

pNK-RTM1-R CCTTGTAGTCCCATGGGGATCCGCCCAGTACAATTTTTGACTCT 

JAX1-1Mmut-F AATTTCACTCGAGGTCGACATAAGCTACACCATCAGGTTCAAA 

JAX1-1Mmut-R TTTGAACCTGATGGTGTAGCTTATGTCGACCTCGAGTGAAATT 

3×FLAG-temp CAAAGACCATGACGGTGATTATAAAGATCATGACATCGACTACA

AGGACGACGATG 

BamNco-3×FLAG-F AAGGGATCCCCATGGGACTACAAAGACCATGACGGTGATT 

SpeStop-3×FLAG-R TTTACTAGTTTACTTGTCATCGTCGTCCTTGTAGTCG 
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3.3

 

3.3.1  

 

JAX1 in vitro

	 BYL

	 PVX  

PVX TGBp1–3 CP 	5′ 3′ UTR RdRp

ORF1 PVX-53U-RdRp-WT 	  in vitro RNA

PVX RNA BYL 25 	60 	

RdRp 	 PVX RNA

RdRp 3.1A 2	3  

[α-32P]CTP 	25 	60

RNA 	

RNA 	 PVX RNA 	

2 3.1A 2	3  

	 RNA 1

S1 	2

	 3.1B 3–6

	 RNA 	

replicative form RF RNA

2 RNA

	 BYL tobacco mosaic virus TMV

Kawamura-Nagaya et al., 2014 RNA 	 RNA

S1 RF 3.1B 7	8

	 BYL
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	BYL PVX  

 

 

  

3.1 BYL PVX in vitro  

A PVX 1 100 ng PVX
RNA 2 1 µg in vitro PVX-53U-RdRp-WT RNA 3

25 µL BYL RdRp
RdRp 32P
RNA Coomassie brilliant 
blue CBB BYL
ribosomal RNA rRNA B

in vitro S1 1 2 100 ng
PVX RNA 3 4 1 µg in vitro PVX-53U-RdRp-WT RNA

5 6 100 ng TMV RNA 7 8 BYL
RNA 1 3 5 7 RNA S1

2 4 6 8
RdRp RNA G RF RNA RF
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3.3.2 JAX1 in vitro  

 

PVX BYL 	JAX1 PVX

JAX1 	

RTM1 Yamaji et al., 2012 RNA

BYL 	 3.2A

PVX RNA PVX-53U-RdRp-WT in vitro RNA

BYL 	JAX1

RTM1 	RdRp 3.2B

2–7 	JAX1 RTM1 RdRp

	 	JAX1

PVX RNA PVX-53U-RdRp-WT RNA RNA

3.2B 3	6 RTM1 	 RNA

3.2B 4	7 	JAX1 in vitro RdRp

PVX  

	JAX1 PVX-53U-RdRp JAX1

in planta PVX JAX1 1092

A C PVX-53U-RdRp-WT 	PVX-53U-RdRp-A1092C

PVX-53U-RdRp-A1092C in vitro RNA 	 JAX1

RTM1 in vitro 	RdRp JAX1

RTM1 3.2B 8–10 	

JAX1 RNA 	 RNA RTM1

3.2B 8–10 	PVX-53U-RdRp-A1092C in 

vitro JAX1  
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 3.2 JAX1 PVX  
A JAX1 RTM1 RNA BYL 25

60 JAX1 RTM1
RNA BYL 25 60 RdRp

puromycin rNTP
[α-32P]CTP 25 60 RNA B

JAX1 PVX 1 2 5 8 250 ng FLAG
JAX1 RNA 3 6 9 250 ng FLAG RTM1

RNA 4 7 10 5 µL BYL
1 100 ng PVX RNA 2–4 1 µg

PVX-53U-RdRp-WT in vitro  RNA 5–7 1 µg
PVX-53U-RdRp-A1092C in vitro  RNA 8–10 20 µL BYL

RdRp FLAG
JAX1 RTM1 RdRp FLAG  



 

 52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

32P RNA
CBB BYL

rRNA RdRp
JAX1 RTM1 RNA G RF RNA RF  
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3.3.3 JAX1

 

 

3.3.2 	JAX1 RdRp PVX

RNA 	

RdRp RNA Nagy, 

2008; Mine and Okuno, 2012; Ishibashi and Ishikawa, 2016 	

	 RNA 	

JAX1 	

BYL BYLS30

BYLS30 Komoda et al., 2007  

BYLS30 FLAG JAX1 	

PVX-53U-RdRp-WT RNA BYLS30 	25 	60

3.3A 	 0	15	30	45	60

JAX1 puromycin

	 BYLP30 15 	60 	

BYLS30 	

[α-32P]CTP 	25 	60

 

	 PVX RNA

3.3B 7–11 	JAX1 0

	PVX 3.3B 2 JAX1

PVX 	 60 JAX1 	

3.3B 3–6 JAX1

RdRp 3.3B 2–11  

	JAX1
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	JAX1
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3.3 JAX1  

A RNA BYLS30 25 60
RdRp JAX1-FLAG

RNA 0 15 30 45 60
puromycin BYLP30 15 60

rNTP [α-32P]CTP 25
60 RNA B PVX JAX1

1 1 µg PVX-53U-RdRp-WT in vitro  RNA
2–11 BYLS30 A RdRp

FLAG JAX1 RdRp FLAG
32P RNA

RNA
3× RF RNA

CBB BYL
rRNA RdRp JAX1

RNA G RF RNA RF  
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3.3.4  

 

	JAX1

	

BYLS30 PVX-53U-RdRp-WT

PVX-53U-RdRp-A1092C RNA 	 	

3.4A 10 SDS-PAGE

BN-PAGE 	 BYLP30 60

 

PVX-53U-RdRp-WT 	SDS-PAGE 	

RdRp 2–7 3.4Bi BN-PAGE 	1,000 kDa

RdRp 4–7 	 5	

6 	 4	7 3.4Bii 	 4–7

RdRp JAX1

PVX-53U-RdRp-A1092C SDS-PAGE BN-PAGE

	PVX-53U-RdRp-WT 3.4Ci

PVX-53U-RdRp-A1092C 	PVX-53U-RdRp-WT

5	6 3.4Cii 	 RdRp
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3.4 PVX  

A RNA BYLS30 25 60
RdRp puromycin

100,000 g 2
10 BYLP30 15

60 rNTP [α-32P]CTP
25 60 RNA B C PVX

9 µg PVX-53U-RdRp-WT B PVX-53U-RdRp- 
A1092C C RNA 180 µL BYLS30
4.5 µL 10 mM puromycin 15–40% 

i 10 SDS-PAGE BN-PAGE
PVX RdRp ii

20 µL 5 µL BYLP30
30 mM 0.2 mg/mL ATP 0.75 mM

20 µL
RNA S1 RF RNA PAGE

 
 



 

 58 

3.3.5 JAX1  

 

RdRp JAX1 RNA

	JAX1 BYLS30 	3.3.4

3.5A RdRp SDS-PAGE BN-PAGE

PVX-53U-RdRp-WT PVX-53U-RdRp-A1092C 	JAX1

RdRp 	 RdRp

4–7 3.5Bi	Ci  

JAX1 SDS-PAGE BN-PAGE

PVX-53U-RdRp-WT 	JAX1 SDS-PAGE 1–3

	 4–6 3.5Bii BN-PAGE 	

JAX1 1–3 66 kDa 4–6

RdRp 1,000 kDa JAX1 	

PVX-53U-RdRp-A1092C 	JAX1 SDS-PAGE 1–3

	 5	6 3.5Cii BN-PAGE

	JAX1 1–3 66 kDa 	 4–6

 

PVX-53U-RdRp-WT 	

4–7 JAX1 3.5Biii PVX-53U-RdRp-A1092C

	 5	6 3.5Ciii  

	JAX1 PVX-53U-RdRp-WT RdRp

	PVX-53U-RdRp-A1092C

	JAX1 PVX 	
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3.5 PVX JAX1  

A JAX1 RNA BYLS30 25 60
JAX1 RNA BYLS30
25 60 RdRp

puromycin 100,000 g 2
10

BYLP30 15 60
rNTP [α-32P]CTP 25 60

RNA B C PVX JAX1 2.25 µg
3 FLAG  
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3 FLAG JAX1 RNA 45 µL BYLS30
9 µg PVX-53U-RdRp-WT B PVX-53U-RdRp- 

A1092C C RNA 135 µL BYLS30
4.5 µL 10 mM puromycin 15–40% 

i ii 10 SDS-PAGE
BN-PAGE PVX RdRp i FLAG ii

iii 3.4Bii Cii
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3.4

 

	JAX1 	in vitro

BYL PVX in vitro 	JAX1 in vitro

PVX 	JAX1 PVX

	JAX1

 

 

3.4.1  

 

BYL 	in vitro PVX

3.1 	

	RdRp

 

	PVX RNA BYLS30 	 RdRp

3.4

PVX 	

Komoda 	 PMTC

	PMTC

Komoda et al., 2007

	PVX RdRp

PMTC RdRp

	 	 RNA

3.6  

	PVX 1,000 kDa

3.4 	
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red clover necrotic mosaic virus RCNMV

480 kDa Mine et al., 2010

PVX 	

	

RCNMV 27 kDa 88 kDa 	 166 kDa

PVX RdRp 	

	 	 	

	

Nagy, 2008; Mine et al., 2010; Mine et al., 2012
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3.4.2 JAX1  

 

JAX1 PVX in vitro

JAX1 PVX RNA 	RdRp

3.2 	JAX1 RdRp

3.6 PVX  
i RNA RdRp ii RdRp

RNA
HF iii

iv
v RNA

RNA vi RNA
RNA vii RNA  
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RdRp

3.3A JAX1

3.3B RdRp JAX1 	 3.3

JAX1  

JAX1 PVX 	 PVX

3.5 2 	

JAX1 2 RdRp 	

RdRp 2.3

	JAX1 RdRp

	 1–3 JAX1

	PVX 4–6 JAX1

3.5 	 JAX1

JAX1

 

	JAX1

3.4	3.5 	JAX1 	

JAX1

JAX1 	JAX1

 

 

 

3.4.3 JAX1 PVX  

 

	JAX1 PVX PVX-A1092C N. benthamiana
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PVX Sugawara et al., 

2013 	 JAX1 PVX

PVX-53U-RdRp-A1092C BYL RNA 	 PVX

PVX-53U-RdRp-WT 3.2

BYL 	

BYL 	

	

 

	PVX JAX1

PlAMV PlAMV-G1046C 	

Sugawara et al., 2013 PlAMV-G1046C JAX1

	 PlAMV

PVX-53U-RdRp JAX1

	PVX JAX1

	

Kobayashi et al., 2014 JAX1
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4   
 

4.1 JAX1  

	 non-NLR JAX1

2 	N. bethamiana in planta

	JAX1 	JAX1

TGBp1–3 CP

	JAX1 RdRp 	

RdRp

	JAX1 RdRp 	JAX1

3 	BYL in vitro

	JAX1

	JAX1 PVX RdRp

	JAX1 PVX

	JAX1 PVX

	 PVX

	JAX1 RdRp 	PVX

 

JAX1 NLR

	 	JAX1

	non-NLR

non-NLR 	
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4.2 JAX1 Tm-1  

 

non-NLR Tm-1 	JAX1

	

Ishibashi et al., 2007 Tm-1 ToMV

Ishibashi et al., 2014 	ToMV

RNA 	

Ishibashi and Ishikawa, 2013 Tm-1 ToMV

	

Ishibashi et al., 2007  

	PVX JAX1

3.3B 6 	Tm-1 ToMV

Ishibashi et al., 2007 	Tm-1 JAX1 JAX1

Tm-1

JAX1 	PVX 	

 

4.3 JAX1 RTM1  

 

non-NLR RTM1 JAX1

	

Chisholm et al., 2000 	RTM1

Whitham et al., 2000; Cosson et al., 2010; Cosson et al., 2012 	

Mahajan et al., 1998 	
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	 PPV

CP RTM Decroocq et al., 2009  

	JAX1 RdRp 	

JAX1 RdRp 	

RTM CP 	

CP 	yeast two hybrid

PPV CP RTM1	RTM2	RTM3

Cosson et al., 2010 	RTM1 CP

	CP

JAX1 RTM1 	

 

 

 

4.4 JAX1 ,  

 

Maekawa et al., 2012; Narusaka et al., 2013 	 NLR

Mukhtar, 2013; Moffett, 2017 NLR 	

autoimmunity 	

	

Moffett, 2017  

	 JAX1

N. benthamiana 	

Yamaji et al., 2012 JAX1
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	JAX1

JAX1 BYL PVX 	

JAX1 RdRp

	

NLR 	JAX1

	 	

	N. benthamiana
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