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Exploration of plant activators from natural resources and their mode of action.

Abstract

Since the 1970s, there has been increasing concern regarding pathogen resistance to
agrochemicals such as fungicides in Japan. In addition, the recent phase out of methyl bromide, a
fumigant used to kill a wide variety of plant pathogens and pests, has caused the re-emergence of
these pathogens and pests. Therefore, it has become imperative to develop new, more
environmentally friendly disease control strategies. Using the ability of plants to induce pathogen
resistance for disease control is attractive because of its potential to reduce the environmental
burden. One of the major techniques using such ability is plant activators, which are characterized
by a capability to induce resistance to a broad range of diseases or herbivore pests without
exhibiting direct antimicrobial or insecticidal activity. Most plant activators identified to date have
been compounds that act on salicylic acid biosynthetic, metabolic, or signaling pathways that have
a protective effect against a narrow range of disease spectrums (mostly rice blast disease). We have
been trying to explore plant activators from natural resources. The diterpene sclareol was identified
as an inducer of resistance against the soil-borne bacterial pathogen Ralstonia solanacearum.
Sclareol-induced resistance to R. solanacearum was ethylene-dependent. Sclareol also inhibited the
penetration of root-knot nematodes (RKN) into plant roots. We also identified phytol as a sclareol-
and RKN penetration-induced substance and found that phytol-induced RKN resistance was
ethylene-dependent. The amino acid L-histidine was identified as an inducer of resistance against R.
solanacearum. L-His-induced resistance to R. solanacearum was partially ethylene-dependent. We
also identified loliolide, a monoterpene lactone, as an inducer of resistance against multiple harmful
herbivores. Loliolide was found to induce resistance to herbivore pests through activation of
jasmonic acid-independent pathways.

Key words: plant activator, terpene, ethylene, Ralstonia solanacearum, root-knot nematode,
herbivore pests
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Hashimoto, M., Inoue H.

Improvement of plant iron nutrition mediated by the interaction between
the plant secondary metabolites and the root microbiota.

Abstract

In nature, plant roots are colonized by a species-rich microbial community, which is mainly
recruited from a subset of the surrounding soil microbiota. Whether and how the beneficial services
to host plants are provided by the plant-associated microbiota is attracting many attentions for
improving plant productivity and compromising environmental issues by food production. In the past
few years, several studies reported that the interaction between Arabidopsis thaliana and the root
microbiota under iron-limiting condition is mediated by the plant-derived coumarins, the plant
secondary metabolites secreted from the plant root. These studies supported that biosynthesis of
coumarins, especially scopoletin and fraxetin, is essential for the plant growth and the root microbiota
assembly in iron-limiting soil. Furthermore, using the synthetic community assay reconstituting the
iron-limiting nutrient condition, it is demonstrated that the root microbiota exhibits plant growth
rescue activity, which is dependent on the reduction-based iron import mechanism and fraxetin
secretion. Mono-association with each strain revealed that the beneficial activity is also exhibited by
some of the root-associated bacteria across several phyla found in the root microbiota. Transcriptomic
and ionomic analyses suggested that the plant growth promotion by root microbiota is associated with
relieving the plant iron starvation responses. Although the mechanisms underlining the root
microbiota-mediated plant iron nutrition are still elusive, the results suggested that the bacterial root
microbiota, stimulated by the coumarins, contributes to plant adaptation to iron-limiting soils.

Key words: root microbiota, iron nutrition, plant secondary metabolites, coumarins
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1% Strategy I & FEIZNL 5, Strategy I Tld, IROF L MO TG FET D ZMekiE ok
% Ferric Reduction Oxidase 2 (FRO2)23, RIAEMED Fe¥* % RIEEME D —ffi#k Fe* IZiZL LTV
%o £, B UL FEBICIFEET D H-ATPase Th D AHA2 IZ L > T, H'A A DMRFE
AR B A S, IREIDERMEAL S D Z & T, F"RaE b LT < 2%, Bz
Fe?'1X Tron-Regulated Transporter 1 (IRTIIZ K D HEH DORIZHIN S5, F 7= Strategy 1 DFE
MTIx, BERZEHTTRNG 7 = ) — ML EMD DWW SIND Z R EHELSNDE BT
Wb, YEAXFT AT T, $RZEMET T 2T I EAL LTABREINS T
WIRBED TH D7~ U VEBEG S, ABC k7 v AR —4—"Td 25 PDRI IZ LV Z3ik
SN (Ziegleretal.,2017), 7 <V VDO —>ThHh D A 2K L F 2 DEAIZIL Feruloyl-CoA
6’-Hydroxylase 1 (FO'HD)23BH5- L. f6°hi ZRIKILT V0 U MG TROVERR ZIER 2~ T

(&MManmMOik4%M§£¢@ﬁ@£ﬁ%ﬁﬁ&#éixyV%Vi e x
L= F T HEEZFOZENTBENT WS, FmEICR->T, AR LF b
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scopoletin 8-hydroxylase (SSH)Z L W & S D 7 7 Xt F W3, Fe' &8 T HIEMHEE R
Z EPRENT- (Rajniak et al., 2018; B 1), TN FE TOMIENL, T EA XFXFRA 3
BN DN ONORER TIX, 7~V VER#EFL— b LUTBTT2EERLFD,
RS DB ET 2 Z LRI TV D,

A LXARE D BHEE S V72 Pseudomonas simiae WCS417 15, v v A X F X
(Arabidopsis thaliana) OIRIZEEFES % & induced systemic resistance (ISR) & FE{E AL 2 KHLME
EHEMIR 2 CHE T 5 (Pieterseetal., 2021), P simiae |2 X % ISR OFFE|Z1X, REFEM
BN CTdh D MYBT2 NUETH D, P simiae %> 0 A X T AFRICHEHES D &, MYB72
BIEFOEDN, ERZICED~ — 1 —BInF Th D FIT BIzFX° FRO2 BinF72 L OB
N ERT% (Zamioudisetal.,2015), T OO EIL, MEMOSRRZIGENRE~ A 7 0
NAF—5 L OMABERICEET HR[EEEZTE L TS, S BIT myb72 BERES f6°h]
ERERTIT, BERZRFITRN O WM INAEAED 7 = 7 — AL EMDEER KIS
e IV VEDO D BLRARVF UNREEREZR O 7 A P T LR THDL T LD
5 (Ahujaetal.,2012), 7= U VEPRE~A 7 o (A —% L OMAEERICEDD Z &0
FEINT, KRR TIL, VA XTFTXFTOMRPOZUWINL 7~V AR, $koFL— |
TEHERETTIEMICMN A T, RE~A 7 oA I —F OHEFRKICEE L, S HICERZE
HECIRE~ A 7 oA A — X XD OEFTUEICED L Z & 2R LT E R L
72U,

1. 9 VBICKHEETA 7N/ F—2DHEERRK

YA RXFRAFORTIE, —EHOARRE CERIND SHEED I~V U (AaRL
Fo. 7% FU VT LTFY) BHEEL. ERNENLOLEMOERKIT F6HL, S8H.
CYP82C4 (2 X v filfft X315 (Rajniak etal, 2018; B 1), #KRZFMHTIZBW T~V R
EDXHITHRE~ A 7 a (A —% L OMBEERSCHEY OEF! :%2%#67%%%)%/\“6 H
T, T HIVMEORRELE (pH=74) T~V HEEOERK - Db B RKEEF
72 (Harbortetal., 2020a), FEERIZIX, 7~V OEMRERIEIC E'@ﬂbéﬁ%?iﬁﬁ?%ﬁ?ﬁb
72 f6'h1, s8h, cyp82c4d ERIL L 7<) VEZW N T v AR —F —BI5 T2 KB LT pdr9 22
AIRZRW=Z, B&ZE 4 HH
EFSHREIA avbn [ SRYVEORRER |

‘—‘/I/k L/'()Eﬁl/\f:qj ij:f_% Furuloyl = j L }I;::l )mb
- lﬁ"" ’ m”" 3 °C?82C3" T

TIXE AR Col-0 B2 & AIRLF Y I5%EFy SFLrs
TWPNOEEME 4l | BRELRCSTHEHE (RRE, HEHHERE) |
A L0, BIRE HEIC B et EREEER izt ARRLE

Kruskal-Wallis, p 063 Kruskal-Wallis, p < 2.2e-16

------

WTIEZ <= U AR R

BEREDS B, f6'h] BX §

O sSh ERIETEDH e & |%%%$é3;m ,%%é
% T BRI Y 70 8k R Z IR o o
RO FELWVAEFTREN

EC (1), B1 97 VEOERBEHEI T U EREERAOERETRICBTEEE
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FNT, TNTNOHEMEORN D total 165 rRNABET IS < BBEH |
DNA ZHiH L. fE D 16S rRNA Bn+% 4

Capscale formula: ~ Genotype*Soil Genotype
—5'y b & LB 21T 5T, £ OR ey L e ome
. ME OIS T 3 S TS o oS % L
TV 7 ST, BREM OBV TN < we e ot
NOFRCBNT RIS adoT, fory 3o B« »
T, BT NVHOERE RS SIS Ch O ! [P
LR—BEFEETIE, ARELEICBVYC YL L rpmem
f6°h1 3 KO s8h 28 BAR T O HE &G D B AT 0 hcon 1%?3.89%?05 o

Col-0 fEM) E AERAERETLTWIZ (B2)., m2 4wy SEEEEkI=HH+5

S B, HEMIT O R A E %« OMAEDED W9 RAF =S OMBRIT

LAULTHARTN & f6°h] ZEERE TR, MOEBKRIZH AN TR ICEE T 51K
EMDID N LD GhoTe, ZDOWNRE & HITE L~ TR TV & Burkholderiaceae,
Rhizobiaceae, Streptomycetaceae \Z 7 SN D OB LUVMERIN R O 7z, UL EDOFER LV |
F6’'HI & S8H XN ENDOBRICIVEREND A ARV T U BLOT 7 HETF DA,
FAIRELREICB T AWM DOAEE ERE~A 7 a4 — X OFEBERRICEETH D Z
MR I T,

Burkholderiaceae strains in ARSPHERE | 7 ¥ ') /##4E F |28 f % Burkholderiaceae B D147 |

rhizobacteria culture collection

ﬁﬁ f",% 7)3‘ EE E ‘g" é 7 -7 U N (Bai et al., Nature, 2015) Burkholderiaceae coumarin sensitivity ~ p<005
AT N 100 = — () Genus
HIEH L7 1,300 AN S o S
e ] F* @ Massiia
nNTEH, £DHIHDNHD - i oo
RaRLF - s

MDIEMEEEEFSZ &N TrETY
IRENTUV D (de Souza et al,
2005.), 2D b RE~
A 7 A F—F2OHER
I ET DL AR L F v S
RTTX L FURHEENE B 47U E0REEEREOFIREBurkholderiaceae BIZ 3 T BIAME N
RN ERNT, RE~A I A A — S BT SMEOMBENEE L v a v

(Baietal.,2015) 7>© Burkholderiaceae (27 SO EK AR, X aRfLF b LLIEY
T X F AN LT BROME OHEFERRE 2 ~Tc, ZO/RER, 7 16 ERO OB 11
HHRCTY 77X T VLD PETEREN RO, SBIC ITERO S BOSEHRTIEA 2R
FACKATEEE RSN (B3), EORERNPLIZ, AaRLTF 7 I7F%EF
ORI HUETIENED, RE~ A 7 v A A —F OREEMEET RIS 1T DI 2358 HIIZ iR
AT D EEZ DI,

7~V VK AIRE~ A 7 A A — X OBHEFRA~DRE 1T, B bsERRZHW

T DI L > TH LI TN D, FAOMETIT, BEOREBEFEOEM TER S
W7 o'l EREZ BIROERICE Y NTRICT VA UHICHEIE L2 H8ICE 2 202 T,
FRO2X°IRTI 72 EOFBEANROND 3 BEOZX A IV V CRHERT Z B 22> T D

(Stringlis et al., 2018), F£7z. Z DOWIZEDEEMITIL 165 rRNA Bln a2 ~— A —IZ LT

Relative culture density
° ° e

w e o
e e T

1 T

arvka—i RARLFY I53FEFY
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ETIERLS, AZT ) M TITo T 5, £70. 2FB OWETIL, REMEOHERER
BEREaL 7 valryhb@®EE LR 22 EEZ, 13 BREKBSRES L a A X XK
L C 1 ERRICHEBMRNT 21T > T D (Vogesetal.,2019), WTHDOMRELL, 7~ U v
BDRE~ A 7 oA F—F OBFERRUCEGT L L 2XFLTVDLR, ZDOEEOR
ERERORONT-HOBENERSFMGEZLIZER>TWDS, oD Z &k, 7~V v
A LI AEY EARE~ A 7 v A A — 2 OHAELERAD, RE~A 7 v A F— & OfEE
FACRE DAETEPE /e EIC X » THMEICES 5 2 L 2R L T 5%,

2. IRV ERBRA IV ONAT—EDEIRT S2HRZEHICE T HEHDOEETRE
FIRELHEICBNT, 7~V VHEEREXRBT D f6°h] EREDGRZIEREZMHE S EF
RRELBIZ, RE~A 7 oA AT —FOFEBEDEILZ R LTI L6, BRZ SN
:]bl/‘“ﬂ‘EIV/f JansA A= N~ ) SRIAE LCTHEY OEBICRET L RN

BE I, i N [ o lmsm&mmsz/

FATHIRIZB N T, REMEEZ | fﬁ REAAONLS
. 7 B <7 > |\ y J |
MEFERICHBEL 2Ly v —§> | FeEDTAB#&#: (pH=7.0)
gV AAWC, BB~ A 71 A Bz g_’.:,\" e | |FeCls (BRRZEM (pH=T.4)
< #H .-:-_" ~ L5 ]
— & & NTWICHEERT 56 Rk e 8 | ARSPHERE: 115 strains
Bai et al., Nature, 2015
0 X = A% S (Bai P—-%--ﬁ---------g (St . et 201
etal.,2015), BRI I 2 =T (1 [ e ”‘H’T‘F o = " SProtectribteric’
T A = = Actifiobacteria -
TiE, ATHICESRLZRE | | ) acipoes)
(7R LA EHEOIE | | - S mtey
gl |t o | T, IR
BSCEKICEEL, FBE |- v
oy ha—L &tk $§E‘§— AHZ LIz ) T Harbort, Hashimoto, Inoue et al., STAR Protocols. & Y i

FOREBE~A 7oL F—2D M4 BRZEHEZBEHLEZERIZTa=T1%

BEAEWET LI LENAETHD, A AI2=T (EEZSE L, EMELEE I 585
DOERBRMEEZ D LIZEY, ERZEMICB T DRE~A 7 o A 4 — X OfEIC
KON EFHMT 52 LN ABETH D & B 272 (Harbort et al., 2020b; X 4),

18 % D Murashige and Skoog (MS) B2l Cld#ks3 & L C FeEDTA Z W\ %, il 5 T7 L
J VMO TR, ZMERITRE LT Fe(OH: BB SN D, £ 2 TMS #io pH 2 7
A UM (pH=7.4) (ZFAFE L. #k%5¢3# & LT FeEDTA Ofb D IT FeC &Mz 52 & T+
i;fé BT A8 R Z MO FRZRAT-, FeCl DRE THRM S Nz =8k Fe* X, 74

5 C Fe(OH: 2R L AL T A B2 HiLhH, FeC ZIRM L7 MS ¥ L | @ D
MS EEHNZ 115 BRSO R HRE~ A 7 ua s, F— 2 R TR LAk 2 =T « 28
%ﬁ L. AR Col-0 fi¥ % 2 BEIAE W72, FeClz I L7- MS 824 C1d, #iFE L 7=

. AEMEERE L WGEICHBIN RS R ZIERNMBRE I N, LrL, FUERZE
fﬂf HIRAEY) 2 fEfE L/tfﬁ:u W DOEBENRELSSETHZ L3y -7 (Harbortetal,
2020a.; B 5), 5T, B OXESRME T, MAYERIIEDH EHOEBICKRX PR
BEHZIehoTe, ST, RZEFEMHICBITHEF LV AXx o — M. REMEAZEMHIC
LG RTE T T, B—DFEOERE CHLBIE N, a7 ar0ir b, 4 50D
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IZEZND 52 FHERIZOWTHRZE 2 A, 30 B TABT L AT 2 —EMN Ao (B

6), ZORERIT. AROBYVRNOJMSND 7 ~ U VEPFIEEREZFSZ L 2B D

CENGIERLELE DN, BE~A 7 o F—HXOFFEN, $ERZFMICBT HHEY
DEBICERRBXE2TAHAZEEREBELTWS, £/, Hx OMEEKEICLAEFTL XX
2 —1EMI, EEWVHIESERE TROMMD Z M, FDO AN = XTI Y OLEEME

B EBBIND,
MEWE L MENDY

100uM
FeEDTA

FeCly

100puM

BRZEH BEEREEH

o8 b b a b ac ¢
Soo . R |
5 8 I ki
Jé_‘go 0.04
£
§ 0.02
w
0.00 - o *'&

100pM  100pM  1pM
FEEDTA  FeCl,  FeEDTA

BE5 BRZEFHEZBELEZAHIZI AT (EIIETA4E (RREE - i LEHBE)

sterile, FeCl;

Actinobacteria Alphaproteobacteria Gammaproteobacteria Bacilli Bacteroidia

LEH g IEESRERE R EEREESRRERREE it 1 Oedar

Growth rescue activity (%)

e

P RBEBEALD DDA VB OSSR D A A DD BDDOD DDA B
o BELIGUL OSBRI ROSEERIIISS S S

e

M sterle
Bl Corynebacteriales
B Micrococeal les
. B3 Propionibacteriales
aulll; B3 Rhizobiales
LT BS Betaproteobacteriales
ST ﬂ Famlly - Burkhoideriaceas
TLIT Bl Pseudomonadales
H * Xanthomonadales
BH Bacilales

Bl Flavobacteriales

AT ET agPet

M6 FEEMECLIBRIEHOEE LA F1—FH
WE~A 70 XA F—HIZLAEBFBL A2 —EENEMRIOED X 572 2T AT
WETDIDRRDT20, A 2a=T 4 EZHAWT, EYOSRIEES 7 <~ U U FED

BH s WD A X T AT ERBICBTLEB LV AT 2 —HEREZFAL L E L, £

T T aA XFAFREED Strategy | ORWLIHEAEIZBI > 5 = (MEkiZLEESE FRO2, —fligk
rZ v AR—%—IRT1, BEOBMELEZE > 7o bR 7 AHA2 72 K O REBE BK %2 H
Wi, FORER. aha2 BERTIIEAR Col-0 lEM L FHFEOAEBT L AFX 2 —iEFEN R 51

7=DIZxt LT, fio2 B REEL X W irtl
FEKTIZEFTL AF o —JEHN R
SN ole (B7), ZDZ ek,
RE~A 7oA A —HIZLDHAEF
L AX o —IEHEICIE, YRS =
fEk DEITTIZ L 2 WIS S LB C
HDZ NI N,

FWT, 7~V VEORR - ik
DEBRBICBITHEE LV AX 2 —iF
WEFHRIZE Z A, f6'h] EREK L

FRO2 :Fe3* chelate reductase
IRT1 :Fe?* transporter
AHA2 : H*-ATPase, acidification of rhizosphere

BTS :E3 ubiquitin ligase, negative regulator D: P37 |
of iron deficiency

B msmiEm
wxg *Ek s *xx "
0.08 ) 0.05{ % *
3 : ; 5
Zo0s{ i 200 J
& ) 5 -
H o 2003 H
E 004f | . 5 4 n o
Eo %n 0.02: :
g 902 . % 2001 % i i
2]
®
0.00 & *‘. s 0.00-
Col-0 fro2 irt1 aha2 bts Col-0 f6’'h1 s8h cyp82c4 pdr9

7 EREREMEICE T IBRZEZHOETLAX 1 —F
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s8h BERIKTEF LV AX a—{FENEbNE (B7), ZO/RRIE. sidoaKE-EICE
JHEBORERLE —FH L, o, i EFICK T 28R OEFEEZ ICP-MS (21 Y
BIE Uiz, SARZEMICBT A OBREIZE AR Col-0 HEMIZB W ISR E L1
MEFEDLDICHH LT, EBFERRERIT f6'h] EREKICBWTHERREIIMENEETH-
etz BB VAT o2 —{EHITHSREBERINDKELIZ7-OTH D Z L BFER SN,
INDDORERNL, 7~V VEOIBLARAIARLF U ET7ITXFEF U ONTNDOREF L
AF 2 —{EHICNETH D ETFHRINTETZO, 8FRZEMT 6h] BEEIZ L TAaR
LT LiE 7o tTF o 2Rmnd s Col-0 | f6'h1 |

KBREAToTo, TORR, AaRLF L gooy AR oo Da:a;m; N Y
7IF%EFLrOVTRLEMTRE L D o 0| g stk g
\EITEOEEITL A LERER £ ol B ow "
BRRM TR, 7 TR T T a A gom_ - - é
ML RIS LZ 58I OR, f6°h] K § : ¥ 2

RIFTAT L AF 2 —FEENERSNE O t& "f"' %\ f\
(B 8), ZNHLDRERIL, 7~V DS g kb ok
L7 9% FUNEE~YA 7 a A F— p % ko R
HIZEIAEBLAF 2 —EMHICVETH n X n KQ

L2 EERLTND, H8 YT EMIEBER LAY 1 —EHOEHR

RE~A 70— PNEERZFMETHEDCEFT L AX 2 —IEEERT A=A A
ELT, 77F%8F U RBE~A 7 u A A —FIHEH L72%&IZ, RE~A 7 a8 A F—
S DEM OERRZICEZTEEL L TS0, b LATRE~ A 7 v 3o F— 2 DPRIERESR
(ZVEA LIEMICRIR LT < 2500, WINOOREENEZ b, 2 bOEt%
REET D70, BRZFMEOEK T I 2 =7 ({ETAEE IS T-HEWIRDIEE % RNA-seq (2
FOARDZEE LT, IZLDICEMDOITICL DY IO ZEREZ Ty M LIZ L
A, BEBEOWRENY VI NLVEOERZA L LDELREIAZERTHY . MAEMEREORE
BENRRICKRERBRTHLZ LR ENTE (B9), TNENORBRX AT 5L, @
FRBLRMCIIHAR Col-0 1Y & f6°hl ERKN 7 ZAZ Y 7L, AEMEERET S &
EHILWTNOBEBRCHLRERD 7 TAX—% R Uiz, $RZEMTIE, BEY &
LW AIRERBRM LIIRE R D 7 T A — 2K L, & 5IGEGRBO®E VS EE

CRBNT, S5, e EHERET it T

S LBRHICE SN S DICHE ) . \ : g?%i Heat-killed (BX&EHrHER%: L)
CHRNT, TRbh, SRRZRETH 4, : Y Sl s sl
e tEtE LT2GE . AR Col-0fH  § | imewem £ 4 s+ Live (REMRHSY)
Wi, EE RS T AL § P
F-BFAERL Col-0 M KO8 foonl 2558 = « % 3

K& FABY 7 LT=DIZH LT, 2 . P

fhl BEREFMOVWTRORRIKE ?

BRI D T TAX—FFER LT, - ot t8%variance

E 9 RNA-seqD @547
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FWT, EOIENED L D B EZRONERRLT2H, BEEBIIERPN b T-#E
{78 (differentially expressed genes: DEGs) Z K&, k FEPEIZ LD 7 T AKX Y 7 %475
T2o TOFER. 2,440 D DEGs BNRBEBDO/NRY — 2L 10D 7 T A X —IZHE SN
7oo ED7273T, Cluster 4 |21% FRO2, IRTI. MYB72 BEnT72 EDERZINEICEDL S E
A NEBICEZL DEIND Z ENRghoTz, Cluster 4 DBEFIE, BHERESRMETITER
BEEITIFTHERETH DN, BERZEMFITB O TCIIABTRB 2R TEHAR Col-0 M T
FHEN LR L, BEEO LRIIMEYOEREIC L vEmShz (B10), il T, 8ikZ
FHCET D f6hl BERETIT, MEVBEEOREICLOLITHRARITI LRI 2BHMARL
iz, ZNHO/RERND, AR Col-0 MBI HRE~A 7 a A A —XIZXDH4E
L A% 2 — MR, AEMBEIZ X > THEYOSKRZIGENERILS N DO TIERL, T
L ATAEMBEE DN NERBS ORI EFET 2 Z ENRRTH S LH#EE ST,

bHLH39 | FRO2 [ IRT1 | MyB72 |
-—t 15
Jbc a d cabcab e a acdbca b dd aba dcbbcdd 10{aba d cbecbe e de

14 & 1 a8, $h EHcoko+ mammnL
g‘ . 4‘* f ) @ * . - B o0 + Mettims
12], . 124, #
:

; " ed ' e *é Efs’hﬂﬁfﬂuﬁatb
2 Be * 10 * B, .fs’m + WEDBEES Y
Mz [ Col0 | f6h1 | [Col0 | f6h1 | [Col0 |[ foht | [ Col0 || fent |

sse NONNON ORONNN CNCHONON CRCNONCH

E10 cluster 4|l BN ABRZHEECTFORRELTH

- -
o N

-]

Normalized transcript counts
(log2-transformed)

8
7
6
5

sEHYIC

AR LY, W) —RIREEM TH D7~ ) VEEN LIE ERE~A 7 a3 A 4
— X OABEANERA & DBERED RN S0 Te, 7~V U BRE~ A 7 a " F—4
WZEDEIITHEAL, ZOWEZ LD X HITHIEH L TWDONGEMR A 1 =X L OfigH]
T %OBETH D, SOITHEDNERT 2 IRINEEDIEFTFELRTHE, 7~V U8
T H 1,300 LU EFET S EEbh, 7~V DL ) ICHEEREEZFO OO
SHEELTWA, EBIZ, ZhETIZZ =Y UM H WL D00 “IRIETFEW DR E~
A7 aNA F—ZOFEFRKICEEGT 52 ENREIN TS (Koprivova and Kopriva, 2022) ,
LIl 2o D ZRRBMEDOIERN EO L I ITRE~ A 7 v 3 A 4 — % OFREMEIC 2
THDONIIFEALEDDSTWRY, ZOX DR IRREIEY ERE~ A 7 a4 —H
DFEAVERZRES BT HZ LI2L 0, RE~A 7 v =X OBERELZFIH L2 BIES
AERL 22 EOBAR N TTRE/R D TRV EZEZ TV 5,

Bt

KRG THA LT=WFZEIE, EilZ~ v 7 AT T o 7R EFZEISERT O Paul Schulze-Lefert AF2E2E CTiTHi
b DThD, £-. AWFFEDFITICH - > TIMSIATEYE N A AFLHARIE O R 2272 = (BHE
B JAEMFTE C: 15104093, FERIAFZE B PD: 20K05955)
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HEMBERLAREISMILADS A DA A ILZ M

EEAERK - EESET - SHKEWN
Sato, Y., Kondo, H., and Suzuki, N.

The diversity of virus lifestyles in phytopathogenic filamentous fungi.
Abstract

Studies of viruses in phytopathogenic fungi provide their agricultural significance as
potential virocontrol agents and interesting insights into eukaryotic virus macroevolution. We have
discovered various novel viruses from phytopathogenic filamentous fungi collected from different
overseas areas in cooperation with international collaborators. Here, we introduce the diversity of
these viruses in terms of the three aspects: 1) molecular properties, 2) virus-virus relationships, and
3) susceptibility to antiviral defense. In the first topic, we discuss the recently discovered capsidless
multi-segmented RNA viruses, namely polymycoviruses, hadakaviruses, and splipalmiviruses, from
the viewpoint of how peculiar lifestyles they show compared with known viruses. In the second topic,
we describe the diverse symbiotic/parasitic relationships between yadokariviruses and partner
double-stranded RNA viruses, which have potentially negative/positive impacts on host
phytopathogenic fungi. The third topic is related to a newly recognized antiviral mechanism, termed
“Argonaute-independent antiviral RNA interference (RNAi)” found in a model filamentous host
fungus, Cryphonectria parasitica. Our recent study shows that Dicer alone without Argonaute can
block some RNA viruses. Through these various topics, we will provide an overview of recent
research progresses and future research questions in the mycovirology field that may supply insights
into plant infection physiology.

Key words: virus diversity, mycoviruses (fungal viruses), phytopathogenic fungi, neo-virology,
multi-segmented RNA virus, capsidless, virus-virus interaction, virus-host interaction, three-way

interaction, antiviral RNA interference
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XCHIC

BEEUANVA (A 2 TANR) OSEECEEE OMAERZRES 2 &1d, TRECR
WHEOAH - AREICEELZRITL O 2FR ] X TEEEW Y AV ADSIENE - k) 283
g% L CEETHD, Tr DRI N—FITTN50HEB~DERZ B L T, YR
JFORIREICE T 5 VA VARG e L TR Z B L C& 7=, ZhETlc, HREED
e LB LC. ZROBEKRNOEH LWERREZR AR/ VA ZRHE L CE, K
I, EEYANVAOWFEBAZMH L%, ’xDNRAHE L TEEEEY AV ADHT
FTATAZAANZDNT, [TANVRGTHEROZERME ], [T A VA OHA - FABRO
SRR, MEEE L& VA NVABOKPE OS] &9 3BT TIRIT LIZuy,

. T4V MILAOHREE - BIR

~A ATANVRT, EREMITHR LS EE T EEEORREAERIC SRR E L K
FTZEBHELNTEIN TS (Kotta-Loizou, 2021), BT, MEWHRFEEEEC, E
MEROXRE 22 BERREHEERELZHIET 2 FRO—2E LTAENHEINL TS, FEE
\Z. HZHY A /LA [Cryphonectria parasitica hypovirus 1 (CHV1)] ZFIH L T2 U ldtsm 5
7 VBIARZBGRR L CE 72N DOFEHF L H D (Rigling and Prospero, 2018), AR & L TF|
BT 27207200 Tl | EYREORELEBICEET HIERZIIET L2026, EDE
ICFETDEETANVADEHNZHONI L TV ZEIFEEELEZOLND,

B YA L ADEERIZ, EICRNA VA LR E2Z—F v b E LT, BEREICERT D VA
JLAHFR 2 AEH RNA (dsRNA, B —2 0T AL VERTX %) 2EEIThbh T
7o LINUAIETIE, dsRNA ZHF D FEFE LAV RNA 7 A /LA, DNA U A /L AT RE
EENTLE Y, T2 TRIERY—7 I —DE R LIMEIL, 5 EHE O RNA-seq i@ IZ L Y
G A N ABRFET D HIEDRERIC/> Tz, THETEH, AFXOFHEN T A2V
F—=AT—=FZNEDTANVARRGEANATONTEY | #2103 1-2 FIFT#E b OEFEH R
DT —HEy Fb A NVARBRHEINTZEOHRENH S (Gilbert et al., 2019; Myers et al.,
2020), TNHDFHEERTCHREET TICRON> CEEEYV A VADKEHIT RNA &7
J LT BT ANATH D (Kondo et al., 2022),

RNA 7 A VAL, & THEOEREESE [RNA-dependent RNA polymerase (RARP) F 72 1%
reverse transcriptase] Z 8 L CHE VY, H—D#LMEZREZ2FE - T\nb¢E256TW5
(Wolf et al., 2018), BV A /L AL, BED Y A L AZHANTHIZEDRERIZE NS DD
(Ghabrial etal.,2015), ITFEIZEZLEY RNA VA VADOHELFE LOX ¥ v T E O HIF1E &
LTHERSN TV D, Afa T, Fx MEVIREARES RH L7, RNA U A /L 2D
HETA T ARA NN, BREEMHL Y A NV AEOETT- 72AIEIZOWT TR T 5,

2. D4 NLRGFHERD SR

~EZESNHERNA Y/ LERF DX Y TVFRFLRAIA LR~

BRI RO U A N AERFETDH LT, TOA AL M0 (T AV ADERE) |
ZHRET D Z LITEE CTH D, Wikipedia 121X TV A VAT, fAEHOMEEZFIH L CHD
FHEE IS BN OBIER T, X NI OREEDONEIZA - TV B R
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NH7e5, ] EREEINTWDA (jawikipedia.org/wiki/ 7 A VA 2022 4F 6 A BHR), KEH
FBURIERE TITRW, T7obb, X X080 v 7 R 28y (v 7V L
) TAINVADR, FRZEEN S 3 F Rt PRSI ZHA O > TETWD (K1), v 7
VRLVATANVAD I B FESERID T ) LA RNA ZFFOHLD (A U ANLVA, FILF D
ANVA NARTIANVA T2 FLF T AR [TEL DB LN TR, SEFD LD
(FHEHITEIC R > TR RLINTE L, KRETIE, 288 RNA 7/ L2 FFOo% v 7
VRVATAILARIZOWTERY BT 5,

2RNAD A )L AD R & 55HEBE (Wolf et al. 2018tk %= fEEZ(L) Fr TS RLRADAIVAEE
El=vay: ki) bag:ikic)
Group Il introns/non-LTR retrotransposons R
B h1 > RP
@ Conamiesa FILFOAILAR ZTUIULEIA LR N
2753807
Branch2  J\ARIAILRH RURAIDANAN
BUS AW EL I~ R YRAUDALZN  N\IHIAILRR " 003
(AW Xm0
[©) Branch 3 T jjLmrL2m LA
HIVDAIWRE (K51 D1 ILRRIE) 48R dsRNA
Branch 4
Duplornaviricota
UADAIAREZST UL — R
® o= Branch5
fffffffffff Negarnaviricota 7115386
05 * F v TS RLZADERNICFEZHODSN TR
'S Z1ASERNA [(+)RNA] 2A$ERNA (dSRNA) — X FR1ASERNA [(-)RNA]
J4)LR J1I)LA T OA)LRA

X 1 42 RNA 7 A /)L AD RARP 7 TR D Rz ¥ 7Y R LAY A )V AREONEST T

LB RNA 7 ) DEEOX Y 7Y RL AT A LV AEEROEERIT oD%, TR
~AavA)A] Th? (Kanhayuwaetal.,2015), HEE TIZ, 4 015 § HEHiOT A L
AL REBEEENO RO -oTEY, BEEICEKRRPEL KT T ZLARESN
T % (Kotta-Loizou et al., 2022), A A /L AFEIL, BOWR FH#EE 2 # @ % @ dsRNA 7
A VA L FZE/ Y | Proline-Alanine-Serine rich protein (PASrp) & FEIZILA 7 A LA K XY
Bx7 /5 dsRNA IZFE EoTcanm A FRRORNERHEE (FXx v 7Y FLAEE), HH0
ITOBIRORLFEE L DHFW R T ANVAL LTHLILTWSD (Jia et al., 2017; Kanhayuwa et
al,2015), Fx L, NXFRZLUEDOR=V Y U ARE (Penicillium janthinellum) 76 5 23
DHFMA Y ~A 37 A /LA (Penicillium janthinellum polymycovirus 1) % RH L, KA /LR
@ PASTp-dsRNA AR | MBIAVFIERE E 2 R T REAFEERTH D Z & 70 5 TNZ RNA
REESRICTMEZ R T2 & 2B 55T L7z (Sato et al., 2020b, 2020a),

Hxix, RV~ av AV REGTHORNBE, SHIZH LWL IhZ Y
ANA] BZFE LT (Satoetal., 2020b), FAID /N4 717 A )L A hadaka virus 1 (HadV1) I3,
YR DTV T AERIFE (Fusarium oxysporum) 76 FH X372, HadV1 23 11
KDYT ) LARNAGHEHID I B 3RIIARY A 2 T A I)VADRAFT 7 LA3EICHEEITh o7
23, PAStp X°F ¥ 7'V NZ N7 E (CP) Za— RT 5 08IERHIN R o7, DI
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HadV1 1%, AR T AV ZERETH 5 iR LoBEREIC L 0 ke, BEREBRHRH C
RNA 53R IEZHETH D E W) | BEENORI DT A VAR <~ A a v A )L A E4<
R HMRZ R L7z (Satoetal., 2020b), HadV1 & FEIEEDEM: 2 ik A L AL, /3%
AL ORFED 7YY U NBE (Fusarium nygamai) X° (Khan et al., 2021), H[E O REHHR
Ma L s MU ABEE (Colletotrichum fructicola) 7>5 b HH 3 CW% (Fu et al., 2022),
BRI ANVADYT ) DGEHEIFENEN 10K L TRTHY RV~ avfLRE
FAERD T ) DR DOZMMENEZ Dy NFHTANVADR, $¥ 7T RLPASp 72 L TE
IR THEED T 7 L RNA BEiZRE - HERF L TV D00, SRBANRF-ND,

R A ATANVARNT T TANALNTERR L TRECET D, O —D2D%H
WXy 7 RUVATANVAREE LT, [ATFY NV I A NVA| RETFLND (K1), AT
U7V I A NAE, RARP & 2 KD T ) LAGFEIICEIL Ta— R 5 v | Filkstino
MEZRT RNA UA /LA E LT 2020 ¥ TERE S 472 (Chiba et al., 2021a, 2021b;
Sutela et al., 2020), ZAE TIZ, 2 0E»H 7T HHEH DY ) A RNABRHINTWHWSHR (Jia
etal., 2021; Sutela et al., 2020), CP % 2— R 52 0EIXREINTELT X v 7T RV AT
HDHFEEMEN TR INTWD, Fxld, RV N TIVED Cryphonectria JEE (Cryphonectria
naterciae) 75 4 EIRLO A7 U XL I A LA (Cryphonectria naterciae splipalmivirus 1,
CnSpVl) ZRHE L, KRUANADAKRETDS ) LEINEIC—KE L TERE - KPR
THZEERALNI LI, 20D, ATV /LI UL NVAEEGEY ) AR
LI HNOBELFF>TND EEX LI, SROMIANRFEZND, £, HBERFROME
ST X D EIE RARP O FAERK SRS, RARP B EIEROMALHINDH EZATH D,

ZOERIRNA 7 ) LEFFOF ¥ 7Y RV ATA VAL, ZIVE TICEREBERER) . I
BIEEREREI N O LA DD o TRV, THET, 10 SHEIRiIE O/ A RNA ZFFo v
A IV BB GMED A TN T A X (8 53HT) RLA T AR (<12 E) 72 L]
X, 2 COT ) L5EE—DOORFIZaET 5 E&E X LIV TE 7 (Varsani et al., 2018), A&
B, B D A NV ADEEIR Y, A NVANEIERO R TR TEEOE FE
EETEMEINDERAT —V2FOHRICITEEN EBbNnd, —HF TEEVALAD
A, IEEREOR TR (MRS 12X 2 BELKRS, 18 FEKEOMRSIC X5
IKAGHRIZ L0, 8 EMENO B CTREY A 7V ESERETE A ENMLILTUVWSD (Nuss,
2005), ZHOWoTo, UANABHIESN AT — VB TICHEDEERENS, ¥y SV R
LCERHEIT ) DT ORI A T AZANVDORNEZ X ZTETZONE L,

3. YMNLRMOHLE - FEBROSHEME

~EHYDAL IR ESHL ASRNA YL IWADIR— b F—Py T~

T, LEUITERO VANV AIZERAGBEEL TWDL I ERMbNTND, £D®),
DANACLDEEE~DOEBLHEMET S LT, U A VA OMANERAME L BET 5 =
EEIRAIRTH D, BEETIZ, W OND~A a7 A )L ADMAE bE TEOZENE
D HITE 7N (Hillman et al., 2018), Afa TlL, FHAx VLN L TETHAFO DU A /LA
WFEER. T72bbY KAH U 7 AL AL dsRNA 7 A L A O A - FARBBRICOW TS
FBIT Lo, Ry AV AR EERIT, BBRIRM:O B AE BBCHRE (Rosellinia necatrix)

22



5 HBE X372 yado-kari virus 1 (YkV1) & yado-nushi virus 1 (YnV1) (ZBWTHERL I
(Zhang et al., 2016), HEFEIZIIZE2F ¥ 7V RV AUA VARG ET S Z L 2RIz~
. YKV b ZDO—FITH D, YKV IFIERERLT ) 22, BV T ANVAFH(HRNA 7 A
JVAEED RARP % 22— K95, —F5 T YnVliL, BEH®D CP #F >IN E A dsSRNA 71 /L
A THY, YkVI 13 B0 1Rkt (W7 UAVAE (M 1) DY KX AL
2R, REEHF B LTS, YkVI X, YnV1 2 L TIFERTE T, YnVl OF v 7
Y FHRTEHH®ORIRP > CTHEBTH Z LRI LTV D (Dasetal.,2021; Zhang et al.,
2016), —#XHIZ, (H)EE RNA 7 A /LA xfg EAMKEE L, dsSRNA 7 A L AT T A L 2Rk
THEHT L2 ENHLNT WD, LUK LT YKV IE, (HRNA T A /L ADZITH Y 72
MNBH, dSRNA VA NVADF ¥ L REFESH-T, H720d dsRNA VA LA TH DD

IR D ) ELFRNC TR T A VA LR Z 5TV 5 (Hisano et al., 2018),

BEE TIZ, YKVI IR FY 7Y RLATANA (P ROV TANVAFO A 83—

SFERTOIEMLHREUERHEIN TS, LML, TNHDOUANVA (Y ROV Y

ANWVA)Y DX, YkVI DX HIZxF ¥ S RN F—¢L70 53— —dsRNA U A L RAEZNE L
THDODENTALNTIE R oTe, £2 T, ANA VEABCRED O R SN2 #HH
Y RBIUDTANATHD YKV3 & YkV4, 725N, £ b &;tr;fz% L TV EH D dsRNA
TANA (YnVl CIXERBRAETTVIANABEOUANVAFHIE LTV ICEB L
(Arjona-Lopezetal.,2018), HAZE BHCPIRE W97 Z#tiZ YkV3 }: ka4 DJEYE cDNA %
TNENEAL, E— M —UA N AEFHEZERE ST, EORER. YKV3 & YkV4 1%,
FNENA T ENF T A )L ZAELD Rosellinia necatrix megabirnavirus 3 (RnMBV3), % 723 A
T 4 A NAE (RIBEFHE) O Rosellinia necatrix megatotivirus 1 (RnMTV1) & 777

LB ENEFNERL, N— M —IFETTIIER LW LRGN o, &
52, Y RA Y 7 AL A (YKV] * YKV3 + YkV4) & 3— hF—dsRNA 7 A /LA (YnVI -
RnMBV3 * RaMTV1) O X7 (L, Bt O AU TR TE RN LR SN, &
ST, YRIVOANVABOTANVAE, BTV TANVABDEZEE: dSRNA T A ILAD H
B 3 FBH ’Eﬁ“éﬁﬁﬁ%/\"~ ML~<E?“>:> ZEWTRBRINT, BUANADRBEER LN
— N =2y TOREMEIZIIMEEITEED b o7z (K 2),

HJUDALIVRE B (* skigz) YRBUDALILAH
= RF 1 EILF I+ JLZRI* OYkV1
100 wrs RsMV1
AHEIFTIALILAF ... HRnMBV3 AfSV2 AhoYV1
554 IR PaFIVA -
190 THHIS A )L 2RI Edm
_ . v
o — o D1 )LAR) FpMyV2 >
= 100 . SN
$|E 99 _‘: YRIASOA)LAFR* ... @YnV1 Y.k¥fv3 =X
= . \ eI
< &8 100 )‘73 |\T‘( 'j‘f)llZ*:l'* *RI‘]MTV1 — *ka4 =

HiRE94NA

_—

1

K2 v RAUTANAL/N—KF—dsRNA 7 A /L AD RARP 43 FZHM (k) Oxfibig
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WIZY KA Y T ANV ADS— hF—dsRNA 7 A )V ADOBERL e 5 NZE FRREOEFIC
FETEELZBRF LIz, YnV1 X YKV IZF ¥ 7> RERAET 5 —F T, YkVI X YnVl ©
BRIEZECT 2 LD, YKV & YnVI I ZFEFIBEAERRBIREZFEAL TND 2 &R X
ATV % (Zhang et al., 2016), YkV1 D15 EEBCIRE 3T 2 B EZEITA L )Tl
7RIRVA, YnV1 & OIFET T, [EEEH O ETOEFICIHIBICE < Z & ARB I T
W% (Yaegashi et al., 2013), Fx %, #7212 YkKV3-RaMBV3 X7 & YkV4-RaMTV1 27 (C
SOWTHE L7 (XK 3), YkV3 X, /S— ) —7 A /LA RaMBV3 OZEEEICFEL 5 2 /¢
Do Tz, £72 RaMBV3 1%, YKV3 OFEOF D 6T, £l L To BECIHRE W97
FHEOEFICHE LB 2 /2o 1, RTRHIC YkV4 (X, /S— FF—T7 A )L Z RaMTV] OE
FEELAJ S Lz, RaMTV1 1%, HMEYET CTIlL W7 R OAEF 2] L7228, YkV4 L
HRLT CIIRRFEOLEFT IR B L 52 o 7=, $720H YkV4 X, 78— hF—dsRNA
TANAZE S5TI~A T A (FER) THHD, BEEIZE > TILASRNA 7 A )L ADIRE
MEBWT 2 HENRBFEETHLIZENREEINT, UEDXSIZ, YRBIV A LRL
sN— R F—dsRNA VA VA - [FEHOBRII=FE =4THY, /~— FF—dsRNA 71 /L
A BEEONTHUORENOIRZ ALY, HAMICLFAEEICEEDY 552 LR A
Hahizc, SH%OWRBEEE LT, YRV UA VAL N— K F—dsRNA 7 A L A DX
— b=y TOREMESC, HENM - FEMEORTEHEICHEEN -5,

) J\— b — < )C— o —
2 HAILRIC > A ILAD
?,_' v A LR ?'_- EER5T
3 29 RnMBV3 $ $ T RoMTVI
3 2 =2 2 EE
2T % 2z z BEEOEER
> K @ > x o EfE=t3
RnMBV3 RnMTV1
YkV3 _ YkV4 .
Total =EveRES Total BRCRE
RNA :]TE‘IrRNA WO7 S RNA :ITEIrRNA WO7 S
Virus RnMBV3 Virus RnMTV1
RAMBV3 | o free  ROMBV3 Lvkv3  RaMTVA free  RMTVA ivikva
probe probe o
YKV3 ’ \ YkV4
probe probe @

3 YKV3 & YkV4 38— R F— T A L ADERBESCEEHOETICH 2 5%

4. BEEEIAILRABOKED 4%
~$9 4 JLX RNA F51848(-35 17 % Argonaute DL EEDHE~
Fox i, HEGREFRREBEEEND, RIREOT T A L AEEEIZ OV T H R4
DTCEIATANVAEEDOT TH | LH R EZEMITIB WD TRIES D RNA T (RNAIL
RNA ¥A Lo 7)) #EIZIEE LT 72 (tenOever, 2016) (X 4A), RNAi B4 D F %1 9
[ & L C Dicer & Argonaute 2325 5415, Dicer X, dsRNA X°, miktEELY & >72 1K
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$8 RNA % U0l L C. /o7 RNA BiIBMAZ A RKT 5, Argonaute £, RNA-induced Silencing
Complex PIZHUNT, 1 REH/V5F RNA Z B D A A, & OFEFHELS % FF-O1ERY 1 4845 RNA
D FREETNIRIEFRIGEIZ1T 9, T2 TEEE SN TEDN, & L Dicer 2MERD T A L
A dsRNA (7" / A - BRFEE) 2 +50 L T 25546, THtd Argonaute [X4Z87)> & W
9 Z & THD (Pumplinand Voinnet, 2013), = D EefiX. Argonaute AFIEZE BARNEIE L 725
Y TR SN T 2o dc, £ 2 THAIE 7 VIAKSHEE (Cryphonectria parasitica)
TlZ Argonaute 23 EFFITHMATIEARWNZ LIZiHEHE L (Sun et al., 2009), A4 HV CRREME
HRICE Y A TE T2, A 5

7. ) ﬂlﬁ]ﬁ‘fﬁ@? J AGC“&i,\ cher S AN =] . Argonaute RE D
(Dicer-like protein, DCL) 73 2 BinTFE (dcll-dcl2), F1.r9-7 JLZARNAI H1r9-1 )L ZRNAI
Argonaute £k % > /N7 B (Argonaute-like protein,

AGL) 728 4 BA=TE (agll + agl2 - agl3 - agld) IZ 1RSHRNA 1REHRNA
I—REND, 2D B del2 & agl2 ¥, dsSRNA & wa) sz)
BIZIGUTCHBELEAZRL, ET VYA LA ( m ) ( e
CHV1 [N R A L AR OIESEIR(HRNA ™7 A SARNA ) JAHRNA
WA (K 5) ICRT 2PMEICHFSE L TNDH 2 L l l
DA BT ATV A (Segers et al., 2007; Sun et \ - //' . -
al.,2009), L7 L7735 | SAEEEEE KD -7 Dicer ./ \Diger
7 A NVAELOIESEIE dSRNA 7 A /LA Rosellinia “Lm lm
nectrix victorivirus 1 (RnVV1) (X 5) 1%, dcl2 % &% m l T
KT 57 VIRAKEHRE S agl2 FEERGFHIZHERR e
INDHZENRHSHN TV (Chiba and Suzuki, _Argonaute

2015), & Z CTAMF TiL, RaVV1 X9 2 BAER VAR
B D agl BIEFNFEELTHDD0, THE N
% Dicer DA THLT 5 PHEEEEMEN N TV 5 D \ e
b, RS T B T b A AR L, + A RNAL O i

2V G B O DK80 Kft [kus0 BinT KIBHK (Lan et al., 2008)] ZEniIE R & LT,
dcl2 - agll - agl2 - agl3 - agld DHEMIB L OLEBEEKRZER L7, 2 OEBFRERKRIT,
Bedh b - O AV RIERE T C, DK80 Wtk & RIS DREAEFTL R LTI, VA NVAERET T
D7 A LA RNA ZFEE X H# L 7-#E 8. CHVI BERERRIZ W T, e THFSE & RARIT del2
RIBETNT agl2 REZFFOEEMRIZIBWNTT A /LA RNA I LTz, *RAJIC, RaVVI
BERERRIC OV T, del2 RIBHET Y A /LA RNA DNEEEICHENT 2 —FH T, WO agl &
B @ BT OBRMBEER L UL ERER) &, DK80 RHt & [FFEOMD TRV A /L
A RNA EFEELIVRI R o, LI, OTA LV ATHFARLEZA, LATA LA
B 12 4381 dsSRNA 7 A /LA T&H % mycoreovirus 2 (MyRV2) (X 5) 73, RnVV1 & [FHEDMEH
MazRTIENRHEINTZ, —FH T MyRV2 LRIBEEDOBRIZH D mycoreovirus 1
(MyRV1) (K 5) 1., MyRV2 & 3720 | DK80 ZMICHHZICEMR L. dcl2 + agl RIEHLTHA
B OANABRB EREZ RS no7-, b Z &6, 7 U ARLFEE L. Dicer O A D1fH)
=T, 7725 [Argonaute REDHL Y A /LA RNAI #E ] (I 4B) 12 L > T, RnVVl X
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MyRV2 Z#f| L TWD Z E BRI, S%OMEHRE L LT, Argonaute DFHF LR T
ANVAR TR D AN = ALZHIRBFFEN D, FIZIE, AR O Dicer ([ZH9 DD
EIEIZ E Y | Argonaute B 5-OF N 3L D AIEEMEZZ X T\ b (X 5),

N (+)RNA dsRNA
B IAROIWVRB FFUMLRE LA IIVRH
CHV1 RnVvVv1 MyRV1 MyRV2
'j/r) LZ% (Cryphonectria hypovirus 1) (th)sgllinia 1rn)ecatrix (myxreovirus 1) (mygreovirus 2)
I E—— N e = . ——=)
=
5 IKERR VR {?’ = ‘§ ’
EFE &/ g &
a

TEEREER FrITR FrITR

= RNAY L wH— BERJRP @ CP

BARBE 2 U fASRE BSIRE 2V fthRE 2V fthRE
EP713%#% W1029%#% 9B21%#% C18%#E

DK80ICHITD
DicerR= 1%

&

ot

&

it

5 HL7A LA RNAL WU 7 A L 2 DOPEIR B

BHYIC

LED X5 1ZFex L, BEx REWIRIERIRE & VA VA ZMEHZ, WE YA NVAD T A
TABANESANIRZ DL EZBIRLCE R, SBORBOLSMEEEL LU, B
M A VAN EEARRSRE T CH Y BRENCOWT, BfEM - IRRIICEEZED D =
ERFEFOND, T, ZOBETHS THEENGIIRIZEFHR YA VARG A & Roh
STNDHZENL, FE2HTRLIELY 72, HEOU 74 0 — LT 2MENSHD
VBELEZEZ bND, SHI1I2, [HAxDODTA VAT LBAADZ L, EIEHTRLIZLD
2. VANA-TANABHEEROWREZELS B L T SLELHD, DI, F4
BB W TH T A /LA RNAI #EDOIFEHI TR LI-L 212, BEEE VANV ADOHEAEEH
BREBICOWTHIESED TIF TV BERS S, fFRMizit, LMD E AR
Z. UANA - BEEBOHMEERICE EELT, UA LA - BEHE - WE OLE R
HERZIRA DA ROMEL D LA,

L F

AFEIZird# L= 45-F%E1L. Wajeeha Shamsi {81 [National University of Sciences & Technology (NUST), /{5 A
&>, BipJ& Swiss Federal Institute for Forest, Snow and Landscape Research (Wald, Schnee und Landschaft, WSL),
A A A], Haris A. Khan X (NUST), Atif Jamal &1 (National Agricultural Research Centre, /3% A & L7),
Muhammad F. Bhatti f&+= (NUST), Carolina Cornejo f#i+- (WSL). Daniel Rigling f+ (WSL), Sabitree Shahi f&
+ ([ RFEE AR FEZEFT (IPSR)]. Paul Telengech 18+ (IPSR), ABFE K (IPSR), Carlos Lopez Herrera
f#i+- (Spanish National Research Council, A4 2) &AL L LR TITWVE L7z, 72, TELKEE L (4 HE
KRF), FARFEE S (B R Gy, 1t [ENLOFERH R AR - Rt e BT &
ZERERE (NARO)], &4 KRE¥18 1 (NARO). Donald L. Nuss f& - (University of Maryland, 7 A U 77), Bradley
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I. Hillman %= (Rutgers, The State University of New Jersey, 7 A U #1), ARHEIEHE L #&@HKF). 1L H Rt
T EEKRT) 225, WFEMEE 72 I3 IR R 2 ZRAb W e 7E & F L, E2ARBRIL, B AR
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Novel functions of vitamin K for health promotion.

Abstract

Vitamin K is a cofactor of y-glutamyl carboxylase, and is essential for the regulation of
blood coagulation and calcification in bone and blood vessel. Quantification of the tissue
distribution of vitamin K revealed significant amounts of vitamin K in the pancreas, brain, and
testes. However, the physiological roles of vitamin K present in these tissues have not been fully
clarified. Recently, the function of vitamin K in various cellular events, other than y-glutamyl
carboxylation, has been reported. Menaquinone-4, a form of vitamin K2, directly bound to the
pregnane X receptor (PXR) and modulated the gene expression involved in bile acid synthesis in
liver of humanized PXR mice. And menaquinone-4 suppressed the activation of NFxB and
decreased pro-inflammatory cytokines expression in macrophage and microglia cells. Further,
menquinone-4 enhanced testosterone production in testis and insulin secretion from pancreatic
B-cells via the elevation of intracellular cAMP levels. These novel properties of menaquinone-4
could contribute to prevent life-style related diseases and prolong healthy life expectancy.
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Histone modification in Pyricularia oryzae: mechanisms and its possible involvement
in genome evolution

Abstract

Histone modification is a covalent post-translational modification to histone proteins that
includes methylation, acetylation, phosphorylation and so on. These modifications serve as epigenetic
marks for regulating gene expression and/or altering chromatin structure. In this study, we determined
a telomere-to-telomere genome sequence of the wheat-infecting Pyricularia oryzae strain Br48, and
performed ChIP-seq analyses to gain a view of an epigenetic landscape of the genome. RNA-seq
analysis of knock-out mutants of KMT1 and KMT6, which are enzymes responsible for the silent
epigenetic marks H3K9me3 and H3K27me3, respectively, indicated loss of H3K27me3 directly led
to a release of suppression of the marked genes whereas depletion of H3K9me3 did not show direct
effects on expression of the marked genes except transposable elements. Comparative genomic
analysis identified several megabase-scale “insertions” in the Br48 genome, some of which were
possibly gained by horizontal gene transfer (HGT) from a related species such as P. pennisetigena or
P. grisea. Notably, the mega-insertions often contained genes whose phylogeny did not follow species
phylogeny, and some of the genes had a close homolog even in a very distantly-related organisms
such as basidiomycetes or prokaryotes, implying the involvement of multiple HGTs. The mega-
insertions and other possible insertions in the genome were generally associated with H3K9me3
and/or H3K27me3. H3K9me3 marks were mainly found at repetitive sequences whereas H3K27me3
were preferentially located at silent (or facultative) genes. Interestingly, a H3K27me3 level at a
genomic fraction tended to be negatively correlated with phylogenetical concordance of genes in the
fraction. This tendency was not limited to the insertions but also found in other parts of the Br48
genome. Taken together, we hypothesized that DNA sequences inserted in the genome are targeted
for silent epigenetic modifications possibly as an initial process of gene domestication.

Key words: wheat blast fungus, Pyricularia oryzae, epigenetics, horizontal gene transfer, genome

evolution
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Analysis of secreted proteins and peptides used for the interaction
between plant cell and plant pathogenic fungi

Abstract

In plant-pathogen interactions, pathogens secrete proteins and peptides, known as effectors
for their successful infection. On the other hand, plants also employ secreted proteins and peptides to
fine-tune plant immunity against pathogen infections. Plant endogenous peptides that are released
upon pathogen recognition and regulate plant immunity are called phytocytokines. In this article, we
will describe two examples of secreted proteins and peptides produced by plant pathogenic fungi or
plant cells. A first example is an effector protein secreted by the biotrophic basidiomycete fungus
Ustilago maydis, the causal agent of maize smut disease. We identified a novel core effector /lep/
which was highly expressed during tumor formation and contributed to virulence. From the analysis
of lepl mutants, localization of the protein, and interaction partner of Lep1, we concluded that Lep1
acts as a novel kind of cell adhesin for induction of the morphological changes associated with spore
formation. A second example is a phytocytokine used for rice (Oryza sativa) immunity against the
rice blast fungus. Recently, our research group established a method to identify novel phytocytokines
through transcriptomics- and proteomics-based screening. From 236 small secreted proteins in rice,
RAPID ALKALINIZATION FACTOR (RALF) peptide family was identified as one of the most
highly expressed gene families. By conducting a functional comparison between the rice RALFa
peptide and its Arabidopsis homolog peptides, we concluded that the rice RALFa peptide positively
regulates rice immunity while AtRALF homologs negatively regulate Arabidopsis immunity. We will
further discuss the diversified RALF functions by the identification of the RALF receptor protein in
rice as well as the downstream targets by the RALF-receptor complex upon pathogen recognition.
Key words: effector, DAMPs, phytocytokine, Ustilago maydis, rice, virulence, immunity
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[FLBHIC

FEW0 I SR B DS E IR % B AL S D 720021, @O 2R BE @ U 22 R IR - 2 R S 1
LDVENRD D, FRIZHEY & OMAAERICEE Q&R 2 Ri2d ., HIREORFER 72296 R K+
ELCZ 72 X —REFOND, =7 =7 X —3—RNIZ, BERE»LDWIND LIE
MOTHRTT A b LATHRE AT L. EHREOMHIRC, EYOMa~ vt 20+
WIZEY, BEORBREEZEMIZT DX D Wy /2 EG%1ET (LoPrestietal.,2015), —
FTHEMT, FREORBASLCMBOEE2Z T DX A —VEHES - XF—
(Damage/Danger-associated molecular patterns: DAMPs) % 733" 5, DAMPsIZ i3HHAREE D1
Aoy, TR, BN, B, T X BREDFRY L, MRS 5 S L7 DAMPs
IXEDOZERITR S ND & N F —FFEMRIE (Pattern-triggered immunity: PTI) & B
LTeBRIG & #5588 2 V3l L, Y ORZnE 295 (Gust ef al., 2017, Hou et al.,
2019), DAMPsDOH T b | FRICIRIF I 2 58R% L (240 Hh S 1L 5 IERREIE~ 7 F N 2 A
A o EREDY, RETET TR DO MELAERZHIET M= I 2= — 3
YOI FINVRFTHDL E L THFEERZEOH TS (Tanaka & Heil, 2021) . AFH Tl
WRIERRE N WT D4 o 7EO—fE LT, hUEra Y BREFES WS 5=
7V ¥ —Lepl%, WMNZUWT HXTF RO—fFlE LT, A XN UWT DY A b
A VRALFZEM & LT, REXRT—Z @O TIMI LIV,

1. FOEOQLERRENDMT AT IIVZI—FUNIE

ryEnay BRREILIN Eras O FERFARKREO—D>THDH, REILFVER IO
MR OFERCEEI YL U, HEERR T CER 2B S CERREBE R ZFHE L, HEET
Iz HoRaR T AR TS (K1A), AEORYEEREE LT, STIIESEORL
BRRER LS L, ZHEERERT 5, 2 OBERITHEY R 25873 L BRI
ZHE L, MPENICEAEZHIILTRATS (K1B), AEITEMFERTH LD,
) OMBE A BREE L2V X ) ICER AR S MO 7 R 7T A MEkIC THEET 5,

(GELIED)] G2 0)
VDEZE. BT DR

EWE DR
IR=P

PR GE L7z Py Er a5, BR LU CHER L L2k, BN E PR L7 Bk
DRENAFAE L, ERPICRB L TR Z IR ST D, FA YO M UEr a2 0 TR, B, Bl
RN C =7 = 7 X — EMEEN D 2 N7 B % 533 % (Lanver et al., 2018 1V 2Z)
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BROBMICe s &, FAMEICBWTIE fE L, Fnasl&ael LT, BEXRRLN
BE LIgD, 3mm? ICHET HIEEERR TEARM) 28T 5 (K 1B), ERIEONEO
AR, MRRBEANTEMEAL T 2EICL D A A~ ANBIMICE AL, TO%EAOT N
KEIZFEK S5 (Lanver et al., 2017),

FyERIVEREREOS ) LTIE, 476 [EOWE L NI EE a— N T HBIET
IR L, T4 6 OREEIIMEER S U IIBERERY R A A & FF72 72\ (Lanver et al., 2018),
INHDOTT =7 X —EMELTF D <, BREERRFRAIZREED EH L, REOHENM
(CEBERREEZR-TEEZ LD (Kimper et al., 2006), FFHARFRAICHIRT D85 5
DTUT AN T EERE LT, KEOMEYREGOEEIC I TR R 72 RNAseq f#HT23
{Tilz (Lanver et al., 2018), EODFEHR, HWs /NI EBxa— R HBETFIZEIC2D
DEY 2— VIR ENTZ, FE—DFY 2 — /VITREG OEARRICREN LR 58&R
FHTHY ., MY E RN T 272010, EICHEDORZEISE ZMET 2@ 2H 5
(Djamei et al., 2011, Hemetsberger ef al., 2015, Ludwig et al., 2021, Ma et al., 2018 Mueller et al.,
2013, Tanaka et al., 2014, Tanaka et al., 2020), ﬁ%“ODQE,/:L——/V‘iTY Lt N BR T RED |
ATHBEFHTHY, BREBEEZZET S L, HYORPEICES T 0 L0 b,
Eﬁ@ﬁ&%ﬁ%ﬁ& CHEREZ R T O TRV R SN, ZORREHEY 2 —
ZiX. KEOBWMSE R B a— RT58EFOIH, EIZ 2 FILLRICHEET 2 104
Lh%ﬁéfiiéoLﬁLJt L BRRRICR T AT VIR RE (b a2 T B2 D oy R 1T
RIZVWZARIARENEL, ORI EREZ Ric T =7 2/ 2 — DR ELERTh o7, T2 T, &
TR E DGO B BRI W T DT =/ X — DOFSHEffT & B B L CTHFZE 2 7=,

-1. ERFEORY IO 9 2 —Lepl DEITE & WBIRFED KRN
BRREORYLYBRICB T 25w s v
PO EDIIR S H I D | RS ] A% lep 1: &= F IR
BRRAICHEB LR E WS D % 8 R o .
L. N5 OBEBEFIIERORENT NG | £
7 =7 Z—DOHEMOEFEIZET 5
ZE R F R A~OEEZA 6N 5 2
EEBEBE LT, 2D OB T IREKE
FhEN N Eaa | EETAL, 7O
DB T 7 = 7 Z —WEER LB AR & [F)
DG A LR FEKEZ R LT
D3, 1 ODEERKRIL, BEERREHE L
LOD T RRESEECEHY L (2 | B . xS
2). 2T, SOBRFELEPL (LATE gy 1op) pstithisto 7 Iom & Bk Ot HIVRIC
EFFECTORPROTEIN1) &AMV 72 lep]  pyugars 1oz (i Fukadaeral, 2021 K )
EERR DR YLBRRICB T A M A~ A %

(RS

EROEENR
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FAT L72 & 2 A, FRICHEADESEREEL RIS A KNG, BARE OZENHFICHN,
Z T, BRWEOBEARZRE L, EMET TORGERZBIZR LT, TORER. lepIflE
HKRTORGRELRRBITEROREHERETHLELALN L o7 (K2),

1-2. Lep1Z UV BREAREDOHKEZED. BROKERTHEZRET S

LEPIFE T IXE AR OEARER N EREEETH D EHERI SN2 0D, TR E/ER

HI=OICLEPIDIEFE B ZRE L, TORBAMEMNT L=, 5 & LEPHEEREKED
an=—KBOBKENBEEICEETD L, S OICREEIF CIE, BERO LTICE R
Fl LS LEEARARAEER T2 2 En A SN, Zo/RIT. BEREOEA LS
WSTcLepl # XV EDREAREIHES L. 7 R~y oL ) ICMlaR L o8EE 2R T
oD THLHAREMEZ R L TS, £Z T, ETIHRHD L I ICLepl ¥ T ENREHRFE
EIZRIET 20 ZRRAET D 72012, % IR RAYIZ Lepl-HA 2 B RIFEHL S & 2 Bk & 1
L, VBN CEROESEREZR IS, REREEZITo7, #IFEL7ZEY | Lepl-HA
2T OVITERFERE OAIEE FFICESROERICB W TEBE I N Z LD ikt DLepl
IFEFRE EH OMBEEICRET S EE LN,

1-3. LeplZEEKMES /XD BRepl EHEBEERT HFRT7 FAL BRI T V3 —THD
W% DLepl 23 BFFHE OIS I Z HETX 2B & LT, Lepl 2 EFHRE OMATEEIC
GFHET DX RIELEBSHEERAT 270 TIER2WwWnEE X T, £ T, Lepl-HA%LIE
HRBRT AR RS L TEBT S RY VB E RO TRIELILE BESITICED .,
Lepl EABAAEHT 5% U XV BORIELZRAT-, EOMEFR, BEARAOMAREBEZT I n A Fif
MEATERC L. BEROBUKMEZ 8L T 5 55 7327 ' T & % Repellent Protein 1 (Repl)
(Teertstra et al., 2009, Wosten et al., 1996) M [FEIE L7z, LEPI L REPIDZEE N D1E 3
BEORBIBIFENT 238 U C, FT1dRepl M S 4L, EROFRHEIZBWTT 2 v A NiHEZ
Rk L. & ORI i SiuizLepl 23, Repl EHHAEAMEAT 2 Z LIk » CTHAFREIC
JRTEL., Lepl BHIIEREEZIRTHHOT R~y LTHRETS L EZ bRz,

1-4. Lepl DEM~DIERLBRBEADESR

—RIZT T = 7 Z— T O|GUEIAER T 225, LepliX & 5 7 ? lep INFEERR & L S
B2 b UvEn o OEBERSE AV T, qQRT-PCRIC LV BEEI OB EIG &I+ DR L
NERRHT LT, ZTO/RR, YV FAEE, 7x=17 a4 RERBREIZET 58BTFO
I LU IR VW— 5T, h o a L OREEYE T 5 DIMBOA S R D&
{BFbx33 KL Obx41X, lep IRSERRAEFRIRF (CFBL 00 L7 LTz, £ 2T, bx3, bx4 & Lepl
L OBEMEZ TR DHT2DIT a3t K Obx4 K48 b U E 1 23 % N Tlep IEERR O I5 R %
FRT=, TDH L b3 L4 RIBIRIZE T B lep IRFEERROTRIRMEIL, AR N TEra Y
BT DREEERRBE ChH -T2, LEDZ D | lep IEERE DOIFIRMER T OJREIT A 72
<&b, EMOBEAMOBEIGE N FFEINTVWDLIMNL TIERWIZ EBRB I N,
DAIFRENT S D72 00IZIE, BFANE & lep TN ERK % e S B 7 BEIEAA R 2 F VY TRNAseq 24TV,
T DBIL TR 2 HIRFT T o MERH 5,
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1-5. LepI AR ET HEAMDER

Lepl D E B X IFE RO TH A 5 L ZBX LN, ZOERIIMEES S, Y
FEBEN CERBREOE RS SN ABRICIE, BREREN = — N9 5k~ Z2fagEom
KGR BE TR LA L, MRED Y =7 Y v VR THhILS, TICXD
SR OB L MEEE SHu, Wi b L7202 N TN AR REE BGEE 2 & T, Bl
R SND, ZHUI-FEL, MDY 7Y 73 Thh b ZORHIX, IMBRENO
DHE A= hEWBZ TOT W TH L E b E XD, © 2 CEBFEIILepl 2 3W L,
EARIEEHRT D2 ETRARETI—T 47 L, DR EERENOEHEZF-> TN D
DTEHRVWNEZZ OGND, BIREWZ L2, BESRSE T ORI Hei R A 5 51705 IR b
LTEY, ERBOFRENS, @EUREA I TEERIFD KU SN HTEN
R &Nz, ZoZEnd, BEARHEED Z LIk~ T, RAZ22MEAMORFLY 7
TR FDEARIREEOMIIATEIES L1220, TR ERFALL CTED S L9 7%
HIEH A 1 = XL D DO TIEARW ) E B Sz (Fukada ef al., 2021),

2. YLD T DRFABUYERTF K THEYY A bHA )

MEMNFRFE 2R 5 & PR D—o L LT, BHEDREZE D 572D DAMPs
Z5Wd 5, DAMPs (% 3551 DAMPs] 35 X O [ERESE DAMPs] (KB &4, B
SRR E &2 8RR W SN DA M A U, BEIITEMEE S Z T -BIC Y
WS LM ATP, AaEEORERC Sy . e 838 TILE % (Tanaka & Heil, 2021), &
DO BRIHE YA N A L, FERIE ZSIE T 5 & RIRRC, YO 5 bS04 R A il
ToHMEM I 2= —2a O I FARFTHLE L TEFRFERZED TS (Hou
etal,2021), IRFEHZ2HLDLE LTIET AT I (Pearce et al., 1991), PEPs (Yamaguchi et al.,
2006, Huffaker et al., 2006), PSK (Matsubayashi & Sakagami, 1996, Yang et al., 1999), PIPs (Hou
et al., 2014), SCOOP12 (Gully et al., 2019), RAPID ALKALINIZATION FACTOR (RALFs)
(Pearce etal.,2001) ZENZE T D, ZILDOEBDY A F A 3% OB4E, MREICE
WTHEIRRBIEATCZ v R BUIM 2%, RAEY A NI A v &7 TTRT T A ~NaElk
WZRWSIA, ZUOITMREBEICRET 24 A URRERZEIRIC L - TR S,
THROY 7 FNVEIGEBIER T, < OWEWY A N 14 1L PAMPs/MAMPs & [AIERIC,
—%# 7 PTI KOt (ROS PEA, BAEIGEBIZ - OFBL LA . MAPK OJEM L, LD A
DOFA) ZFHE S L <THIHIT 5 2 & T mERIGTx L TR ® 2 W IZ I I @) |
FDNT A EFEL TS (Houetal.,2019), SN, A RICBT DH -2 A N7
A & LT RALFa X7 T ROBREMT 2 0 & LIZFEZ2 T L7ovy,

2-1. ARICBEFTBVLEREIINT HEHY A FHhA NEHEDORE

EZDPHBT HAMAETIE, WEBREICT AMRMEICET 2ES T A M A v &2 FE
THZEEZHMELT, N AR VT b= Ta T A I AR ESE I~ TH
v J AFENTISHESL SIVT2, TV AT AEANT, A RISV BIRHE & B S8 7R,
BEF AR SRR E OHIBREE DIERIK T CTH 2 T VAL L IZ RIS REMICHEE I N D Y

49



A IIA L OBEBEERDBI, LORE 51 <nF 737 AWIFIC L0 RE SR A R
R VODREDDVEFT I 50 ko % (Wang eral., 2020 £ 0 B
RFICHFERAVICTHE SN D236fH b D

WK WL~ 7 R3EE S 4v7z Protein family Total  Medium
(Wang et al., 2020) FCH . ZALE  Cupingermin (including PR-15 and PR-16) 22
“CKﬂﬁUDHECF@@“CWI]‘T{%%@%%’EEW%& Protease inhibitor/seed storage/LTP family protein (including PR-14) 18

Plastocyanin-like domain containing protein 11

%: é TV 5b “\0703" K23 %i&ﬁ%ﬁ é Glycine-rich cell wall protein
ﬂf’ =L E Kﬁ{fﬁ)*ﬁff@qj—/l} l\ Thaumatin family domain containing protein (including PR-5)

Dirigent family protein

A %_’ I?J Hﬂiﬂ'g‘ %) 72O D ﬁ;ﬁJ 7L£ iﬁ& Rapid alkalinization factor (RALF) family protein
< &) Z) - k %fﬂ—'\‘ LW 5 (% 1 ,Wang SCP-Illke extra?ellula-r p.ro-teln (including PR-1)
Cysteine proteinase inhibitor

etal., 2020) . Barwin domain containing protein (including PR-4)
Bowman-Birk type bran trypsin inhibitor

w

(o]

- A N — o, Early light-induced protein
2_2' RALF 7= U ~N 703: |~ ) E'I & Thionin family protein (including PR-13)

FRO~IVF A v 7 REEHTOFE  Pollen Ole e | allergen and extensin family protein
R BEOERRBASRLES G AT
W7 T RELTHEEE ST Pepdyl-prolyl cisrans isomerase
RALF 77 3 D) __J\oj)a: FK% HL EL?,ZQ:E:;?:J@:,ZW domain containing protein
7=, RALF X, v 2 A X F X F2FB0
THEfR(R R OMH . MRSAOT T Uk, TERMEMRRE. BRREISEHIE & Vo 7oig RO AR
FISICBEET %, FTHREISEICEAGT 5 EMEDH D RALF ~X7'F NiX, FERONIA

(FER) EMEENDZRFERISF—F, BLOZRFEESY 37 'E LLG #& L T RALF-
FER-LLG &R EZHR L, RERIGZFES %5 (Stegmann et al., 2017), BBREFEWEIZ,
AtRALF23 X° AtRALF33 (35 RS 2 B ICHIE 35 —77 T, AtRALF17 |$58ERIG & TEIZ
FES 25 LV d K912, RALFICEL » TEDOHEIE 72 % (Stegmann et al., 2017) . AL H
DRIGFEWT Y FER ZEBKEFEHTHDL Z Enb, TRT T A MEKIC W S iz
RALF 78 FER LA 5 Z L1 LV, RALF-FER-LLG &Ko &E I B 24E L &8, T
WMDY T TNV ISETET D LB I D0, RIERHZRENZ\ (Zhang et al., 2020), >
A X} AP LA RICBITDRALF 77 2 U —_XTF RORFKB A 1ERS 5 L KIFZET
[fE S 4172 RALFa (%, %% 2 &IZHIHT 2% AtRALF23 <° AtRALF33 L[HIUZ L— FIZE
T5HT ENRINT,

O = 2 0O 2 =2 00 0 OC =~ 0NN WO O &

= RN NN W W W R AP0 N

2-3. RALFarR T7F RIxFF U FEMPTIRICZERT HEWH A thA 20 THS

A XFAFORER T ARALF23 [T & A IZHI# 525, A R0 RALFa (35% X
JGIZED XD ICEET D075 90, A FOREEFEMILIZ PAMPs (FF 28 LI TF R
7'V 7)) ZMFE LT gRT-PCR 4T 9 &, PAMPs ALFRIKFFAYIC RALFa D& & FHEH N E
F L7z, £Z T, 8K RALFa X7 F R& A ROEEMBICIM LT & 2 A, S EER
FDORRBFESL ROS DEAL L WS-—HO PTI KGN HE SN, ZORSKIZEHIZ, F
F & RALFa <7 F RO[RKHALERIZ K > THEIN - FERZ R 358D b7z, CRISPR-Cas9 %
W T RALFa &fnF D RBEEZER L, T OBEMBICT T o 20T 5 & AR OE:
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EBMEE LEE LT, T UAERIZ LB PTI RGO BEE ICHED LTz, LLEDORER )G RALFa
IZ PAMPs #8512 K-> CTHHE S, PTI RS A EICHIE T 20V A S A THHZ LN
RENT,

& 512 RALFa DWW BIFE ICx T 2 it~ 5 25l 45 72 $1Z, RALFa KEK
[CEFMED WS BIRE A #fE L7z, T ORGSR, BFARBAERF &t L T, RALFa RIBARIZ
WHBIREICR L, LVBEEZMEE R LT, ZOMBEREIHERT D201, W BIRE OB
fRIZ RALFa 7T RZRE L CHAERO A RIERET L L. W LIREBEEIC L DRHE
MMETF L7z, 2B 082S, RALFa lZ PTI BUGSZIEICHIEI L, Wb BIRE T 5K
PEZFHFET L LB O, RELZAICHIET LI rA XF X FORER 7 ARALF23 &
IZIER X OFER & e o572, —7F T RALFa OIS E LN OKREL M 6 &, v u A X )

21T HHERE & [FARIC, RALFa OEEIRELA R ITBLE %2~ L, RALFa ~7'F NIk
INEA X OREEDOT VI VAL EFE L=, Lo T, MapEMmS, Moo r vy
b &\ o 72 RALF ORI RHEREIZ Y 0 A XX F L@ 5 —F T, EIGEICBE LT
IZ.RALFa OFENIA 1 & v mA XF X F L O TRKEE 72> TV B RREME DRI X7z,

2-4. RALFalIDRUSIZBHE X F—CE LBEE L TRERICZHIEHT S

RALFalZ> 1A X F X F DARE T ZARALF23 & 13872 - THZE R G % I HIE9 5 28,
Z DFEA X DFERK T 1 FIARIFRI 72 D24 5 02?2 v a A XF A F OFEREBHLF I

A FIZBVWTDURSL, DRUS2 & FEIEN 520 DBIETFIZAEYS L7- (Pu et al., 2017), BEBRIE
WERZ, DRUSI, DRUS2ZNZENOKIBEE AV S HIFE OERERER O S, DRUST
I IRIE R & TE(Z, DRUS2IZ BN BICHIET 25 2 & 238 ST\ 5 (Huang et al.,
2020, Yang et al., 2020), ZE# © OIGIEREMNTICL Y . ©4F AL LIERALFaX7F KX

KRIGE N HFER L7-DRUS1Z R 7 B L EFEMEEERT 5 F /AL E o 7-, DRUSIX
EW@%%W%_M¢MA7%%%mﬁ¢é&\%E@@%%ﬂ%&%«f&ﬂhm7%
NIZX o THEEIND —EOPTIRSNEAE TR Lz, UL EORER) G RALFaldAd 72 <
EBDRUSIZZBARD—2L LT, A XORERISZ EIZHI#ET L B2 b, b,
RALFa2DRUS2 & fHHEAERH T 2% D) . DRUS2KABIRIZRALFaX 7T R &L 3 5 L PTIX
KM ED X 9 7B A KIFT O, E HIZDRUSIEDRUS22Y ED X 9 72 LB FE Corilsz L
TEDONIZONWTIES R OBRFTTRETH D,

2-5. RALFa-DRUS1D FiEZFDHE

RALFa [3072< &4 DRUSI % &K E LT PTI MIGEFHIET 2 2 DRI NTZH,
RALFa-DRUS1 & PTI K& & ORICTFET DV 7 FRZEORR FILMEAH 90, Tk
FARB =2, RALFa b L < IEIRIEMR RALFa <7 F K&, B4R L < 1% DRUSI &
@W%E&Ab@ TRIRFAY 72 RNA-seq FEAT 21T o 72, € DOFEF, RALFa ~7'F NALE|Z
F 0. 10 R ITIEBEICHT 400 &, 1 R 1134 4500 @ & OBRFNHEALE T2 &
ﬁ%%#k@ot(mwﬂﬂm<mm @m¥%ﬁﬁiﬁbt%@:omTG01y)
v F AU NMENT AT TR, 2O  ITHEEERE K > OB 7 = =17 m
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A FERBRKBICEAEGET 28 FHETHoT-, EHICINBHDH L, DRUSI KIEHIICHE
BEZHL, WHLREOEICL L CHRREZE T 2 &E T2 LR, MlamE,
vy A flRE N RS B 5 A BAE IS 2. WRKY X° Harpin-induced protein, NB-
ARC/LRR % > /37 G L\ o - BEMORPIEB G TR EE Sz, 5%IE. I b 0&ERx
T34 RIZH1F 5 RALFa-DRUS] (2L > THE I, REGEICEGT 282K TTHD
ETRL, B zEO TV TETH D,

BHEHYIC

AT, WE-RFCRREHEAERICE T 20 X788 LT F ROKRERE
FreELTC, BEARENRDWT ST =7 X —Lepl ORERE. + L CTHEMNHWT D
WA A RALF O#EEL ZHEM Lz, Lepl =7 =7 ¥ —DffFEA#@L T, =7 =
72 —DEFRE HEYOREINEZNGEIT 200 ZTICRET LV S, DWW LTE
WFEIZ & > THEANCE K X 91T effect T550F) LIRFRITIEZ D2 LT, Y EIRERE &
DOFEENEH OHIEERE O M OBMN S LIZJAN DD TR EEZ TN D, Bl 21,
Verticillium dahliae N5 W9 5, BiELZLICTAMEOEBTHNELZIRT X o X7 B
(Snelders et al., 2020), Botrytis cinerea H>73W9 %, & EMEY O G HIEZRELSE L L 572
small RNA %, (Stower, 2013, Weiberg et al., 2013), JRFEDT T =7 X — L2 HENHED
ThhAH, SHOERDLTT =7 X —WF5ENEL, MR 2RI E 015 4725
FHENFICHIA SN D Z L 281595, RALF OMFETIE, YA XF XS DREn s
AtRALF23 WM& # M3 25 X 2 12@< OIizxt LT, £ *® RALFa |3&ZE # LT 5 X
INHEBRET DENAL ML o Tz, ZOFEVITHEFEERE L WFEHOEITERT 2 D h,
RALF 2 H¥BET DMk DiEVY (AtRALF23 |34R, RALFa (3%E) ITEET 200, BT 5
SRR & O AEAERIZ X W EEEEN Db L= DAy, RALF 2SS W S -4z, &h
BT AR, ARk E TIEET A Z L3 TE A D, RALF WNREEICESEZERT 5 Al
BEMESE, ZOHEBRIIRER N, SRIEFINO OB A Z RLICHELZED S LT, 13RI
43 LFEET S RALF 2 EDO L IZENZIT TWD 00, Y ORRE &5z BT 2 e
CBE ST L2V,

A CHRALEHED Y L, FyEra v BEREOT 7 =7 2 —FRIZ A Y~y 7 2T 5 7 e Lk
WFWFSERT O Kahmann #FFCE/EEERF 24572 D T3, Regine Kahmann {1 & 4IED TR A 3 — (b b
BEHH L LT Ed, £, A RO A NI A L OMZEEED B I2H 720 BIHEEIC e o 72, [ILKFE EIR
TR GEAT OB PEEHE £ 21T U, TR A =D S FITHIFLH L B £9, RALFa ORERER#HTIC
B2 v ANESL RO BRI 2L R FO LD AEE L &FAEY LEFEIT O KT L
FRZ0O R B —BRE L ENCEAR ORI O B S L, K O EAE L IR SRR R e T
O AL fEE 22t Wanging Wang SACZBIE . £o3romMBZTEX £ L, ZoBREE
O CRSEGLE L EIFET, RIS~ v 7 A7 T v 7 e, BHFEE T (21K1485603) , [l LKA
A IN—=T ¢ HEEATR, SCHRVRE St 7 ) 23R, RIFSES OB E %= T L& Lz,
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Pseudomonas syringae pv. tabaci W12 & T 5
BEEIRFORBEMNGTRIEICTITT
MHEF - BIIER - BEDA* - BEAELR

AR ERE - —HE R

Matsui, H., Kuroe, K., Kashihara, S., Nishimura, T. Yamamoto, M., and
Ichinose, Y.

Towards comprehensive identification of host factors targeted by
Pseudomonas syringae pv. tabaci.

Abstract

Pseudomonas species have been extensively studied as an important plant bacterial
disease and as a model bacterial disease for understanding plant-microbe
interactions. Pseudomonas sp. have evolved and acquired various virulence factors
to establish infection in host plants. In particular, the type IIl secretion system
(T3SS) of Pseudomonas sp. plays an essential role in establishing infection by
suppressing the host immune responses through the secretion of multiple type III
effectors (T3Es) into the host cell. Our laboratory studies the virulence mechanisms
of phytopathogenic bacteria using Pseudomonas amygdali pv. tabaci (former
Pseudomonas syringae pv. tabaci, Pta) and Nicotiana tabacum as model
systems. Although T3Es also play an essential role in Pta 6605 as virulence factors,
the molecular function and target host factors of the T3Es were largely unknown. We
attempt the comprehensive identification of host factors targeted by T3E in Pta 6605
using the intracellular proximity labeling method. This method is a proteomics
technique that has recently started to be used, and we discuss the effectiveness of
this method in identifying effector target factors.

Key words: Pseudomonas syringae pv. tabaci, type III effector, intracellular
proximity labelling method.
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I C®iZ

IR IEE L, BERCEL T, EXEEWORB#H 2 EET L7200 TR < Bi#H
ISEEZME T o FHREBEL BT TCE L, MYIRIEE KR 2 2 b RS
HEEORKEI T, MY OHEA LV HEEOREILZRLTEY HY & MA
WS A I A I BEAER L CE a2 WiE-> T D,

72O FETIX, WY —MAEVMHEBEER OB IZWIT T, Pseudomonas
BEZ M L 3 & T X 72, Pseudomonas J& #l E 1 60 % # 2 5 pathovar
oI, EYWOBEEFREL L TET TR, EYW—RIEEMAAEEHOHE
(Z e i 72 AR SRS A S 4L TV D (Mansfield et al., 2012; Baltrus et al., 2017; Xin et
al.,2018), ZfF L@y, b~ NEEMBERE Pseudomonas syringae pv. tomato
DC3000 (Pto DC3000) IX, I8ETH D Fr~ b, TETNVHEH > v A4 X F X F TR
WY SEDLZENL . EY—MAEBDHEEERO S FEBOMHRAIZIE A
5T & 7% (Xin and He, 2013), /%2 T, Pto DC3000 (% Type III effector (T3E)
HopQl-1 D RBIZHE W, B ELBx b TWe=aF 7 F X+ IT7F &N
2B Ye & ATREIC 9 5 (Wei et al., 2007), T 72bbH, Hx OHKNERAET D
T3Es DL /N— b ) = Z W ~OREEDORGZRESTLLELELOND, FE
I, T3Es D L AN— h U —[ZOALR LT B THLRLRY , @x OEKD
WIRNDICEEEZE 25, TBEEO S FHERESCHAEFERREFOMBITITHO>WNTIE, #
NTleRIDZEHHBR AT WL ORI (Lindeberg et al., 2012;
Biittner, 2016; Wei and Collmer, 2018), — 5 T. Pto DC3000 LA IZ B Z [T 5
& T3Es O THESCHEMEAR TICO W THEREZCRALZALZ W, AfFET
X, Pseudomonas amygdali pv. tabaci 6605 (IH4 Pseudomonas syringae pv. tabaci
6605: Pta 6605)7 T3Es DO#REMBIICZmIT T, HAEDOW Y MH AT DOV T IR
L7zwv,

1. Pseudomonas syringae Type 111 effector
1-1. Type III effector

KRR — 7 = ZAEATEN & FREFHITOREIX. Pseudomonas J&
MoOE s ) AT Z eI Lz, BRE O 5 2 N8 AT )~ & | Pseudomonas
BME2NPRA T D T3Es X, TOHENLDRS LD 70 BEACHDEINLD
(Dillon et al., 2019a), Z 4 5 T3Es @ 9 B avrE, hopB/hopAC, hopM, hopAA O
D3 95%LL £ DRRIZTFTFE T 5 (Dillon et al., 2019b; Baltrus et al., 2011, 2017), =+
7. avrE, hopM, 3 J O\ hopAA L. Conserved effector locus (CEL) 75k | & I
L. Pseudomonas B & OFFHICEHEREE 248 5, #l 21X, Pro DC3000 -
h~bFDOETNVHRTIE CEL IO XRBITHIRE I K& ¥R %L 5 % % (Alfano
etal.,2000), £ 72, Pto DC3000 & > 2 A X F X F DFET /LR TIX AvrEl, HopM1
T EMICEEL., 7R 77 A MREORBBELOEECZHFET S22 060
T VW% (Nomura et al., 2006; Xin et al., 2016; Roussin-Léveillée et al., 2022), Pto
DC3000 - =aF 7 F RV ITFOETINERTIE., Pto DC3000 O % B & B K
R AT D5 Z L T, AvrEl, HopM1, AvrPto, AvrPtoB, HopEl, HopGl & L O
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HopAMI1 VIR R W EEIC KW B/ 7 2=y & L T#HE I L7z (Cunnac
et al., 2011; Wei et al., 2015; Chakravarthy et al., 2018), Z ® X 9 IZ Pto DC3000
® T3Es ODWFENL, WERAKRTFE L TOHBEIAL NI TEX—FT,
7 FRESCENREF DN RALL OB LN,

1-2. Pseudomonas BRIE RN EN L T 5B ERTF L 2 0#e

Pseudomonas J& A E 1L, #HE 20~40 FEFE O T3EAZ 7/ LHICHETHEE XD
NTWD, T3Es D4y FHRE L L TR M REBRERFE2EMNE T 56808 %<
5 S 4L TV 5 (Lindeberg et al., 2012; Biittner, 2016; Wei and Collmer, 2018),
2 X CELfEIBIZE F9 % HopM1iZ /e I 5§ 2% v 1 A4 X XJ MIN7
(ADP ribosylation factor (ARF) guanine nucleotide exchange factor (GEF) protein)
EHMEERL, a7 7 Y —LE N LTH ORI EGMBIZEY | [FKIC AvrE]
b/l ELHET L RS é‘ ATV % (Nomura et al., 2006), T4, AvrEl
DEHETAEFEFRFR e A XFT XS TRIESN, MRAEREY N7 &

(AHAT1, PIP2A, PEN3 72 &) CHAMEHT L Z &R I N TV S (Xin et al.,
2021), EE Tl v A4 XF XF & PtoDC3000 D% % .02, 24 FE¥H D T3Es

(AvrB, AvrEl, HopAR1, AvrPto, AvrPtoB/HopAB1, AvrRpm1, AvrRps4, AvrRpt2,
HopAl, HopAF1, HopAll, HopAO1, HopDI1, HopE1, HopF2, HopG1, Hopll, HopM1,
HopN1, HopQ1, HopU1l, HopW1, HopX1, HopZl) OEMKRFNHEEINLTWD

1-33. 27 =27 F—DBENAFOREGTE L L ORE

T3Es O ZEH K F O [ EIZ 1%, Yeast two-hybrid (Y2H) screening % H \ 72 K#
72 M HAE AR+ O % (Mukhtaretal ., 2011)X°, b~ 70 b7 I X MR & H
V72 T3Es (HopAll, AvrPto, HopAl, HopM1, HopAF1l) L fEH T a7 A4 % F —
Y O W8I fRAT (Brauer et al., 201N HEINTWDH, — AR EMNKR T OFE
EFRELE L TiE, £&EEKEE(mmunoprecipitation: IP) & Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) % #i A & P & 7= IP followed by MS
spectrometry (IP-MS) X°, X o XV ELMHMAEER T2 ENTFRERIND X
YR 7 BATR T D PuiR & v 72 35 % U % V£ (co-immunoprecipitation, Co-IP)73
B & 4L T B (Albers et al., 2019; Xin et al., 2021; Rufian et al., 2021),

I FE ;’E%M%ﬁuﬁ'ﬁx bEEMINTWVWD, flx X, Y2HEIX, B L&
‘7/1'7“'7)‘—% ’&j(iﬁjajji)h\gfi%w\%ﬁﬁg-.?fik@—a‘fﬁ@&//\ﬁ
BT Y2HIZIF@E S 20, £ IP-MSEE T 7 =7 4 —OBHMNHEERZR T I
**%ﬁ)%ﬁb < BB RN E, IR e N EOMEAEAEH
KFOREICIEHERDIEN, MAT, HEEHOEFICEL THxO= T =7
Il RBEREREEFEORF N NLAETH D, LC-MS/MS fHTH OV 7 ik,
S T P A %ﬁ?%ﬂ‘ét&)@ﬁﬁ{%%f/ﬁﬁh ATHY, ZORT v T THMMED
KW Z RN BEIREE.RESNDIGEAENRZ W, 2O X ) RBEEO RIS T,
AR A N Jﬂ%@u‘k& (Proximity labeling, PL) N2 ICH#ER 2 F (T T & 70,
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2. MR NEEEIEHE (Proximity labeling : PL)
2-1. BioID & TurbolID O B %%

MR N T EEAERRYE (PLE) 3. B X U7 B L BEFEFAERK L. AMlalN T
BEIE AKNTE LRI EYITR_ILTHIETCHAEEARTR2RERET A FH
ETHDH, 2012 12 Roux H (2 X » T BiolD A& X #1172 (Roux et al., 2012),
BiolD IZ KBE O DNAE A E L F o ) H—VY BirA ICERZEALEHET
b, BFF L ATP OFE TIZE VT, biotinol-5’-AMP 24 i X 4L, BiolD
DO (EEKH10nm UUN) HDHD X RXT7BE0) U UEEEs AT U EH T
Lo EFFUITRAEINTZH U NRIEEA N VT N T EY UV E—-XTHERT S
ET . AMBANTEZSHEEERAEARENETH D, REICESTF 2 AN
HZLT,EME~OFEEZKIIMA T WD, —F, BiolD I KGR 235 18-
UMM ETHDHZ EIWCMA, 37CEVIBEWVWNKIGIBRENHEETH - 7=,

Branon o (X BiolD @ % %Ik L 7= TurbolD & miniTurbo % B ¥ L 7= (Branon
et al., 2018), TurbolD DEHITITERT 4 A S LA IC X A RMEEMLENH WY
5 TW5b, BirA-R118S (Z error-prone PCR # HH W T AR ZE AL ZERT A
TV —EHBEL, EAXATFUMNTLE LEEREEET DI RFEEHCT, 50
FERiEtE (B4 F LM 10 08E) ERICEEZERTIESZ LICKD
L7z, ZNEFND5 &1L, TurbolD (X 35 kDa., miniTurbo /X 28 kDa TH ¥ |
miniTurbo 1%, &ML TurbolD EHA_IE T T2 OOYWEPRFEAEEH ~DOF
BrEBsETWnWsd, YIRLIZZR DM, TurbolD X° miniTurbo TlX., ZE{& T
RIENARETH D Z &, KIGHBRAEW. L RNBET XX GATHY ., BEAWAE
MECTHEHIAITELD TWD,

22.PLEZHAVEHAEEARTFORE

PL & (BioID, TurboID) Z H W/ WK T DR E DO HREIZFHKRNT WD, f
ZIWE., PV EXRTETIE, BiolDZ HAWT S S2D 7 =27 X —DIEHH X7
BORENRALGIL, 8§ DOBEMOERNZ ST, 632 OF T RIEHEX NI E
DRI EIZAE LTV 5 (D Costaetal., 2019), 5% TiX BiolD % A T AvrPto @
=aF T IR ITFIEKT L S EEOEMRKTF A EE S L7z (Conlan et al.,
2018), FIEEIC, TurbolD ZFHA L TE N EF A 7 7 A4 L AWM ERLEFED
N O EERK T & LT E3 ubiquitin ligase UBR7 2 #%5 X #1172 (Zhang et al.,
2019), ¥ 1A XF XF TiL TurbolD IZ XK DHEAND ¥ X0 —% X7 EHH
HEERAOMBENBTL®ME STV D (Mair et al., 2019), ¥ == 47 Tlt.
SNARE # > /X7 & MpSYPI2A B X ' MpSYPI2B % F T, IP-MS i &
miniTurbo £ 23 LG X 21, miniTurbo O F| HIC X U HHE R ZEA KR F D A € 23 7 #E
ThbH I EBRINTUV S (Melkonian et al., 2022), FLEREWZ Lz, B=3 7
TEFFURBIZHEI N T T T TR A XRMMOEY & L Tl T
Bw, XNo 27 7530 KI)AXEFBEIC AN TREWSAE, MEANMEAEIER
FHBETLOXATE=a FOENTERHEHREBELZOND, 20O X 91T, PLIEIL,
FLWX N EMMBEEEABITENE L TCHEATHDL —F T Y2HER KA
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FEILBECTEREIIR > TROLIETNTERVWRICEENLETH L, P &
LPLETEHEONTMITHREBRRLIFETRIETDIILNLETDH D,

3. Pta 6605 BIEM LT EHHEERFOBRRK
3-1. Pta 6605 @ Type 111 effector DHRFE I ~D FHF 5

FL7z B IZ Pta 6605 O 5 L J) B A& O fE B W 72 F SR 2 ¥ 6O T & 72, Pta 6605
o, LBLFI7~ 6 (Matsui et al., 2021) . Pta 6605 [L#EE T 22 #H O T3Es &
"AETDEEZ LT, Pto DC3000 (X 36 fE¥H D T3Es 2 A+ 52 &b %
x5 L HEH DI, Pto DC3000 (Z=aF 7 F X I 7 FZNaicktd 5
W 7112 HopGl, HopAMI WRETH LN, A NaZxfEFEL T D Pa 6605 X
=aF 7T IR Y I T FICKY T X D P osyringae pv. syringae B728a I£ HopGl,
HopAM1 % {& A& L 72\ (Cunnac et al., 2011; Studholme et al., 2009; Studholme,
2011; Matsui et al., 2021; Vinatzer et al., 2006), £ DO 7= ®H, T3Es D L)X — [ I —
MNEZITHENNL, 8% D Pseudomonas BilE CER D LEZE 2 LT,

ZZ T, Pta6605S D 22 D T3IEs TN E N KRB LEEZREEK VY — X%
W5 L. N. tabacum cv. Xanthi \[Z%t 3 W T ODWTHENT L=, L Lan
5, H—0O T3Es OXRERHFEHRERANICEZH2EBIT/II b Thole, ThE
TIZH Pto DC3000 Tl x# D=7 =7 X —DRRNIZHE 2 HEEBIT /AN &
NEW SN TPHY (Cunnacetal.,2011) . Pta 6605 & T3Es ZERIKDOMBIT#ER L
— L7,

32. MBWAT 727 A —F U7 B0E A
BERFOREIZHIT T

Pto DC3000 & Pta 11528 1 ® T3Es L 73—
U =3I RELSERLZZENRIINLTED
(Baltrus et al., 2011; Studholme et al., 2009),
FfE M (Pta 6605 & Pta 11528) @ T3Es L /X

—F—CHEVWRE DD, EDOLD, Pta D B |

T3IEDZ < 3o FHE., ENRFIELEALL

Ao TRV, 22 T, PLEICLD 20
EWEFOREICHkKRLE, BETHD N L

tabacum (37 ) AR I N TWVDH H DO DIFE <15/ -
WZ R N & 5 (Sierro et al., 2014), D7, : "
Ta T A AENAIRE SR =TT TN 10 1

X 7 & N 3 (Kourelis et al., 2019) & . Pta

6605 ZEF /LR & LIz, Pta 6605 iZ==F7 Rl Ut SOSSTRREDE
FULFITFH A UTHLCAE e e
EHBL. MR L CREMEELCBET S O, s,
T5 (K1), ZOREIX Pta 6605 AhreC £ (Kashihara and Nishimura et al., 2022 % £¢%%)

THEIMH SN2 &b, T3EGICERT S
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EEZ LN,

Pta T3Es OIEWE F DR E I L7 T, T3Es & TurbolD-YFP % @i L 72 /3 A
TV =Ry Z—FER L, EBRRELTEF,. 7/ AT 4L —v a3y
EEFALE, B4 F b2 o N7 EORBRFERITHRE S TV 722 (Zhang et
al., 2019; Mair et al., 2019; Zhang et al., 2020), WEEE © 4 F o D 2= #a e 23 1E 2
MOFEmAA RN THoT2Z &b, KVEKa X NRELTFALZ o R T EORER
REMEE LT,

T EBR & LT, Pta 6605 O T3Es O —>Tdh 25 HopAZl OEMRE T DR E
R BT HopAZ1L (X Z N 2 B Km R ik % /X = 54 & Nicotiana tabacum cv. N509
WZHRIE DR+ & L TR SN LRI O T3E Td % (Kashihara et al., 2022),
HopAZl DEMKRF 2R LI R . ZHEOMAEAFEARF DR EIZHKD L7z (8
o, R£¥FEFE), EAK FIZ1E Receptor-like cytoplasmic kinase 72 £ Pattern-
triggered immunity (PTI) BIERE F-OMBEBE 2 o X7 ENEEE £ TV,
HopAZ1 % microsomal 53 (2 FTET 5 Z & H 5 (Kashihara et al., 2022), HopAZ1
OMMBEANREEEAOLBEENFEO b4, TurbolD O FIMEZHB TE /-, £
T, BTE., Pta6605S NAET DH 22 FEEHD T3Es OEMNKR T OBEZLED T D

(BILo, RER),

BHVic

AT THWZ PLIEIL, o X7 EMMBAEEROBERBICHMIT T, 4% LY
HKETHHLDOETFREL TS, Y2H S IP TITHBEXNEE L o> 2 EHKR+ D FE
EWCW = REST L2 8BNS, — 5T, PLIETITHED D KKRIZE K - BT
THOEAFUICEDIEERN NN I 7T T R A X EBRELIS VWA, £
BOMAEEARFPAREIND Z LICHEIWENZZMEAEERRE T O R E N %
LWZ &7 ERNFER S LT w5 (Leissing et al., 2021), BiolD (2 X 5 HopF2 & /Y
KA+ OBBEZHFIZT X, HopF2 OFER & S5 BAKI X MKK2 [X[FE T&
Tk LT, MmN EE K2 HopF2-BiolD "M HE I T 7 & A TE 2 WA REME N
#iw S AL TV 5 (Khan et al., 2018), —F T, #HAKE{K% BiolD X° TurbolD T
BMHT 28 A bR ENTEY May etal., 2020), BEEKEDOEEEGOBMEIC PL
TED b Ly, ZTHE TIZ, PLIEOFAIZ XY Pta 6605 @ T3E O E
DHAEEARTFOREICEKALTEY, ZOHEIEPIRINTEEZ L TVND,
S%IT EY—IFREEMBAEERICBIT S T3E D DA ZED T\ 72
WEEZTWD,

T

KR TR LIEWIED 59 B Pseudomonas amygdali pv. tabaci 6605 ®© %7 7 AfEHNTI1Z. BL L5
WFoeir MW 7 v —>7 BHABEE L BHFSFREL, HEEFEELoR ) TIThbiLE
Lz, 7 a7 4 — NN 72 5 ONUT TurbolD system EBR R O 41X, Max planck institute for
plant breeding research ® H 5L 2 7' ) — 7 Y — % —  Anne Harzen f# 1, Sara Stolze i - ®
W X VAT hAvE L, [l L K504 0% B 5 0 98 58 o0 B RN 94 3082 | BE AR 288 E B 1T
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Molecular mechanisms underlying replication of plant viruses addressed by the
identification of membrane-associated domain of a replicase.

Abstract

Characterized positive-strand RNA viruses replicate in association with intracellular membranes.
Regarding viruses in the genus Potexvirus, the mechanism by which their RNA-dependent RNA
polymerase (replicase) associates with membranes is understudied. Here, by membrane flotation
analyses of the replicase of plantago asiatica mosaic virus (PIAMYV), we identified a region in the
methyltransferase (MET) domain as a membrane association determinant. An amphipathic a-helix
was predicted downstream from the core region of the MET domain and hydrophobic amino acid
residues were conserved in the helical sequences in replicases of other potexviruses. NMR analysis
confirmed the amphipathic a-helical configuration and unveiled a kink caused by a highly conserved
proline residue in the a-helix. Substitution of this proline residue and other hydrophobic and charged
residues in the amphipathic a-helix abolished PIAMYV replication. Ectopic expression of a GFP-fusion
with the entire MET domain resulted in the formation of a large perinuclear complex, where virus
replicase and RNA co-located during virus infection. Except for the proline substitution, the amino
acid substitutions in the a-helix that abolished virus replication also prevented the formation of the
large perinuclear complex by the respective GFP-MET fusion. Small intracellular punctate structures
were observed for all GFP-MET fusions and in vitro high molecular weight complexes were formed
by both replication-competent and -incompetent viral replicons, and thus were not sufficient for
replication competence. We discuss the roles of the potexvirus-specific, proline-kinked amphipathic
helical structure in virus replication and intracellular large complex and punctate structure formation.
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[FL®HIC

T T ANV AT E L OREMIEE LEEEL L7-H L TR, HIGEFE, BED/7o—
PSIAGITHE NI T2 72 7 A NV ATFDFEAE DR E NI L T 5 (Tsudaand Sano, 2014), — 5
T, ZL OEW T A NVA LR, TP T AV ZADOREGE I 2 HFEFNIEARE STV,
T T A NV ATFORBREIE 2 E 2 5 9 2T, £ ORKYEE, FFICZORIMOBRETH S
BROS T B OBEMNIEF ICEETH .

MRS D T A VA, BT T A8 RNA 7 A )L A DOERLIE S o[ P
REFALTITOILS, ZRETOEFEN VANV ADHEIZLD . AL ZADOEROHH]
EepE T, BEREMEO X X7 B X 0 AIRAE RN SE S, ERIEAIR L X 5%
DRSNS Z EREINTVWD, BRESKIT, BRICKLEREER T %25 e RLEE
ZOHLDOTHY, OTANAN RNA YA Loy 77 EOfs EMBE OB EEEE & [F155F
LEMICBEE 2 BT 27 OICEETH DL EEZ DI, TORAITERICRAIRTH D,

UEXY, ETOTANVABREEDOT ) LA BERITLT-OICRKOYZ N IVETHHE
fREFIT, BRICEAD DR Y A T —BEMHICZ T, MBANERICHE T 2EEE2HFT5
LEZOLND, LU, 1FEAEDTANAT, BREESFICHEET 5 EEASEBIIEE S
nNTEHT, FHLER#ETH-7-, TOEHDO—2L LT, £ OEY CTEESICEET
HZEDBMBENTEY, 7 WMES» O THINFRERWDW S TEEEMEE ] 25, £<
DEGE VA NAOBRBERICIIARE SN 2N ERHIF b5,

AT, AP CSEIEREMEMICERRPEELLTO L, BE2L OO TEMFED
IRHFRDIR SN TETHEY RNA VA NVATHDLRT v 7 AT A IVADOERBER NG, K
FEAEEE FE L=k x OFEIZ OV TR T 5,

1. IROZH : A NAEFA IV ILADERBRIEESICRBET S

AR aEWA 7 A L A(plantago asiatica mosaic virus; PIAMV)IX. Alphaflexiviridae Ft
Potexvirus J& D 7 7 A—AKR$H RNA 7 A /LA TH 5, PIAMV [ THIEHEACRTIC 7 o 77 Fi B e
THAANaNLHD THE SNTLE, 1994 FD0ERET ) MEEESIORTE (Solovyev et
al, 1994) LIS, EOFEMARMIFEILIEE AL ENT I Rh o7z, L LAHRICA-T, K
UANZIIER - BE VICEZEREZSI SR T CHBEE oo, £DH%, BEHD
DWFFEIC LY . AT A VAT BIRERR T OSEAETE) L EARIIIIER ISR 7 BERR
N RHIND Z ERBALNI7 > C&7- (Komatsuetal.,2017), F7-. PIAMV I1E
TNNEY) > v A XF RPN FEANE LT 5 Z & )vD ., £ D GFP (green fluorescent protein)
BT AN AL HNT, UA VARG D 2 BREWE £/ 7, 38 X O0E EOEPER
FREBFE I N TND, R A VA NKERNMZE S NVEEO T LEAER LN TE
FIRIZOWNWTIE, RTEZOPER LR Z BV 272 X721 (Komatsu and Hammond,
in press) .

PIAMV O5 ) IO RT v 7 A7 A )L R L[k, EREER (replicase), 3 DDBATH
> 732 & (triple gene block protein 1-3) . 35 L UMK & » X~ E (coat protein; CP)D 5 DD X
YRTERA—RFENTWD, PIAMV OERUT BITX /37 B & CP ZfR - HEER
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& ARG O IEFNFREH D A% & O replicon” THA L 5 (Komatsu et al., 2011), #EHEEEFRIC
. N RN D ATF N NT AT 25— (MET), ~U—+% (HEL), AU AT7—F

(POL) OD=2D KAA HPFIEL, MET & HEL ORIZIL Y A /L A5 BERE R CHspy 7
2 ERECH D AR IR BN TFEE L TS (X 1, Komatsu et al., 2017)

triple gene block proteins (TGBps)
L
TGBp2 TGBP3
(12 kDa) (13 kDa)

1 MR BER (156 kDa) N t 6102

| wer HEL POL e oW

(25 kDa) [ (22 kDa)

<+—NSNNN

mBE o) vI R

1 PIAMV(Lil ZBERR)D 7 ) Lt

EE5 513, PIAMV Of A= U 45BERE Lil 28 Nicotiana benthamiana (25| & & Z 325 EE5E
(BT 2R D PIAMV OB R N EBEEIRFENICHREZFET 52 & Mkt
FHERENEREEEDO HEL KA A VICHFEETDHZ L6 L TE 7 (Komatsu et al.,
2011), ZOBMIROBRET, VZAZ 70y T 4 o 7R ERBEROEEELRH T
TZEAE BIE, PIAMV OEREER N AIATEE 5y (S30) 2»oidmi sy, KEs (P30) T
DOEBHENSZ LIZER L7z (Komatsuetal.,2011), EFER., ZHE TOMHEM RNA 7 A1 L
ADEREEOEIX. VA NV AOBRIEEZE N E EMEONBRICHE, N2 HBEAL
BRI SR E AT DHEZ I 5200 L CT&E TV % (den Boon and Ahlquist, 2010; Laliberté
and Zheng, 2014), S HIZIX, ZDRMHEEE XA LN D, BREZENPBEICRET DA I =K A
IZOWNWTHWNL DOND T A VA THRE I LTV (Kusumanegara et al., 2012; Liu et al., 2009
72E), PIAMV 280 HRT v 7 ATANVATE, XA THETHLY XY HAE X UALA

(potato virus X; PVX) % o CAERIEAE (CBE 4 2 A LS 0NE IR S 11, PVX OGS
PEDS /AR 2 & T B O FEE 737> & B S5 & O ENRLS & - 7= (Doronin and Hemenway,
1996), L2rL, BT v 7 AT A NVARZDilTigY A )V A DBREEZR PRI ET 2 A T =
ALFARBHTH T,

INETOMEY RNA VAV ADFR L B EET 52, PIAMV OFREER DT I/ BRid
& EEBEERTHE Y 7 MCAN TS, BEREICKEELEZEZ DN —EOBKET I /i
TR SN 720>, —F T, PIAMV (replicon) FEEYEYHEGED D L7 P30 H43IZIX
BEUEMEDNFEL TND 2 & (KBRS . BRIEESE ORE YA X 0 BED O /NMa R
EERPBOLND T L (NERK) X, PIAMV OBREZENEICHES L CEENEEZFF> 2
EHERLTCWe, ZOZ ENBERGIL, FFIZ brome mosaic virus (BMV) DHFFE THL 5 41T
W5 Fik (denBoonetal.,2001; Liuetal.,,2009) ZZ &2, PIAMV OB MR OEEHIE N A
A DOREZRALD Z L L LT,
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2IEREFAMVELTOEE L-MREEa~N) v I XDERE
2-1. ARBREROEREMIIMET FAA LD CRIGHEEBICKYRESNDS

£, FEATHISE (Komatsuetal,, 2011) & RIERICIHERLEESE 2 MET, HEL, POL N A A > %
INEFNEL 3ODEMICDEIL CT /a7 40 sb—a il XV N benthamiana
TERRBE S i L2 /7 & % 30,000 g DFEIELO EETH 5 S30 & TEEXD P30
(CHE LI, VERZ T 0T 4 T ORERMET FAA 2@ Eeflilold & A E705 P30
IR S AL, 2 OFEED PIAMV OERIEER OBERTEMICED > Tnd B 2 bz,

FERTEMEIC B D 2 518 A2 S H I Y 1A Te72 %, membrane flotation assay =17 -7z, ZDF
ECIE, BB O—F TIC P30 By EIRA L 2%D A7 n—A% (¥ 2 0 fraction 5-6 O
7). £ 0L (fraction2-5) (2 45% A7 v — A {FHK %, —& L (fraction1) (2 10% DA 7
n—ARREERET D, TNE AL 7 —4— |l LA ERFEOBELDBECHRKT D &
BEIFES LT D X 37 fraction 1 & 2 1ZEME L, RICHES L TR OSEEE L TV
BB X EN fraction 5 & 6 \ZIERET D, ZAUTL D, B D aggregation (2L Y P30 IC

NEEND X N TEE AERBEICEAE L TV DX NI B NS D LN TE D,

MET KA A > &GRSR O N imflsak (404 7 JER) 26 2OV 7 KA A (A-
F) 1243%] L membrane flotationassay & VT AX T 0 v T 4 VT &7l 2 A, &b C
RIFIZITVY 330-404 7 2/ BROERST I3 E W flotation efficiency (JEFES L CWBH X /R0 'E
DEIE) L, ZOEEPBEREICEE TH L Z EnmnSnie (K2), 2o L%, GFP
A X R B CRBEDIIT 21T T2 RN D bR S (KA,

Toph 527 D/I\Y RDBES

1 62 138 199 262 330 404 (aa) /EEHD/I\Y RDES
PIAMV MET | | .

D ECIDI R S—
MET=5% _ [(——— 4 83%
MET-1 _ | ] 18% (MRS
MET-3 _ I-— | 60% P13
MET-4 “ | not detectable | g
METS | e— | 66% 3
MET-S L — | 79% 5
AOEF o ——— ] 0% jﬂ
ACDEF  mmm — | 70%
BCD _ | | 26% (2)aggregation
COE  e— [— | 719%

2 MET R A A > ® deletion Z BAR DI RTENE
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2-2. [RREHREREICE TS, B L-AHREEa~N) v I XDERE

X2 DERTRESNIZTT FAA U F BREFRD 330-404 7 2/ BROTEE) 1, &7
v J AT A IR ZETe Tymovirales B 7 A /VAIZEBWNT, 7/ BOET— 70 Em L RFS
N7z MET RAAL DT T, a~V v 7 ARED2RB\EENPLBEHRES LT
% Iceberg region” & BETI 2 5EIICHH2 9% (Aholaand Karlin, 2015), S DX /37 E D 2
Gz TRT 5 & .360-380 7 X BROERDIZ a~Y v 7 ADNFET H T LR RS
Ni-. ZOE4 721 % membrane flotation assay (ZtRT 2 L RWERELREZ R LT, =2
T, NV w7 2% ED R TH 5 helical wheel projection Z 5\ TH 5 & X 3 (a)
DI, N~V 7 ZAOFEINR v A i EOBKMET X B8 b SEKERZ, £ D
FCRHANZAZBIRIET X VB R L CERMERZ TR T 5., Wb s THEEME o~ >
J A DRz EBNbholz,

ARG Z1T 9 ETEL OESY A2 SEI2 LTz BMV OEATAFZE CIE, la & 2 /R BICFTE
T HMBEEM: o~V v 7 20 NMR #ENFEHINTEY . ZOBENE-REROKERTE
PE AN AOBERUCEE 2 HEZ2H-> TN ZENRHINTWS (Liu et al,, 2009),
PIAMV T PHINAEBEM o ~Y v 7 ARFEEONLIREE Z R T 20 EHEND D
728, 354-381 F B DORTF RIZHOWT, oA misrER F#atsEt v 7 —OAR)IEL S0
F— LI NMR 2 K DS A L. &AECHIIZE 3 (b)D K 9 2R3N AHEE G BT,

(a) (b)
Pro(P)369
: 5\ 'f?‘\"%g
F Leu(L)363

* g b FKMER

3 JEFFEMHEREEL D helical wheel projection(a) & . NMR CHE S L7-
MBI o~V v 7 A (354381 ZHEE DT X/ BE) DSLAEHEE(D),

Bohloa~ v 7 AONEHEEIT, FREY O ANZBOKMET </ 825 (2 3 (b)D
TR ERNSEUKIET X BRDME > TRET SR Z R LTz, TR, 2o
HIED, IEE ZERIOKEIZHEOIAEN D LI L TREBIEERZROAREER SN & &
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WEL TS (Liuetal,2009), & HIZHBRENT L2, ERBARO0RNoT12Z LIT,
Bonz~Y v 7 ZAX369FB O ) T36.7%H L TV, T E TICEEL O T A
VA THBEN o~V v 7 ARFEREEICED S & OMEN I WD, Eih Lo
EREHOLDITEELDHBHIRY 72inoiz,

OB, e~ v RO EMDORT v I AT AV ATEE BT D &L L362,
L363.L367 72 EDOBIKMED 1 A 22 R365 DEFAKMED T VX =72 PICEES T HERDIE.
ECHMHEEOEL L7 I VAR I, £z, 369 FEEOT v Y FETORT
Y I ATA VA TRFESN TV, PLEDORERIZ, ORT v 7 AT AL ATH SEEH
WA <Y v 7 APMRESNTEY, N7 X JBOMWENR T A NV ABYEIZEHETH
LHEREMEZRIBTHLOTh 72 (K4),

*P369

v V.

BKMEP = /B L362 ‘
EREFS B ) W L367m#d§ F380
* 70U Y L g% L ke
J %% v v s
354
CWCIMV -—SYSDILSLDTWS m LLBIKTKITOLWEKLTGARAF ——
PVX -~CFSDTLSGGLLT RrLABVRAWIQEKKMQLFGLEDY —-
PepMV -—DYDNMLKSSFFKEKLVAPMOHDWRCMIEFFRGKSDF—-
SMYEV -—-DYSMLLGSSVWT ‘ TAPTOSKLRKLTEFFKGKSSF—-—
POZ'eXV/'/'USE <4 HVX -—PYELIEGQGKLQ i:VNPIKTWVSEKWQNWFGWKDY——
ALEMY -~ CEDNVLTGGALK RLEKBIVAWWSTFKGKIFGKEEF--
-—CFEDILSGNLLQO @‘ LRPILRSGLTQLLDFFRGRPSF—-
CVvX ——HFENLLSGSIVRE%%I'FKPLIVWWQHFKEKIKGPADF——
_BaMV ——SFETLLGDNILK%?LFRPAIAKIQELRHWVSGPTAF—_

anJyv O
B4 SFBTANAOTBEME o~V v 7 ZEESNHEEOBEULET I B

S.THEM AN v REED MET BB IEREADICEEREZRRT S

Wiz, B0 X ICEREEICED 2Bl LBt o ~Y v 7 A& HF T %5 MET
WAERICHIBAN CTE D X 5 RBEEZRTONEFH AT, GFP % C RiFIZ@EA &7~ MET-
GFP % N. benthamiana T7 7oA 7 4/ b L —3 3 A2 X0 —BANCHR IEF 0O R[/E
ZIER LV ——BEMECEE L, TO/MFE. MET-GFP |Z/Mafk~— T —T&h 7% ER-
mCherry (2304 U CRIRIEELZIC/ MR AT L, S HISHIREN O JE I T/MaEIZE v H
ENT-EEREEQSum U AR L (K5 @ BB, RENIEEEERZRT), —FH T,
Bt o~V v 7 A%ETe 24 7 XV EBEOTEESIT A GFP LA SHE D &L BIEO/NEE
TR ENT=NBEDOBERIIBEIN R -T2, ZOZ &b, EBEEROTRIC X H
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P a~U 7 ZALUSND MET RAA VOLERBVETHD EEZ bz, MET-GFP DAL

LEERIT. AT v 7 AT A )V ARG IR LD B SV D & OE D B - 7-7X-body”
Z B S (Tilsneretal.,2012) . Z @ MET FEIDEEEIRTZAEED 7 A /L A DGR Z EE /R
BB Bz LT D AREMENRE 2 bz,

4, WBEBEMEaNIYIRDRESNET7S/BOBRIEREZTRECUREFARBRZR
£95

H1. 73/ BREBROER~ADZE

Y, FEM T D RNA T A LV AOATHE TIE, BEREICES T 2B, o~V v 7
ZAORFT I VBICERZBEATLE BRDPELIHESI AL Z DRHESNLTVD
(Liu et al., 2009; Gouttenoire et al., 2014) , PIAMV OB o ~ U v 7 A DERI~ D5
IR B 725 PIAMV @ Lil 7y BERE A S D GFP 38X % — & 5 Lil-GFP (Minato etal.,
2014) ZHWTER VA N AOERGEARAE LZ, BAEMICIE, 2B CTRLEMOKRT »
JATANVATHWEENREINTZT X VBRI, T ENZOMWEE KDY D L) B
BEA LT, BAKMEOr A T i%@@ﬁ@i %%@t77 CE#E ., BAKEOT
WX = NTEMNIENLRICEDHERZ (R365E), o7 v U ik, BukEOMHE
B3k L oo~ v 7 ADTE @%@<#m4vyﬁﬁ%ﬁﬂbt(m@mo_@iou
BB R AE AN LT Lil-GFP OB R 7 A LV 2% STEFEEH L, BBENTERK L=ZNIENh
DELEE. RNA % N. benthamiana D702 877 A MNIEA LT-, $#:4E 24 BEERICBIZE AT
& BRI Lil-GFP & [EARIZ GFP S B SN A E R T A /L A (L362A, R365K, L370A
BLUL374A) &, GFP AN BIEISNRWER T A LA (L363A. R365E, L367A B L
P36OL) XD Z b7z (K5 : KFEIL GFP 1RO b -Mia s ~d), Z DR
Bix, v v 772 M S L7z total RNA 2 VT A LA RNA 245 /7 —%
Ta T 4TI S THREND LAV, GFP ANBIE SN WER T A VA TIEY
AIVA RNA O KB EINeholz, /—H ooy T4 0 JI3vANVAD~ AT
AEEARET D 70— THITV, EFRO GFP SO bR WERIK T~ A A8
RNA 23 S 722 &8
Dnole, A A8 RNA
DERNIRT v 7 AT A )b
A0 87T ZEHRNA T A /L
A DEHOYIHERETH S
ZEMND, MBENE Y

v I ADRIFET X BT
AN AERO T YD
BRECEHETHDLZ ENR
e X pLie,

FaER L363A P369L

X5 WHEES, e~V v 7 2ADRGFEINTET I B
J\@T:ﬁ%j\@ﬁﬂﬂn



4-2. 72 ) BBEBRDEEERE~DEE

WRIZ, [T 2 BEE#Z MET-GFP I8 A L, BERKERA~OREL LE S L — Y —5H
WEE TN, TR, L 41070 T TR FOERTEMNER SN AR LY
A L7z MET-GFP 134 TR OBERDIERRE L > T o, WIS, BN E U< D
4-50ERD S H 35 (L363A. R365E, L367A) 1. MET-GFP (B AT 5 Z & THEERN
R SNRL ootz BRENZ LIC, 7nl razof v AlERLTAY v 7 ADEH
HROEDEEZEZONDEE (P3IL) (X, VA NVARITEAT L EEREEL KD ), MET-
GFP DUEEARTERIIIRE S e o7z,

VL EOFERIE, MET-GFP |IZ X D EEEOBIIERICUELE DN+ TIER w2 & 2R L
TuW5 (Komatsuetal.,2021), ZDOZ L &#XFFTH X512, BYL Z A7 invitro FIFRE S
FADEBRIC LD P36IL ZEIKIT, 7/ LA RNABHKAELZ LS TVWALDD, B FEOHE
TE SR ORIBEA  (premature membrane targeting complex; PMTC, Yoshida et al., 2019) F#Zf%
WZITB Lo T2 (RIEHE),

HEhYIC

AALZERORAT « NA A A — U 2 THRNT - NMR fif#ffr 7 E—H ORI L v | EFESFA
Y)ZEIRFIEN A TORD S RBATH >T2RT v 7 AT A NV ADBRUCEE R FEBE R
AAVERIETDHIENTE T, REWIX, KT v 7 ATA NVRET TRITHEDOBEDOD
ANVAZHE RHEENTEY , BMV OEITHIEOH O XL 5 ICEBESEOR R &, #EO
RGED ICEE o ZE 2 R L T D RTEEENR A,

—, AR TITEN T RWVERE LRSI TWD, —Did, 728 P369L BB NEER
AR L OO EMELZ RS> TNEINENI A THDH, ZORICE L TEHE HIX.P369
N, BRIEESR OERBE L BRESEORIBMEDEROH L2, EEERET H-DIEE
K EAEMERTALERDY , TOMAERICEECHLAEERHH EBZ X TIN5,
INEHONCT A0, BE, BEERTFOREL B L THELITR> T\ 5,

t 9 —DOOFREBIL, MET-GFP O —1#AJFE TS SN D EEERNERED T A )L A EIRIZ
BIIABRESEAZ VLT LHERB L TWARWNDTIZRWNE WS ETH S, EFHHITHE
Yuft,C R 5 DR DORRER & OFFLIE) B MET-GFP 12 L % BRI PIAMV 2224
ERELHARBEREL WL EEZ TS, LnL, ERoEREOERIEESE O/
DAEMBTHETE 5L T RNA VA LV AOEBOYMBEEOMELH oM T L7 L
—J AN—Z72 0EDH T EIIHENTH Y, T LTEBENLEELITEREBED T A T4
A=V TICHHER L TCWA, kDX S RZBFEMNODOT Fa—FI2Lh, VA LAD
ERSRE ORI LWRAE 522 2R TEHEEZTWVD,

BHEE

AFTRI LICAFED 9 6| 1 2UTHEUCR PR B A7 (R R TEd%) T, 343AE LT
RN B2 B L ORE T TP = & oL L L TiThivE Lz, RIFREZIFICT SICH T
STENWAZNWTZTZNWTE < O, KR 3.0OZTIZH T2 > T ICHHR > TW2W e R L ROFAED
KIS FITEHH L RIFET, FARHROEEEZ R T L A0 A D T BEFEICE L £ T, 1B
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D A2 T2 72 & H BNICAFE 2 BEBH S B TN e 72V Te BRUR - O MR A0 0 - (LR R SE R AL
L ETES, Ak, AFZEO T, AARANRILS B8R M6 (19K06048) 36 L OHUAUR TR
B—=rN A ) R= g U ERE DB A ST TR S vE LT,
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Virus transmission and unanswered question in my career as a virologist

Key words: viral transmission, airborne, aerosol, viral viability
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LFODRAFIE. TDODADES>TIADHEIZEL D, KESDITOEEZ RO NI, FA
FEIZABORREELLTODIVAMILADENEFRBFRO VA IR E V> IVEIEZEH
EHIZR->TLVD, TOIUGEMLEYREZE. EYOREMEMEBOARIZEELT S
CEITid, COMEBITIMNETHAD. MZRESHITROTIEGL, VMILRAERR
ETHESADBEEDOEERKE. [FBOZEIHBLINESIHNHOHILRENA, BEMGELR
ADEL. ADBRAEAIDAILAIYBAMNALZZEVIDEZEDISIGEEONELLN., VAMILRE
DELENFEEITONDIRECHLT, S50FELLKLNTH D,

HROBBT S

STA40NMDOIDFEETHZETO>D. RVICEMIAMILATD VA ILADREEHZFAK
EEHFRKICODVWTER T 5. RBHIZIE. BLICE FOVAMILABRREDH ZEIT DD,
EFRODZEICHRBEEZEIT DL OLEDTHD, TOEMNIIEIALEIALENZEE
BWKSLHHEELZEMN, HHHLELNILL,

RIZ, SN DFEEDH TN —FEIRZFF > TULVS airborne transmission [CDLVT
EFTOHIZELEICHERT D, SHICIE. TNLICEATIT—IEEBRELHNTED L
SICLTHTLSINZERMIZERE Lz,

DEIZ, DB T DAL IADEEICH T 5REERE. & <ITairborne 2k B1mHEIC
DNWTEZTHEL, FANENE S EV FENLEETH- T, BEITHELLELNLD
LhBWL., FABIEFALEESLKITHRL2TNEREWVWSEIZHZOME LN, HD
WL, FADETEA B IAITAOHADERIEENEY MZHY, ECNTHBRIADHE
[SITHPE LN,

EDEHT, BEOEFRMABREARBOMOUIYVETCXELLTELEOHITHIEN
TEEISEDT, FELHFTHBHLW LS, TARIMTEENALRIADEDH
RICOLTHEERDILSE/BLIZL, HE. 35T HFYUTERZADVANINAREZED—ZE
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Takeshita M. and Kobayashi Y.

Involvement of salicylic acid glucosyltransferase
in plant growth and defensive responses

Abstract

The immune-priming effects of SA mimic benzothiadiazole (BTH) on plant pathogens
attack have been well studied. However, most parts of the BTH-primed defense
response still remain to be clarified. In the present study, we focused on the levels
of salicylic acid glucosyltransferase (SAGT) transcripts which were significantly
lower in BTH-primed Nicotiana tabacum (Nt) than in the salicylic acid (SA)-primed
Nt plants. This observation suggested an operation point of BTH that facilitates
enhancement of SA-related host defensive responses. In addition, prior treatment
with BTH followed by SA could still suppress transcript levels of SAGT,
demonstrating that BTH inhibition is not reversible and that BTH is a better defense
inducer than SA. Furthermore, SAGT-overexpressing (OE) Nicotiana benthamiana
(Nb) lines accumulated less SA and jasmonic acid (JA) than in wild-type Nb plants.
The OE Nb lines developed more severe symptoms and accumulated virus at higher
levels, while resistance increased in SAGT-silenced (IR) Nb plants. After the BTH
treatment, OE Nb plants grew slightly larger than the wild-type Nb plants. These
results together indicate that SAGT has a pivotal role in the balance between plant
growth and SA/JA-mediated immune responses for optimum plant fitness.

Key words: benzothiadiazole (BTH), defence, fitness, growth, immune induction,
salicylic acid, salicylic acid glucosyltransferase
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ZLC&HIC

EMEFEICARLRA NV RAEZZTRPOLBHICETOEEEZLS L, £HD
B AHh e RMARICEEHNTWD, EHICBTL2AREHEO L — FF 7
(trade-of ) IFIEM RNV E L PEGT L0 FEE Lo THIE I L TWVD EE X
5L TCTUW % (Huot et al., 2014), fEMELEL D 1 FETH DY U FILE(salicylic
acid; SA)IZHWEM D ER EAMB . &5 WITIHEEMBI R ML 2T D K12 B
L, IENOKESD SAIZZ7rvarifb, &2 0WiEAFALbEnTnd L
% %2 b LTV 5 (Rivas-San Vicente and Plasencia, 2011), f#E® 2 1T 5 B R4 &
Do T HETH D2 TSI PUME (systemic acquired resistance; SAR ) D # & |C
HECTOHDLIT U FNLEATF L (MeSA)D SA ~D K # X SA-binding protein 2
(SABP2) 2 L » T fif it < 41 T \» % (Forouhar et al., 2005; Park et al., 2007;
Tripathi et al., 2010), — 7. SA (¥ SA 2-O-B-D-glucoside (SAG)ICZH#: = 5
(Pastor et al., 2013)(X 1 .),SA ® 7 )b =2 2 L4k 1E SA glucosyltransferase (SAGT)
ELTHHE STV S uridine diphosphate (UDP)-glucosyltransferase (& X » T fil
B X 3T 5 (Viot et al., 2009), % 7N 2 (Nicotiana tabacum; Nt)D SAGT 1LY ¥
A & W (jasmonic acid; JA)DFFEEIR TH % tuberonic acid (12-hydroxyjasmonic
acid; TAYD 7 )b 2 v fb & i il U . B AU e 415 T 35 & S 1L 5 (Seto et al.,
2011), SAGT O FREIIT SA LECHRFERICLOIKBIZCL - THESINDLLD,
SAGT X SA &L SAGDONT U AHIICE W TEELRER LRI Z L AHES
Wi, SAFEEPEIL SAZ N T a— VIZEHT 5 NahG OEBIC K > THEL
SR T D720, WIEME SA ©
WEICKELTWS Z & NR
% X 41 C V) % (Chivasa and Carr, OH O-gle O
1998), SA LB DIEMEE ~D S N
VBRI RE o R0 A R X N OH — CH
S THEEEZT, SAGTIZ L - N
TH@IhCTwBMEEsao  BTH SA SAG
MBI X > TEALT D (Viot et B 1 ARG
al.. 2009),

HAFEMOGRERICITIHIEEND ORENCHEY & (RET D EIK 2 B %
TOHEDICEAMCHEEINTE L, M L2FE T 2EF O RILIE EHEY &
WIRE & DM EDLEITERET 208, O X I RBEFHFEICIT SAR ([ZHET
L EBEEEBETHOREIEE LA N LEL TRO LI5S (Dempsey et al., 2017),
ANLH 72 mEFEO L OIZHW LIS benzothiadiazole (BTH) 1L 1,2,3-
benzothiadiazole- 7-thiocarboxylic acid-S-methyl-ester (ASM)& L CTHE 5 4L, &
LIRS LN TWOLIEMHEFERH O —>TH L, BTHIZHED 7 A )V X & & )A
HAOEYRIFEEICH T 2B FRNELFEET S5 Z L T& % (Takeshita et al.,
2013; Frackowiak et al., 2019; Kobayashi ez al., 2020), BTH (T X % % & 7 &% SA
FE SAR O L L TE<mbnTWHIRFLMEEEE R F pathogenesis-
related protein 1 (PRI)D R H L H L HEBMMKICH V. SABP2 28 BTH O©
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acibenzolar ~ D K iE Z it U . % @ acibenzolar 28 Z X 2 {2 BT 5 SAR O # &
WM ETH D Z LR H|E I TV S (Tripathi et al., 2010), £ 7=, NahG % /N =
2B W T BTH BN ERFWIC PRIa DEREY L X)L & LR IE L2 L, SAE
BEEEFE LW N RINTEBY . 2L OEIZIBTHN SAEFEOT
MCHEEEEY 7 P VEERELZABELTCVWDS ZEE2R7BBLTWVD
(Friedrich et al., 1996), & 52, BTH % NahG % 8l Arabidopsis T1Tg EHLE %
%M T & %5, Niml (NPRl; NONEXPRESSOR of PATHOGENESIS-RELATED
GENES NEBETIZHFETE RV L2 HE STV 5 (Lawton et al., 1996),
ZOREFIX., BTH 728 SA FfE & NPR1 ¥ B OB @ SAR B Efx E R K 2 H % 4
HT EHERFRBLTWD, £/ . BTHIX SA IV ENCHWEMME%E2 H - T NPRI
RS T 22 EnHEINTWVD(Wuetal.,2012), LEDOFERNS | fL7z B
BTHN SA XD bRV ICAERICEZFEL TCWLMEHALZ IVES MY 20
EEZXTL, TZTUANVARKLEICEIT D BTH OHFE R A2/, it CTHEY
EHERAMECEET 2880 BEETEBTFOEGREL XL TOLEBEZMIT L, £
DfEREZZF. FAZHIXBTH & SABOERADEWICE L, SAGT ® "] BEMTE I
DONWTEREZYE T, BELVXLTOBITZ21To7-, TORE. BTH (X SAGT ©
HEELZNH T 2P0 EFENRBEINTWDLA[EE, 51
SAGT X SA & BTH ##% Bl CTx 2 A gEMEZ A L7, Mx T, SAGT X SA 7217
THRLSVIJIALHBET A2 ENRRBRINT, SEIE., SAGT M EMEERE LHE O
NI U AZHET2EELRRNFTHDLI EETRBRTIHENELEZRN LIV,

1. BTHREZO VAL RERIC & 5 HEH O MG
¥ A D Nt & Nicotiana benthamiana (Nb)D EBBHE I &2 X =20 VTV A 7
¥ A JL A (cucumber mosaic virus; CMV)$EHE 2 A F7(Z 0.12 mM @ BTH T 5 # [H

RN L(K 2., T ORR, BTH 4 . .
B O Nt (ND)IZHEIT D CMV EREITHE  wl g
M OR (5R) BMATKARK LIS o w3
TEHELLPMHFI SN TV, Z1b DR ggg: %ﬂ%ﬂ]ﬂﬂ
I BTH D 7 A /v A D EALE~DBIT I 20 1 E% 500

MEEZRTEDOTHo7-, £7-. 0.12mM 0 |
7k BTH bi g BTH

@ BTH ﬂ EE < &i ﬁ*ﬁ tl:% Iz % W C E ﬁ IKE— HT:IZ'E‘_. 2. BTHLHE {Z D Nicotiana benthamienalZ 151} % 3R
TR D SR T, B L UCMV-YRNA A ERE

o

2. BIHE SALDHDOEYMREZTEDOA D =X LODEL

BTHIC L AR EFE L2 FE ST 572912 SA, JA, =F L > (ethylene; ET)
BlE S 7T N EER,. SAZEBESRNAT A LU JWCEET LIV O DE
FEMETFO BTH MBI T H2HBBURMZ M L7, BTH A 12 K% 12k
W, PRlIa & PRI EEYOHMNEREEIIARIC LA L, SAGT. Coil,
PDF 1.2, EREBPI. EREBP2, ERFI, PALB XX ICSOZhN HITHAEIC EHF L
o iln, £, RNA A Lo v 7B 59 2% RDRI & RDR6 %54 D #8
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XEBEIL BTH LB R ICHHRNO L LA EZ RS oz, L L2275, BTH
WM 12 HRETCOREBLRTOEEMZEEL XLV EHM D L SAGTEF Y O 1E
NEBEBIIEFAOCTHF SN TS 2R LE, 22 T A BIE BTH 2
FETOLEMEEICRBIT D SAGT OBRFINCEREZY CTCHEMTL LI,
BTHMLE 2 L 7= NtIZBIT 5 SAGT Nicotianatabacum

$ﬁ5%®*ﬁﬂ‘%%%li@@ﬁé 12\ 48 B 6hpt a 00 ?12hpt aoes
R OB A TR T LA, —F5 SAL wuf,. - P
BMAEZLEZNTIT 6 BICERLE &
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The study on the pathogenicity of fruit tree viruses.

Abstract

Fruit trees, including apple and citrus, as well as grapevine, are susceptible to many viral
infections. Next-generation sequencing (NGS) techniques have accelerated the discovery of unknown
viruses from fruit trees. Apple russet ring and apple green crinkle are graft-transmissible viral-like
diseases that were first reported over 60 years ago; however, their causal virus(es) remain unknown.
The comprehensive detection of viruses from an apple russet ring- and an apple green crinkle-
diseased tree using NGS revealed co-infections in three known viruses: apple chlorotic leaf spot virus
(ACLSYV), apple stem pitting virus (ASPV), and apple stem grooving virus. To isolate ACLSV and
ASPV from the diseased apple trees, the cDNAs of ACLSV and ASPV full-length genomic RNAs
were amplified independently by reverse-transcriptional PCR, and infectious ACLSV and ASPV
RNAs were synthesized independently by in vitro transcription using bacterial RNA polymerase.
Several sequence variants of ACLSV and ASPV were successfully isolated from the diseased apple
trees and transferred into herbaceous hosts. To investigate the pathogenicity of ACLSV and ASPV
sequence variants on apple fruit, we utilized the apple latent spherical virus vector, which induces
early apple seedling flowering and fruiting within a year. Co-inoculations of this vector and the
ACLSV or ASPV sequence variant to germinated apple seeds by particle bombardment revealed that
one sequence variant of ACLSV caused russet ring symptoms and one sequence variant of ASPV
caused green crinkle symptoms. Our approach will contribute to the further understanding of fruit
tree virology.
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TN—E T TANA (ASGV) G L TEY, ENTHWLATWEAEAR (w3 A
RO72E) RINOLDOTANVAIEZNETH -7 DIZ8 &R I &, RO EOARER
IZAZFBRBEDOY v T ¢ 7 (M) DAL, BHERERH L TR THIELTLE D,
izt ETOEY A ZERSCRETE ESE SNV v Tigk SCERFELY v I HBE
R EDRMOLNTEY, BEUANVRAIHRARFREEZSISEZFTZEnmonTn5, L
MNLUIEND, TOFFA = ALIITEAVEBAINTE LT, HRY A L ARKEMEH T
HHLOLIEINTWVDLONRERTH 5,

BT A VARG N TIE, HE T A VAL TIT il T 5 — R 72 FIERFIH T
XRNWZERD D, HIZIE, I—RT o ZLERNT- B ~OHREEIL. £< O
M A NVATHIASIVTWDERIR T A NVAERIETH L0, BRIV A L ADEEIL,
HEREIC L D BB OBEA~T A VABRIEI0EXRBETHILHBENE L, Tz, £
BNODOUANADRKRE « FIE, REICB T 7ANVAORFEREME, BLOEEL OMAE
HIZBET DM RENEA TS LITFEWEW, EF LT, ZOBREZITAHL, Vi Ty
TIANADIREMEZEIIET L0 DERZOWS X BIE L TE7-, KETIL, £F 00
EO TETMHROBLRE I LTz,

1. CNETORBIOMILATAR

T T A NZRFROFE—HE LT, MREAGIEERIT VAN AOKEE - RERLETH
Bo BT ANAOEHE LT, BEEMNTORBENMEN L, BEO U A LV AENR
BEELTNWDHZ &, ZanEO—ERYRERTEMITEGE LW OB R 2 &
NETFEND, ZHPZMIEMITE T T A LV ZADKEHE - FENEN. %< OFFEARMER
DTANVAMERENEINTE, INETE, BEHORB Y AL ADIZE A ENRNA ¥
ANAThoTolod, BRYSHMICERPREE L TEET L2 ZAH RNA 288 L LT
¢cDNA ZAR L, FoHA A7 a—=v T L CH U H—IETYy—r v v 73 5 H5ENRF]
RAENTERER, WFEHEETFTVEEI -T2, LrLAaRb, kR —F7 % — (NGS)
DEZIZ LV RT—E Lz, 7 8—=0 72 BEET, @RIV ANAERET D
T EMTE D NGS fi#HTIE, Bl L7z X 9 IR E CTIRARGE L TV DGR E VRS T 1
NARHED T L—27 A)— L 720 Maliogka & (2018) DGR TIL, BMt™ A L AT NGS
FEAT T OINIED T D SERT, RELOFHR VANV ARERINT-Z ENMESNT
W5, TNETEBNORAINTZTANADITEALIETT A8 RNA VA LA TH -
72, ~A T AEHRNA 71 /LA (Rottetal.,2014) <° DNA 71 /LA (Liangetal.,2015) %
FERIN, BRHCBWTHL SRR UANARNGFET DI ENHLNIIR 7=, BHED NGS
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FEMT 2RI LT RB D 0 U A W ARRIIHFF TIThon T, A% LFE Y A L AN
fiex LWESND EBBRIND, EELOWRI NL—TTH, REOWFRERREEY A VA
MHIFED NGS 21T>TEBY, FHUANAEZRERLL CEZ, ZOREHRENT D,

Vo IESAI7H/EI ATV IANARBOY o TEYFA 7 T4 LA (ApMV) 2LV 5]
L SDHD, R - REIARESSEH - U o TR RIS TTWD Y v TE
A JHIERE 292 348 (P129. PK28, PK45) 7 5Hid. ApMV 2 Sz, Zhh
ORI, BTN A ZIERICMZ, 2 THOIERBBEINDI Z 20D, BIEY A LA
DG L CW A AR B 2 bilz, £ 2 C, P129 LV il L7 ZAREH RNA 28581 L L
TcDNA Z&Rk L, AV ORI —7 P — (HiSeq2000) % VT NGS fig##T %
fTo7, TOFER, P129, PK28, 3L X PK45 725 1% ApMV L IE[EE TH 2 1 BIFEDOHH
ATNVITANAPFERIN, VoI zEEV A7 04V A (ApNMV) L4 L7z (Nodaet
al. 2017), KU A NVAZ, FETOYU > I A VHEEREZZET D8O 80%LL LS
S, FETY VIEFA IR EEZLNTWIREIL, FICAPNMV IZE V5 &EED &
NTWDLZ ENHALNTEINT,

AU N UEREIL, RO REE S Lz EESR] OFERFN D 7 A4 v 2EORR
T, AL S IR THRA L TURBRERDRHEEZH L TV DHERE CTh 57, RRIE
REIETH D, AV FUFERIFICONTH NGS T2l A= L 2 A, FERIRRBIFE NS,
THEOBEMTANAL 1 EOFEY A VAN S 7z (Yaegashietal. 2020), L7> L7272
5, EOTANVANE T N UHERIFROTFRRROMNIRBHATH Y . 5% OFIEEELE LT
I Tna,

2. YOOdHRIURREY D IFHBRR

U v TR S ORI, REREIZFHFE 2 ERO SUONBN A BEARBLEERETH Y
(B4 1A) . 1954 FAZH F X THID TG I, BN TIE 1972 FITHO TRAENRE SN
Toe BIREORR T AL AL LT, ACLSV NEEHOINTE 7228, ACLSV [IASR %2 FIE L T
WY TN BIESBEENDSZ ENS, RETHIDITHOELE TH -7,

U » IFEEFIL, 1929 FICFRR CTRAENEE I, 1934 FIZITERREETH S 2
EMFEBH ST, R THIO CREREEINZV IO A NV AMIRETH Y . 1934 FEI121TH
FHR =2V =T FTHLRAENRE SN, ARO/KHIT, RETOARETHEOERN

1 VrafgkSOIHm (A) &V aHFEER (B)
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v (K 1B), BREICIHERIFBE I, SR TE ICHEZERERSTNL, REO
—ENARRANCA~Z Fr, TSR D, ~ZATEEDIIBIC V7RI USSR
ITBRNEL D, Vv AHFERBEFRE 51X ACLSV, ASPV, 8 LN ASGV 23 S,
INBHD9H ASPV BRI TIEZ2 W E DIV TE 7205, ASPV b £ AR A FIE L TV
RONBES) TN L LREINDS ZED, R THINTIRHATH -2,

EFEOIL, VUTAigkIORFR L Y IAHFRRBFIZONT, RETVANLVADBFHRTH D
AIREME A B X, NGS T 21T o7z, PPEHZ. BuFRE - SBIEEMREM - U o TR
RUIRES LTV D U v Tk S ORI RFS (PKS1) &V v THERFBFRE (P190)
ZRV, ENENORFEREE D Lz ZARH RNA 288581 LT cDNA AL, 1
VR FHORMAC S — 4 P — (HiSeq2000) % AT NGS fENT 2 i L7-, £ DR,
PK51 & P190 D EH 5 DY 7 /I TEH ACLSV, ASPV, XN ASGV @ 3 FEOBEHN
TA VAR E L (Lietal.,2020) . Y A L A3 S V787> 72, Liang & (2015)
X, UA VAR T HEMMEEECHLIT A LV U THEORIE LR D AE— L
RNA (SRNA) Z#fEE LTS m— AT &21TV, FEO Y T8 5 —AR8 DNA 7 A
NAEFER LTS, TZTEEDL Y PKS1 & P190 M HiH L7- sSRNA 20T B—
LFEAT 24T 5 7253, K21 0 ACLSV, ASPV, 5 XL TVASGV @ 3 FEEEAN 7 A /LA S 41,
RKENT A NVA TR S 2o T2,

UEDFERMNS, VI3RS OB E ) v IHEREBROBIER T A VAL, ACLSV,
ASPV, E721F ASGV OWTInThd EEZX LN, T TEELITY v Tk SOE
JHTILACLSV, U IHHEFTIXIASPVICIEERE L, UV U I TORFEEOENT 2 ED D &
L7, ACLSV & ASPV X, YT AHRNA 57 ) LT HOHRKFOUAINLATHD
D, ACLSV [ZNR—FZ 7L XL IANARI RN a4 )L ABIZ. ASPV [TR_R—F 7 L F 7
ANVARLT 4 XTI A VARG EIND, ACLSV X, U IT&|T LD ET 537 R R
BRI L, ASPV IV v, Fv, BIOEA I VT UITEGEL TS,

3. RBIANADER - RLUEERORS

U AR S ORI/ & U o THERIRREBIIIL, Bl L7 3 Y A VARG REGL L
THEY ., FHELNRRLE LIz ACLSV X° ASPV O E AN COf5 FiHITHK < . ACLSV T
IX Chenopodium quinoa. C. amaranticolor ¥ XX O' Nicotiana occidentalis, ASPV TIiL N.
occidentalis \ZBR 5315, & 52 ASGV & F 7z C. quinoa <° N. occidentalis % EARIFE L LT
Wo, Tz, RAEEYE L TV DRI DIHREEREIZ L Y ACLSV & ASPV ZEIK
W HBET 2 DIXREETH D LB X T, £ ZTEHEHIL, ACLSV & ASPV D5/ LR
TAEHRNA UANVATHDZ L ZRA L, UA /LAY RNA 23088 N T HHE - Gk
THFEELZER L (K2), RIETIETET. 1) BHRENLERNA ZHH L, 2) Zhvxeh
FILLTT? (7213 T3) AU AT—BOTa®x—4—FIEMMLTZTANAT ) LS
KIGELHN D7 + U — R T T4 ~— LRV ABFZ & 3 RIGESN AR/ Y N— 2T F
A ~—%ZMHWTRI-PCR TUAINVART ) LAERZHEET D, fV T, 3) T7 (£721X T3) K
AT —=BERNWZRBRENESESICE YV ER VAV ARNA ZEHKT 5, EHIT, 4)
ER LT T A /VARNA Z/X—TF 4 T )VIT 5T C. quinoa E 7213 N. occidentalis \Z1EFE L |
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BT A NADOBEMEIEREZHFED & VIR TH D,

PK51 X 0 #BRE NEEE - 58 L 72 ACLSV-RNA % C. quinoa %7213 N. occidentalis |21
fEL7= & Z A, ACLSV BUBEERNE B, ASPV ° ASGV [T E o7z, L
L7 5, iR NGS @t ofE R 5. PKS1 IZIXEE D ACLSV ELHIZEEERARIE L C
WhEZZ b, £I T, SMEZ I E (CP) EinFDEERFIE—MHED 99%LL T D
BEr R DEINEREMKE L. ACLSV B C. quinoa % 721% N. occidentalis T? ACLSV ®
CP BB T D ERT|Z N LTc & A, 5 ¥ A T OEFIEBER B S (RRACVI-S &
), WEEEESIE M1 83.8~92.4% T o7z, L5 DEFIZEELED 59 5 RRACV2 I,
N. occidentalis [T W TIBFEC 2 Z, A UILE WS T2HH OMUVVERZ R L, ACLSV B2
EREECHRIEMEN R D Z ERAL N E /2572, P190 L 0 3ERE N HEE- &Rk L 7= ASPV-
RNA % N. occidentalis \ZH/E LT-356 CTH . ASPV BEMURYLE KNS S 7=, ACLSV & [H
BRICEHNE BER DT 21T 72 & Z A, P190 51X 8 ¥ A 7D ASPV ELFIZE BAR I H &
AU, HEEERFIE—MEIL 75.4~89.7% CTh o7z, LLED X 51T, RIEFEEDO VA L AFENR
ARELTHWD YV IRFMBDRED VA NATEE HEET 20BN TH S Z LR
=iz,

1) U > 3H 5 DORNAMHH

B 5

2) RT-PCRICE B2 IAIZRY /) L2EDERK

QQ (_/\f94 (‘S

—— ‘7
N A o e -
+«—TT1T
RNAR Y X5 =7 O0F—X—@HEMMLIZ7ANRYT / L
SERBEND 7+ T — K754 <—&RY ARG %2E$3FRBETIC
BEHRYN—ZT 4 <v—%2FWNS 7/ L2 RRT-PCREY)
3) ARENEEIC L 2 REREMERNAD AL n
el S S
/_‘WAAAAA
BRAIEE. « <« ecnnnnnns > CAP AN~ AMARA
" gl AAAAA '
CAPW
HEBRENLEEY

4) TEY~DIN—F 4 7 IVH R

Bio-Rad#t  Helios Gene Gun system% 7] F§

2 VARG O U A L 2 OFRERE NHEE - G R0E
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ERL7=FEICL U ambDU A NVATEOBEBEIIRIEE L IR o 72, Z ORI
MFZET DI, ifﬁff&;é)/:T@&@—é@ﬁ%iﬁ%%‘fzﬁé UL 6, il
L7221V a3 EoRBICBW T, I—KRT7 ¥ L&A RERE T A LAY
SHELOIFIRETHY | BT A NV AIERORE 72 ERE L 72> T, —7F . Yamagishi 5
(2010) 1%, Vo TORREZLOFET (FH) U A VREGEIT URZHER BN &

TA LA RNA O/X—T 4 J VT AAEREPENRTHOH XL, U Ty
TV A/NEREEEIE Y A VA (ALSV) R° ACLSV D47/ A RNA Z/8—TF ¢ 7 )V RIS
FOERET DL, 1T 100% DR CRREEAZF/DLIENTE LI EEHALMNIC L,
ZZTASPVIZONWTH Y VAORIREROTEFIIT H/3—T 4 7 )V %D A HE

THHLPEFRRIZE 2 A, R 2SCTER I B GA IR EAFEEIIE LN o
7208, 18~20 C C—EHMBEHR S B/-HEIC 25CTEHRIED & T0% UL EDORGERTH -
7o ZOEBITHALNATITZRVA, 18~20C TOBRMBNEWVIE ERERIIEL b 2
D BRI OIRIEDS ASPV OEHBATICHEL 5.2 500 Ltz

4. YO TIMNRBEBEIANILART 2 —DFIFA

=T 4 TV AEREEORENLIZ LD, ACLSV & ASPV %V VIR TX AL 51
poled, VyadgmiREORF L U I HEFRFINT N RETERDENDI =D, U
ANVARBPEENRELZEZGTELE T, DA< &b 6~THEMHFER TR bRV, 2O/
FEERIRT D72 012, EF DX ALSV X7 2 —2 X 5 EEBE i o 23 7=,

ALSV IE, F =T ANV RABEBOEK 30 nm D/NERFET A VA THY . 58D T 7 A8
ImA%#/Akﬁé ALSV X, BARTIZY I TOAREENPRBOH 5N TWDHDS, EBR
FINCIE Y U TEEFE LD ETHINTREBESCT Ky, by, AR, vUE, < A8
R EDSESEEHREICKGLT S, ALSV OBIRBEWEHEOOEDIZ, 1L AEDEE
Y TR E RS TICEERLET 5 2 8% TFons, 20X BREEND A VAR
H—& LTHFETIER WD EB X B, IRBETFORRL DL WVILTVA NVAFES —
A L7 (VIGS) IZ X 2 BIETFHREMH 2 TE 5 ALSV XY X — L L THwE I (Li
et al., 2004; Igarashi et al., 2009) ,

BATEE TIZ 6~7TFE0 5 U VI TORMBRIESE L Z L2 HMIC, e A XFXFDFE
FAREBIR T CH D FTEGTORBE L Y o IOMERFEMGIR T &£ & 2 5D TFL] BRiE
BT OFBINH) 2 R 21T 9 K 9 1Z8%FH L7z ALSV X7 % — (ALSV-AtFT/MATFL1) %1k
HL, VVaoRBEZDOEFIINR—T 4 7 VT L ERE LA, BERE% 2 A CHRTE
L, 6~8 0 ARITIIREZFELEDZ LITAZI L T\% (Yamagishi et al. 2011 ; Yamagishi
etal.2014) , ALSV X7 & —|T K % @ BRAEEAT I L HEAMEE 2 K 5 BREERFNE 2 B A9IC/E
HENTZbDOTH L0, AEMAFATIX, FEHE T ACLSV B3 X TN ASPY 0 ) TR
ECTORFEEEMFITcCX b EE 2 LN,

U o Tk & VRS TRIE A L 0 BEEE X - ACLSV BB R (RRACVI~5) & ALSV-
AtFT/MATFL1 %V > SORREEZ OB R—FT 4 VIV AETREEE L L - A,
RRACV2 % #%FE L 7= EAFERIZIB VT, EIZY » 7ROBFEPEN, REICBWT HEgk
SUERDIERDBIE STz (Lietal,2020), S 52 RRACV2 ERFEALLE [I—1 7
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TUIUXY R CHEEARBEEL-ZEZA, #E 3 £/ VI&FERIOCEFENIFHR I,
RRACV2 WRETH D Z EDFEA Sz (K 3; Lietal., 2020),

A

K3 ff (=17 o570y A RETOY »Ifpik SOERIHEOFH.
(A) U v Tk S OVEIR AT (PKS1) Z 2R 3FEH O RE
(B) RRACV2 J&Y: Y o A EA - BEARBEME 3 HEH ORFE

Vv IEHERIFRFM L VSO ASPV ELFIZE K (GCSPV1~8) 12D\ T % ALSV-
AtFT/MATFL1 & #E1C Y » T OFRIBEHS OFE IR G HERE L 7R R, GCSPV2 23k L 7= &
AREEICBNT, MLWFERERNSBIZE SN, GCSPV2 BN VIAHFBEBOFHETH 5
ZEMREE N (Lietal,2020), £7-, U VI HEEEBREFE (P190) L v HEfE - GA%
L 72 e RNA % N. occidentalis ~D¥EFEZ T2, Vo IICEBERE LEEL, ol
ASPV BLEAZRFE (A= VT 7T Vv A TR LI L 2 A, SEBEIZY
FRREFENPBEINE (K4 \NEEL, 54 FEAARAEYFREFEARS), LR
BEn, UV IHERROREIL ASPV Th EfE#HmITm, Lo LR, RSN EHR
SN HEFIRBIERNIZIIT 5 ASPV ORFIERKK LT LIz 2 A, D b 5D
BOAIEREPNRIEL CWD I ERHALMNE > TEY, COBRSIERGEN Y v IHFER
ZRIXE I TOMNIOWTITRMATH D,

B4 SfE F—nT o7 Vv 2] RETOY »TEHFBREHEO L.
(A) U v IEHERIEEFRA (P190) ZBEAHERE | 4EH DRFE
(B) P190 Hi3k ASPV &YV o IR A2 AR E | 2 H O FFHE
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5. B&if .DNA ¥ O— U DEHIC & 2 8B EFHEBRRDRET

KRG TR LTc 7 A L AREGME RNA OBEE - ApEE =T 4 Z AT ARICEL DY) o=
~OEFEADHESLIZ LD, BEHOTANAEPREEEL WD) IO LEED T A
NAFEZ ) TGS D Z L NATRE L fr o TS, U I BHTIRIE LT D ERYIZE B
DOHBEE TEMEITITI LT TET, WEMEMBITOMRE L L TEINATWD, ZOMRE
PR L, BN BERROIREME 2 BT D 12I%, BOAIZE Bk DY cDNA 7 11— DFE
HRENTHDLEBEZOND, LNLARRL, BEAIEEKRNEEL T 5 ACLSV X° ASPV
DITAINVAYT ) LD cDNA Z WL ONOBRIZaT Cra—=v732% L BlyIZE 2K
TOXFATIMEHESNTLE ) AREMENH D720, EFH H1X RT-PCR (2L Y ACLSV 7=
IZ ASPV ODL2ES / L cDNA ZHEIE L, NA TV —~_27 Z—pBl121 LOA Y 7T T —FH
AT TANA3S TaE—H—L /)R oA —BH— I 32 —F—DEIZFHER 2 &
FALTZe—= 73 5FE2BA L, RIETERINZ cDNA 7 o —37 7 a
JTVOLRIEAIN, 7724 ) Falb— 3 322X Y N occidentalis ~¥EFE X UK
PERFTARON D, RIEICE Y U > Tk SRR 2 5] X 2§ RRACV2 DG cDNA
Ju—rOEHIZKRI L (FIES . S0 4 FF H A AEMFREFE2RKE) . N. occidentalis D
FEEIZBV T RRACV2 1A OIRFSRUNEE I M LWVERSBZE S (K 5), B
TEIX. N. occidentalis &V > BV THIFEMED R 2 P205 7Bk E OF A T 2/EH L,
RRACV2 OIRIEMEIZREDO L VA NVAT ) LAFEBRORFE ZED TS, ASPV IZOWNTH Y
VAFERBEABRINE [2—1F 0T U oy 2] IZEEEL TW5 5 ORI RED
JEYLME cDNA 7 1 — AR Hh L ONER S | AF0 4 B B KEMHRETERE) . BARE
ETH D N. occidentalis 35 LNV > T TOIRFMEDZRZ AT LT\ 5, 5 1% ASPV OJFJFR
PEICRED L A WA ) AFEORFE A D TV E T2V,

mock

OBICLS-rr2

5 ACLSV U v =ik & O /0 Bk RRACV2 DB cDNA 7 1 —
(pBICLS-112) % #£%E L 7= N. occidentalis \Z331F 2t (Hefditk 29 H).
TSR 10 B HMS FETXZHMNBIE SN, TOREORINE
EBLRIWMLVERMPBIEZ S D

BEhYIC
O, B E W) KEMEEY & FUTKBERINIZ G T 5 U A VA & OFRAAERFITIL,
HEMEY CEONTZMAREITIELR S, -z b0 LE L THZEZERB L T
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B, BRETRNLEMRIE, VT3 EORBICEBWNT YA NV ZADREMEE T T 5729
DEBRELEZEFE LD THY . NGS ORISR —T 4 J AT ARZEL DY o TI~D
PR ORREZREIZED U Tk SRR TIERAEND 66 4, VU o TaBERE TIEL3E
D I FOFERAEZRTRR T ANV ADRIEICE > Tz, R TR LI FIER, BE YA
IWADIFFEMEMATICASFIRAEN D Z L 2HFREL TV D, R THRBI LIz X S IR Y
A NVAE, EEFERENRE LIZRETEREL TR, 20X ) a5 EMEMZE O R
BEL 75T 5, FIETIL, ACLSV X° ASPV DG cDNA 7 n— 2 OFEHIC H T L
THEY, BB TANVADIRFEMED 31 A = X LEH, B LOBSEREDREEL TV D
ZLOBEROHIHICHIT TERIER L TWD, —F., R RE T A /L 2T RETE )
LWDON? EWIHIIRAHREWAER TS Z L3 TERNEEZ TS, AREIL., vAa
VAN HIEFICHRIEN S TH Y . AN TORB T A NV AL S LICEESES
BELID, SHBOFEEL LT L T &z,

EFa

ARG THAT LT2WIFED 5 B ACLSV R° ASPV O AR & BN OMERF I, [ESLOTZEBAFEE N R 2E R e
SRR B IFZCHERE - BAAS EFEE M OFREERICEM L TR & £ L, AL, [ESIF5EE
FE1E NS PEE BN A F e - JURBIRZERTFEERMT - U o SFJEREI, 75 T R R Y s B
JERB L HFERERIART 7V A ) _R—=va v ¥ —TEEENT-HDOTHY . HFFEICEIKR L TV
W ERRIZEGH T U B &9, ZRBARRIEIL, GRS E (BHFE AR B) ok 2 TEBL £ Lz,
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BEEE - SEHAEST- FIUHFX D3 - BEiREAE - BERAR
Fujisaki, K., Tateda, C., Dominguez, J.J.A., Sekine, KT. and Nishihara, M.

Basic research of plant-pathogen interactions from gentian fields

Abstract

Gentian (Gentiana L.) is an important ornamental flower in Japan. In gentian fields, several
diseases caused by fungal and viral pathogens are observed. With the aim of establishing new disease
control strategies, we analyzed the infection mechanism of Septoria gentianae and Colletotrichum
acutatum, and found that these fungal pathogens use systemic induced susceptibility (SIS) as an
infection strategy in gentians. Focusing on S. gentianae, we observed an interesting increase in the
host stomatal density of newly developed leaves after primary infection. Further analyses lead to the
identification of a fungal effector protein CSEP49, which could increase stomatal density in newly
developed leaves. Since S. gentianae utilizes stomata to enter host tissues, these data suggest that S.
gentianae increase the host stomatal density for its secondary infection via CSEP49. In addition, our
results indicated that stomatal density could be a potential factor to control S. gentianae infection,
and natural variation on stomatal density among gentian cultivars could be a key material.

Viruses, which sometimes cause unknown disease symptoms, are also major pathogens of gentians.
To date, we have established and improved methods of diagnosis and analyzed several unidentified
diseases. Recently, we identified Sikte waterborne virus strain C1 (SWBV-C1) as a novel gentian
pathogen, which exhibits low temperature-dependent multiplication in gentian and Arabidopsis
thaliana. Further characterization suggests that SWBV-C1 was generated by adaptive evolution in
gentian fields. In addition, the low temperature-dependent multiplication of SWBV-C1 was utilized
for the establishment of a synchronous and high-throughput virus infection system in A. thaliana.
This system could forward identification of host factors useful in controlling viral diseases.

Key words: Gentian, Septoria gentianae, Colletotrichum acutatum, Systemic induced susceptibility,

virus diagnosis, Sikte waterborne virus, Arabidopsis thaliana
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[FLC&HIZ
O D BT CIIEFER 2 RIRENIEE L, B7BBRXR DO 206 ORRF A O

L DOHZ, U R (Gentianal.) 135 FENEEHMEDO YL EE b 5 BOFEIE
XEMCTh D, AFROFEEELEE L, Y > RY (G scabra) . =7V K7 (G
triflora) BELORENLDONAT Y v RBERHIN TS, ZFEEDYAT—1ETHY |
BHIFEE A EAR L 75 2 DO RRERS VA VAR EZ L& LTcRA RIFENRREAET D
EmCHbd 5, TP Iz, RENHIER FHRREE 2=— 7 RBEZITHES 2L b
HO . FTEMEEE U OGERIZBARAEEZF > T\, —iKIS, BEHRIGTREREL
T IREOZMO R R I s FREEN TR ¥ -7 8 G/Aﬂuit%m BN IH > TV D
N, B FRTEHEFEMTEMITE ¥ =D o AR L EELE L, Vo AIE
7> B BUG XTI & S L’Cl/‘%’) ARTIEY » FUOKRKER VANV AR EFNC, BFEH
55 DB L T DAL= Bl O FERER A ROV TR L7z,

1. UV FODRKERELERZEFESR

Uy RUIHRREE ZIRIRE XY o RUZERRE (Septoria gentianae) . V) > K7 BEE
JWE (Alternaria alternata) . 'V > K UMBBIHRE (Mycochaetophora gentianae) . V> K7L
JEEAZRE (Ciborinia gentianae) 7% &, #k%2 RN HILTWD, BIRIZ KL HPREEAR
ELTWD, Vo RUBBRE., Uy FURBEEZREO X IZMAEsn2nbobn
52 R, EDKa A ME AR L/ BRE AW OERBIC AT 2R A0 6, U R

v RIRETR O R REE OB & Z ORIEIIEE R RE L o> TWnWb, £OHD 12
v RUEMREILY & FUEOKILN b EMMBITEAT HREARE T, EICHEE229R
AR L, PIIER LIZENGZDORER LT ELOE~NEEREZHEIE TV, FA
7o HIX Y o N ZERTREBABRIZ A T 7o R R PIME R E RS O fEAT DI AR T, #HRGy
DIEESL L7 fERIZ B W T, JRREDRFE L TV W EAZEE GIrAEZE) oV v R EERTR

(X T DN R T L2BE L A L BEH D S 4 F£E A REYREF SRR,
Tatedaetal.,2019) ., —f%(Z, RFTAIRIRRARO BRI > T, EALOE~OBEGUENFHE
INDEHEEIRGME (Systemic acquired resistance: SAR) DFENEH L ML LN TN D
DS ARBGITE N & T 2T RS M FHE S % Systemic induced susceptibility (SIS)
THbHEEZ LIV, HEY—IRFEEBEEERIZE T D SIS %R, (Cuietal. 2005; Lake and
Wade, 2009; Seybold et al., 2020) ZFRHILTEY ., v A XF X FLa AX THREOFEN
DB, TOERBITZL Do TRy, SREIFER LY » FUEMREICE S SIS X
U RO EERRE DS OIHIRGIED O A B E~ERTH 2 2R FICL., FAESGICE
WT ORI OEFEIE LEELRFAZTHL EEADND,

ZD%. U RUIZBIT S SIS FMORFERDOEGRICS RHSh D Z &R bhroT,
U ¥ R RIERIE Colletotrichum acutatum % L < 1% C. gloeosporioides \Z X - TH| & Z &
NHRET, BATIIXIER 2 FLICRFT2EROBOOND GEFEDS  FRk 17 FEH
RIEYIRBE T RRE) . RREERENTHELT L2700, HEEICK VMR LTV D
HEMICHIATREREEE Y o FUOEEMMICY » FYRIEWRE (C. acutatum) % HFE L7-,
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7 8%
—R¥EE —> RERS C. acutatum (ZREREE)

(BBX/ C. acutatum)  (C. acutatum) ——

p<0.05
— RIS 45E+10
CREK) pu—
5 3.5E+10
é 3.04E+10
3 3E+10
>
§ 256410
§ 2E+10
3
A 1.5E+10
—RiERE
(C. acutatum) 1E+10
S5E+09
1.49E+07
0 .
Mock SIS
B —xu@ ek —R¥EM (C. acutatum)
—R#&® (C. acutatum) ZR¥ERE (C. acutatum)

1 VYROREBERBICEK> THEEINESIS
EEEROFIE (A) . A (B) $LUBDIBEE (C)

EEOODNTNRNWEEEY v U TIEFIBIRGATEI 28 23 O O 2IRE R SR
MoT-DIZxt L, TEEEZFER L TWDEEEY » R U CTIXEOMMRENTEE TR L., £
DBIEME R ERFE ST D 2 ERbholz, EBIC, BEICY ¥ NV RIERE D — R
e LT BRI W TR, BETO ZRIEENEGITHALT 5 Z &b . U v RURIER
BHO—WREEIZE D SISHBIEEZENTWAEZ R brolz (K1) (KIUFXDH
A3 R R AR S RIS RER) o o2 &l BAESTY v N Y RIER A
HIEHZ FICRIET DN H D EEFELRY, 20X > RUERFELE Y
v RURERE CRESNHEIE, BRRADOU v RUICET 550008 O R YLEhHE 4 FfF
T5H T, BERBEHRTHLEBZ DN,

2. YU ROERREREICK S SIS DEREARA & BRHIE

U v R EERRE ORISR N — RIS EE TR L, BN R Lz EALOZECIE L
DEIRIENPEI S TWDDEAI D, FAT=HiE, —WREGERSL% O B OFAEZEICE
WTC, VY RUERFEORAOTOLIZILOEBEML WL Z EE2RRA L, KfLIT
RREOEERFAD L L TEERKOHTHY | [ILOBEMAKIEZ .0 & LIiEY &
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RER E OMBERITZZ OMENRINTETWND, —FTRILOEZEDO LD (K[ILE
) & 2FEIIHIET DB E BTV RN,

U2 RO/ ZHD I B, [To Rkt 1T, Vo NUEMREZBEREEL TH2<
TR OBLEE SN2 WIRWIRGUE 2R3, AGEFERICIL, o U v R 5hfE & [FIER D IR
WA B 7 ) — IR DO RRSENTETR Z 15 (Tateda et al., 2019), Z @ To efDIERKY: FAT
EICB T HORILEAAREIR., U o FUEMFE 2 BESRE L2 RICIIFEI T, AEE
ERIZB W TORFEEI NI,
SIHl, XU ITFHNNaE
W2V FUERFRERFZ Y
IO T 4 L= g UE
WXV RHEST 5LV RY L
FRIZHTZE EALEEIC B 1T 2 RILE
FE DM NFR O & A iz DI %t
L. VY NUERMKBEBRTZ&
W2 LR S AT AL

i
Bl R

SRBHIZHTD
BEUEOLR

FIEARRE D RIL

CSEP49

{
BYET

S

B DRI DBLER S 7R o i
Foo ZOT LG, SR 3 vt
N e A S S FILAEEE 1B

2B 5 RILERREIZIE, Y
o OIRRRRE D KRR DI Uy RO SEREIC & 3SISTEMIS
SMNMAETHY | YRR F T

T HHREERF O ENREINTZ, 2T, UV RUERBFEBRERO N7 A7 U7
h—LfEATING | FE O T 7 = 7 Z —{Efidis+ (Candidate Secreted Effector Proteins: CSEPs)
ZRIE LT, ZNVHDCSEPs 7 7 a7 7 VU AN L TR I T FH ANaET—iB
FNZHB SRS, FiAE EIEOKILOE Z TR, CSEP49 2 BB I 7= X /2D
FAIECKILEEOEMMNTED Tz, 7, CSEP49 ZME L7=V > FUOFAEEITI
TH, [ALEREEDRNTBDOONTZ, ZN6DZ L3 ) v FUERMFEN B & O . IRIE
Y BRI 728, CSEP49 IC L AHAEOKILEERMA N LT, SISZ3|l&H I LT
WARIEEMEZ/RLTERBY (M2) | BIEEZ O Ch s GEHO SM4FEERAR
TEWIRBEERRE)

LI Eo#fERITK LR ABRFEAR O BLBRIZ
BIAKILEEGREOBEEME L REL TH
5, VU RUDERA IR ZRFEDH B, W
PV FUomiE/ Rigd, = ) Fuo
il SR E D B U v R R E IR
Mrrd (X3) . EERENWZ &2, 20U
v RUZERREICR T DR EREIX, U
RO OED R ICFET 5 K[FLEE & 18

&2

IVUYERD
(RmM3R)

YHUYRD
(ZIL%)
e

VY kO RiERE

BIL Tz, [ToRiftl 1. EEDOMEAEIZIE
LAUETIDEEL TR WRRTH D, £

BEHEOTILOENZVNIV IV RD (KM : L)
EDRBWHHUYRD (PILY B) EOE&
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D=, To Rl V¥ FUEMKFEZ EEEME L TH 2 < HEOBE I N2 WiRW L
HETRTH, [RILENSTICEEEREIC LV EER T ZIEABNICAND &, tho U
vV nfE & FRROFEBE T, £, JIUEBREEEZFFOXTF FRBEIZEY UV Ry
DRIILDOE " NZBENZHEAET 2 &, U FUEMBREICH T DB BIES D Z &0
Do 7- (Tatedaetal.,2019) , ZILHDZ EnD ., K[ALBEEBENKFE AR FE KD
LHEIZBWTEETH Y | FHHRMRERBEEE FOFLRMAREE LRV 528, £
7o UV RDIZBWTIEA R E b BARER L L UEHAIREREBEERERNFET 22 &N
BN Te,

3. MBHIALILRABHEMORR
ARERE LI FUYDREBRLG THEL CTWDREN VA NVA{TH D, VAV

23U R AR RO E S RODVEBLEE L W 2B NS ORI
EERTZEPRELWEERH D . JREARER L Rshd 2 & bbby, BF4EY
T o Z — TIELRNS . MRS 2 KB RNA ZHFR L, £ D RNA BEAIEH N5
7 A VA% [EIE T D DECS 7% (dsRNA isolation, exhaustive amplification, cloning and sequencing)
% BA% L (Kobayashi et al., 2009) . U2 RUZSESRY » NU T EEHEUE & WV o 72 JREAR
EROBITISIER Lic, TORR, Thth ) v My ZSEMEY A L2 (GKaV)

(Kobayashietal.,2013) 33X, V> RUFEig 7 A /LA (GORV) (Atsumietal.,2015)

r—%JLRNA R i3k F—4 JLRNA
SN SO SN
NN NN
BEX/ (V1ILR) \‘ ‘\ BEX/ (91ILR)
RNA N \\ S NG x§\ S RNA
NSNS NN SN
‘ b) NGS#Z#fr &contigfE ‘
—_______ 1 —_______
c) $TrS5ovay

N AL ZABBHIZLALVLY) .v
N\ VAILAB(BHEHTHLY) e — —
N DAL RC(REIHFE) [
\\ 7EEHEMEERNA % Rd@**ﬁ

___________ ‘ RT-PCR, genomic PCR
[BROAVABH | o [Z&BEALT1TRIIDKR

-
---------------

4 V7L YRABINFEREFHZERNAD I RARERF—LA
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EWVS O TANAZREL TWD, ITFEIINGS DIEMAIZL > T, DEFET LI VA
IWADRERES LR 2n, BEEN DR/ T — 2 X=X BIZHE LR WFTHRMED
EBWTANLAFRIELDOLWE WS TRELEINTWD

F7= BT EFRFETY N U OJREAAER O T IC WD@& 7. AR L BRE O
BT 2 AR L L7c U 7 7 L ABFNTRIE L2\ 7 A L A [EE A % — L OFENL & 7
TW5, 79, UV Y ZSEOHEEMRBRE TT VIS, BREEEEKOMTNGSIZLD
2 A4 RNA F5HIE 4 @m@%ﬁ%ﬁoto%ﬁﬁffﬁ%ﬁ%w:/747Mﬂ;ow
T. RNA 7 A LA TEIFEMEDE VW RNA-dependent RNA polymerase (RdRp) K A A > X2
Helicase KA A TRV IAHZZATI -T2 2 A (K4) . PEOEFHEKEOa T 47 L
BT, UANVRYT ) DOIZEERE I AN—T 2307 4 FRFEEINTZ, 61T, BiZa
T 4 7 % RT-PCR J2 O genomic PCR (2 & % TBIRER,/ fE2AR R O LB MR AT &ﬁ?é_k
T, MHEMERZERSTICTVA NV ABERa T 4 7 OREMET S Z LR TE T, 5%ITA
HEOEL 72T A NV ATFRESOBENECONTHREF L TS FETH S,

4. YO FODOFRBRIANAORE/HRBHFEERISNILAHARADER
Z ) L7ZMRER 7 A VAT A VL FERAE ik, RERABRERZ =T Y K
UMMG 2D NLATATANVA, U RUTALAA (GeVA) BLWNV 7T U4 —F—K
— AR (SWBV) ZRE LT, 2=—7 RFEE LTl 7 A VAR (18°C) Tix
U RUBIN A XFAFTEHHRISEM - BWT 2508, LV&EIRE (GeVA TiX 23°C
LI . SWBV Tl 28°CLLE) TIIUANARBENRBD 5N A ERNbhot-, Vv
FBLOYEA XFAFICBT HEETOEBENFEITEROF 2T VA7 T A LA
(CMV) TIIBIE ST, RNAssilencing QBRI O RE S AT L OEE H3RD 5T
WU (Fujisaki et al., 2020) , W7 A LA E B X RaLw L =Fa v P CliEiR/IKE
EBICE KIS D72, Z OIKIBKRAFHIBETEIZ 1318 E45 RA Y- A L AR BAEH
NEFIGFETDLIEEZ DN, 7/ AEFIERE LT EZ A, GeVA ITHFED b LT A
TANATHDEEZ B (Fujisaki et al., 2018) . —J5. SWBV [ZEND A ¥ —F 4
TRPERENH LMD T A NVAT, U RU~OFEM GeVA LV bR, BIETH
TERDFENLIZ B L= (Fujisaki et al., 2021) . ZDEOENT T, A X —F ZAHFK DR
HE»Z% L D SWBV BNy oA XFAFREDY o Ry SFEICEYETEX RN L,
Uy RUNLEBESNREDORM (C1) OBZNF 7 2 RNA O 3FEFIRRMEB~DZERIZ
V. ARIBEFECY)  RUBL Y EA XF XTI R L RS - [T 52 & 2 RH
L7z, 26D Z EXENDY v RYBEGICE T, SWBV O#EGELINE Z - 7= "I aEM
R LTW5D,
3FEFEREHA~DERICIV IV U FYBLON oA XF X FITI8CTHRLETE H LI
72572 SWBV-C1 TH DM, 28°CTITHAEDL L THETE R, vuf XFXFEHn-
EAT DFE R, SWBV-C1 1% 18°C TIIRhER L < HFE L SRR LU VR &2 5| X 2 = 9728,
28°C Tl 1 MM L~UL T A )L ABEFENZRD SN o 72,
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T, 29 LTEIREIC X D7 SWBV OEFERIE 2 F)H LT, 7 A /L AJKY - 395
% BRI R R 72N A A —T > R OTEE— U A VAR EAEF OfRNT EER R OFENL &
ATz, ARRIL SWBV-Cl O2E >/ A% Estradiol #5E 7' 1€ — ¥ — O F CRE I
LG 10 A XF XF (Col-Estp-SWBV-C1-RZ) AL LTV D, —fRICEHEFES
nE—Z—ZHANTH, FHEA
WZHOTNITHEBE L2 T A L AD
Y B RGEBE CHIMHEE L T L
O, AR T AV AHE g
SERIEH R EE G A NS, L
N, KRTIEY A XF T
TIRIRMRAFHIICHESE S 5 SWBV
% AV, Estradiol WL¥E LiEE
7 M EMBEDEDLZ LT
(28°CTHRZ., 18°CIZH L T
Estradiol z ZLEH) | fl {0 >EhE
FE DRSGLHIEI N FRE L 70 D L B
X bivh, EE, EHLEEE
R 11 A X7 X2 Estradiol G Estradiol =  Estradiol - Estradiol +  Estradiol +
AAEL L. 18°CITIREY 7 kT 28 18°C 28°C 18°C
% & SWBV EEDTRBAMAELR S
=N 28°CTIIBE S NT, ¥
A INVANH 2 78 (CP) D
LZEbLBHIN N7 (K5),
ML ARSI O s ez B5 YAAXFXFDOSWBVERFEHERIZETS
T 570, TR O TALTOF—NRBLE REORE
ez SWBV @RS O~ SWBV-C1%5/ LEBRAEY Kk (A) BLU. RRIZEITS
FITFHNEE LT, T YA LRFEE(B) ENBEY R BEDERE( C)

DOFER. 18°C Tl Estradiol & 4L
L THETORMTHMERNREMLEZ R L, DT IR BE L7 SWBV BH HEEH
SHEFEL TV D EEBEZ NI L, %TT X & EDTREERIARSE (15 RHiH 14
HA) CHMBMEIER OREMSER SN T, FE Tt —F —LRET 7 NeAaby
HZET, BBEDOYANVAEFERIHEFRETH D Z & PR Sz,

BE, ZOEBRREZFAL T, 9 SWBV BB 5 E ER T DOIEEREFFEE 23R
FH#TU5%, Ethyl methanesulfonate (EMS) #LEE%Z L 72 Col-Estp-SWBV-C1-RZ v 7 A XF X
F (M2 AR I2BWTC, ZA N T U VA ERE YT ML ERERH SIS E 2
A, EE RSO, b LUTBEMENIERHEPEEERD bz, TNHITONTIRA
7V —=v 7L LT SWBV-Cl Ki T2 LA, UALRBEHEMET, &LL<

FROLNRNRMNBFELNTETWND, KFBERTIHRMUEOERKEKOA T ) —=
/&%ﬁﬁﬁfﬁw\?4wx@%%$®%2£%@ﬁ%@ﬁﬂmﬁé_kﬂf%t_

A

pER8Apa-SWBV-C1-RZ
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X, REBRAOFRAMAZRT LD Lo TWD, S%ITEDLNWIZEREOFEM 72 iR 2 1
W, A NABEIERERFORIEEITHI 2 & Ty UA VALY, « FEINHAR OFRAE & H1E=
DFESLITFEOD T TV E 720,

BEHYIC

AEONBTEEDTZINETOY » RUMEOKREND, U KUk~ 72fmRRIC
X9 D ZARI RGNS L B RERVBFEET D2 050 5oh 5, AR TINET
DEBHFTEOREE TTIC, BEOALREB LT A VAN ERGEY » R O/EH
(AT T B 2 BfR LT D, A%I1IEME % ORIFERIZS T 2 IBPiHEE 0 5 F 1~ To
fEMT A D D & & HIT, B2 DFEERICR T 5 B2 2 KPS O M T o e, tHE
FHEEHOEMBZHED S ZEBICHEEE L 72> T 5 THA I,

AFEM TN v ¥ — 1 Ta FIREBENTE Y ¥ — OGRS 2 X% - RET 5720
DOEBHFTEEFE L T D, EEFFRIIERHORHON R S5 WKE, FEEoOEVIG
R TR RO TR ENARAIR TH D, Vo BT OMPIRMENFZEIE E 728 H L o B b
THHN, BENMELOEEAE R L LICHMIEZ1T O 2 & TRERL COMEOM®
PZELY M A TV E T2,

ARGTRA L7ogRiE, SFRREEMIEE ¥ — (RBR IS, EERE) Lod#iod &, S5F4
WLFet 2 — (R=&R5eE. 7 LERETEE) TiThivE Lz, BRE OFRICEFLE L T
£, E7o. RO T =W HERdR R L MRS TEER (BIRRTE) | ihE e (B
K ICZHE, Z3HREZWEEEE L, 26 OuEIL, Bt (B C:18K05660) (JAE C: 18K05661)
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ABEMX
Ishibashi, K.

Plant viruses as tools and targets of genome editing technology

Abstract

Genome editing is an emerging technology for easy and convenient targeted mutagenesis.
CRISPR-Cas9 has revolutionized biological research in this decade and is a promising technology
for crop or livestock improvement and clinical applications. Here, I summarize recent technical
advances in plant genome editing from the perspectives of a plant virus researcher. First, plant viruses
are versatile tools as vectors for delivery of genome editing agents into plant cells. Advantages of
virus vectors include 1) high-level expression by virus vectors induces more efficient genome editing
than conventional foreign gene expression systems, ii) the use of RNA virus vectors enables DNA-
free genome editing, and iii) heritable genome editing in meristematic tissues can circumvent
laborious tissue culture, a technical bottleneck in application of genome editing to wider plant species.
Second, genome editing has been used for production of virus-resistant plants. Examples include a
tomato brown rugose fruit virus (ToBRFV)-resistant tomato produced by quadruple knockout of the
homologs of Arabidopsis TOM 1. Thus, genome editing has enabled transfer of knowledge from basic
research using a model plant into crop improvement, beyond the availability of genetic resources.

Key words: genome editing, virus vector, virus resistance, susceptibility genes
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[FCHIC

NEIZHTFEOFERA 20T TREVMOLRICIM Y HATE 72, 20 HLIZRD ATV
BInF, ZRAEREM, DNA~— I —72 EOFMIZ IV S R IIREITMEL 2, &6
(Z 2012 2% L7z Clustered regularly interspaced short palindromic repeats (CRISPR) and
CRISPR-associated protein (Cas) (2 & 57/ Lw&EIL, BHIZEHO T /) LBl 2 LG
LEMAREFEWCTH Y Fio BRI L U CEMEY OREZE ~OF| IS 72 9e h3
DHILTND, AFRTIE, AL EE CTREMNCH D7/ LRERT & AEY 7 A L A0
e DEMRIZONT, 7/ AREICBITLEE L LTORED T A VAT Z—OFH L
VA VAR EBTRIZIT 57 AREOFIH O M E 2> b EHAL OBA AT L7z,

1. 7/ LIRKE®

CRNERFHEILT VF LRERELFR LULERNO BIRE LG T 2EE L RET 572

D, ZRBEFINVDUETH>Te, UL, ERNETBEBETFEICE S RA 2 N TER
2B AT LM OBRFED 1990 FRENITONTE o, ERNEREANIL, 7/ LA LOFE
DR A 5T D AR & | RLPEIRIC wa@%%ﬂﬁ‘éﬂ% %%@ﬁz‘.f: (7 ) MAREEEESR |
WD Z LIZR Y AETREIC 2 D, RREBAIZITRE <431 T, A DNA OIS I
FREIR M #E A (Non-homologous end joining; NHEJ) &Ziéﬂg?ﬁ@i?*‘“@”ﬁﬁe%%%\éﬁ'éﬁ
kL FAERA#L 2 (Homologous recombination; HR) (2 X 2 550D 2 FEN % 5, NHEJ Tl
EDXORERPBEANSNL Ay bu— 35 LITRETHLDIx L, HR Tl
TEEOHHELBEBEMAHZLICLV T ) AEZBIEICHET A ENAIEETHLN, <D
MY Tl HR 09;)J4—75>4EEU e BB EEAITME A A 55 5 BRI 7 ERERDY
&@HwT%&’%@Hﬁ TR TND, AFE T HR 2OV T2 720,
FE I ORI E 2 SR éz}’wib\ (Van Vu et al., 2019; Huang and Puchta, 2019), NHEJ (Z &
HEETZ —OFHEZRHEE THIE, 7/ ARERBRICERINDIEEEADT D OHKRE
kbfi A DNA OUIA TE NI+ T D, —FH. 7/ L EOEEOEY| Z1ER &

THRWT D LT ) MRERBRZELRFTT L L EFROAETH - -,

%—ﬁfﬁ@’f/ LiRERBFZL L TCHEEINT-ONRT I 74 0 =2 RIETH D,
7 AREBRLE L COV LT T4 =R X EIX, DNA 28T 5007 000
— RAA U EWETHZ LI LD ERLEESNEENE T L IOM-T2bDTHY, 2
% Fokl 72 &> DNA UIWEESR L @G35 2 LI K VRSSO OIS FFE S, NHE]
N L’Cﬁ/ LZEENPEAEIND (Kimetal, 1996), LL, P27 7 4 H—H N
7 B2 & %5 DNA EEFIDOFEHHMIIIRHAR R G Z L FEORII LT 5 L 5 RikZE
75§“’ET§>O7Z\_ L BRENNRGE DT e ENL, IR oHIT & 1325
ol

B ) ARERESE TH 5 Transcription activator-like effector nucleases (TALEN)

%, Xanthomonas JBME D pWed A7 =7 X —5 378 (TAL) @ DNA #5&EIRIZAT
T2 34 7 X BRD D72 D RN AERLY O 5 B, 12 F B & 13 % B OFEDY DNA @
| \EEAFROICERL CND &, ZORELERT HZ LI LV IEMBLYZ KR TEE
ThHDHILDRREBKIC, WEE TAL % DNA UINEER e 35 2 LI X W EEOES
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NDOEEE A NA[REIZ > D TH D (Christianetal., 2010) ., TALEN [ZIEFICHE A7
J BREY — N TiEd o722y, 134 7 X B XFEBESNOEES ] Porkd 7y ) LREEE
REBLETFOBENES TIERVOBRELTHY , £7213E72 < CRISPR-Cas9 IZ L 557/ L
REFMMNEE INTZZ D, RIVEBLELONLIHEIFICIT Do, LrL,
CRISPR-Cas9 (Z L %7/ LfREE TlX RNA DERRER L7 > TWDH D% L, TALEN (4
VORTEDHTY ) MRENFTRETHDL Z s, BBE7 U —D 7 ) ARERTTSEDE
IFE DT TV D,

BT ) LARERESE & L CHH STV % CRISPR-Cas9 & AT AlE, o4 fllE O
27 ) DIAFET DIHEEE RO KBRS & L CROD 72 b D0, SRR I3 2 50
EHAE A > TRV ESR RN B OUINZ 5| X I3 2 R LNl Lk,
77 LREICHIAFIREETCH A Z RN ENTZH D TH S (Jineketal,2012), FTHHEANIC
7 himERESE & L CHIH S LTz Streptococcus pyogenes 3D SpCas9 1 DNA YIHizh =R 73
E< . fTX T4 FRNA (gRNA) %71 LT DNA Be¥| % 385k 3 5 7= OEMIECS| ORREF 1 IE
BICRSTHHZ LD, ZHETOT ) AMREBZOBBESOZL ZRHETLIHLOTH
0., BREROICISE > TERYT ) AREEFEORAFT L > T A,

FEF N T U SpCas9 Tldkd 27235, HATHI I & 72 0 45 5 D7) Protospacer adjacent
motif (PAM) EL¥|TH 5, PAM ITHENBE D7 ) L LSRR B3 T D DI EE e f%
2R LTEY, AN & ICF > TV T SpCas9 TIEAERES D T IZ NGG 28
EThDH, NI 7ebb, 7 AFO GG & & LefEkOUrE L SpCas9 I L 577 /7 L
LEOEMES LR VBN EEBEKRT S, ZOMEITBEFOMENENTHIHEIC
FRERBEICR R0V, BT8R, hOUREEITHIBRICEEL 2D, £ T
INERRIET D728, 72D PAM BB % & Ok 4 7o/l i 3k CRISPR-Cas ¥ A7 A (3R
1) OF|FH=R, SpCas9 @ PAM #3845 7 I VB EAZ WL T 5 Z Li2X Y PAM OHilf
EAROT-EER ENEFEIN A7 Y (Nishimasuetal., 2018; Waltonetal., 2019) . 7/ Lf
L OEHFENL 2 JERT 2 T2 O OFMBAR DB ANATDOI TV D,

1. %72 CRISPR-Cas > AT A

95R 47 HIa4T TIxH EH TracrRNA PAM/PFS
52— Bkt

1 (multi-Cas 1 A,B,C,D, Cascade dsDNA No -

proteins) E,F, U

1 I11 A,B,C,D Cascade ssRNA No —

1 IV A, B Cascade dsDNA No —

2 (single-Cas 11 A SpCas9  dsDNA Yes NGG

protein)

2 II A SaCas9  dsDNA Yes NNGRRT

2 II B FnCas9  dsDNA/ssRNA Yes NGG
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95X 247 HT44T T £BH TracrRNA PAM/PFS

Ha— Bkt

2 II C NmCas9 dsDNA Yes NNNNGATT

2 Vv A Casl2a  dsDNA No 5" AT-rich PAM
(Cpfl)

2 Vv B Casl2b  dsDNA Yes 5" AT-rich PAM
(C2cl)

2 Vv C Casl2c dsDNA Yes 5" AT-rich PAM
(C2c3)

2 VI A Casl3a ssRNA No 3'PFS: non-G
(C2c2)

2 VI B Casl13b  ssRNA No 5'PFS: non-C;
(C2c4) 3'PFS:NAN/NNA

2 VI C Casl3c  ssRNA No —
(C2c7)

2 VI D Cas13d  ssRNA No -

CRISPR-Cas9 & HW= 7/ AFREICEIT 2 b 5 — > OEIAIHKIIE, NHE] TIZEAS
NOERNT X ATELDEICREL LAIEAIZRGNLZETHSD (X 1A), Zh
HELBEFOMEEAHET 21230 Th o0, BRFHER T Tl 5 e EIlC
RO MNBDHT-0, LVEERUELITIICITH-TEEREE U ARA 2V N TEAT HHEHIMH
EENDH, ZOMEERRT D70, ZFTETET 5 SpCas9 DX 7 L7 —EBIGEMHETALO 9
H—2Fr (nCas9) HHVIEZATE S (dCas9) (CZEREA LT ASHUIW 2# = &7 <
L7EHERIC, BEEHICLVBEDERAZEATIESRE (F7I—ERE) ZaaT
HZ IRy, ARRMICEEERZEAT 2HEHINAHEBE A TS (¥ 1B), 2Dk
= nCas9 & 5\ i dCas9 (%, gRNA & ) L TIEAJEINLD _AKEE DNA 213 L& 2 -
TEY, —REHICHEEEHBERZNMMEA L CERNEAINDLI EEZLNTWD, 20O
BRI EATHIEROBEZIEETE X2 THHDOTHY, NHE] I2L5 T X A7
ERBANLHARDLERERESTH LD, BEE TR I NTEERERFEIC L VFHE
FRERERO R =3 3FE CH5 T, ANB G, C5G) OATHY, EEDER
HACFT TS DR DM EFNMLETH D, SHICEBHEORWS /) AREFEMTE L
T, Cas9 ICWERERER 2@l & S 7 prime editing & FEEXILD FIENRE I N TV D
(Anzalone etal.,2019) (4 1C), ZDFHETIE, BA L WESIZ RNA & LT gRNA 121+
MLTEE, Cas9 (nCas9) (2K VYK Ziv7- DNA DR BEREZEO@ S I LD &Iz
DNA L HHEMIRZ ICE > TIEESNIOEFH L TEEDOERELEATH, 20 L EITH
WAHMHEEREFZ L LT AEMB 7 A LA (MLV) BHEDOHDONREL FHhiLt T 57,
TR E (272 CHDENT Y 77 T —FHF A 7 7 A LA (CaMV) HEDWEEEEEZETH
FHETH 5 (Linetal., 2020), Prime editing [ZH AREDE I DBAL L OKRKEET(LE

110



DEFIEANPAREIRT D AR YT ) DRED A S 8 — R LI DV IFHFLRBANTH 573,
BIEIFAREADRPIENZ EAMETH Y DROWEFTANT 7ok % 22D A0 72 S
T 5,

Mutation by
NHEJ erroneous repair
V1] ﬁ HERNNRERNRRRNRRNEN
Random
Mutation by

enzymatic reaction

ﬁ EENNERNNERRNRRNEER

Precise base change: C—T
A—G
C—G

Mutation by repair using
reverse-transcribed DNA template

ﬁ FRERERi R ANNNERE]

Precise modifications

]

A‘l

B!

R

X 1. Cas9 FBEMIC L DX 727 ) MRE

2. 5/ LBREBEOTIN)—LIMINAR) 2 —

WMDY ) IREITSZL ODBE, T7anr T U T AEREICLY Y ) MMRERSE R
T ABETFEZEATAZLICEIVIThATWS, ZOFETIE, BIRTHALLZERL
SRS D 2 LIk, AKRBETV Y —DF ) MREBENEOND, Lo
L. REBIEM 2 OB THREGF 2RI 2WEAICIE. ZoFEIFEZ 2V, 4.
FEERPEE R 72D, 25285 ) AREDRINDPHRE SN TORWEY H 220,
REEORBEPITON TS, —2IZiF,. 71 77 A I Cas9 & gRNA OEE 1K (RNP)
FEEEAL., BAEEZBFMMEIEDLHFERHY ., AW THRIIL TV 5D (Woo et al.,
2015), ZOFETHELNTZT ) MREED I KERTE T2V, BHEE Y e 77
A RIS OERFARDPHEL SN TV DR O D Z & BRIENEME CR AT 2 L3
ETAHZ L, BEEERNEUDARENS L ZEREDT A v ERBD, £72. /N—T
AT NRN— R A MEICK Y XTEMBICERE Y ) MREESEH D \WVILT ) AREESR
B8 ATAHHELGRERIIL. 2 LF R ETHREH LTS (Hamadaetal.,2018), Z O
FEFTEMEE SEDMERRNEWVWIRER AT v bBHDN, 50 & 2 A A
PSR X 2 X TEMRRZ b SR b5,

7 LREREEE BRI KEBICERRAT I ENHROB WY ) MREICEETH S
EEZONTEZ D, EELOMIRECTIIVANANRY Z—%FBA LMD T ) LR
EIEOBRBICIVHA TS, ZOLXIZMEERLONT 7 LAREREZD REX] T
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D, MRICTANAXRT Z = ORBET HEBERTFOV A XN IWITIERWEINTE
D, SpCas9 DX HIZ4kbp & B DHRELREBIETFORELIFNIIZE AL E/2W, KON HH
ITEZDLNDN, VA NLAIZE > THE OHEIEICERMROBSZ 7/ LMZH DI LITAH
ThHV ., BXFH %2 KK UTZERRPNHIRT 5 & 2 NMBERICHEET 720, ARSI
DEERNMRFINRNT EDRREN, 2D, VA VAT X —% Fu 7= CRISPR-Cas9
W2 D7 LRETIL, SpCas9 ZWELT A EEHEEMEY T, 100 HEFEE &V gRNA &
BT DLTANARY Z—2 BT LHANLZHEINTND, L, TOFETITE
HFLIEEGBE ZEE T OMERH D7D, VA NART X —ZHWD AU v FH/IN
Lo TCLESTWD, ZZTH &L SpCas9 ZRIRFRER T A NVART X —DA Y 1) —
=T ETD, VX HAE X UANVAR (PVX) X7 Z— 3R ZE L C SpCas9 BT
ERFARERZE AR Lz, VA NVARY X —NE2H5B4TT 5B SpCas9 Bin 113 K&
LTLEI D, BREEREFICERZEANT HZ LIXTE RPN, BEEEICITRE
BLLEBRNEAIN, XUV I T HENaoBEE L Hob LIRS X O o Rt
EEITE AL REZ A LTz (Arigaetal,,2020) (X2), PVX X RNA %%/ A2 %D RNA
TANATHDHIO, TOHFETIE DNA ZHEYMHICEAETIZT /) AREICKFI LTZ
ZiZhn, —F, FEOZ V—71% sonchus yellows net virus (SYNV) X7 & — /32 EHY
(Z SpCas9 ZHMARETHHZ LA RHLTWD (Maetal, 2020), VA /LAY X —%H
W Cas9 Z3HL L | IEREERIEY O 7 ) DREICHKI) LT=DIZE5D & ZAZ D 2 D H
Thb,

) QRE : @4 ) INIREHEY)
OiEE G NREEROFEI (45K DNA ZET2/0)

A Q4§

A IL AN — SR
(RNA)

2. PVX RV Z—%HWE=RUHIT7FZ a0 DNA 7V —4 ) LRk

FROFETIE, UA NV ARGAEED S EEREZ F o ST 572D O ENLETH
. T EAOEERKE SHIBRL TW5, —7 Virus-induced gene silencing 151X, 7 A /L
A BT 572 CRGIIEFEOBFORBAMEINFETH Y . £OMMES & @ HAHHE
DIRSINBIRIRLSAEDLID X O oT-, [FFRIZ, b LT/ ARERMIELHIT LUV AL
ARG B—HERFIBASETEREATD ZENTENE, VA NVANRNT X — 2
T AL ORBEERT ) MREEL 2D | EEEEEN TERVEM O T ) LRE S FIEE
72D AREMED B D, FEERIC SpCas9 FHERHAMEMIZ gRNA BT DT A VAT X —%
BT H5ET VERR T, BEREERIOETFZIRAET T MREBENEOND Z
EM A NRNaEZZTALA(TRV), LXHEETY A 7 7 A LA (BSMV) , cotton leaf crumple
virus (CLCrV) T/REIFLTCUW5 (Ellisonetal., 2020; Lietal., 2021; Leietal., 2021) . F % 1%,
Cas9 & gRNA D F 2T H A NVARY X —TINEABEIZT 572 OO B
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DTN D,

3. ¥/ LBERIZCEKDIVMILREBEREEYMDOEH

AR DA RIZIRIC R 2 RSB CH Y | BARFRAICEBRZ UK+ 5 &5 CRISPR-
Cas VAT LOFHBIL, TOE EHHEY U A )V A ICERA FTRECTH D, BEICSZEDOFIN
WEISNTWDOTREBNIFEINTTHZ LT LD, DNA VA IVADYT ) LEENETDH
gRNA LN SpCas9 ZIE s L 7-EMIC BN TYURE T A L AT HHRFIHE M 5 7]
BETH Y. RNA U A LAZXT L ClE Casl3a Z W25 Z &2 &0 RO 5 E TR
BRRETH D, LLIZDOFIEL 7/ MREBRFZLHRAIETEILERH Y, BT
FEHZ HEY & U C ORI ANEHRICR D,

—F., UAINVAOHBEIEIIIEEZOMEZFIH L CTiThbh b, 20X ) REEDEER
FEHa— N HBEETICHREERERZE T 2 TIIUA NV AIIEET 5 2 &N TE R
WV, ZHETICENE (B oBRIMEER L L TEEBERNO RO, 7
NEYZ HWTZNRBEFIAZ UV —= 7 UA NV AEEEE OREITIC X 5 BEFR T
Ta—FREICLD, ZLDOTANABEIEICEET AEERTFAREINA TS, b
DEBLEFIZEREBATAZLICLD VA NVAIRTMEEDNSEH TEL LB XN, W
TEMEBRF OB RIIEY OEFITERELZ RIZT 2 ENE < WRIIHEY~DREIKRE]
REEBEEZMZ TCUANAETMESETEL0NEREL R D,

B () oA VAR T E LTRESNIZ OO IIRT 4 VA VAR
DITANAHTHHDTHY ., #HREELME T (el[F4E) =2 — FL TV % (Shopan et al.,
2020), eIF4E (X mRNA O F ¥ v FHE&EICHES L, FIERBABE SRR O BRE#N (2725 %
VNIBETHD, RTFALTANABIAINADT ) LD SEKIBINL T-AFATT ) D
X v v IEEITR MRDVICTANVANRa— RT5 VPg ¥ U X7 EREEEE LTV D,
Z D VPg 73 elF4E L fEa L CHIERBAGE SR A FFONATMEI S 2 5 3, o L 2\ b %
elFAE 7 A V 7+ — LD ) BLEFED L DT Z#RAT 5, LIz > T, FFED elF4E 7 A
74— L ERE LY TIIEER T EZRAT 2 0 A VAR T E 7203, 53 mRNA
DOFFRITMDOT A Y 7 4 — N L > TR AT 57D O AT IITHE L2,

K227 ) MRELZRHWTEEDY ) MIEREANEITo1Z LI2X b 714 VA
MY OVERB 2 22T 72, BEROZ NRIFREBERFTHLZ LiX. AT 4 VA NVARBIZE
BRUANANEL EENDTZOITHREANONRLZ N EEZLGINTH, ZOFETOD
A L ZAEHUHEREY O EHIE— B TIX W eV 2 & ERIERC, Hi7- R iR R o S i
RKEWZEERLTWDHEEZLND,

EERF~OERE N LD G S 1T —RE2E T2, FETEFLE L TRT T
TRIE & 72> TWBNEEME Y 1 /LA (endogenous banana streak virus; eBSV) O RIE(LRAZET
5415 (Tripathi et al., 2019), eBSV IXTEEDY J LMIHMAIAENTE Y, BERED A |
VAT H EEENEML LT A NVRRLFDEA SIS, eBSV EFIEZZEHE LIZS
J LIREICE D, WIEMET A NVRT ) MIEFEEANEITo72L 2 A, BSV ORREN R B
2 7potn, Thbb, 7 AREFIFICLY eBSVICK D VA N AFFEIEET S 2 L0
TEEER. T/ LREENORFREZ A LT-EERERGITH 5,
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K2. 7 LREICL DU AN AEGHEEY O/EH G

EMiE BHEEF BREOAILA SE X
Faml) elF4E CVYV, ZYMV, PRSV-W Chandrasekaran et al. (2016)
AAXFRF elF(iso)4E TuMV Pyott et al. (2016)
A3 elF4G RTSV Macovei et al. (2018)
AT A nCBP-1/-2 CBSV Gomez et al. (2019)
AV L) (e)BSV BSV Tripathi et al. (2019)
N4y eIF4E1 PVYYN, CMV Atarashi et al. (2020)
elF4E1 PepMoV Yoon et al. (2020)
elF4E1 PVY Kumar et al. (2022)
elF4E?2 PVMV Kuroiwa et al. (2021)
Pelo TYLCV Pramanik et al. (2021)
TOMla-d ToBRFV, ToMV Ishikawa et al. (2022)
FALF elF4E BaMMV Hoffie et al. (2021)
aLF PDIL5-1 WYMV Kan et al. (2022)

4. Tomato brown rugose fruit virus (ToBRFV) itk b= FD{EH

WEICEA DT N—TIZ LD U A NV ABFIHEIER G 2B L2y, b= FOFEEIZ
BWTIE, 1970 FREETIE I~ FEFA T T A LR (ToMV) (2K HHENMEE 725
TV, EBIEELRT Tm-2° ZB A LT BENALSFIREND L 512720 ToMV O#
EIIRELSPD LT, 2014 FEICHE T ToMV &R U R3E Y A L RJED ToBRFV 233
RENT2, ToBRRV I Tm-22 2635 b~ MIHEGET 5 Z ENARET, BE 6 (FRME
T2 L CHEFRFIZEHITIER L TR Y . B b~ FOREMBITRT 2 K& R
MEkE 72> T3 (Zhang et al., 2022)

Fxit, Yo XFAFTOIEEBBRFEMAT V—=0 7280, FRETALILVABDTA
JL AR 5 & fm+F TOMI % [EE LTV~ (Yamanakaetal., 2000), TOMI % ‘K18
L7y XFTAFTERINE YA NVAPHEIETE RS 25 —7, ABICAMN>TZADE
BIIRONNWZ Enn, MASETUA LRI T HIEFUER 5L L LT TOMI OREEITIE
IR TH D L EZ DN, FEBRIZ, RNAIL 12X > T TOMI wEu 7 &34 5
ZEICRY, PRETANVAEGE Y N aOEHIZEE LTV D (Asanoetal., 2005), 7/
LAREEITOEARIT LY | fx RIEM CIEMNBLE T OBENES o2 Ehb, ik
I% CRISPR-Cas9 # VT h~ D TOMI B FZMET 5 Z 12 L U | ToBRFV [ZHEHTHE
T b~ FOBRREZRARTZ, b~ MUTBENFRD b TOM] REa 73 4 BEFEL
72720, 2O AEOEGTFICERBEAZITT2L 25, 4D TOMI F=F 1 7 )N EEE I
HEI N7 b~ b TIX ToBRFV OHEFEITFED DT, 587 BPUEN T 5 Sz 2 L b
ST, —J7, toml 4 BER M~ MIFAREY L IFFEFREICEFT L, EALRICIHEE
REOEBITV/O LN T-, N, VA NADPEZ D12DFTICHERBLRTZD
STND EITEZIZS WD, TOMI [ZITMIZASROEEN B 5 b O LHERI L TV 5235,
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BIED L ZARE DN TR,

T AREIZE Y, TOMI OEIIRE 2T AV v NPT RNET A LR
R Z A SRR A AN CH L Z ENHA LI Z &0 n |, BN 2t & OLFE
LD A N AETESREOREEED TWD, £z, MMOMEWEIC L ESICEH D76
ROWGT ) MREDA Y v N ThHY | BUEAMR MNE U A NV RIBFIEBEFHFELR
VWED) (7 ) B2 &) 1280 T Y, Fiie R EEEROAIMICEN L EHFEFL TV D,

BHYIC

FLSER) T A L ARFFEZ 6 8 72 2000 FERETHIL, 0 A XFXF DT ) LMEGENTET L
72iE 0 T, HEMOEBTEE L TENCHREOZ L T XF AT 2 HNTHELIT
W2, —H TCINODORENEERIEDOLBIZHENHSDZ LT E V70, KL
JSRFZED RN IZEWEREN H o 72, 7/ AREFMICL Y Z DEEED D7 &b —HIC
FNBE ., BB CEON-MREZOEEEBIEYMORELEITENLTHI ENTED
Eoltleotz, EVHEZ D L, [RITN T2/ EEDNTE AR [FICr>] A
BLNMN - TE, EZBRREORCTELETEHREILEL VD00, BRI
R R ) AOREICLOVEAE A — X — A4 FTREL T FRIZHEA TN G
DEEBEZOND, —HT, 7 AEOEDOHEEEZ EO L) ICHETHITELRENE LN
HZDNZONTOBEREBENEEE 0L IEE 22020, 5% ITERTHERERAR &0
EMRMEOBEEENETETHE L T EAS I,

E 2

AR TR LTz DT V—FDRIGED 5 b, PVX R Z—%flio 7247 ) NREST OB S 1A B+
73, ToBRFV #EHitt b~ b OIEHITE)IHEZ R EITIT 72 b O T, M b AR O EEEN
FEAKRO T —#d%, X AFEOMFEAE L2 00, 2< OFEIFEED F 2 I T HnilEE %
L7z, BIREOERRICEILP U B E4, 2o ok, N B ) RX—ra VRAlET v 79
L (SIP) WRAARIEMOKPEZERDE T DR 7= 2 BT (NBT) DR - Bi3E). SIP A~ — h/ A APEEE - &
FERMEEANT [N A APEF - JRBEICHMT 2% 7/ ARERBEINORS) . BIXOEMSEE 2 — 1/
NR— g VAIHEEREIFZEREESESE (JPJ007097) | D3R E ST THEM L £ Lz,
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