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OYRG GR LQWHUDS BWRRM@OIMRXERMH QD 4LYRW D QD VPUW

A$OHD LDFWD HVW?

3 LSVDQt WRKRWR WH[WX MVHP VL MLAVRG FS\RR i WINRXGXY GR PoDOV VR \WRQRYQ]iYiP D
VLWXDFL X URVWOILRWHWSPRFYM VHWNiYiPH X QiV X OLGNO®W VFNWR Y- SHENOR V
S tVWXSHP URJKRGO MVHP VHUWODWRBQS FP®MHE Y >QtY YXatW SURWRAH NURP S
QDXPQEFK WH[W$ QHQDOPp]iP OHSAt § POHAEHYRVUR N GWWWD MRRGWR/ V@D SDStU .
S tVWNMBPFL Pp KDELOLWDpPQt SUIFH S HGVWDYXMt SXEOLNRYDQp pOiQN\ ]DWtPFF
L SUR a4LUAt pWHQi VNp SXEOLNXP

1D URVWOLQ\ P\ OLGp QDKQti®tRIHD GBRNWLWVDRX NODWRX D Y$C
Y\X&tYiPH SRNXG FKFHPH SRW aLWI®#UMKR X 3\GR PNDRK PVROLN ST
FKODGX D VOEMMOWREKYP VtFtFK 1HER NG\4& MH YLGtPH VL SRP\
SUREtKDMtFt NOLPDWLFNRX VY @Yt NRIOENNIVDINKRD NROLN ]DEXC
XKOLPpLWpPKR $OH S HGHY&tP MVRX SUR Y&HFKQ\ ] QiV JGURMHP
EéEW AVWRSURFHQWQtPL PDVRAURXW\® .RORQL]DFH VRX&H URVW/(
SODQHWX X&YBW L P\

0iORNGR MLVW QD URVWOLQ\ QDKOt&t MDNR QD QHPLORVU
vUIPFL VYpKR S HALWt RE WRYDW WDN ND FRNROLY D QHAWtWt \
SRGOpPKR D JiINWRMPKXFRBE\ VH XEUIQLOD QDSDGHAOKH NMH HP XAIFEHH S|
RSHPRYiYDW SURWRA&H MDN GEDAMLFRQHQHKRVOLLY GIAPW WY W 3R FH(
Y&]NXPQp DOH L SHGDJRJLFNp NDULpU\ MVHP V HatdgepyRdY DO WpP |
JMLVWLO MVHP &H E\FKRP VH QHPRKOL YtFH PeoOLW

Rostliny nemohouz ERMH XWpFL D L SURWR VL NH VYpPX S H&LWt Y\
VWUDWHJILH NWHUE&PL RGUD]XMt DOH L QLpt VYp S tSDGQp SUR\)
patogeniz DG EDNWHULt KXE pL DVRYHN RRP\FHWp WDWR QMIMARRK
8iGQi AQHYL iWND?® 1D URVWOLQ\ ~WRpt YH YHON&GFK PQRAVWYtFF
VI\VWpP\3 VH WDN QHXVWiOH JGRNRQDOXMt D DGDSWXMt .Otpl
QHSURVWXSQp I\]JLFNp EDULpU\ MDNOR]DMY R XU RPMVDIQNXAPDY 3K G \EBL
WR[LFNp FKHPLNiOLH MDNRDXDWRWKQW WHFKRWHBKR YL JOXNRVL
VRILVWLNRYDQé& LPXQLWREWDWQWPPVROtBEP\WOQp GHWHNpPQt PHFI
QiVOHGQ VSRX&Wt VLIQDOL]QRKX U&B LK UMK RMEPERDQPN\VHOLQD VL
Pi ]JD QiVOHGHN SURGXNFL QRY&FK REUDQQE&FK OiWHN $NWLY
VEX NiFKS MVNXSHQt AYRMVN:® NWHUéP P$&H EéW L SRK\E FH
FKORURSODVW\ $ P$&H QHJPtE N BHYQ DipH @/t AR BIRIQANS © WR OME@D V
JDEUIQLW MHKR QWalérsP201Bt MRGHUQt Y&]NXP XNi]Dtogehy URVWOL
PLNURRUJDQLVP\ Y]iMHPQ YHOPL LQWHQ]JLYQ NRPXQLNXMt D Y
D WR L FtOHQ 7R P$aHR FBMA @It [SRWPHY RG QHS iWHO ytP GiO W
8H NRPXQLNDFL PH]L URVWOLQRX D SDWRJHQHP KUDMt UROL PDO
FIORY&FK JHQS$ X GUXKpWR FRWR DALLD/PRKJ X0 IPVD M® QRIXDWRVXIS PLP RE X
YipN\ VOR)>ERBUDNY PDWHULIOX NWHUp PROHNXOiP PRKRX SRVN
G R U X fHuang, 2019).



6BWXGLXP LQWHUDINFR URYWIDH @t WMHQ LOQWHOHNWXiOQtP UR]P
touhRX SR SR]QiQt O0Oi WR L VY$M YHOPIS S KIRNGWMPFNIEP YE | QDWW Y |
GRPHVWLNDFt &daOHFKW QtP NXOWXUQtFK SORGLQ D YéVHYHP F
Q NWHUéP SDWRJHQS$P XVQDGQLOL SUiIFL QHER" Y\@OHFKW Qp
SRGPtQHHNOPL JUDQOWGEWVNP KAVWRULL ]JS$VRELO QHYLGLWHOQé P
IDWiOQt AaNRG\ NWHUp VWiO\ aLYRW\ PLOLRQS$ OLGt =D S tNO
5RELJDOLH NG\ tPDQp RE WRYDOL SVD DE\ E$K RFIQNQpb W MHML |
Y WALQRX S HG UJt 9H VW HGRY NX E\OR SRVWUDFKHP RQHPF
$QWRQtQD? ]D NWHUé&P QHVWIO QLNGR MLQé QHA G&ixdpRYE SDWF
purpurea QDSDGDMtFt RELOt 9 GHYDWHQiFW pPhyophRi@ infestaiS$VRELOT
IDWiOQt QH~URGKIETODRIERWRPX aH VH LUVNiIi SRSXODFH ptWDMtF
RE\YDWHO VQtaLOD S LEOLaQ Da QD SRORYLQX 9H pW\ LFiWeéF
EHQJIOVNEé KODGRPRU ]D NWHU Eé daehkobolus rRivaBdanivsL B VIREEXB/O F t
KQ GRX VNYUQLWRYXPDVORYWIL S HGHYERB X QHVYQY¥PiPH QHGRVW
SRWUDYLQ MDNR KUR]JEX D SDWRJHQ$ QD SROtFK VH G Vt PDJLF
ZYHONpP piVWL L LQWHQIJLYQtPXSERNALNLQGSIMHMEEES PQRAVWYt E\
YLG OL FR QHMQLaat -HQaH SRNXG MH S HVWDQHPH SRXatYDW |
ptP MH QDKUDGLW PRKRXHGIW DNIDNDORW UDIYLQRYp EH]SHPQRVWL |
VDPRWQé SURELRADWMOM BIRODMLQ QiP XNi]DO aH Q NWHUp VWDEL(
EEW |GDOHND WDN VWDELOQt MDN E\ VH PRKOR JGiW

6WXGLXP LQWHUCGCNDAMW RURQWODLGERFKRSHQt URRWPILQOQRV WX (
S QRYéPL ELRWHFKQRORJLHPL MDNRVMRUERYVWRSHOWLFNEHRIK RY NU
JHQRPRYp HGLWDFH E\ QiV P OR GR XEBXUGRWHDDR HMRAVAIKQRM®B GN (
1DS tNODG GtN\ QRYRERMEeFK HGLWDFtFK P$aHPH QD&aH J]QDORVWL
LPXQLW\ U\FKOH phxi bl Poxtind wchYOH D HIHNWLYQ Y\OHSaLW ]S$VR
AOHFKW Qt NWHWR MK tYIB [IDVBHHUQpPp OLVWLQ 3 0$aHPH WDNy
DOWHUQDWLYQt WHFKQRORJLH MDNéPL P$&H EEéW QDS tNODG S
(SIGS; spray-induced gene silencing) (Qiao, 2021).

VWpWR SUIFL VH Y QXML S HGHY&tP GY P Dnmikrdogyehismys P LQWH L
QHER" W\ E\O\ KODYQtPL WpPDW\ PpKR RGERUQpPKR ]JiIMPX D S L
MHY$P WENDMtFtP VH Y @tHGHL P\pRWRKRUPRQX N\WHOLQ\ VDOLF\O!
PLPREXQ pQéFK YipN$ SURGXNRYDQEéFK EDNWHULHPL NRORQL
SDWRJHQ@tRIOHG XMtFtP WH[WX MVHP VH VQDAaLO WDWR GY WpPI
WéNDMtFtKR VH VFKREQRWWHURBWODERWQt SDWRJHQ\ D QDRSDN V
EEWQIHNFL ~VS aQéPL

7H[W MH VORAHQ JH W t U$]Q&FK W\S$ WH[WX KO®RSU RYHR[GWQ pS ROQRRNP\D BB IR Y UH
bL NRPHQWXMtFt KODYQt WH[W 3 WRWQRYQKADERIKR HFWMAM BR]YIDPHN S tVS Y
UiIPHPNRGND]XMt QD PRX Y&INXPQRX SUIFL BRURYWIGY X PR R WG] NWKHP[XV Y



=iYRG YH JEURMHQt

6WDOR VH ML& SUDYLGOHP &H VH SRMHGQiQt R URVWI@LQQp LP
s PLNURRUJDQLVP\ UHVS SDWRJHQ\ ]DptQPtWWD SHHGRYWRRLQINGE
XWpFW 'tN\ GLVNXVL VH VY&@PL NROHKD M&HPNDLREU B RP SO RAH. VB E
QHQt D& WDN ]iVDGQt QHYEKRGD QHER" SDWHRJBQNYMOR XV F P OfH O
jsou v SRGVWDW AY&aAXGH: OW N E\ E\O SUR URVWOLQ\ SUDYG SF¥
S HGHYSREWDQ SURWL ALYRpLAQEP AN$SGF$P D EEGORAUDYF$P $'
QHP Qt QD WRP &H VH URVWOLQD RM\WQ QS RPKKIRRKWINQ D \AY f IREQ
SR UXFH EX QHXVWiOH QHER VL MH XPt QD SRpNiQt Y\URELW

6RXERM PH]JL URVWOLQRX D SDWRJHQHP SURFKi]Jt HYROXFt RG SF
PLOLRQ$ OHW 5RVWOLQ\ VH Y\YtMt %OHVRXWQREKGHURM HY 8D QK
VWDQRYLaAWtFK NGH URVWOLQD URVWH PRKRX REMHYRYDW ~S:
]IP QRX NOLPDWX G MH D EXGH GtW VWiOH pDVW ML THQWR QF
URVWOLQRX D SDWRJHQBEWHUDEDP W DN VORI Y AliYR Garmsl JEURMH
race. -DN URVWOLQD WDN SDWRJHQ VH VQDat Y\EDYLW OHSA&tPL D
Mt XPRaQt OpSH D HIHNWLYQ ML VH EUIQLW D MHPX QDRSDN S t

URVWOLOQ\ D VRXpDVQM S E— X
. Poznamka 1. Zajimavé do ,zavodu ve zhrojeni®
SURW ERIVRIN vstoupil &lovék. Ten jiz tisice let domestikuje (a

v bliz8i minulosti Slechti) plodiny s cilem co
6WHMQ MDNR VH Y\YtMt Y]\ nejvyssiho vynosu. To ve vétsine piipadd
Lo .. | vyustilo v kultivary, které rostou rychleji a
SDWRJHQHP GRJUIYiI L Qia produkuji vice. Na druhou stranu je rychlejsi
interakce S tV'S Ya#M@020, strama 10 rast &asto spojen s tim, Ze je u téchto plodin
vyznamné sniZzena schopnost branit se

3UDYG SRGREQ QHMYOLY( napadeni  patogendm. K  nachylnosti

: AT péstovanych plodin (a nebezpeéi ztraty urody
]"Q JRU XMtFtP AJIYRG YH ]E v dusledku napadeni patogeny) také velmi
AlLlDJ3 PRGHO 2BEWHUE ]DY vyznamné pfispiva péstovani monokultur na

. 4 velkych plochach. To uspéSnému patogenu
VYpP S HKOHGQpP pOIiQNX 3 proti danému kultivaru poskytuje v podstaté ,raj

Jones z The Sainsbury Laboratory | na zemi® a my musime vynakladat nemalé
o . prostfedky _na postiiky fungicidy a dal3imi
v Norwichi v Anglii a Jeffery Dangl z Duke | pesticidy. Slechténi s cilem zasadn& zvysit

University v USA (Jones, 2006) A=]LDJJ 4 obranyschopnost plodin je otazkou poslednich
’ dvou staleti. To souvisi s tim, Zze se dlouho

PRGHO SRSLVXMH W\S\ LP X{( nevéfilo tomu, Ze za nemoci rostlin mohou malé
na SDWRJHQD NWHUp MVRX mlkroorgamsmyl_ a dale ,s vyznamnym
pokrokem nasich znalosti v  genetice,
PROHNXO MHA& MVRX URVW mikrobiologii, molekularni biologii (. velmi
. mladych védeckych oborech), ale nesmime
ORKRX MLPL EéW NRQJHUYR opomenout i lepsi védomi o rostlinné fyziologii.
3303V PROHNXOIUQt Y] RO VSRVIHJP
S patogenem; pathogen-associated molecular patterns pL SDWRJHQHP VHNUHWRYDQ|

A=1DJ3® PRG GiOH SRSLVXMH PtUX LPXQLWQt UHDNFH D WDNp WR




UHDNFH REFKi]Jt D MDN QD WR QiVOHGQ UHDJXMH URVWOLQD
MHGQRGXFHKE VMNP ¥ P\VOX NRPSOLNRYDQEé& Qi]HYnAs,PBOQLWQt V\V)
3URp E\ WR P OR EEW NRPSOLNRYDQp" -H QXWQp VL pkdt GRPLW
immunity QHE\O YaHPL S LMtPiQ Y HOH JHMPpQD LPXQRORJ\ |]DEEYDI
QH]SRFK\E RYDO &H VH UREWQLQD WR STHEHFQtMNWLYQ 1LFPpPQ
obranu imunitou bylo  JE¥8
SUR Q NWHUj
S tOLa B5RVW
QHGLVSRQXM
VSHFLDOL]RY
LPXQLWQtPL
pbL SURWLOIW
DGDSWLYQt
WDN MDN M
ALY R p L(RusSbel,
2005) 2YaHP V
MDNR aLYR
PDMt YUR
S LURJHQRX
(Ausubel, 2005). A
WX PDMt
propracovanou,
SURWRAH QD 0

GRVORYD ]JiYLVt MHMLFK aLYRW 3UiY YéaH [Pt@\QGOPEVRBENVRIG -R
Nature) s MHGQRGXFKé&PADKIY B®DQW , PP X(QoHess POOB)HPEUD]Q S LVS O
Kk WRPX &H MH WHUPtQ URVWOLQQi LPXQLWD ML& aNVRXPpBD \DQFEHSW
GRE P$3aHPH QD LKIWPMtWNNVXDW ]DMtPDYp ILQDQPpQt SURVW HGN\

(bunécén:

VUIPFL-AQUP PRGHOX MH LPXQLWQt UHDNFH QD QDSPGHWYDWDWRJ}
GYD W\S\ 3UYQt VH QDJ]éYi AY]RU\ Rattém Dripggied IMx@ityWy &cvo 37,

YIJRU\ VH Q NG\ QDKIUWDMHXMIBOBWWHURF\WR Y]RU\ UHSUH]JHQWXMt p
SRO\WDFKDULGS$ pL OLSLG$ DOH PRKRX WR EEW L Qt]NRPROHNXC
LPXQLWD VSXaW Qi bBfféctdd Wigyered Iamunity $p VPARIGHOX P$aH ]GiW aH
tyto dva typy imunitQt UHDNFH MVRX Y]JiMHPQ QH]iYLVOp D RGG OHQp Ql
VH ptP GiO YtFH G$ND]$ R Mzhail26XR) SMRSMRMAKEH REWMHYHQt YHGH N
NODVLFNBJAIRRGHO PRGLILNRYDW WDON VRXpDYSpH SRYQIRNW RY D
imunity rostlin (Cook, 2015; Lu, 2021). V UiPFL 37, MVRX SDWRJHQL UR]SR]QiYi



(PRRs; Pattern Recognizing Receptors QDOp]DMtFtPL VH Y WALQRX QD SODVPD
URVWOLQQpP EX N\ 7\WR UHFHSWRU\ UR]JSR]QiYDMt 3$03V FRa MV
QHQt VFKRSHQ MHGQRGXaH REHMtW 7DNRYéPL PROHNXODPL MVFE
VRXDpiVW (EBipfplt ROR4) H O R Q fhkt¢r (ipfel, 2006) NOtpRYé SUR WUDQVODFL S
chitin (Miya, 2007) ]iNODGQt VWDYHEQt NiPHQ EXQ pQéFK VW Q KXE ¢
QDOH]HQt QRYEéFK A3$%$03V3 D MWHHMHRKP LUHBMSMRUSQt FRA& GRN
HISRQHQFLIiOQt USVW WDNWR SRSV RQZBou®Y RO, MoRdghdn, O H W\
2012) OROHNXO 3%$03V VH SDWRJHQ MHQ YHOLFH Witjnjith JEDYXMF
UR]JSR]QiQt MLQDN yHOt WRPX WDN aH V\QWHWL]XMH D Y\SRX:
HIHNWRU\ NWHUp PDMt PLPR MLQp ]D ~NRO SRWODpPRYDW UHDN
UR]JSR]QiQt WDNRYéEFKWR HIHNWRUS$ XYQLWEWEX N\7RHBEKDIXMWS X
URVWOLQ\ PDMt UHFHSWRU\ UR]JSR]QiY D Maykoso DTWidrré¢e@dryL XY QLW
MVRX QD]éSURWHLQ\ D Y REUIINX MVRX R]QDpHQ\ StVPHQHP 5

Jestiv SRVOHGQtFK OHWHFK Q MDNi XGiORMNADA BRIOH NOD YRIGR ROV
rostin s PLNURRUJDQLVP\ WDN WR E\O\ GYD pOpONRSEBERIDOHBFQHQKH
vroce 2019, kde bylv HEALWHOVNEFK WEPHFK VW &/angSRION Vaig X -LMLH ¢
2019b). V pOiQFtFK E\O SRSUYp ]D SRXaLWt NU\RHOHNWURQRYp P
PHFKDQLVPXV UR]SR]Qp@teintitsNQDRWA BQtP QiVOHGQEFK EXQ pQéFI

2YEHP ]iYRG YH JEURMHQt QHSUREtKi SRX]H MDNRHVR XQ D/ & UYRNM W
SRKOHG GDOHNR JMHYQ M&t Y FL 3URWL EEORAUDYF$P QDS tNO
PQRKEFK WR[LFN&FK pL JSHY XMtFtFK OiWHN MDNéPL MVRX DON
8H DNiFLH WYR t WUQ\ SRX]H GR Y®aN\9asDP VGRMIKRQBNMRMW QHY
WYRUE\ WUQ$ LQYHVWRYDW HQHUJLL 6RXpDVQ EVOR SURNI]JiQR
NGH WLWR EEORAUDYFL QHMVRX WDN GR WYRUE\ WUQ$ QHLQYHV
S8DKDYE&FK WULFKRRSHOQWVRKHBIUDNYLGHOQ (WahesjZITNUDYDP L

VWRPWR WH[WX VH Y4DN ]DP tP SRX]H QD LQWHUDNFH AJiYRG
PLNURE\ UHVS SDWRJHQ\ 'DO&tP ~WRPQtN$SP QHRKWKDHVGRWtUD
KP\] EEORAUDYFL MLQp URVWOLWRBWR MR][WMPY QR D W B HE X G

+ODYQt DNWp L A]JiYRGX YH JEURMHQ3

A.GR MH NGRS3

$p MVHP VY&P Y&]NXPQé&P ]JDP HQtP VStdH URVWOLQQé ELRORJ QH& PLNURELRO]
EEW KDELRBWRRIW Q\MLRORJLH URVWOLQ EXG%RSH WQ RHRK R H\DFALDSRWIBYWK R A]iY
MHGQp JH VWUDQ NRQIOLNWX , NG\& VUGFH WWRORWRVB Yt S & HWQHG V W UWDEQXQ EX) iQ
URVWOLQ\ $ SRNXBXGH P@®iIMQidaH QDGUAXML Y WH &H WR QHQP EWORMDIQ 8F®H S
]QDORVWt



9H VYp YéIJNXPQp SUiFL MVHP VH ]DEéYDO MDN URVWOLQQRX
IWWRKRUPRQX N\WHOLQ\ VDOLF\ORYp WDN SDWRJIMRM\tPL AJEUDQ

1D MHGQp VWUDQ MVRX URVWOLQ\ YHOPL UR]JPDQLWi t&H Y V
IRWRV\QWHWL]XMtFtFK HXNDU\RW L F/NR&FXD \RQp) DARLE/ P $Q i MR F K 8F B H
300 G U X(BMRISTENHUSZ,2016) 1D S HALWt URVWOLQ JiOH&t L S HALWt C
URVWOLQ\ D" X4 S tPR QHER QHS tPR S HGVWDYXMt HVHQFLiOQt
7R MH GiQR MHMLFK DXWRWURIQtP ]S$VREB®RALNRMWBNPNKR RI\LR
XKOLPLWpKRWIIDVW\X8OD D YRG\ Y\WYi HW RUJDQLFNp PROHNXO\

]QiW FR QHMOpSH MDN WR URVWOLQ\ G ODMt &H MVRX VFKRSQ
NWHUpP VH QDFKiJHMt 1HMYtFH ]JQDORVWt R hBdisk& réskinyA]iY R G X

JQiPH GtN\ YE]NXPX Y\X&tYDMtF tP ArfRiGsQRIARX KXRWMAR N URO Qt
78Ni VH WR S HGHY&tP ]QDORVWt SURFHV$ QD EXQ pQp ~URYQL

SUDFt Y\X&tY D OAKtKaan® MH M RVSRGi VN\ L HY D/HQVLFRVWEY@P RY 3
MDNRAWR PRGHORY P RAEM GURRXWXBRYDQ&P JHQRPHP D YHOPL G
PROHNXOiUQtPL WHFKQLNDPL MH SUR Y&]NXP URVWOLQ QHSRVYV
thaliana D KLVWRULL M H WiekeRowita ]J2004P.X Y

1D VWUDQ GUXKp MVRX SDWRJHQQt PLNURRUJDQLVP\ SDWRJH
RRP\FHW\ KRXE\ DOH L YLU\ 3DWRJHQ\ P$&HPH UR]G ORYDW PC
QD SURNDU\RWQt D HXNDU\RWQt 1HEROMDNiH L& DE RN \WPHOQ LGIR
RRP\FHW\ $OH WDNp QDS tNODG SRGOH WRKR MDNé& GUXK SRW
URVWOLQ\ ELRWURIRYp QHER PUWYp SOHWLYR OHSERWURIR)
SLYRWQtKR F\NEDR VUGS WD RYHNKHRP L E(GRYEHIRKRINS) 94HFKQD

G OHQt GRKURPDG\ VOXpXMMWRUSPRLYRGEREQEPL YODVWQRVWPL
YODVWQRVWL Pi SDWRJHQ QDSDGDMtFt URVWOLQX ]iYlLtVt REUD
LPXQLWD ]iYLVOi QD VLJQDOL]DFL JSURVW HGNRYiYDQRX N\VHOL
HIHNWLYBDN¥FL QD ELRWURIQt SDWRJHQ\ |DWtPFR REUDQD
]SURVW HGNRYiYDQRX N\WWHOLQRX MDVPRQRYRX -$patdgénypLQQi S
*OD]JHEURRN D REUIFHQ SRGOH WRKR QD MDNRX URVWOL
VSHFLDOL]XMH EXGH L RQ Y\NDJRYDW VSHFLILFNp YODVWQRVWL

Rostliny a patogeni jsou spoluv QHS HWUALWpP NRQWDNWX D MHMLFK Y]iMH
Y\YtMXN DOH URVWOLQD UR]JSR]Qi aH ML SUiY QDSDGO SDWRJHQ



5R]SR]QiQt ~WRpPQtND
A3RN\REWDQ 3

_.OtpRYRX XG3QBD®Wt REUDQ\ URVWOLQ S L QDSDGHQt SDWRJHQ\ M|
Y QXMt VY&P UR]JSR]QiYDFtP V\VWpP$P VSHFAHGCQIRIR |BR SR @i YOD &
SDWRJHQ\ VH QDFKi]HMt MDN QD SRYUFKX SODVPDWLFNi PHPEUi

SODVPDWLFNi PHPEUIQD
A+UDQLFH RNXSRY DURWRVWHPEGP/PRFQE&P UDGDURYEP V\V\

1D SODVPDWLFNp PHPEUIQ VH QD\GLFItUFBBR]QAWBMp PROHNXO
~WRpPpQtND WM 3303V .ODVLFNRX GDOR E\-¥$D3tB5LHRBR/GHORNVRX
FLS2-)OJ -HGQi VH R UHFHSWRU UR]JSR]QiYDMtFt DPLCQ
45/67*65,16%.''$$*/4,$ SRFKi]fhyetiRt Pseudomonas aeruginosa 7UGIi
2014) 7DWR GYRMLFH E\OD QHMA@ptEdiana URBVUWR G RSWIRQD] XaH URVW
UR]SR]QiYDMt IODJHOLQ $oReGIDID (FeliR 1099) HOG [Wp G R flayetn V
SLRQEUHP YH VWXGLX PROHNXOiIUQtFK LQWHUDNFt PH]JL 3%03 D
Thomasem Bollerem z 8QLYHUVLWIW %DVHO YH 4aYEFDUVNX SRSVDO aH |
IODJHOLQX MH YéaH |JPtQ Qé DPLyPRINWPHHO LQ R Y'@OJE\VAHNWH QW R
SHSWLG MH UR]JSR]QiYIiQ UHFHSWRU KRtypbA. Qdidnk Gotuvhbiat® VH Y
S LpHP& )/6 VH YaDN S LU R pkofypu@ HIQIRFaKN hssievskija (Zipfel, 2004).
7P RNROR SURI %ROOHUD GiOH SURNiI]DO aW\EXHMQH QP KL WSt
UHDNFH D QiVOHGQp Y\aat (Zipfe] L 2004H Eiperimémy Wdb LRpbatzek
GHPRQVWURYDO\ &4H UHFHH®WRD $BDWADWDFKPp PHPEUIQ D &H S
VLIJQIiOX R WRP &H MH S tWRPQD EDNWHULH MH )/6 HQGRF\WR®
SODVPDWLFN p (Roddtzek)2qD6). FLS2k QiVOHGQp VLIJQDOL]DFL SRW HEXM
I0J QDYi]DW MHAW NRUHFHSWRU %$ .FLSR, \AeHild & WMV IY i(8H, VR Xp DV Q
2013) %$. MH PLPRFKRGHP L NRUHFHSWRUHP SUR UHFHSWRU %5,
'ORXKR VH P OR ]D WR &HYRXPRKOHRNSO RXOHIRD kompramnis@) L Y
URVWOLQ\ PH]L U$VIWRM2D REWRPRR IHQRPNDRILEVRAH Y 1LFPpQ
H[SHULPHQW\ SURNIi]DO\ (S&hassRde) 204N <DHMEPDYRVWt MH &H SHSV
VH QDFKi]Jt XNU\W XYQLW VWUXNWXU\ IODJHOLQX D QHQt WXGta
OHW QH& VH SRGD LOR SRSVDW PHFKDQWRRKXWRRERS \WID®NX M
receptor v URV W O L Q(BuBcaill,\ROLH S 1VS WHiNVPE12,20201 \y QD&t SUIFL MVPH 101 W
PDVWR Y\XatYDOL SUR VLPXODFL QDSDGHQt {Janhawene\ EDNWE
Kalachova, 2020; Janda, 2019; Kalachova, 2019) 7HQWR S tVWXS VH SRVWXSQ VW
(ne-OL SUYQtP NURNHP YH VWXGOQX aw PF KE RU0ENV2A019D skt 9
SURNiI]DOL &HLSPHeAHASWARADA)SUDYG SRGREQ U\FKOHML HQGRF\WR)



WHSORW\ UHVS &H ]D ]Y&3HQp WHSORW)\ VH KR QDFKi]Jt QD SODV
k WRPX &H URVWOLQD VH SR S$VREHQt Y\4d4t WHSORW\ K$ H

patogenem S tVSkIH

Nejen PAMPs ISOU | Piispévek. 1 Teplota a imunita. Rozvoj infekce u rostlin je
UR]SR]QiYiQ\ QD S¢ charakterizovan modelem tzv. ,trojuhelnikem choroby*®
(,disease ftriangle®), ktery fika, Ze sila a zavaZnost choroby
PHPEUIQ .G\a VH (uspésnost patogena) zavisi na druhu (genotypu), stafi a
VQDAt GRVWDW GR obecné titngss rostlir,"n, dale na c_iruhu (a2 mnozstvi) Eatogena_a
na prostfedi, ve kterém se rostlina a patogen setkaji. Z toho je
VNU]JH NXWLNXOX patrné, Ze prostredi, tedy i teplota, hraje v interakcich rostlin
.| s patogeny zasadni roli. Ma teplota vliv i na imunitni reakce
VW QX QHER NG\a rostlin? Tato otazka je s pfichazejici klimatickou zménou o to
WR[LQ$ ]QLpt EX N aktualnéjsi. Z publikovanych vysledkd bylo patrné, Ze vysoka
teplota ovlivriuje obranné mechanismy u rostlin (Huot, 2017).
RNROt RFLWQR]| v nasi studii jsme popsali, Ze i kratké vystaveni A. thaliana
VPH]LEXQ pQpP g vysoké teploté (rozmezi mezi 28°C — 42°C) vede k tomu, Ze
pfi osetfeni rostlin flg22 je potlaéena produkce reaktivnich
PROHNXO\ NWHUQp | forem kysliku (ROS), ktera je za b&Znych podminek typickym
. znakem rozpoznani flg22. Dale jsme pozorovali inhibici
NRUPIOQtFK RNROQH transkripce genl souvisejicich s imunitni odpovédi rostlin
EEW 7\WR PROHN XAd (Janda, 2019). Tyto vysledky ukazaly, Ze je v nasem pfipadé
. potlaéena signalni draha kyseliny salicylové (SA), dulezitého
PROHNXOIUQt Y]RU fytohormonu déastniciho se imunitnich reakeci (vice
S QHEH]SHptP *{ podrobnosti o SA v kapitole 4 nebo v nasem prehledovem
. élanku (Janda, 2015b)). Nase pozorovani potvrdilo dfivéjsi
A'D Q JAdddciated Molecular | studie, které se zabyvaly viivem teploty na tuto signaini drahu.
3 . Dale nas zajimalo, co je didvodem, Ze je potlaéena produkce
SDWWHUQYV OHJL °§ ROS, ktera je po osetfeni flg22 velmi rychla (do deseti minut).
oligomery kutinu z SR&N R]H Analyzovali jsme transkripci genu kédujici receptor pro flg22,
ti. FLS2. Zde jsme nepozorovali Zadny efekt po vystaveni
zvysené teploté. Naopak jsme pomoci imunoblotové analyzy
z SRANR]JHQp EXQ pd ukazali, Ze vystaveni zvy3ené teploté€ vede ke sniZeni
mnoZstvi FLS2 na plasmatické membrané. Zvy3ena teplota
ATP,rHVS H$73 H[WU| ma tak pravdépodobné za nasledek zvysenou endocytdzu
$73 D G(®aka, 2022). FLS2 z membrany nebo negativné ovliviiuje doruéeni nové
produkovaného FLS2 na plasmatickou membranu.
5R]SR]QiQt 3%$03V L | Vdrivéjsich studiich zabyvajicich se vlivem vysoké teploty na
~ infekci rostliny, konkrétné na patosystém A. thaliana — Pst
VSRXawt YHOPL DC3000, byla rostlina (a tedy i patogen) vystavena vyssi
VLIQDOL]DFL N W H U teploté v prib&hu infekce (Cheng, 2013). My jsme se rozhodli
studovat, zda inhibice obrannych schopnosti trva i po
DNWLYRYDQp LPXQL vystaveni vy33i teploté a navratu do béznych péstebnich
URVWOLQ DOH R teplot. K naSemu pfekvapeni i 18 h po kratkém vystaveni
vyssi teploté byly takto stresované rostliny vice nachylné k
v kapitole 45 VS #HN 3 U ReW napadeni patogenem (Janda, 2019).

MVRX 3$03V L '$03V URUDWLYUQ

REHFQp PROHNXO\ YHGH MHMLFK UR]JSR]QiQt JH VYp SRGVWDW\
LPXQLWQt RGSRY GL NWHUi VH VRXKUQQ QD]J]éYi 37, 2YaHP H[LV
UR]SR]QiQt QDSDGHQt SDWRJHQ$

kutikuly, oligogalacturonidy




Prispévek 2. Elicitory imunitnich odpovédi
rostlin. Nalézani molekul indukujicich obranné
reakce je dlouhodobé cilem nemala skupin,
protoZe takové latky mohou mit potencial pfi
pouZiti v zemédélstvi k ochrané plodin pfi
napadeni 3kidci. Na Ustavu experimentalni
botaniky AV CR jsem se zuéastnil vyzkumu,
ktery se zamé&fil na testovani efektu saponind
na interakci fepky olejky (Brassica napus)
s jejim vyznamnym patogenem, zpusobujicim
fomové  Eernani  stonku, Leptosphaeria
maculans. U saponind, které jsou mimo jiné
produkovany rostlinami, je znam jejich
antimikrobialni uéinek. Ten jsme potvrdili také
vuéi L. maculans. Nejlépe se v tomto ohledu
jevil saponin aescin. Proto nas nepfekvapilo, Ze
pfi osetfeni rostlin saponiny je infekce houbou
nizsi. OvSem sila efektu byla vyrazné vyssi, nez
jakou mélo pouZiti komeréné dostupného
fungicidu. Efekt byl naopak velmi podobny
osetfeni BTH, coZ je komeréné pouzZivany
induktor rezistence pouZivany pod nazvem
Bion®. Analyzovali jsme vliv aescinu na
obranné mechanismy u fepky a pfekvapivé
jsme prokazali, Ze aescin silné aktivuje jeji
imunitni reakce. Aescin tak vykazuje zajimavy
dualni efekt. Fytohormonalni analyza ukazala
zvySené mnoZstvi SA. Proto jsme aescinem
oSeffili také modelovou rostlinu A. thaliana a
s vyuZitim patosystému s bakterii Pst DC3000
jsme prokazali, Ze aescin indukuje rezistenci i
vuéi bakterialnimu patogenu (aékoliv nemél
antibakterialni uéinek). Navic jsme diky
dostupnym mutantnim rostlinam prokazali, Ze
aktivovana obrana je zavisla na funkéni signalni
draze SA (Trda, 2019).

3.2. Cytosol
A780 YHOtQ 7HG\ Ft(

-HGQi VH R UR]JSR]QiQt NWHUp SUR
EX N\FYWRVROX , ]JGH PRA&Qi S HNY
GRFKiJUR]SR]QiQt QDSDGHQt SDWR
963HWH[WX MVHP VH ]JPL RYDO &H
s FtOHP ]Y@&4LW VYRX YLUXOHQFL I
LQIHNFH YMIRG®RWN URVWOLQQEFK E
PROHNXO\ QD]éEYDMtFt VH HIHNWRU\

3.2.1 Efektory
A tJHQp VW HO\ SDWRJHQ$:3

+LVWRULH VWXGLD HIHNWRUS$ MHML
D REHFQ SRKOHG QD Q MH IDV
G\QDPLFNEéEP S tE KHP REVDKXMtFtP |
P\AOHQNRYp NRQVWQXWEMtEt Y
H[SHULPHQW\ QHS HVQRX D VWiOH
QRPHQNODWXUX D S HMN¥BSLYp ]YL
6RXpDVQ MH VWXGLXP HIHNWRUS$

MHMLFK ~pLQNX D MHMLFK U
MHGQR]QDpPQ WpPD S tPR VH GF
PRAQEFK DSQLRBEt RFKUDQ\ SORG!
protL SDWRJHQ$P 3RWHQFLIO VH M

SURMHYXMH SNRPHYDPFY VH VRXpDVQEHQBRNR RIQHEFQEE VW Y t

Wouw, 2019).

"tYH EA\O\ HIHNWRU\ GHILQRYiQ\ MDNR PROHNXO\ SRWRpXMtFt LI

S HGHYAatP 37,

Pseudomonas syringae pv tomato DC3000 (Pst '&
3$03V 355 UHFHSWRU\

UR]SR]QiQt
REUDQQp ik, ROLHH

1HGiIYQR VH Y4ADN XNi]DOR

=D S tNODG PRKRX VORXAaLW W\WRbdBtBE H FKDUI

$YU3WR pL $YU3IWR% SRW
DOH WDNp NRPSOHFtREVDKX

AH HIHNWRU\ QHPXVt QXWQ SRWODpF
Y\WYR LW S t]QLY M&HASWR\DWREBAMNQt SDWRJIJHQD

=D S tNODG VOR

v pDR'SLVH 1DWXUH NWHUiI XNi]DO®Bt '&H HEBHRPWMKR S BR/RUHQRYL |DML

YtFH Y R@ASOH (Xin, 2016)S V'S WMV P67, 201712

2G Wp GRE\ MVRX HIHNWRU\ G

4t HML MDNR PROHN XON G RANRKE (Vitenc) [EWKRSiNi, 2018) SRIQIPAD _| Q&P



]JDMtPDYéP DVSHNWHP VRX
YQLW Qt SURVW HGt SUR

regulace obsahu glukosy v PH]LEXQ p
SURVWRUX BRVWOLQQeé J(
ST3 VH XND]XMH Eé&éw i
VQLARYiQt NRQFHQWdpdphasiu.J
6RXpDVQ VH SURNIiI]JDOR &H
RYOLY XMH SURGXNFL D VH
pokud gen STP13 FK\Et MH U
QiIFK\OQ MAat N QDSDGHQ
(Yamada, 2016)5 tV'S YOHHN POBU126, 2017/3 Tyto
SUIFH GRE H LOXVWUXMt
VH QHWéNi MHQ YODVWQtKR
GRVWXSQRVW ALYLQ

al

3 HQRV HIHNWRU{

rostlin

-DNéP ]S$VREHP MVRX HIHN
do EXQ N" 5%]QéPL ]S$VRE\
V]IYLVORVWL QD GUXKX SDW
Y4HFKQ\ WHRULH MVRX XV
H[SHULPHQWiOQ 1HMOpSH
]S$VREHP GRSUDYRYiQt
HIHNWRUS$ MH WHQ VNU]H VI
typu (T3SS) (Xin, 2018) 8 EDNWHU
SRSVIQR &HVW VHNUHPB@eRFK
2016),z QLFK& SUiY 7 66 MH V§{
WUDQVSRUW HIHNWRU$ GR
]S$VRE WUDQVSRUWX HIHN
GRPLQDQWQt SRNXG WHG
GLVSRQXMH 7 66 7 66 E\ VH

Poznamka 2. Na prednasce prof. Sophiena
Kamouna, pfedniho svétového odbornika
zabyvajiciho se efektory, z The Sainshury
Laboratory v Norwichi (ORCID 0000-0002-
0290-0315) jsem poprvé slySel o konceptu,
ktery nahliZi na efektor jako na rostlinny protein,
i pfesto,Ze jsou efektory produkované
mikroorganismem (patogenem). MlZe se to
zdat pfitazené za vlasy, ale skryva se za tim
zajimava logika. Efektor plsobi na rostlinu,
nikoliv na patogena. Jeho aktivitou jsou tedy
ovlivnény rostlinné procesy a viastné své
schopnosti projevuje aZ v rostlinné burce, tudiz
funguje jakoZto rostlinny protein. Jisté by se
takto nemél efektor definovat, ale myslim, Ze
takovéto provokujici myslenkové konstrukce,
které reflektuji situaci v pfirodé, vedou k tomu,
Ze jsme schopni na danou problematiku
nahlédnout z jiné perspektivy, coZ mlze vést
k neéekanym objevum.

Poznamka 3. To, Ze jsou efektory definovany
jako molekuly, které pomahaji virulenci, je
logické, ale ma to, z mého pohledu, jednu
matouci historickou souvislost, ktera mulze
slouzit i jako vyborny pfiklad toho, Ze i ve védé
velmi zavisi na uhlu pohledu. Jedna se o to, Ze
nemalo efektorovych molekul ma ve svém
nazvu Avr (od slova ,avirulent’), napf. u
bakterie Pseudomonas syringae s touto
piedponou existuje alespofi sedm efektoru:
AvrPto, AvrPtoB, AvrE, AvrPphB, AvrRps4,
AvrRpt2, AvrRpm1 a AvrB (Xin, 2013). Tato
pfedpona se v minulosti pouZivala na zakladé
faktu, Ze efektory byly popisovany z pohledu
rostliny, tj. ve spojitosti se situaci, Ze pokud
méla rostlina odpovidajici receptorovy protein
rozpoznavajici dany efektor, byla vugi
patogenovi mnohem rezistentn&jsi. Pfitomnost
efektoru v patogenovi tak zapfiéinila avirulenci.
Na téchto pozorovanich vyrostla velmi Uspésna
teorie popisujici mechanismus obrany rostlin
proti patogeniim, a sice koncept rezistence ,gen
proti genu® (,Gene for gene theory”) vytvofena
skvélym fytopatologem H. H. Florem (Flor,
1971). KdyZ se ale na efektory budeme divat
z hlediska definice, Ze pomahaji virulenci, t&zko
bychom je pojmenovali s pfedponou Avr.

k GORXKp MHKOH EDWIWAWDMORXt JEX N\ SURFKIJHMtFt VNUJH SODV
URVWOLQQp E Xcytbsd, karvdapraviyje efektory (Cunnac, 2009). Houby a oomycety

WDNRYéPWR ~-WYDUHP SRNXG MH PL J]QiPR QHGLVSRQXMt 7\ Y\V
haustorium. To se vchlipue GR SODVPDWLFNp PHPEUIQ\ URVWOLQQpP E
PHPEUIQRX WDN DE\ E\O FR @imRoNiAkEts SFOODMAD KWL XN RX PHPEUIQ
BODVPDWLFNi PHPEUIQD URVWOLQ\ RENORSXMtFt KDXVWRULXP VF
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(Mach, 2013) 7R MDN@&P ]S$VREHP MVRX HIHOXKRWRGR SUD HRY PI\PE U
houby (pL RRP\FHW\ D S HV SODVPDWLFNRX PHPEUIiQX URVWOLQ
PHPEUIQX ]DWtP QHOQ t(PeFei @QM4)MBIEQr QDYUAHQEFK PHFKDQLVPS
WUDQVSRUW GtN\ PLPREXQ pQé&P YipN@PSRE 2@E)X MIFYR M IpNWR U
mohou splynouts SODVPDWLFNRX PHPEUIQRX URVWOLQQp EX N\ D WDN
1LFPPQ S HVQé PHFKDQLVPXV MDNAPRGXMNRY DN@H P WRRKQ\ PRK
URVWOLQ\ GR3NUQMRYDGRGRVXG ]JFHOD REMDVQ Q

9\X&LML JPtQN\ R PLPREXQ pQ&FK YipFtFK (9V AH[WUDFHOOXODU
EDNWHULIOQt PLPREXQ pQp YipN\ MV R X YE]QDPQRX
Y € ] N XPXS WHINPAnIs54, 201810 (Janda, 2022; Janda, 2023).

S pokrokemv PLNURVNRSLFNéFK D PROHNXOiIUQtFK WHFKQLNiFK VH XN
NWHUp E\O\ LGHQWIIRORRY®\ MLYWROHWt QHMVRX DUWHIDNWH
SURGXNRWDMQBERPNWXUDPL 7YRUED (9V E\ODSRGVWD W R K\ YSSRIF\Ki QN
RUJDQLVP$ RG EDNWHULt SR VDYFH 2 (9V MDNRAWR R UHiIiOQ:
PDMtFtFK HQJ\PDWLFNé D IXQNpQt SRWHQ FLIGHWH FK(EQu&RV R O K YWt W
2021) 8 EDNWHULt DVRARRWODOD@PRLVY I\WREDNWHULt E\O\ (9V SR
Erwinia amylovora vroce 1987 (Laurent, 1987) (9V MVRX IRVIROLSLGRYRX PH
RKUDQLpH@p VMUKNW XU\ REVDKXMtFtSEINGD® \ERFW LAWVEKR]SURYV
iz F\WRVROX SRVN\WWXMtFt S HQiaHQpPX REVDKX RFKUDQX S H:
GHJUDGDpPpQtPL HQJ\P\ MDNR M YYWRNilab,$3@pa). SSIURIWH EMs se
VSRVOHGQtFK OHWHFK W at SRP UQ YHONYPUR Nid/FALX R PINVNH Y iEQ tWPHL
MHMLFK U$]QRURGBEFKFLIXQRFXQYNDFH PH]JL RUUWRBDQLMRAGAQRKR
PQRKREXQ pQpKR RUJDQLVPX D VRXpDVQ VH SRMGFLVMEBHPMtPD
7HQWR AERRP3 VRXYLVt L VH VQDKRX Yé&INXP (BXpBER QHMYtFH
SURWRAaH VWXGLXP (9V MH YYWEQYPLR PuD V SV/MRRWHEYEMHKQIR R'ODFt D LGHQ
bL QHGRVWDWNHP YRPKR @ KWRHEILROR JNBUY iV LQSIR IRBUIMY ¥YQt QHP X\
MHGQDW S tPR R (9V DG&HUR DUWHMONM[LVWXMt U$S]Qp W\S\ (9V D
XGUARYDW VSUIYQRX QRPHQNODWXUX NWHUMWWSX]iYR M RYD © & FK
EVs 7KpU\ OHGLFLQIiOQt WeRWPXWPRMRAKOHGX RSURWL URVWOLQQpP:
QDS HG DOH L WDN MLa&a E\OR MHQHM P pIWF/EDNINH Y LO XM EQE K RN QV
EVs (Janda, 2022). V UiPFL Y&]NXPX (9V VH Y QXMHPH U$]QéP WpPDWS$P
(9V PRKRX EéW SURGXNRYIQ\ DNWLYQ pL EEW YHGOHMA&tP SUR
XND]XMH VH &H (9V GRNidt RGROiIiYDW L Y HCRPKR® HE2 W QLW B E LSREG
QHA& E\FKRP RG QLFK RpHNiYDOL REVDKX YtPH aH (9V PRKRX RI
YPHWQ VL51% WR[LQ\ OLSLG\ HIHNWX QD FtORYé RUJDQLVF
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LPXQLWQtFK UHDNFt
] HMPp &H RPHNiYiQt

NWHUp RKOHGQ

(9V PiPH MH SRP UQ Y\VRNp

S R W O@4dnéaQ2022:$C4W 202D Ve KiBlM2E1S). Je

QLFPpPQ L NYS$O

VWXGLX MH VWIiOH X (9\SRELREMHMRHIDINWS (9V MH QXWQR H[SH
RSDNRYDW D QDYUKRYDW D L WDN VH QH YaG\ JEDYtPH QHMLVWR

Prispévek. 3 Mimobunécéné vacky (EVs)
v interakcich rostlin s patogeny. V poslednich
letech se i pozornost védcu zabyvajicich se
rostlinami a jejich interakcemi s mikroorganismy
zaméfila na roli EVs v této komunikaci.
Vyznamnou roli by EVs mohly mit
v dopravovani malych RNA mezi organismy
(He, 2021). Pfi svém pobytu v laboratofi prof.
Silkke Robatzek na LMU jsem se vénoval
vlastnostem EVs produkovanych fytopatogenni
bakterii Pst DC3000 a jejich vlivu na imunitni
reakce A. thaliana. Jasné jsme demonstrovali
produkci EVs pfi riznych zplUsobech kultivace
bakterie, ale také jsme jako prvni ukazali, Ze
tento bakterialni patogen produkuje vaéky i
v prub&hu infekce v apoplastu rostliny. Dale
jsme prokazali imunogenni potencial EVs (é¢imz
jsme potvrdili pfedchozi studie) (Bahar, 2016),
ktery je do znaéné miry zavisly na pfitomnosti
flagelinu u vaéku. V rémci tohoto pozorovani
stale nejsme schopni s jistotou Ffici, zda se
jedna o artefakt zpUsobeny kopurifikaci flagelinu
pfi izolaci EVs, nebo je efekt skuteéné
zpusoben pfitomnosti &asti  flagelinu na
izolovanych vaécich. V proteomické analyze
jsme peptidy z flagelinu ve vaécich detekovali
jako vyrazné nabohacené. Proteomicka analyza
vaéku navic odhalila, Ze uvnitf vaékd se mohou
nalezat i bakterialni efektory, &¢imzZ jsme doplnili
i dfive publikované proteomické studie (Janda,
2022). Zajimavym zjisténim bylo, Ze by vaéky
mohly bakterii velmi dobfe slouZit k ziskavani
Zivin z apoplastu, konkrétné Zeleza. Vyznamné
nabohacenymi proteiny ve vaécich se ukazaly
byt proteiny souvisejici se siderophorovym
transportem (Janda, 2023). Role a vlastnosti
vaéku u fytobakterii jsme shrnuli v piehledovém
élanku (Janda, 2022).

O\ MVPH VH ]DP LOL QD VWXGL>
SURGXNRYDQéFK I\WRSDRStRIHQQt |
‘& MHMLFK& VWXG LYX /RIYSODUWD O H
i skupina z Duke University v USA pod
YHGHQtP SURI . XHKQ NWH t SXEOL
LPXQRJIJHQQt HIHNW SR VWWRINMW O Y@\
stejnou dobu, v MDNRX MVPH P\ Qida Yé&]JN>
AY\S XV WL O L p&RinYveraMméMMan,

2021b; Janda, 2023). My jsme v QDaHP

YE]NXPX QH]iYLVOH QD DPHULFNp
GRVS OISRAREQEP YEVOHGNS$P [
VRXpDVQ XND]J]XMHPH Q NWHUp U

NWHUp MH QXW QRJaBd® BO2S\VY WOLW
V QDHIP S tVWXSX MVPH VH YtFH ]DP
ELRI\]JLNiOQt YODVWQRVWL YipN$ N
SURGXNFL BRIPWER O &N

-L& G tYH E\O QDYU&HQ PRA&aQé
EDNWHULIOQtFK HIHNWRUS$ SRPRF
IWWREDNWHULt 7DWR K\SRWp]D MH
SURYHGHQEéPLPLBNEPWHR VWXGLHPL
]JDEEYDMtFtPL VH REVDKHP EDNWHU
VW FKWR VWXGLtFK E\O\ XYQL
LGHQWLILNRYiQ\ L (JakthH NWR U\
2022)S tVS $HN
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5RISR]QiQt H HRWAMEY $
ABURWLUDNHWRYé& GHWHNpPQ

Jak MVHP SRSVDO Y S HGFKR]t NDSLWROH ~pLQHN HIHNWRUS$ P$:
URVWOLQ\ L SDWRJHQD 3R N X @PsPDCGD®S zaMNoRAEBOLE kbW kebd. H
GRSUDYX VY&FK 7 66 HISRGRWD WV N WHK B Ii@ianaQ$ i R ¥ Q W
HIHNWRURY&P UHSHUWRIiUHR. thakara/ B WRWE-DONYE IR UQ KKESBCRS]| p t P

Xin, 2018) 3DWRJHQL VH WDN YHOPL pDVWR QD VHNUHFL HIHNWRUS$
D VQDA&t WHWRYLW GHWHNpPQt V\VWpP\ PRQLWRX¥PEkioB tWRP QR \
UR]JSR]QiYDMt Y WALQRX UHFHSWRU\ GDWRNDRAAKt VHHGROY QHVR BU
REVDKXMtFt YDJHEQRX GRP pRI¥\8t R ER\DFHIRWANGRF @ HhRMLE H

domain and leucin-ULFK UHSHDW 1$®\RWRARQYWR: UR]SR]QiQt YHGH NH VSXa
(obr. 1)SRIQIPSID

H ]DMtPDYp &H MDN 37, WDN (7, VSRX&Wt SRGRE QIpPXIQLODML]D|
RGSRY GL NMDBEHWROH ILFPPG tWRIBGRYM@L HIHNWRU® @ DMAWR Y
RGSRY GL NWHUiI QH] tGND ~VWt Y K\SHBE M H QHQWILY\QtYRKEYS R V SR
URVWOLQD ORNiOQ RMPHRVtDEPXNW VGDO&tPX &t HQt SDWRJHC
PHEKDQLVPX MDN URWWO MQB E X8 X@EWWt WPHIQV L S B VAR! @ QQ RN iWRL FH

OHWHFK QHPiOR ~VLOt %\ Poznamka 4. Cilené pisi, Ze NLRs
rozpoznavaiji ,pfitomnost efektord nikoliv pfimo

VRXpiVWL VLIQDOL]DFH efektory (tedy pfimé rozpoznani konkrétniho
k ~VS 2QpPX VSXaWBalint & efektoru), proto%e v mikrobialni Fisi existuje

" | nespoéet efektorll a neni v moZnostech rostliny
2019) 9é]QDPQRX UROL KU| mit pfimo proti kazdému z nich specificky

. receptor (kazdy mikrob ma jiny repertoar
UHDNRKL YRUWHP N\V O(ENrkriggen,6 efektord, které se od sebe vice & méné lisi).

2014) pL IXQNDpQt VLJIQRAfie]ld) H K monitorovani efektorl tak rostlina vyuZiva
nékolik ,trikl“, protoZe efektory s rlznorodou

SDGRMLpLG2YaHPoc¥ 2019 | strykturou mohou mit jeden cil uéinku, tj. nékolik

GRZ0OR QD WRPWRGRRPOXL R efektord maZe cilit na degradaci stejného
proteinu, & potlaéeni / aktivaci nékteré

S Y\ XaLWWRRHOHNWURQRYDp | konkrétni funkce. Jedna se o tyto zpisoby

SRSVIQ S HVQé& PROHNXOIU rozpoznani: i) pfima vazba na efektor; ii) pfimé
monitorovani dané funkce é&i proteinu

UR]JSR]QiQt HIHMR/MRWR S9tS [ zodpovédného za danou funkci; iii) vytvofeni

. . navnady pro efektor a monitorovani zmén u
SRSVIQR UR]SR]QiQt 1SV navnady. Diky tomu jsou NLRs velmi efektivnim

SURWHLQHP =%5 DGtFtp | detekénim systtmem v repertoaru rostliny

(Cesari, 2018).
SURWHLOQ\ =$5 QHUR]SR

S tPSRIQIPAD KOtGi GD R| Poznamka 5. Na NLRs (tedy i na ETI) spolehaji
] Q@I rostliny daleko vice neZ Zivodichové. Repertoar

SURWHLQ 3%/ 8ULG\QLODF| identifikovanych NLRs v rostlinach dosahuje

nékolika stovek rlznych proteind, zatimco u
VY GRPt HIHNWRU $YUS5& O9H Zivodichll se &asto jedna o jednotky rlznych
S LGi XULG\QLORPBE2, |FARN HoN proteind (huseniéek 151, &lov&k 22) (Jones,

2016).
GHWHNXMH digomé&tizaci MAR1 a :

13



WYRUE W]Y UBIiD2AWTRKNEREWMKNOE UHVLVWRVRP WYR t XSURVW HG V)
G UDYpPX KURWX SUR NWHURX E\OD QDY WEOP VWKREQ FP\HW EYU X
D WtP S LYRGLW EX|Q ¢ @HMUW P g\01Ba; Wang, 2019b) SRIRIPED 7DNRY EéWR
mechanismus by k EXQ pQp VPUWL WHRIUHWI EN\

Poznamka 6. Studium NLRs, jejich nova
QHSRW HERYDO DQL 6$ DQI identifikace a popis mechanismu jejich uéinku

vedloavedek FHOp DG RWIi]JHN | ma a muZe mit nedocenitelny potencial v

. zefektivnéni Slechténi rostlin  pro zlepseni
z QLFK MH MDWMDQYR®@RELGSND rezistence proti cilovému patogenu. Jiz dfive

a ROS v aktivaci +5 UROL mREoM| byly Uspésné Slechtitelské projekty vnasejici
vybrany NLR do nachylné plodiny (Ellis, 2014).
Y\WVY WOHQt V H QDEt]t Ovsem, jak se ukazalo, vneseni pouze jednoho

VSRX&W pHP YHGRXFtP N +§ nového NLR neni sazkou na jistotu. Ve vétsiné
7 pfipadd je patogen schopen b&hem 3-5 let

HIHNWRUX D QiVOHGQIi S tPi| rezistenci zavislou na jednom konkrétnim NLR
. . . obejit, proto je nyni snahou vnést do plodiny
iOH QIVOHGXMH AY\OLWt? vice nowych NLR naraz, tzv. stacking gene

EX N\ GR DSRSODVWX N G| strategy. Ukazuje se, Ze takto vytvoienou
rezistenci je pro patogena v podstaté nemozné

zYQLW NX EX N\ UR]JSR]QIiQ\| obejit (zhu, 2012; Halpin, 2005).
k aktivaci a zeVIOHQt LPXQLW@d RGSRY GL

facto UR]SR]QiQt '$03V D WHG\ Qi/0EBRO&FK EX NiFK 7DNRYi RGS
Y\ADGXMH IXQNpQt 6$ D 526 9tPH &H 37, VDPD R VRE +5 pDVWR Q
QDYU&HQpP PRGHO\ NWHUp 37, D (7THA ®IRADVMI aASIDRSEOMRWD G D R
RG VHEH XND]XMt &H WR QHO]HCUsID RO16t HiG ZDRI)QDrede jai U G LW
modely. V URF H E\O Y pDVRSLVX 1DWXUH SXEOLNR YN X i@¥WQpN
SUR LPXQLWX JSURVW HGNRYDQRX 1/5 WHG\ S tPp SURSRMHQt N
$XWR L VRXpDVQ SURNi]DOL &H VLJQDOL]DFH VSXaW Qi 1/5V U\
VOR&HN 37, -DNR MHGHQ ]H VSRMXMtF tmatrqvaliit@ohbé ROB krz8 7, D (7, C
1$'3+ R[LGIi]X 5@Ra,'2021) 7R E\OR SRWYU]JHQR D UR]YH@HIQR QiVOH
2022) 3URSRMHQt PH]L 37, D (7konhinati SVDRK|IE R | GRil t\Brukjiel e akee

QD '$03V L 3%$03V WDN VLOHRI &H GRFKi]t N

%XQ pQi VLIQDOL]DFH
A6SRMDREUDY URVWOLQS?

VS HGFKR]tP WH[WX MVHP S HGVWDYLO PRA&QRWWW®&HVDHENRHR QB ¢
]JDP tP QD QiVOHGQRX EXQ pQRXt RIGHOW L]DF LX § PYSXIEWQQi UR]SR
3$03V QHER HIHNWRU$ REVDKXMH W\SLFNp X@iBkR\ejith NWHUp
PDVRSURVWRURYpKR XVSR iGiQt KH]Np VFKpPD SUR WDNRYp pD
vUIPFL 37, SRVN\WXMH S (BeK Rhdl&IR20E5)p © kQHNG LVND A]JiYRGX YH ]JEU
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MH JQDORVW LPXQLWQt VLIQDOL]DFH G$0H SLR\GVIWSWR VO & &HFIKL
VRXpiVWL WpWR VLIQDOL]DFH

3R URJSR]QiQt 3303V QD Poznamka 7. O tom, Ze nasledna signalizace

PHPEUIQ GRFMWIiIDYi]iQt UHF| po rozpoznani PAMPs pomoci PRR je mezi
. raznymi &eledémi rostlin velmi konzervovana,
s 303 QD NRUHFHSWRU FR4 poskytuje dukazy studie, ve které védci vioZili

QiVOHGQRX IRVIRU\ODFL H receptor pro elongaéni faktor (EFR1) z A.
thaliana (brukvovité) do rajéete (lilkovité).
,PXQLWQt RGSRY VH VQDRH Elonga&ni faktor (EF-Tu) je rozpoznavan pouze
o u brukvovitych. Kontrolni a transgenni rostliny

VLJQDOL]DFH VQtaLW MHMt rajéete oSeffili fytopatogenni bakterii Ralstonia
US]QRURGEFK 355V MWLEKAF| solanaceae. Vysledky byly jednoznaéné,
| transgenni rostliny byly daleko vice rezistentni

QDOp]DW  SRP UQ SRPWRINE o5 kontroini. To prineslo nékolik ddlezitych

IWWRKRUPRQiIiOQt VLIJQDOL poznatkd: i) rostliny si jsou schopny zabudovat
, funkéni PRR 2z jiné ¢&eledi; ii) imunitni
NDVNIGXPRP 3UYQtP NURNH signalizace je mezi celedémi velmi
JMHGQRGX&HQt MH SUiY Y\ konzervovana, fi. stali rozpoznani PRR z jiné
éeledi a je spusténa fungujici imunitni odpovéd;
7\WR NRUHFHSWRU\ MVRX [X] iii) odhaleni vysokého potencidlu daného
A vyzkumu pro zlepSeni ochrany rostlin proti
7\SLFNéP S tNODGHP MH N patogenim (Lacombe, 2010).
NWHUé MH ]ivVDGQt SUR VSXaw QT VLJUYDULJDFH SR
r]SR]QiIQt 10J DOH MH VRXpDVQ NRUHFHSWRUHP SUR ()5 D GD!
QD UR]JSR]QiQt 3303V SURWadude ROLp SRYBSODVPDWLFNp PHPEUIQ G
E KHP MHGQRWHNWRYQXW NDQIiOWF KPREOXMtNISHOQDWEEK LRQWS
F\WRVROX 6LJQIiO QD VWUHV VH P$aH a4t LW FHORX UR¥WOLQRX
LRQWS$ XPRAa XMH PRQLWRULQJ VLJQDOL]DFH 1DS S L SRUDQ
]JSURVW HGNRYDWHO VLIJQIiORVIMROIGDP\OStEKREBIYRW GL QD SRUDQ
UR]JSR]QiIQ UHFHSWRU\ QD SRYUFKX EXQ N D WR VBRWHWX Y ¥ EaH (
F\WRVROX 7DNRYé VLIJQiIiO SURFKi]Jt URVWOLQRX E KHP Q NROLND

Ca* LRQWhs¥uvelPL DNWLYQ KOtGi D MHMLFK ]Y éZToyta,MM8W DN SRX]

=YédHQt NRQFHQWUDFH YiSHQDWE&FK LRQWS$ DINNWALLYWDFL QHE® HREL
SURFHV\ -HGIRR MH ]Y&4HQi SURM@MAEHNIHUY SUREtKi S LEOLAC
GHVHWL PLQXWIiFK SR G H.\Waliahg ] DS "W R RHR®i ORVW RGSRYtGDMt 1$
ORNDOL]JRYDQp QD SODVPDWLFNp PHPEUIQ .RQNUpPWQ VH MHC
1$'3+ 5HVSLUIWRU\ EXUVW R[LGDVHWSRURWBLY SURBEKRM XMt GR DS
VXSHUR[LGRY& UDGLNIiO NWHU® QRS OMHOPX UHDDWEYYRPQRV WL
GLVPXWi]\ S HP XMH QD SHUR[LG YRGtNX 7\WR 526 PRKRX PtW
PRKRX VDP\ R VRE S$VRELWI,DMYYLBURURIFLMEQNXPQtN\ MH WDWF
X48LWHpPQi DQDO\WLFN\ SURWRAH E\OD Y\YLQXWDH Q\H FiIQ@IDNGD VW I
luminiscence s Y\XALWtP UR]W RShXh(2RP). ROR WHFKQLND MH YHOPL U\F
D NYDOLWDWLYQ YHOPL Y\SRYtGDMtFt 60RX&t GRE H SUYQtPX
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LPXQLWQt RGSRY 7XWR DQDOé]X YH VYéFK H[SHUU&HBQWHFK Yt
2019). VVRXpDVQRVWL MVPH QDS tNODG GtN\ VOOER WPHWR G VFWRIHH
US]QEéFK GUXK$ URVWOLQ  OD*IMHPORGD I @BPMSRIKWODPRERYDW QDS X Y
PDVRAUDYéFK URVWOLGUWH/XERRIXNHPIFAGUPFHP WHRWEQ YBENE ~\
7 HER S 9SDG SR]JLWLYQt UHDNFH W FKWR URVWO{LKEH QLY WRY EX
XQLNiWQt PRGHORYé V\VWpP SUR VWXGLXP LPX@DEHR RERQXFK

QHSUREIGDQp 3URGXNFH 526 QHGtidrtédhVFOR QR XJH QXDN&D HFHSWRI
MDNR S tNODG RS W XY¥53b PHHPSSWRUX IBRRRU)MODFL 5ERK' D WtP
aktivaci (Kadota, 2014; Lee, 2020). V SRGREQpP pDVH MDNR MpbpMsttRRUED 526

pozorovaWHO Qi WDNp MHReR, DON.DOL]DFH

V SUSE KX GHVIWHN PLQXW SR UR]SRBDQEISYANRDIPQP EREG KiQPIpNX G i
UHRUJDQL]DFL DNW L Q(RentyiRRIillE,\20IR)V SIMWU HQRXY é F\W R VUWNRHOYHW. ZQ p M
EX FH JiVDGQFtORIQIpPY GRSUDYRYiQt PROHNXO D W]Y YipNRYpP
WUDILFNLQJ -H MLA UHODWLYQtSCORXXORSDGHR WRIVWOLQ\ K
SDWRJHQHP MH DRWRQRXIDXWWSWRUHILWUDKDXVWRULIOQt PHPEUIQ\
DNWLQRYi YOINQD MVRX QDVP URYiQD WDN DE\ E\OR PRAQR GRS
QDSDGHZMY) $NWLQRYE F\WRVNHOHW WDN KUDMH UBRIS WIDWXR 1\]|
Vt"3 NWHUi XPR& XMH ]JiVRERYDW PtVWR QDSDGHQt NRPSRQHQW\
MLQEPREUDQRX VRXYLVHMtFtPL OiIWNDPL MDNR MH 3(1 SUR
VOQHKRVWLWHOVNpPp RGRGEQESEtIEE) (WRaVMGVID22)) ([SHULPHQW)\ Y\XatYDN
MDN IDUPDNRORJLFNpKR S tVWXSX R&aHW HQt FKHPLNIOLHPL GH:
JHQHWLFNpPKR S tVWXS XA. thaliavd Q & QR NIRVOAO BERY RY W@ IQRXVIXQNF
DNWLQRWHRNRNHOHWX MVRX YtFH QiFK\O Mpnt@RideDZDDBEWEQE, SDWRJIH
2022; Porter, 2016; Sun, 2018).

V SU$SE KX HaHQt VYp GL]HUWDp QIOSYEFMXMXHRWHU®XMWRO &H S
DNWLQRY&FKYVGEINMP FKHPLNiOLt ODWUXQFXOLQ AsthBliaRAW RFKD O [
k][ DMtPDYp XGiORVWL D VLFH NH ]Y8&aHQp WUDRQMMUNEUSFL JHQS
S HGHY&tP VH VLIQiOQDWRXERRYE$ -DQBPQWR REMHY QiV YlI
k WHVWRYiQt K\SRWp]\ &8H URVWOLQQi EX ND KOtGi LQWHJULWX
WDWR LQWHJULWD QDUXaHQD WDN BXSWDVRJIHDHPRD AHS RM4E\QD SE
RGSRY WpWR K\SRWp]H QiV WDNp YRG® |DNWO 4+ N EMINWMNRY H) H I |
+RS: NWHU& GHSRO\PHUL]DFL DNWLQ RJeHsRa, ROVB)R ShthiddeD H W X ]D S
v QDBEK P\VOtFK YHOPL S LSRPtQDOD PR&Qé ]S$VRE GHWHNFH SDW
IXQNpQt DNWLQRY& F\IWRVNHOHW 6NXWHpPQ MVPH XNi]DOL &H GF
P$&H YpVW NH ]Y&3HQt UHJLVWHQFH Y $pLYSDEW RJIAKEROEMH VW ULN
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GRSRVXG XYiG QR D &H ]D WRXWR LQGXNRYDQRX UH]JLVWHQFt
/JHRQWRY\pRY

/IHRQWRY\pRYi

.OtpbRYRX UROL YH YéVOH
HIHNWX W H G VvQ rEdciede@ Fxaje
pDSv[VS $.HN

S GRSUDYRX PDWHULIOX
F\WRVNHOHWX P R&EHR KRKRRR Y
vUIPFL PLNURGRPpPQ QD
PHPEUIQo*FKHUO *URQ(
V UIPFL QPWQt VLIJQDOL]DFH
355V HQGRF\WRYiQ\ D Betlk,U
2012) (Frescatada-Rosa, 2015) $NWL
F\WRVNHOHW KUDMH XGE3YOtH
SU$SGXFKS$ D SODV PREKEP I
GRFKiJt SR UR]SR]QiQtZo8,D
2021).

V SUS$E K20 minut od detekce patogena
MH DNWLYRYIQD |®R¥3 NDVNIiIG
VH R YHOPL NRQJHUYRYDQEé&
]JiyYLvoOé QD IRVIRU\ODFL D
NLQi] 0% 7XWR VLIQDOL]D
ALYRpPLFKRYp D QHQt VSHFL
QD ELRWLFNé VWUHYV WKHBNRK
QD DELRWLFNp VWUHV\ 7H
MHGQRWOLYp NRQNUpWQt O
VWUHVX SRGOpKD(@un, | YR
-HGQi VH R ~VS daQé ][S$VRIE

Prispévek 4. Reakce rostlin na flg22. Na
rozdil napf. od elongaéniho faktoru, ktery je,
zda se, rozpoznavan pouze u brukvovitych, je
flg22 rozpoznavan napfié rostlinnymi éeledémi.
Z nasich predb&Znych vysledkd vyuZivajicich
méreni tvorby apoplastickych ROS se souéasné
zda, Ze ne v3echny druhy rostlin ze stejnych
celedi musi nutné reagovat na flg22. (Pfiloha
1).

Prispévek 5. Indukce rezistence rostlin
vyvolana rozrusenim (zménou dynamiky)
aktinovych vlaken. AZ do nasich experimentd
panoval Siroce pfijimany konsensus, Ze
depolymerizace aktinového cytoskeletu
nasledné vede ke zvy3ené nachylnosti rostlin
vuéi patogendm (Li, 2019). My jsme si v roce

2014 vSimli, Ze rozruseni aktinového
cytoskeletu aktivuje signalni drahu SA
(Matouskova, 2014; Janda, 2014). Tuto
myslenku jsme dale rozvedli v élanku
(Leontovyéova, 2019), kde jsme ukazali, Ze
pokud rostliny vystavite podminkam

depolymerizujicim aktinovy cytoskelet den pred
infekci patogenem, tak dochazi pfekvapivé ke
zvysené rezistenci vuéi napadeni. Zvysena
rezistence je zavisla na aktivaci signalni drahy
SA. Duvodem nasich protichidnych pozorovani
vuéi konsensu v literatufe je &as. V pfedchozich
studiich byly rostliny o3etfovany latkami
depolymerizujicimi aktinova viakna souéasné
s jejich inokulaci patogeny (Henty-Ridilla,
2013), zatimco my jsme depolymerizovali aktin
dfive a dali jsme tak rostliné &as na to, aby
aktivovala signalni drahu SA. V nasi praci jsme
ukazali, Ze rezistence je indukovana proti
riznym druhiim patogenu. Studovali jsme dva
rizné patosystémy: A. thaliana s bakteridlinim
patogenem Pst DC3000 a B. napus (fepka
olejka) s houbovym patogenem Leptosphaeria
maculans (Leontovyéova, 2019).

z WRKR SRKOHGX aH MH

TTOD VWL T Y VU DO YT

UHJXORYDWHOQ& D Gi VH GtN\ Q PX VLJQiO QD SZheng,Qo2®).HNWLYQ
9H VYpP Y&NXPHP VH DOH 0$3. VLIQDOL]DFL QLNG\ QHY QRYDO

VSU$E KX SUYQtFK KRGLQ SR UR]JSR]QiQt SDWRJHQD GRFKi]Jt NH G
KUDMRpPPY YE]JNXPX Y&]JQDPQRX UROL ]Y&aHQt DNXPXODFH NDOYy]
INWRKRUPRQIOQtFK GUDKiGQ{GHMEIP6Y NDS
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.DOY]D
AREUDQQé YDO3

.DOy]D MH SRO\WDFKDULG VNOiGDMtFtPREBRPWHM QO XNNMNR B MK
VFHOXOY]H VH-MH®XNRPQ ]DWtPFRLBDOXNDRMHSNXPXODFH NDOy]\
QDSDGHQt SDWRJBIQHRAHQI D WR StN@HEXR JDSDGHQt GREOR
VS tSDG QDSDGHQt KRXERYé&P SDWRJHQHP Y]QLNi W]Y SDSLOD F
QDERKDFHQD 3DSIDBUMOBKSHRHWUDFH KRXERNPHKR ]DEW RIHQ L
Y\WYR HQt aKD%VWROKRYHQ .DOy]D WDNp KUDMH BKOMBL@QIRX U
SODVPRGHVPDW FR& KUDMH QD $DIROIRGQY &M@ QRXURNQLLYIHNFF

(Liu, 2021)

PHWRG DNWLYRYDQp LPXQLW\

6RXPDVOHWHNFH DNXPXODFH NDOyY]\ Y\X&tYiQD MDNR MH!
QHER" L RAHW & QD P@Jp D B X\PIX@AEPHAL

N D O fLpna, 2011). Takto jsme
ML YH VYéFK HIS
Y\XatvwDP\L Q (X8lachova,
2019; Kalachova, 2020) DY a
WR VH ]P QLOR YH FH
IJMLVWLOL Y\aat DN
WDNp X QiPL VW
GYRMQIVREQpPKR AP
s Y\ DJHQEéPL

NyGXWMIiEF LVRIRUP\

fosfatidyl inositol-4-N L Qi
(SL N ). U tohoto mutanta
MVPH GiOH SRSV
NRQFHQWUDFL 6% W

thaliana

Y\d4at UH]JLVWHQFL Y
LQIHNFL D ]YéaHQR
ROS AD&HN Za

QHVWUHVRYEFK SR
DNXPXODFH NBOW\
]JiYLVOi QD ]Yé&aHQp
6% $YaADN S L S
patogena Blumeria graminis, pro
Q Ma @.Hhaliana hostitelskou
URVWOLQRX VH XNi]
DNXPXORYPMSLOIFK

Prispévek 6. Jevy zavislé a nezavislé na zvySené
koncentraci SA u dvojnasobného mutanta pi4kB1B2.
Isoformy PI4KB1 a PI4KB2 hraji roli ve vaékovém transportu,
tedy ve velmi obecném dé&ji ovliviujicim v burice nepfeberné
mnozZstvi procest (Antignani, 2015; Preuss, 2006; Kang,
2011; Lin, 2019). Souéasné rostliny se zablokovanymi geny
kédujicimi tyto dvé isoformy (pi4kB162) vykazuji zvySenou
koncentraci SA (Sadek, 2014), jejiz signalni draha také
ovliviiuje v rostlin@ mnoho reakci. Proto jsme se pokusili
zjistit, jaké fenotypové projevy souvisi exklusivné s mutacemi
v kinazach bez pfispéni zvySené koncentrace SA (SA-
nezavislé jevy) a které projevy jsou naopak dusledkem
zvySené koncentrace SA (SA-zavislé jevy). K tomuto
rozliSeni efektl jsme pouZili set vytvoifenych nasobnych
mutantl modifikujici koncentraci SA v rostling. Vnesli jsme
do pi4kB1B82 gen kddujici SA hydroxylazu z bakterie
Pseudomonas putida (NahG), ¢&imZ vznikl mutant
NahGlpi4kB162, ktery ma koncentraci SA podobnou plané
rostouci A. thaliana (Saé.ek, 2014; Pluhafova, 2019). Dale
jsme do pid4kB152 vnesli mutaci v genu kédujicim ICS1 (tzv.
sid2 mutant), ktery je zasadni pro biosyntézu SA. Vznikl
mutant sid2/pi4kB152, ktery vykazoval obdobné mnozZstvi SA
jako plané rostouci A. thaliana (Saéek, 2014; Pluharova,
2019). Na téchto rostlinach jsme provedli experimenty
sledujici  jejich rezistenci v0&i biotrofu (comyceta
Hyaloperenospora arabidopsidis), hemibiotrofu (bakterie
Pseudomonas syringae) a vuéi nekrotrofu (houba Botrytis
cinerea). Ukazali jsme, Ze pidkB162 je vice rezistentni viéi
viem témto patogenim a tato rezistence je zavisla na SA.
Stejné tak jako akumulace kalosy za nestresovych
podminek. K nasemu pfekvapeni se vsak ukazalo, Ze pfi
osetfeni houbou Blumeria graminis, pro kierou neni A.
thaliana hostitelskou rostlinou, je akumulace kalosy v papile
nezavisla na zvysSené koncentraci SA. Souéasné byly
mutantni rostliny pi4kB182 nachyln&jsi k penetraci houbou a
tento jev byl také nezavisly na mnoistvi SA, protoZe
nachylngjsi byly i mutantni rostliny sid2/pi4kBE152
(Kalachova, 2020).
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6 QH]IYSIWCO%N 1D DNXPXODFL NDOy]\ MVPH AV thaliddd® MIHO N DEGDyt]dH 9
VIQWIi]D NYyGRYiQD GYDQ@Cheh 2R IRIWFPPRL MH JQiPR &H ]D DNXP
NDOYyPDHDNFL QD ELRWLFNé VWUHV MB JRAGBRNUG @LODID SEMRG\@ WD
PMR4 (powdery mildew resistence 4 D SRG WtPWR R]JQDpHQtP MH GRSRV.

RIJQDPpRYIQD YH VWXGLtFK | Poznamka 8. Matouci situace okolo
pojmenovani kaléza syntazy 12 neni v biologii
nikterak vyjimeéna. Pavodni pojmenovani
(Ellinger, 2013; Nishimura, 2003; Vogel, | proteinu (genu) je &asto spojeno s typem

SRIQIP®ID  — 2 experimentu, pfi kterém byl dany gen
2000) N talOL SMVIWH identifikovan. V tomto pfipadé se jednalo o

s P XW D Qrgtinbu  pmr4-1 NWHUi| screening mnoZstvi nahodn& zmutovanych A.
thaliana na rezistenci viéi padli (Vogel, 2000).
zablokovanou tvorbu PMR4 s FtOHP [N Mezi nalezenymi geny hrajicimi ddleZitou roli
]GD MH DNXPXODSH WDPYLV pro rezistenci byla i zminéna kalosa synthasa
12, ktera byla v t¢ dobé& nazvana ,powdery
QD WpWR LVRIRUP NDXY3HBH mildew resistence 4° (PMR4). V t& dobé se
. o nevédélo o jeji funkci v biosyntéze kalosy, na to
S H 2t VH XNi]DOR aH KR se pfidlo aZ pozdé&ji. Tento protein se v literatufe
pmrd/SL N MVRX YEUD]Q ]DNJ vyskytuie dokonce jesté pod jednim nazvem
. .| GLS5 (Ellinger, 2014).
(prakticky nerostou, GDWD QHXNJigi
VWiIiOH ]DWtP RWIiIJNRX FR ]D GDQé HIHNW QD U$SVW D YEYRM X W
6RXpDVQ VH XNi]DOR &H NRPMR4AQDBH.PXDVDIXFB,Y. ]SS$VREXMH
QHPHQGHORYVNp aw SQumr4RIP U\ SIDR WRPWR WHRRPXDPWX QRVWL
spolupracujeme s Dr. Tetianou Kalachovouz OVWDY X H[SHULPHQWiOQt ERWDQLN\

YHGRXFt WRKRWR VP UX YEIJNXPX

interakcemi rostlin s mikroorganismy

)\WRKRUPRQIilOQIPEQLW UWRYRVMW EHQR QD N\WWHOLQX VDOL
A'REU& VOXKD ]Oé Sic

))\WRKRUPRQ\ G tYH QD]éYDQp U$SVWRY pVUHIXOLWMRIUDtFAKR\BWRER"
URVWOLQ ]iVDGQt UROL 1HMOpPSH SUREIGDQEéPL D |QiRi@PL I\WRKF
D F\WRNLQLQ\ 7 MpWR BOHLYQHFKFL ]DEé&YDWYV LI QP R EHF IK BDLY
ELRWLFNpP VWUHVX WM S L QDSDGHQt SDWRJHQHP KUDMH
VDOLF\ORYi 6% N\WHOLQD MDVPRQRYi -$H DRMWOARQ\ (7R]OGH a 0Nt
VLIJQDOL]DFL NWHUé I\WRKRUPRQ XS HGQRVWQt QD ]iNODG W

7UDGLPQ  VH XGiYi D MH5 o e mka 9. Typickym znakem

SXEOLNRYIQR PQRKR VWXGI fytohormonalnich signalizaci je, Ze se nejedna o

samostatné entity, ale spiSe o propletenec
ELRWURIQtPL SDWRJHQ\ MH rdznych udalosti ovliviiujici riznymi vazbami
GUiIKD 6% ]DWSPIFR QDS [ jednadruhou (Pieterse, 2009). Z toho ddvodu je
stale tfeba mit na mysli, Ze, i kdyZ hovofime o
QHNURWURIQtPL SDWRJIHQ\ | tfech fytohormonech majicich roli v reakcich na

GUiK\ -$ D (7 S LpHPA& PH]L bioticky stres, neznamena to, Ze by se ostatni
fytohormony téchto reakci netuéastnily. Uéastni,

SURNIi]JiQ DQWDJRQLVWLFN Eé| ale zatim jejich role nebyla zdaleka tak dobfe
popsana jako u triumviratu“ SA, JA a ET.
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jednaz GUDK DNWLYRYiIiQD WDN LQKLEXMH GUXKRX GUiIKX SUR JiMH
S HKOHGRYp PVORONR (@débibok, 2005) (Pieterse, 2009; Aerts, 2021)) SRIQIPHND

7RWR UR]G OHQt SRGSRUXMH L WR &aH VLJQiOQt GUIKD 6%$ KUDMH
smrti K\SHUVHQVLWLYQDRBKRMAYLGID EVOR E\ WHG\ SUR URVWOL
QHEH]SHPpQp DNWLYRYDW WXWR GUIKX SURWL QHNURWURI$P NWtL
QLF QHQt pHUQREtOp D HYNDWXAEt ¥ W X QLR WIHQAPVH ]YEEAHQRX 6%
Y$pL QHNURWURIQHSODWWRLHQSP1IRYiINFRIA MVPH XQOBOVWXGLL
(Kalachova, 2020). 9tFH VY WOD GR VWXGLD |[DSRMHQt I\WRKRUPRQIOQtF
s SDWRJHQ\ YQHWMH @D WIHND VMH G QR G X%Blédavét aKuinOlatioed R XA

vVpPDVH D SURMRRWPLWWX $XWR L Y\SRLPURMDNRDQXPKOPDNHN 6$ |
GRVWXSQp WUDA® ¥hakeQ tNOMHILHP O\ YQHVHQ\ JHQ\ UHDJXMtFt QD
(PR1)aJA(VSP1 VSRMHQYXRWHVFHQpPQt JQDPNRX 7\WR WUDQVJHQQt U
SDWRJIJHQQt EDNWHULtpDVIERIREIRKDQDINNFH [HWRHOQHG@]LWW HOiX
RGSRYtGDOD LQGXNFL JPtQ QéFK JHQ$ D WHG\ YHOPL SUDYG ¢
9éVOHGHN E\O SRP UQ S HNYDSLYé L NG\a QUHIiRFHOBUIVMNE E BN
]JYEAHQD DNXPXODFH RERX I\WRKRUPRQ $ylaDo® sebB NDRINCODLHB p&$ D
RGG OHQD .RQFHQWUDFH &% WQHp ¥ DaRNYROWL YQODSDGHQt -$ VH |
KUDQLFt DNXPXODFH 6% (BetdukbkUE2048Y X 0@ VOWM B N\ WHG\ RS W SRXNi]
DQWDJRQLVPXV RERX GUDRKY ROR]|NRIpOVQ@D IDNW aH E\FKRP P
REH] HWQt Y WRP MDNp pivVWL URVWOLQ\ pL GRNRQFH OLVWX DQ
UHDJXMH QD QDSDGHQt EDNWHULt DNWLYDFt RERXEOWNRRK\NVRWIP R C
patogena rostlina Vi]Jt QD WR aH WR EXGH ELRWURI NGR ML LQILNXMH
EXQ pQi VPUW QD NWHUp E\ VH 6% SRGtOHOD E\ SUROLIHUDFL E
Pro S tSDG aH E\ VH DOH MHGQDOR R QHNURWUR /I OpravuealE\ QHE\OD

aH G@DOA&tFK piVWHFK OLVWX DNWLYXMH GUIKX -$ NWHL
~p LGOS oM P26, 201873

BUR VWXGLXP ]JDSRMHQt ]PtQ QéFK I\WWRKRURRYWQLRQ G UPXKQBW
GOH PpKR Qi]JRUX V WrckiH2aa9 bdok@nighiHT$udly (Tsuda, 2009). V UiPFL SUIiFH

na WRPWR PpPOIiQNX E\OL Y\WYR KQthaligna/ Y DU Q¥t&a HPKWD QMWRPELQD F |
GYRMQIVREQéFK D WURMQIVREQEéEFK PXWDQW$ VH ]DEORNRYDQEéF
0GSRY QDsid®$ PXWDQW VH JDEORNRYDQRX LViRRNEDHRNEP BAJ RAWGIWY
v ELRV\QW p(wildérfhuth, 2001)), JA (dde2 PXWDQW VH ]DROR WRNeDL é P

oxide synthase® + NOtp RY é S HRRAMOQQV Vbh Malek, 2002)); ET (ein2; mutant se

] D E OR N R Yelh@ehP indensitive protein 23 + SURWHLQ &igdalp&MERGSRY GL QD
HW\Q\o@so, 1999)) a padd FRa& MH WDNp Yé]QDRY/AVOURY P UPXQLW ]pi
S HNUEéYDMtFt VH VLJQiiae 198 MV KpRXQaSX PLPR MLQp SURNI]DOL A&l
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]JDEORNRYDQp pW\ L VRXpi

RGSRYtGDMt |KUXED ]D L
FRa O

RGSRY $X4W Qp 10J
REHFQ NH VSX&aWw Qp 37,
URJSR]QiQt $YU5SW

DSUR[LPRYDOL REHFQ NH

THQWR pOiQHN WDNW DN pQI
S HNUWXQDOL]DFL 37, D (7,
N R OHI$FHY \@XNDI

Y\WYR HQi

HIH

Poznamka 10. Je moZné, Ze to, co nyni
¢aste€né popisujeme jako samozfejmost,
duleZitost ICS1 pro biosyntézu SA v rostlinach,
neni zdaleka tak univerzalni, jak by se mohlo
zdat. Jak mi pfi osobni komunikaci sdélil dr.
Hirofumi Nakagami z Ustavu Maxe Plancka pro
Slechténi rostlin v Koliné nad Rynem, zda se, Ze
ICS1 a jeho dlleZitost je typicka pro brukvovité,
ale nikoliv pro jiné rostlinné éeledi. To, Ze se
role ICS1 mlizZe precefiovat, plyne z faktu, Ze
tento typ vyzkumu je zatim stale nejpokrogilejsi
u modelové rostliny A. thaliana, ktera patfi mezi
brukvovité.

QiIVWURMHP SUR GDO&t YEINXP FR& VH SURNI]JDOR Y QiVOHGQEéFI

0000-0001-7074- ,
MVPH SR]JRURYDOL

SHYQpP PpGLXP& DE300E Vade kK WR P X
YOiVN$ &KW OL MVPWRP & UMD MIGDROL I\WRKRUPRQ\
X NROHIBPEH FX W Ddpa®/gin2/pad4/sid2). 8Ni]DOR VH
NR HQRY&FK YOiVNHpHQNRYi
s ELRWLFN éP (R$§a- 20872 Qin, 2019). -H RWIi]JNRX

P\ MVPH Y QD&HP Y&]JNXPX WXWR NROHNFL Y\X&
AH LQIA MhalienaN 0RP RKCFUIRK MDLLADQ tFK SRGPtQF

8H VH ]Yéat D SURGORXAt US$V
D SURWR MVF
4H ]iVDGQt UROL SL
(7 E\OD MLA& ]QiPD L EH] V
]GD MH WR VNXWHpPQ

5ROH

DNWLYRYiQR SR UR]JSR]QiQt LQIHNFH NR HQ\

9H VYpP YEINXPX MVHP VH ML&a RG EDNDOi VNp SUIFBIRWWRYQIF K tF

W EN D MtFtPFPKY S/ iV G454, 201977
(Dempsey, 2011)
HQJ\PX

3UYQt MH ]iYLVOI
LVRFKRULVPIW V\QWi]H

Prispévek 7 Co vSechno indukuje tvorbu
kyseliny salicylové? V nasem vyzkumu jsme
nezfidka sledovali, Ze velmi rdznorodé
podminky/o3etfeni/mutace jsou schopny
indukovat akumulaci SA. Mutant pi4kB152
(Saéek, 2014; Kalachova, 2020),
depolymerizace aktinového cytoskeletu
(o3etfeni latrunculinem B a cytochalasinem E)
(Leontovyéova, 2019), osetfeni saponinem
aescinem (Trda, 2019). V soucasné dobé se
pokousime o sumarizaci doposud znamych
podminek vedoucich k akumulaci SA, kde

chceme  poskytnout seznamy  mutantd,
abiotickych  strest, biotickych stresi a
chemikalii, jez vedou ke zvy3ené akumulaci SA
u A. thaliana. Bude publikovano

v pfipravovaném piehledovém é&lanku.

WLRV\QWDp]D 6$roSURIEKKIGY PD GUDKDPL

IHQ\ODODQLQ DPRQLXP O\i]H 3
, &6 D pivw WpWR ELRV\
vFKORURSODVWHFK %LURWAQ®IHWLFN
QD ,&6 MH RGSRY GQi ]D S LEOLA&Q
VIQWHWL]JRYDQp 6% SR QDSDGHQt E
patogenem (Wildermuth, 2001) SRI1QiPD pg
UR]JSR]QiQt QDSDGHQt SDWRJHQHP N

QD

GLPHUL]DFH SURWHLQS$ 3% D ('6
vede Kk WRPX &H MH DNWLYRYiQD
Y\X&tYDMtFt &6 FRAY\&MKHGH N

koncentraci SAS VS YHN 64 VH YidaH QD
SURWHLQ\ 1 Bdhexpresgor of
pathogenesis-UHODWHG JHM@HMEp E\O\
LGHQWLILNRYIiQ\ MDNR UHFHSWRL

3URVW HGQLFWYtP 135 MBWLUSHRWS BONRYQ® W UDRWMNEh®WRP X Y

2020a; Spoel, 2009; Kumar, 2022)

=Y&4HQi NRQFHQWUDFH 6% Pi ]D QiVOHGHN
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SURWHLQ 135 MH PRQRPHU

S HFKIiGR MiGUD NGH RYOLU

(Kumar, 2022; 2003) 9H V

GLIHUWDDpPQt SUIFL MVHP SR

Mou,

IRVIROLSIY\ WpWR VLJQDOL

MVPH &aH Raddtanole®,tinhibitorem
IRVIROLSIi]\ ' LQKLEXMH
monomeru a v MiG
URV W O L Q@Qemd&, R0ON5R).

jeho akumulaci

Poznamka 11. V 90. letech 20. stoleni se mélo

za to, Ze nezbytnym mobilnim signalem pro
SAR je SA (Métraux, 1990). Nicméné elegantni
pokusy vyuZivajici roubovani, provedené na
pielomu tisicileti, ukazaly, Ze SA je duleZita pro
funkénost SAR, ale pfitom neni zminénym
mobilnim signalem (Vernooij, 1994). Od té doby
bylo publikovano nékolik molekul, které jako
mobilni signal v SAR slouZi (Kachroo, 2020).
Tento vyzkum ma i vyznamnou &eskou stopu,
kdy jako takovy signal byla demonstrovana
kyselina pipekolova v élanku Hany Navaroveé
(Navarova, 2012).

6$ S HVQ Mat E\ E\OR POXYLW R VLJQiOQt GUIi]H ]iYLVOp QD 6% M

Y&H
ELRWURIQtP SDWRJHQS$P
(SAR)SRIQIPND FR3 MH XGiORVW
GDO&tFK piVWt URVWOLQ\

GRSRVXG QHQDSDGHQI

MH G$OHALWRXVRRDOHNHIRXKYSHUVHQVLWLREGUBRQGSBYRWLD
'iOH MH QHSRVWUDGDWHOQRX VRXpiVW

NG\ QDSDGHQt MHGQ\RROR OLYIO GRV

NWHUp WtP S LSUDYt QD S tSDGQ& QiV(¢
SOHWLYD MVRX WDN OpSH S LSUDYHQD

LQWHQILYQ M&t D U\FKOHM §acRrEd) P0Q0P R XURG SRRSViQt ]JDSRMHQt

vSAR vroce 1990 OpWUD X[

ODODPVWOR VSRX&W pHP ]JY&4AHQpPKR ]iMF

MDNRAWR VRXpiVWL REUDQ\ URV W@y, 3983)Q BRXE B QO S DHAHRFKD\
GRSRVXG SRSVDQp PAWMRIGM ¥t NNIRIXW EAtQYe4HQRX NRQFHQWUDFL

Prispévek 8 Kyselina salicylova a rust.
Tomuto tématu se vénuji dlouhodobé a vse
zadalo publikaci popisujici inhibici rdstu u
pi4kB1B2. Jednoznaéné jsme prokazali, Ze
zasadni vliv ma zvysena aktivace signalni drahy
SA (Sasek, 2014). Timto jsem se zadal aktivné
zajimat o mutanty A. thaliana se zvy3enou
koncentraci SA, coZ vyustilo ve vytvofeni
kolekce 18 genotypu pro studium vlivu vysoké
SA na rist (Pluhafova, 2019). U pidkB152 jsme
nevédéli, co pfesné aktivuje v pi4kB71682 tuto
signalni drahu. PI4KB1 a PI4KB2 hraji
vyznamnou roli ve vaékovém transportu (Kang,
2011), proto jsme se zaméfili na moZné
ovlivnéni aktivity PRR receptort, u kterych je
vaékovy transport vyznamnym E&initelem.
Vytvofili jsme sadu trojnasobnych mutantt, kdy
jsme pidkB1B62 zkfizili s mutantnimi rostlinami
se zablokovanou tvorbou vybranych PRRs a
jejich koreceptort, jako napf. bak?. Aviak
Zadny z vytvofenych mutantd nenavracel zpatky
rast pidkB1B2 a tedy tento pfistup nepfinesl
popis mechanismu, jak je biosyntéza SA v
pi4kB1B2 aktivovana. V souéasné dobé se na
JU zaméfujeme na mozZnost vlivu uzavienych
priducht na rust A. thaliana v disledku vysoké
akumulace SA (data neukazana).

rezistenci k WHVWRYDQéEP SIWaRIHQS$P
2015b) 2YaHP Y\VRNé REWDK Y&RBXP
VWLQQRX VWUIQNX Y&aHFKQ\ W\W

URVWOLQ\ MVRX WUSDVRapptKR Y]U:
5)5 tvs B.HN

98HKR PRF aNRGt DQHE .RPSUR
PH]L REUDQRX D U$VWHP URVWOLQ\

A +'33

9\VS Op VWiW\ VL KOtGDMt VYU MWEFEDMH QD |
1$72 PDMIQ MBWILQRYDQé& PDQGDWRUQt Yé
REUDQX Y +'3 8Y GRPXMt VL &H MH QD RE
GiYDW WROLN DE\ WR FR QHMYtFH VQtaLOR
a vS tSDG QDSDGHQt ]JY&@3LOR SUDYG SF
~VS 4Qp REUDQ\ D VRXpDVQ DE\ W\WR Y&GD
KRVSRGi VNRVIRQYWIiIWX -H JGH Y&G\ NRPSL
PH]L WtP NROLN LQYHVWRYDW GR PLQLVWH
QDS GR ANROVWYt pL NXOWXU\ $ PtUD NRI
JiYLVOi QD SRGPtQNiFK ]D MDN&FK MH UR]!
6WHMQ WDN WR PDMt SUDYG SRGREQ L U
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RostOLQD VH PXVt XP W UR]JKRGQRXW ]GD LQYHVWRYDW GR REUDC
8H VH VQDiEFY NRPSURPLVX LQYHVWRYDW FR QHM~-pLQQ ML G
XS HGQRVWQLW US$VW GHESRD GRHEFID QIXG M HI(He YROR2) Q XWW R P & H

DNWLYRYDQi LPXQLWQt RGSRY SRWODpPXMH U$SVW VH Yt ML& RG
S LQHVO\ VWXGLH ]DEEBYDMtFt VH U$]QéPL DVSHNW\ URVWOLQQp |

2EOLJIWQtP GSND]JHP &H DNWLYDWVW LN QIOD\VILG K EBEW MWW LUK LEL |
URVWOLQ SR RAHW HQt Q NWHUéP 3%$03V W\SLFNMNA th@lidnapd DNWR RE
WEGQX GRVDKXMt |SUDPRWORVWL QHREAHWI HIQEGRVWRYV YD INR P FHQ
PAMP *yPHFyPH] 7DNRYé WHVW MVPDBIaty \WEXKCGLLL WENDMtFt Vi
EDNWHULIOQtFK YifMN$daQZD23).RVOVDGAL QMR XpDVQp SUIFL VH Y QXMHP
PiNX VHWpparer somniferum) naflaJHOLQ D XND]XMH VH &H RaAHW HQt Pi
WDNWpa LYQHKEHE INFGC WWDWOHXNBPQBROLY VH R IHQRPPpQX NRPSURPLV;
a obranou (growth fefense tradeoff QDSVDOR MLa PQRKR R S HVQpP PHFKDQL
VWRMt YtPH |IDWRPOBHODWWRLY G HV QHPDOp ~VLOt MHM REMDVQLW
AH ]D WHQWR NRPSURPLY EXGH JRGSRY GQéFK YtFH MHY$ QDUIi]
MH EH]SRFK\E\ NRPXQLNDFH PH]L IW\WWRKRUPRQ\ [Hud]i2aHPQp RYOL
VQDat ODERUDWR L VH WRPXWR IHQRPpQX WDNp QDGIiCGBA, Y QXMHP
SURWRAaH MVPH SURNiI]DOL X GYRM QAVHIREGE FXHPXOMNDI@QWRLL A R VU R WW.
inositol-4-NLQIi]DPL SL N ), aHHWILFK YéuD]Qi LQKLELFH U$VWX N\
QDGP UQRX NRQFHQWUDFt 6% UHVS IXQNpPpQt VLIQIiODEHNKRX 69
2014)S tVS BHN

.ODVLFNRX RGSRY Gt BNWpYRRDWRKQLPXQLWRXWNKY RKH Q B & tRKIRM t
RPH]JHQp JGURMH HQHUJLH D SRNXG RIEH VG G \QBRS WHD IMIHD SO R &Y
k U$ VMU, 2014) /RIJLFNi D MLVW GR ]QDpQp PtU\ SUDYGLYi RGSRY

UR]JKRGOL &H SURHWQXBIXMHRSERMHMHQE IHQRPpPQ D VLFH &H ]Yeé
6$ YHGH N X]DY HQMWSUY $BNBKSFRA E\ SRGOH QiV PRKOR VRXYL
sS HVP URYiQtP Y\X&LWt GRVWXSQéF KQ|IGiLAR MER VINOGS @ORN, WL V] UIR |
FR4& E\ WDNp S QVESEMWDOBRSNWX 8 PXWDQWS$ VH ]JYEAHQRX DNXPXOTL
X]DY HQRVW SU$GXFK$ D IDMMPALODIF IMERPH &H MH X VQIXAKH p&R V W X

YEe]QDPQ RPHIBQ@D QHXNIi]iQD
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(3) WFLS2 gm (36),

(2.9)

pidkB1B2

(1,2,3,5,6)
—

skrze aktivitu
CALS12

(56) ¥

BTy PMR4 1,2,3,5,6
il (PMRY) 4 )A%JN'TA @
kaléza rezistence \/rﬁst

=iY U PLQXO R&hUét abRIKUTnost

A=iYRG YH JEURMHQt® PH]L URVWOLQDPL D SDWRJHQ\ QLNG\ QHNR
D Y\PHIHQp ELWHYQt SRR@HYiP]|KNOMIGHEF QD QiV NODGH NOLPDWLFNI
VH VY WRYi SRSXODFH MH YtFH QHRGASCERFQABYDPH. GAEIR]XP W
QD&H SRIQDHWNG DVWKKWDQ SORGLQ SURWL SDWRJHQ$P =0HSA&!
]YeaLW YEQRV\ D XGUALWHOQRVWE]NRPE OWHW YW i DWRRYWERILN & D
PRAQRVWPL MDNéPL MH QDSS HGHWRW&LWHPQRPMFKQRORJILH QD
CRISPR-& DV VH MHYt PRaAQp DSOLNDFH Y\XatYDMtFt ]QDORVW1t ]JiNC
dosah ruky.

9H VYpP YEINXRR VH GRSRVX&E WNCHREDRO GY PD GtOptP WpPDWS$P VF
VH A]JiYRGHP Y HmEE thRtindii@ patogenem:
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SROL N\WHOLO\ WID@QIDFAOYE WRVWOLO WM VRXpiVWL UR

VA\VWpP X3

X

9 QRYDOL MVPH VH SURSRMHQt IRVIROLSLGRYpKR VLJQiIiOQtK
MVPH SURNiI]DOL VRXMYVICRMRHYSHFLILFNRX IRVIROLSI]R)
fosfatidylinositol-4-NLQi]DPL PDQGD D aDaHN ova, 202@ D FK
.DODFKRYD -DQGD .UpPNRYi . -XQNRYi

3 LAOL MVPH QD GYD QRYpQDWGISRIRIBXNHAGROSFt RRMHW HQt VL
aescinem 7UGI D ODWUXQFXOLQHP % GHSRO\PKdétu)DFH DNW
/IHRQWRY\pRYi ODWRX&NRYi

9H YéJ]NXPX DNWLQRYpKR F\WRVNHOHWX MVPH MDNR SUYQt
YOINHQ QHPXVt QXWwWat YpvVRNOQRVWL SPRBRGHQY dMWQDREDWH
/IHRQWRY\pRYi /IHRQWRYQIRIQIDpLOL M ViBsibingstidyM HQt V
(Kalachova, 2019).

BURNiI]DOL MVPH &H NUiVANRaERE ¢\ ¥aV WHSHORIW SRWODpPpXMH
UHDNFH VRXBBVEHM@BtYM YHGH NH VQtaHQt S tWRPQRVWL U
SODVPDWLFNp PHPEUIQ 7R YaH Pi ]D QiVOHGHN Y\aat QiFK\
WHSORWQtP X PévdO3800XJaxidah 2019).

9\WYR LOL MVPH NROHNFA. tRakanaD QhV QRF® Q@RX WRIQFHQWUDFt
MDNRAWR QiVWURM SUR GDOidt YGXNOPRY LJTuD GalékziFH 6%
VVRXpDVQEMBRRUDWR L DQAWHRHLYQ Y\

%DNWHULIiOQtP PLPREXQ pQéP YipbN$P MHMLEK REVDKX D Y

VRXbpiVWL AJEUD RYpKR V\VWpPX3 SDWRJHQD

3RSVDOL MVPH ELRI\[LNIiOQt YODVWQRVWL L]JRORYDQéFK Y
EDNWstU&t S LpHPa Nichpiddikdi potvrdili jak in vitro, tak v SUSE KX

infekce v U R V W0and&) 2023).

BURYHGOL MVPH SURWHRPP&NRX DQDDRYR WQOINEL QDAEAH YéV
s GRVWXSQ&PL SURWHRPLFNEPL DQDOé]Dh$ MIUGREGKN RLYDREXC
MLQEéPL EDNandd,U202PPL7\WR Y&EVOHGN\ XNi]JDO\ PRAQRVW Y\X
JtVNiYiQt &HapdadlaBu]Janda, 2023).

B3URNi]DOL MVPH LPXQRJHQQt HIMWNWU¥I pN QL VR Y PO LWDKFH S
WM QD S tWRPQRVWP pIOD JIRXAHG X EMWIiJOH SDQXMH QHMLVW
RSUDYGX R HIHNW YipN$ QHER R (Dadd& R0ZBNW MHMLFK SXULILN

V VRXpDVQRYWLQESRUDWR L Y QXMHPH YOLYX 6% QD U$SVW URVWC
S HGHY&tP QD PRAQRVW VQt&M GH \GRVEWNOS Y RMWNRQFHQWUDFH 6%
VVRXYLVORVWL V 6$ UR]&t LOL QDAL SRIREDEVWNILL RRODRYE IR X
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KRE PDPWR WpPDW$P P S LYHGO WUDGLpPpQt YEJNXP SURYIG Qé (
ELRORJLH URVWOLQ QD 3 ) -8 NWHUé VH WéNi SU$SGXFK$ IRWRYV
S UR S R MdWQexp¥rtizou v UiIPFL URVWOLQ WopRPWGORIFW\VRXSAMHMHFtFK V
spolupracujemes OVWDYHP H[SHULPHQWiOQt ERWDQLN\ $9 y5

3 L]DYIG Qt S VWHE @b &t OHDERGDWR L MVPH VKRGRX RNROQ
Y\WRNi NRQFHQWUDFH 6% LQKLEXMH WYRUEX DXQPWRRQDQEL VHOW &
popsat a poslatk puEOLNDFL S tORKD

"'tN\ REGUAHQpPPX 06&% VWLSHQGLX SRNUDpXMHPH YH Yé]
EDNWHULIOQtFK YipN$ NGH VH ]DP XMHPH S HGHYAatP QD SRGPtQ
YipN$ X EDNWHULt NRORQL]XMtFtFK URVWQdbQU D WHRHt BSQUtRFH 6\L DR
Robatzek zLMUV OQLFKRY

9é]QDPQéP URJ]Jat HQtP QDAHKR Y GHFNpKR JiMPX MH ]JDFtOHQ
PRGHORYé KXVHQtpHN 3 HGP WHP QDAHKR JiMPX MH S HGHYatP ]
(Papaver somniferum NGH EOt]FH VYRRORXPEREMOMVR t SURI 90DGLVOL
Zz)DNXOW\ JHP G OVNp D WHFKQRORJLFNp Q®é}RXP Q&AYtMWHY MBR
olejnin v 2SDY 26(9% 352 V UR &tOHP WRKRWR Yé&JNXPX MH NRPES
PROHNXOiIUQt LQWHIDDMWEHH @INNWNR G QPHAJEURMHQt® PHJL PiNHP |
SDWRJHQ\ '"ORXKRGRER QDX&]XNPHEE PVNDQRISQRWM P KR QRYéEFK
S tVWXSMHBKR RFKUDQ SURWL SDWRJHQS$P D aN$GF$P . WRPX
S tVWXS\ JHQRYp HGLWDX&LWR RA Wio&pmevh; rychlou diagnostiku
SDWRJHQ$ QDsdows@itFrkKQBatP JiMPHP R PiN S HGSRNOiIGiP &H GR E
]JDP HQt ODERUDWR H YtFH S LEOtat DSOLNRYDQpPX W\SX YEé&]N
UR]JKUDQt ]iNODGQtKR D DSOLN@RD QpaitR PO SURMNMNWHP QDAt
MH VSROXGUiFMERPtUHP $GORPWHRLFNpKR ~VWIHER Q2 yEOGA PiPH
vSOiQX KQHG MDN WR NXOWLYDpQt SRGPtQN\ GRYROt VH ]DP
PDVRaUDYéFK URVWOLQ

9 tP &H Qida Y&ANXR MDNiNROLYbMdthBstipi BWQHVH JOHS&AHQt
RFKUDQ\ SORGLQ QD QDALFK SROtFK D" X& GtN\ OHS&4t ]QDORVW
PLPREXQ pQ&FK YipN$ pL GHWDLOQtP JQDORVWHP LPXQLWQtFK
s SDWRJHQ\ D aN$SGFL
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6ORYQtpHN NOtpbRYEFK I[NUDWHN SRMP$
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(ORQJDpPQt IDNWI
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(7,

(9V
)OJ

)/ 6
)\WREDNM HU
+HPLELRWURI

+XVHQtpHN UROQt WDNp FKXGLQD UROQt |
SOHYHOQi URVWOLQD ] pHOHGL EUXNYRYLW
RUJDQLVPXV Y PROHNXOiBQ® JHQHWLFH UR\

=iVDGQQ]W ELRV\QWp]H N\VHOLQ\$M DWKCROZF
PXWDQW VH ]DEORNRYDQRGXGI$2%//(QD]2:Yi(
6<17+$6((&

2UJDQLVPXV NWHUé& &4LMH D UR]JPQRA&XMH
RUJDQLVPX -HKR YéaLYD MH ]FHCeDtNi@ DGOIF
EEW KRXE\ ]JS$VREXMtFt URVWOELQ@p FKRURLE

OROHNXOiUQt Y]RU\QNBRMH®pPP V SR U DIQ Qk
GDPDIWVRFLDWHG BROHWFXOEIBY MVRX P
SRFKiJHMIRVWOLQ\ DOH MVRX SMRIR]QDY SO
PHPEUIQ D VSRX&Wt LPXQLWQt RGSRY SRl
WDNRY&FK PROHNXO MVRX H[WUDFHOXOiUQt
VW Q\ pL PRQRPHU\ NXWLQX

GGH HLQ SDGWYHGQE& BXWEBRQWLWOR HIQAHQI
7VXGRX VH ]JDEORNRYDQé&PL JHQ\ NyGXMtFtF
UHDNFH .RQNUpPWQ SUR GUiKXVINGVBED@&WN
,&6 N\WVHOLQ\ MDE/®RI@EDR N RYNBQ éH W \ Ohp QQ
]JDEORNRYDQ® LPXQLWQtKR VKR \WRWSPBGLV !

BURWHLQ\SNWBGp WSXaW Qt LPXQLWQt RGSF
D MVRX ]JRGSRY GQp ]D S HGiQt VLJQiOX SUR
VDOLF\ORYp$1&(' ",6(%6( 668% (37,%,/,7<
3+<72%/(;,1 '(),&,71

OROHNXOD NWHURX Y\X&tYi URVWOLQQé SI
URVWOLQ\ 3RPRFt WDNRYp PROHNXO\ PRKI
LPXQLWQt RGSRY LQIEtNRYDQp URVWOLQ\

.OtpRYé& SURWHLQ SUR S HQRV VLJQiOX
(7+</(1( ,16(16,7,9¢(

(ORQJDpPQt IDNWRU\ MVR X USERKKH WQ\D QNGHI
tGt HORQJDFL SHSWLGRYpKR HW ]FH

(W\OpQ 30\QQé I\WRKRUPRQ P REFDYOEFHEP
URVWOLQ S BD)VDBIDHIHQt

(IHNWRU\ VSXaW Qil IHFEXMRUWIWULIIJHUHRBQ WA
LPXQLWQt UHDNFH MH VSX3dW Q UR]JSR]QiQt
UHFHSWRUWRVROX URVWOLQQp EX N\

OLPREXQ pQp WIWNDFHOOXODU YHVLFOHV

45/6765,16%."'$$*/4,$ BWUXNWXUQt SURWHL(
VRXpiVWt EDNWHULIOQtKR ELptNX 5R]H]QiY
KUDMH UROL ~pLQQpKR HOLBL®RUX LPXQLW

5HFHSWRU UR]SR]Q)MDMIFL 6QL6,7,9(
%DNWHULH NRORQL]XMtFt URVWOLQ\

2EY\NOH KRXERYé& SDWRJHQ NWHUE& ]DptQi
QiVOHGQ VH S HSQH GR &LYRWQtKR VW\OX
li]JH SDWRJHQ SRANRGt KRVWLWHOVNRX UR\
GR QHNURWURILENp Ii]JH QLpt EX@N\ L SOHWL
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355V

+\SHUVHQ]JLWLYQIK\BESRWQVLWLYH SEHURRY
URVWOUBDNKFL QD QDSDGHQt SDWRJHQHP
EXQ pQRX VPUW X EXQ N YRMRON XMtSE DRKH QK -

62&+25,60E7 6<17E6B&+25,608$7( 6<18F$HQ]\I
NOtpRYé SUR ELRV\QWp]X N\WHDNGL YOO L
SDWRJHQHP

AVHOLQD MDWPRPRJLF 'BOHALWE \WREKRD®@:
UHDNFtFK URVWOLQ S L QM SDG®H QNS BWREHG
SURWL QHNURWURI$P D KHUELYRUS$P

.LQi]\ DNWLYRYDQp PLWRDH@QHRDWHG SUR
7\SLFENi VRXpiVW VLIQDOL]DpQtFK NDVNiIiG M

JHQRPHQRORJLFHNi \GAHKROQRVW YAHFK JHQ
GUXKX SRVN\WQRXW RGROQRVW Y$pL Y&H
S LpHP& RGROQRVW pDVWR J]QDPHQi QHVFKF
DVH[XiOQt QHER VH[XiOQt &LYRWQt F\NOXYV @
3RNXG YiV WPAHVIDRROHNXOiUQt DVSHNW\ W
GRSRUXPXML S HKOHGRY& pOiQHN 3D @Y RQK|
UHVLVWDQFH

3DUD]LWLFNé& RUJDQLVPXV MDNR MH KRXE
EX N\ D W OR KRVWLW HOWHR \QDSLQNO B G RIDRIA
PDWHULIOHP 3 tNODGHP QHN URRWVWIRM LM+H®

5HFHSWEBRPN¥QRX Yi]DMtFt QXNOHRWLG\ D GFR
QXFOHEWQGHQJ ROLJRPH U D]DNWL R @ FGIFSRRR L(,
OLNHHFHSWRURX WR UHFHSWRU\ BMMORVRBI
URJSR]QiYDMtFt 8 LMNHUPWX9H MH pDVWR SR
WHUPtQ 5 SURWHLQ

3URWHLQ\ NOtpRYp YH ]JSURVW HGNRYiQt V
VDOLF\DORIYp35(6625 2) 3% 1(6

Y(1</$/$1,1 $021,$/<E=% 3+(1</$/$1,1 $0021
1<$6( (& .OtpRYé& HQJ\P SUR ELRV\QW
X GUiIK\ NWHUi MH QHJ]iYLVOi QD ,&6 8 EUXI
Yé]QDPQi S L QDSDGHQt SDWRJH®\HGD WP FR
MHMt UROH Yé]QDPQ Mat

OROHNXOiUQt YIRGDWRRE BW K RIW\ORFLDWHG
SDWWHQ Q\NG\ WDNp XYiG Q\ MDNR 0$03V PRC(
VPLNURE\ 3$03V MVRX PROHNXO\ ] SDWRJH
UHFHSWRU\ 355V QD SODVPDWLFNp PHPE!
NWHUEGFK VH SDWRJHQ QHP$8H MHGQRGX4a
HVHQFLiOQt 3 tNODGHP 3$03V MVRX 10J

%LRORJLFNé IDNWRU MDNR MUBXQDRRROTHG
KRXED NWHUé P$aH QDUXAELW AaLYRW KR@AWL

6XEV\VWpP HNRV\VWpPX |DKUQXMtFt SDUD]L
9S tSDG  &4H VH MHGQi R URVWOLQQé& SDV
RUJDQLVPHBDURVWOL

5HFHSWRU\ UR]SR]Q iS/MW\WH UWJRIHFRJIQL]DON
WDNp UHFHSWRU\ UR]JSR]QiYDMtFt 3%0i3YX GH
]ODpt &H W\WR UHFHSWRU\ UR]SR]QiYDMt
0$03V pL '$03V 9 WALQRX WH QDWRi HVFtHSDV E
PHPEUIQ
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UR]JSR]QiQt I0OJ SRPRFt UHFHSWRUX )/6

6FKRSQRVW URVWOLQ\ RPHILW USVW ® IYRX
QHQt UH]LAY WHHR}F-R G HERH P8 H S HGVWDYR
RGSRY Gt URVWOLQ\ 1DS tNODG ~pLQQi UH
UR]JYRM QHPRFL QHGRSURYi]JHMt 4iGQp QiS
URVWOLQ VH VODERX UH]LV VOHDQWF t PR FSKORMR J
S tSDG REY\NOH GRFKiJt N UR]YRML>V@P SWR

BWUXNWXUD R Qt& VH S HGSRNOiGi &H UR\
FKRUREiIP 7HQWR WHUPtQ VRVYOY L MOBREMAOC
PHFKDQLVPX MDMNE® §$SURMWDJIXMH QD UR]!
NG\ =$5 Y\WYR t ROLJRPHU XVSR iGDQé& GR
SODVPDWLFNRX PHPEUiIQX

SHDNWLYQt IRUPNINFWAMHK R[\JHQ\SEFR&PV 5
+2 pL

AVHOLQD VDOADRMNORFi DFLMGHOL®DGUR[\EHQ
))\WRKRUPRQ PDMtFt YéREUDIRXUBRWOLYQ SI
S HGHY&atP ELRWURIS$P

6\WWpPRY JtVNDQi WNJMWHPHE HTXLUHG ®ild\
NG\ MH LQIRUPDFHMHGRRPGH@WS HaMWDQ D
QHQDSDGHQpPKR OLV\WNXWRLIWPRFER BGERNK FtP X
RGSRY WLFKWR QHQDSDGHQ&FK piVWHFK UR
biVW URVWOLQ\ QiVOHGQ QDSDGHQD SDWR.
UH]JLVWHQW QR X98 RRIEPQUDMH 6$

7 VQé D pDVWR GORXKRGRE& Y]WDK PH]L RU.
U$]Qp W\S\ VIPELRWLFN&FK Y]JWDK$ YPpHWQ
SUR RED SDUWQHU\ NRPHQVDOLVPX NG\ M
QHQtDWMP S tOL4 RYOLYQ Q D SDUD]JLWLVF
S LALYXMH QD ~NR® GUXKpKR

%DNWHULIOQt VHNUHWOS  \ VVWHRPU WWSL RIQG\Q V
VWUXNWXUX GtN\ Qtd& EDNWHULH GRSUDYX
BWUXNWWEKSPPtQi MHKOX NWHUiIi SURMGH St
XPR&Qt WDN GRSUDYRYDW GR F\WRVROX HIt

SRMHP Y\MDG XMtFt VFKRSQRVW SDWRJHQX
> @

3RMHP XA&tYDQé Y VRXYLVORVWL V KRIJQV
RUJDQLVPX RPH]LW U$VW D YEYRM ~WRDpQtI
H[LVWXMH RGSRYtGDMtFt VWXSH YQtPDYF
Y\ND]XMH Qt]JNRX ~URYH UH]JLVWHQFH Y$pL
PX WDN DE\ NRORQL]RYDO pMB M YS®IH SULLYYRD
PRAQp R]QDpLW ]D Y\VRRMH YQtPDYRX
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Temporary heat stress suppresses PAMP-triggered immunity and
resistance to bacteria in Arabidopsis thaliana

MARTIN JANBALUCIE LAMPARO®YAAL BUA ZUBIKOYALENKA BURKETHVA
JAN MARTINEEND ZUZANA KeOVA*

LUniversity of Chemistry and Technology Prague Technicka 5, Prague 6 — Dejvice, 166 28Zzech Republic
2The Czech Academy of Sciences, Institute oExperimental Botany,Rozvojova 263, Prague 6 -tysolaje, 165 00,Czech Republic

SUMMARY plant resistance to pathogens are of the highest interest. Indeed,

Recognition of pathogen-associated molecular patterns (PAM'I%? not exceptional now that even in the relatively mild climate

is crucial for plant defence against pathogen attack. The-best ciiFas tempergture rises up 4G th'f‘t the night and day
acterized PAMP is flg22, a 22 amino acid conserved peptide fiGipperature difference gxceeds a variance of abm_ﬂ:kﬁls ]
flagellin protein. Wrabidopsis thaliarfey22 is recognized by the unstable temperature influences plant-pathogen interactions
flagellin sensing 2 (FLS2) receptor. In this study, we focused%ﬁongSt_ other stresses (Hua, 2013; Velm@szow). o
biotic stress responses triggered by flg22 after exposure-to tempoA typical response to pathogen attack is the activation of

rary heat stress (HS). It is important to study the reactions of pla’ﬁlém immunity. It consists of two layers: PTI (PAMP-triggered im

to multiple stress conditions because plants are often exposed@?nity) and ETI (effector-triggered immunity) (Jones and Dangl,

multaneously to a combination of both abiotic and biotic stressggoe)' PTl involves the recognition of conserved pathogen-as

Transient early production of reactive oxygen species (ROS) §Qcaated molecular patterns (PAMPs) acting as elicitors. Typical

well-characterized response to PAMP recognition. We demgﬁMPS includel fIageIIir.L' peptidoglycan, Tu elongation factpr,
strate the strong reduction of flg22-induced ROS produttion inllpopolysaccharldes, chitin and glucans. PAMPs are recognized

thalianaafter HS treatment. In addition, a decre&deSifran at the plasma membrane (PM) by specific pattern recognition

scription and a decrease of the FLS2 presence at the plasma njggppLors (PRRS) (Boller and.FeIix, 29091 ﬁn‘plﬁOlS). The

brane are shown after HS. In summary, our data show the str&?gﬁ characterized plant PR_R IS flz_agellln §en5|ng 2 (FLS2) that rec
inhibitory effect of HS on flg22-triggered evertsthaliana ognlzgs a conserved 22 amino acid _pept|de (flg22) from bacterial
Subsequently, temporary HS strongly decreases the resistané&ag?"'r_‘ _(Gomez-GomﬂzaI, 1999_; Ziptedt al, _2004)' Flg22 )

A. thalianao Pseudomonas syringke propose that short ex recognltlc_)n_ Ieao!s to.the production of reactive oxyggn species
posure to high temperature is a crucial abiotic stress factor ﬂ{g&OS), nitric o>_<|de_, lon fluxes,. cytoskeletal rgmodelllng, stoma
suppresses PAMP-triggered immunity, which subsequently |egadsclosure, activation of protein phosphory_latmp cascac_jes and_
to the higher susceptibility of plants to pathogens. |ngreased levels of phytoh_ormones (salicylic acid [SA], jasmonic
acid [JA] and ethylene) (Bigerd/, 2015). Subsequently, the
transcription of defence genes is induced, followed by the ex
pression of antimicrobial compounds and the strengthening of
the cell wall by the accumulation of callose (Boller and Felix,
2009; Muthamilarasan and Prasad, 2013). Pathogenic organisms
have developed special molecules, called effectors, to overcome
PTI. Effectors are recognized by the receptor proteins {mostly in

Plants are exposed to different environmental stresses that oﬂté%cellular) commonly called R-proteins. This recognition leads to

occur simultaneously. Due to their sessile disposition, plarﬁgl responsgs that are 5|m||§r_to PTI, put are often stronger and
had to develop strategies to adapt to multi-stress conditiongpuId result in the hypersensitive reaction (HR) (Chistiolm

Nowadays, as the case of global warming becomes a very %906; Coler al, 2011; Cuet al, 2015; Het al, 2006). In this

portant issue, the studies of how high temperatures impact &I]udy, V‘fe foc.used .on the effect of tgmporary heat stress (HS)
on Arabidopsis thaliafal'| and the resistancé’seudomonas
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Several studies focused on the relationship between HS ahdt temporary HS has a robust inhibitory effect on PTI-induced
plant immunity. However, until now most studies used ‘londROS production.
term’ exposure to HS in their experiments, sucthagsod Flg22-triggered ROS production starts with the recognition
constitutive growth under mildly elevated temperature {approgf flg22 by its plasma membrane-localized receptor FLS2. In its
imately 28C) (Chengt al, 2013; Wangt al, 2009; Zhet non-activated state, FLS2 constitutively cycles between the PM
al, 2010). Based on a gene transcription and mitogen-activatadd early endosome compartments etk2012; Robatzek
protein kinase (MAPK) activation analysis, it was shown that RéFlal, 2006; Zipfedt al, 2004). Thus, the HS-induced decrease of
is activated within a temperature interval 6€232°C with flg22-triggered ROS production might be caused by the decrease
the peak at 28C (Chengt al, 2013). We were then interested of FLS2 transcription or by altered FLS2 cycling. We observed that
in situations, while plants suffered more severe HS than a milthg transcription levelf/f S8ecreased after 80n and 45nin
elevated temperature. In this study, we show that short exposwae42°C and after 12@in at 37C (Fig. 2A, Methods S1, Table
to high temperature suppressed typical PTI responses. The RB)S Transcriptional levels increased back to the original level
production, one of the best characterized responses o pathafter 2h at 22°C after HS (Fig. 2B). These results demonstrate
gen attack, increased after exposure to flg22 (Smith and Heetbe transient effect of temporary exposure to high temperature
2014), as well as after HS (Vadkay, 2006; Wangt al, 2014). on FLSZranscription. To study the effect of HS on FLS2 protein
We observed that the exposure of 4-week-dhthliandeaf level, we used plants harboupidg S2:.FLS2-GFRBtEket
discs to 42C for 45nin almost blocks the transient flg22-in al, 2012). A Western blot analysis of the PM fractions isolated
duced ROS production, which normally occurs within-approfiom control and heat stressed plant3d42 1h) show a de
mately 12nin (Methods S1, Fig. 1A). The exposure of the leafeased level of FLS2 at the PM after HS (Fig. 2C). We used plants
discs to HS alone increased ROS production as latevas in 40harbouringy35S::FLOT2:G&ifdther PM protein (Déret al,
after exposure to 42 (Fig. 1A inset). It confirms a distinct ori 2016; Junkowet al, 2018) to figure out whether the decrease of
gin of ROS in the response of plant immunity and in reactiongmtein association with PM is a general effect of HS. In plants
HS. The HS-induced inhibition of flg22-induced ROS productaposed to HSH{lat 42°C) FLOT2-GFP level was not decreased
is time-dependent; @fn at 42C was not enough to suppress in comparison to control conditions (Fig. S3). The specific de
ROS production, but when the leaf discs were exposed to HScfease of FLS2 at PM after HS implies a mechanism by which
30min, the maximum ROS value was reduced to 13% and evd8 suppresses flagellin-activated responses. We suggest that the
nearly blocked after #bn exposure (Fig. 1B). The reduction ofHS inhibited theL SZanscription and decreased the amount of
the flg22-induced ROS production after HS might be the cons&S2 at the PM, which results in the inhibition of flg22-induced
guence of damage to plants by applied HS. Therefore, we tesR@S production. This decreaBe®franscription after HS was
whether the reduction is reversible. Leaf discs were returngdnsient, as well as the flg22-induced ROS production (Figs 1
after exposure to HS (i at 42C) to the control conditions and 2).
(22°C) for either & or 2h, and flg22-induced ROS production  Furthermore, we wondered whether other PTI-induced genes
was then monitored. In this case, ROS production did not fullere inhibited by the temporary HS. We analysed the transcrip
recover (Fig. 1C). However, it was clear, and the recovery readi@uof two genesRKand/CS)Yactivated after the recognition
over 30% of the control. This suggests that HS did not causkflg22 (Swaiat al, 2015; Tsudet al, 2008; Wildermu#t al,
any pathological or devastating changes to the plants und2001; Yetet al, 2015). It was reported t&RK1ranscription
our experimental conditions. In addition, we found the sams activated early upon the recognition of the PAMPs (including
trend for lower temperatures, but a longer exposure time wdlg22), and it its transcription is enhanced by temperatures be
needed. Flg22-induced ROS production was severely decredseeén 25C-32°C during the response to flg22 (Cle¢ra,
when the leaf discs were maintained &€ 3@r 120nin. After 2013). However, the authors udedhaliangprotoplasts ex
360min at 32C or 28C, the ROS production decreased to 14%posed to 32C for just 1&in, 3h before flg22 treatment. In our
or 65%, respectively (Figs 1D and S1). To address the specif@ifyeriments;RK1ranscription was transiently but inhibited by
of the studied phenomenon, we tested another well-known PTihe exposure to 42 for 45nin (Fig. 2D,E). This inconsistency
triggering elicitor, a peptide from the N-terminus of EF-Tu (elf1B)dicates a very important role of timing and/or difference be
EIf18-triggered responses are similar to the flg22-triggered ortegeen basal and elicited responses of immune components upon
(Henty-Ridillat al, 2014; Kunzet al, 2004). In this study, HS HS./CS1s one of the crucial components of the SA biosynthetic
induced the inhibition of elf18-induced ROS production similaggthway (Wildermuét al, 2001)/CStranscription induced by
to that of flg22. The elf18-induced ROS production was redudiégl? (orPstDC3000) is strongly inhibited aC3fbllowed by
to 4% after 45nin at 42C, and after B, the recovery reached a decrease of SA concentration @it 2017). In our condi
36% of the control and to 8% after h2® at 37C, and after tions, the transcription kSIdecreased at a later time during
2 h, the recovery reached 33% of the control (Fig. S2). We shthe recovery phase after HS@at 45nin) (Fig. 2E). This is
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Fig. 1 Oxidative burst triggered by the combination of HS and 100 nM flg22. The ROS production was measured by luminol-dependent chemilumines
counting in leaf discs from 4-weekraltdopsis thaliahd. The ROS production kinetics monitored over 45 min after 100 nM flg22 (white triangle), after

HS (42 °C at 45 min; white circle), after HS with a follow-up treatment with flg22 (black triangle) and in control conditions (black circle). B) ROS produc
(represented by the peak luminescence) was measured after the addition of 100 nM flg22. The discs were pre-treated with HS (15 min, 30 min and 45
42 °C) or kept in control conditions (0 h). C) Recovery of the ROS production (represented by the peak luminescence) was measured after the additior
flg22. The discs were pre-treated with HS (45 min at 42 °C) or kept in control conditions. ROS production was measured immediately after HS (0 h), or
were returned to the control conditions for 1 h or 2 h and then measured. D) ROS production (represented by the peak luminescence) was measured ¢
addition of 100 nM flg22. The discs were pre-treated with HS (120 min at 37 °C, 360 min at 32 °C and 360 min at 28 °C) or kept in control conditions (0
The data represent the meansn=3Hgaf discs in one biological experiment. The experiment was repeated three times independently with similar result:
Asterisks indicate that the mean value is significantly different from the control conditions without HS (testailedBSttidentt001). HS, heat

stress; ROS, reactive oxygen species; SE, standard error.
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Fig. 2 Analysis ¢iL SFRKand/CSiranscription and the level of FLS2 at the PM after HS. Discs of\debideksifdthalideaves were subjected to

HS and transcript levels ofti&2A, B)FRKand/ICSID, E) were measured by quantitative real-time PCR. (A, D) Leaf discs were stressed for 15 min, 30 mi
and 45 min at 42 °C; 120 min at 37 °C and 360 min at 32 °C. (B, E) Leaf discs were stressed for 45 min at 42 °C and were returned to the control condi
for 2 h, 4 h, 6 h and 8TiP4ivas used as a reference gene. The data represent the meahdisc3&p samples from one biological experiment. The
experiment was repeated three times independently with similar results. Asterisks indicate that the mean value is significantly different from the contro
(two-tailed Studenttest,n= 3, *P< 0.01, ***P< 0.001). (C) Western blot analysis of the PM was performed. The PM was purified from a 4-week-old leaf
of A. thalianglants harbouring pFLS2::FLS2-GFP-HA. These plants were treated with either HS (42 °C at 1 h) or kept in control conditions. The GFP ta
detected using anti-GFP antibody. Loading controls of proteins on membrane were visualized using Novex reversible membrane protein stain. HS, he:
flagellin-sensitive2; FRK1, FLG22-induced receptor-like kinasel; GFP, green fluorescent protein; ICS1, isochromate synthase 1; M, marker; PCR, polyr
reaction; PM, plasma membrane; SE, standard error.

consistent with the slower transcriptional reaction of this gene and BIK1 PTI overlaps with ETI signalling with the activation
comparison tBRK{Denouwxt al, 2008; Hunteat al, 2013). To of such genes as those involved iviPKcascadeMKK4

study whether the PTl-activated gene transcription responseM&KK1MKK1and MPKY and WRK Ytranscription factors
generally suppressed after HS, we perfarsiédogene tran (Pandey and Somssich, 2009). EDS1, PAD4 and SAG101 proteins
scription analysis using Genevestigator éHaliz2008). We that mediate the SA-signalling reséEpathogenesis related)
selected 20 genes connected with plant immunity in general aaddNPRnonexpressor of pathogenesis-related genes 1) induced
with PTI in particular (Table S1) (Muthamilarasan and Prasam@nscription (Makander al, 2015). Using Genevestigator, we
2013). Genes specifically connected to PTI iAckBAKI show that those genes have higher transcription after differential
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treatment with flg22 (Fig. S4). However, the transcription of these In this study, we used a higher temperature for the temporary
genes was largely inhibited in the experiments where the plargsposure of plantst{lat 42°C and % at 37°C) before bacte
were exposed to high temperature (Fig. S4). Figure S4 also shoalstreatment. After HS, the plants were kept in contrel condi
an example of genes activated byH$EA7AHSA32HSP18 tions (22C at 1&), subsequently infiltrated wRktDC3000
and HSP70 Our analysis is consistent with that of éfuaft and maintained at 2€. As a result, in our experimental design
(2017) who showed that after benzothiadiazole (a functional astDC3000 propagation was not affected by the high tempera
alogue of SA) treatment, a high proportion of the induced genese and all the observed effectBsC3000 growtin planta
was suppressed atqD, includin@R1, PR2, ICS1, SARD1, EDSITame from the changes in host metabolism. To overcome the im
PAD4, WRKY&8d WRKY&MOverall, the transcription of the munity connected with stomata closure, which could be affected
flg22-activated genes is inhibited by temporary HS. by higher temperature, we infiltraRsdDC3000 directly into
In addition to ROS production and the transcription of dehe apoplast. Indeed, we demonstratedAh#talianglants
fence-related genes, the PTI response is characterized by cakbog®sed to 42 or 37C were more susceptiblészDC3000
deposition. Zhangt al (2007) showed that respiratory burst comparing to the control (Fig. 3A). The bacterial growth in plants
oxidase homolog D (RbohD) regulates cell wall defence exeah42 °C and 37 °C was fourfold higher than at 22 °C.
plified by callose deposition. Callose deposition is influenced byTo determine if the effect of a long recovery from HS on re
the SA-signalling pathway (Hefatl/, 2017; Yet al, 2014). We sistance exists at the level of ROS production, we treated whole
performed our experiments on leaf discs from 4-week-old plamisints with HS {lLat 42°C; 2h at 37°C), cut the leaf discs and
as used for the ROS measurement. We induced callese forteé them at 22C for 1&. In this case, the ROS production was
tion by flg22 treatment in the leaf discs. We observed that ttidecreased to 50% at the plants treated witG 42d to 68%
callose formation decreased to 60% when the leaf discs weaethe plants treated with 32 (Fig. 3B). It means that-tem
exposed to HS (42 for 1h) and treated with flg22 at 22 porary HS led to the significant inhibition of flg22-induced ROS
for 24h compared to the control conditions &8C2(Fig. S5). production.
Consistently with the results from tdtial (2017), callose-ac To address whether full recovery after HS is possible, we re
cumulation was almost blocked when the treatment with flg2irned plants after exposure to H5at237°C or 1h at 42C)
was performed under the heat conditiorfC{3Fig. S5), butin  to the control conditions (Z2) for 24, cut the leaf discs and
this case, the leaf discs were constantly subjected to high telaft them at 22C for 1&. Indeed, we were able to detect the
perature (24). full recovery for the 3C treated plants and 70% recovery for
To summarize, our results show that temporary HS caustheé plants exposed to 42 (Fig. S6). We wondered whether the
the inhibition of the early flg22-triggered responses of plant ingeneral physiological parameters were affected in our HS con
munity (ROS production &hd2ranscription), as well as later ditions. To study this, we measured ion leakagk afted HS
responses (transcriptional activation of genes of plant immuniiging a COND70 conductivity meter (XS Instruments) (Prerostova
pathways and callose deposition). et al, 2018) and detected no difference between control and HS-
As a final point, we wanted to determine if temporary H&eated plants (Table S2). In additiday6 after the HS expo
could also affect the resistancd.afhalianao PstDC3000. sure (h at 42°C) plants still looked like control plants (Fig. S7).
The inhibitory effect of longer exposuré @4 more) to This indicates that used mild HS conditions did not cause severe
mildly elevated temperature on plant immunity, especially atamage on plants.
the SA-signalling pathway, had been shown. Mutants with el It is possible, that the inhibition of PTI is one of the reasons
evated SA production, suctbas] cpriandsnclare very why plants are vulnerable to pathogen attack eveafts8
good examples. The dwarf phenotype of these mutants and B& exposure to high temperature. lutat/ (2017) showed
production was suppressed during constant growtliGt 28 decreased resistancedofthalianafter PstDC3000 infection,
(Bowlinget al, 1994; Felivet al, 1999; Hammoudi al, but only when the plants were maintained &€ 3Blowever,
2018; Ichimurat al, 2006; Janda and Ruelland, 2015; Yangwhen plants were exposed to 30 °C for 2 days before infiltration
and Hua, 2004; Zhaatal, 2003). The exposure to mildly el and subsequently subjected t6&3here was no detectable
evated temperature (28-30°C) also inhibit4. thalianae- difference in the infection development comparing to the control
sistance t@stDC3000 (Huet al, 2017; Mennat al, 2015; plants. It might seem that just temporary mild HS is not sufficient
Wanget al, 2009; Xiret al, 2018). It must be noted that in to affect resistance. Alternatively, here we show that temporary
those studies, the plants were exposed to elevated tempemffect of higher temperatures°@7and 42C) decreased the
ture also after the treatment wRktDC3000. Therefore, it resistance . thaliando PstDC3000 without the influence of
is difficult to conclude that the higher susceptibility is causedmperature on the pathogen.
solely by HS because the bacteria were also affected by ele In conclusion, here we provide the evidence that the modu
vated temperature. lation of plant metabolism by HS leads to higher susceptibility
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A to the bacterial pathogen (Fig. 3). We present a broad study of
flg22-triggered ROS production upon short exposure to high
temperatures, which demonstrated a strong inhibitory effect of
temporary HS on ROS production. In parallel, the transcription
of the genes activated by flg22 was inhibited after HS-We sug
i gest that these processes play an important role in the decreased
amount of FLS2 at the PM after HS. From those results, it could
6 1 be stated that HS significantly influences the PTI and resistance
to PstDC3000 iA. thaliana

42°C 37°C

log,, CFU/disc
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SUPPORTING INFORMATION Fig. S4in siliccanalysis of the transcription of genes involved in

Additional supporting information may be found in the onlingIant immunity gnd HS.' Trapscription pattern of plant imrmunity re

version of this article at the publisher’s web site: sponse gengs A thallanaDiagrams show that selected ge.nes
responded differently to treatment by flg22 and HS. Experimental

Fig. S1Oxidative burst triggered by the combination of H&jata were performed using Genevestigator (http://www.genevesti

and 100WM flg22. The ROS production was measured by ligator.com). For list of genes see Table S1. HS, heat stress.

minol-dependent chemiluminescence counting in leaf disggy. S5Callose deposition triggered by the combination of HS and

from 4-week-oldA. thaliana ROS production (represented flg22. Callose was stained with aniline blue and observed using

by the peak luminescence) was measured after the additiQorescent microscopy. The graph displays the amount of callose

of 100nM flg22. The discs were pre-treated with H8I90  spots per diisc from 4-week oftl thalianalants treated with

and 120min at 37C, 60; 12@nin and 36in at 32C; and  flg22 (10®M, grey box) or without flg22 (black box) and with HS,

60min, 12min and 36@nin at 28C) or kept in control condi  A) 1h at 42°C and B) B at 37°C; 24h at 37°C. Treatment with

tions (Ch). The data represent the meaBEp= 8 leaf discs  f|g22 took 24, and HS was applied eitheb&fore the addition

in one biological experiment. The experiment was repeatgfl fig22 (in the case ohlat 42°C or 2h at 37°C treatment)

two times independently with similar results. Asterisks indpr simultaneously with the flg22 treatment (in the casé of 24

cate that the mean value is significantly different fromthe cont 37°C). The data represent the me®B3;n= 30 leaf discs.

trol conditions without HS (two-tailed Studetest,n= 8, One biological experiment was comprised of ten leaf discs. Values
*P<0.05, **P<0.001). HS, heat stress; ROS, reactive oXyyith different letters differed significant§<a0.05 based on a
gen species; SE, standard error. one-way analysis of variance (ANOVA) with a post-hoc Tukey HSD

Fig. S20xidative burst triggered by the combination of HS anghgt. HS, heat stress, SD, standard deviation.

100nM elf18. The ROS production was measured using lumtig. S6 Oxidative burst triggered by flg22 after temporary HS.
nol-dependent chemiluminescence counting in leaf discs frgtgur-week-old. thalianalants were exposed to°@2for 1h
4-week-oldA. thalianaROS production (represented by theand 37°C for h. After HS the plants were put back to the con
peak luminescence) was measured after the additiomMdf 100 tro| conditions for 24 After that the leaf discs were cut and
elf18. The discs were pre-treated with H8ir(4&t 42C or returned to 22C for 1&. ROS production (represented by the
120min at 37C) or kept in control conditions. The productionpeak luminescence) was measured after the additiomidf 100

of ROS was measurement immediately aftemH& ¢be discs  fig22. The data represent mea8&;n= 12 discs. The -ex
were returned to the control conditions fioorl2h. The data  periment was repeated three times independently with similar
represent the means + BE8 leaf discs in one biological ex results. The asterisks represent statistically significant changes
periment. The experiment was repeated twice independenfétween the heat and control conditioRs: (.5; two-tailed

with similar results. Asterisks indicate that the mean value Qudent'stest). HS, heat stress; ROS, reactive oxygen species,
significantly different from the control conditions without HSEg standard error.

(two-tailed Studentistest, n=8, **P<0.01, **P< 0.001). Fig. S7The phenotype Af thalianafter heat stress (HS). Four-
HS, heat stress; ROS, reactive oxygen species, SE, standard §eek-oldA. thalianalants were kept at 42 for 1h and put

Fig. S3 The level of FLOT2 at the PM after HS. Western blot apgtk to the control conditionsia§s after HS the pictures were
ysis of the PM was performed. The PM was purified from lgaken.

of 4-week-oldA. thalianaplants harbouring p35S::Flot2:GFP. Taple S1The phenotype #f thalianafter heat stress (HS).
Amount of protein was 2J per lane. These plants were Four-week-old. thalianalants were kept at 42 for 1h and
treated with either HS (42 for 1h) or kept in control condi  put back to the control conditiondags after HS the pictures
tions. Immunoblotting analysis of FLOT2 with GFP tag was ggre taken.

tected using anti-GFP antibody. Loading controls of proteins paple S2lon leakage 24 after heat stress (HS) measured with
membrane were visualized using Novex reversible membrapgonductivity metre.

protein stain. HS, heat stress; FLOT2, flotillin 2; GFP, green figgp|e S3Sequence of specific primers.

rescent protein; PM, plasma membrane. Methods S1Experimental procedures.
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Being natural plant antimicrobials, saponins have potential for use as biopesticides.
Nevertheless, their activity in plant—-pathogen interaction is poorly understood. We
performed a comparative study of saponins' antifungal activities on important crop
pathogens based on their effective dose (E§;) values. Among those saponins tested,
aescin showed itself to be the strongest antifungal agent. The antifungal effect of aescin
could be reversed by ergosterol, thus suggesting that aescin interferes with fungal
sterols. We tested the effect of aescin on plant—pathogen interaction in two different
pathosystems: Brassica napusversus (fungus) eptosphaeria maculansand Arabidopsis
thaliana versus (bacterium)Pseudomonas syringaepv tomato DC3000 (Pst DC3000).
We analyzed resistance assays, defense gene transcription, phytohormonal production,
and reactive oxygen species production. Aescin activated. napus defense through
induction of the salicylic acid pathway and oxidative burst. This defense response led
nally to highly ef cient plant protection againstL. maculans that was comparable to
the effect of fungicides. Aescin also inhibited colonization d&. thalianaby Pst DC3000,
the effect being based on active elicitation of salicylic acid (SA)-dependent immune
mechanisms and without any direct antibacterial effect detected. Therefore, this study
brings the rst report on the ability of saponins to trigger plant immune responses. Taken
together, aescin in addition to its antifungal properties activates plant immunity in two
different plant species and provides SA-dependent resistance against both fungal and
bacterial pathogens.

Keywords: Brassica napus , Leptosphaeriamaculans , salicylic acid, fungicide, Pseudomonas syringae , Arabidopsis

thaliana , ECs,

INTRODUCTION

Crop production is hampered by numerous plant diseases caused by diverse pathogenic
microorganisms, such as fungi, bacteria or pests, a ecting yield, harvest quality and safety. Although
pesticides are currently employed to control crop pathogens and pests, growing problems of fungal
resistance to fungicides appear to pose a serious future threat to agricukbes et al., 20).8
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Trda et al. Aescin's Dual-Mode Plant Protection

Moreover, alternatives to fungicides are needed that are lgsathogenLeptosphaeria maculansn infectious agent of phoma
harmful to health and the environment. ese might include stem canker in oilseed rape. Plants face microbial infections
more intensive employment of biological control, greater croghrough an e cient immune system. Plant immunity is very
diversity ¢hu et al., 2000 or developing safer compounds with complex, consisting of pathogen recognition by plant immune
new modes of actionB(rketova et al., 20).5Higher plants receptors, signaling events, such as reactive oxygen species (ROS)
could constitute a great source of such compounds. Most planpsoduction or MAP kinase activation, which ultimately triggers
produce a wide variety of antimicrobial secondary metabolitesuch defense mechanisms as changes in gene transcription resulting
including alkaloids, avonoids, terpenes, organic acids, essenti@l expression of antimicrobial proteins, phytohormone production,
oils, and saponins that are involved in plant defense responsascallose accumulatiorDpdds and Rathjen, 201Cook et al.,
essential for plant protection against microbial or pest attack015 Trda et al., 20)5 Signaling pathways of phytohormones,
(Osbourn, 199gField et al., 20Q@&la Cruz Cabral et al., 2G13 such as salicylic acid (SA), jasmonic acid (JA) or ethylene (ET)
MatuSinsky et al., 2015 cross-communicate allowing the plant to nely regulate its immune
Saponins occur in a wide range of plant speé€lgsg et al., responses (lazebrook, 20G5Pieterse et al., 2009Immune
1987 Moses et al., 20).4ey comprise a structurally diverse responses have been previously studieBl. inapus(Sasek et al.,
family of triterpenoids, steroids or steroidal glycoalkaloid2012aSasek et al., 20%2koyd et al., 201Movakova et al., 20)L.4
(Podolak et al.,, 2010Voses et al., 20)L4Saponins exhibit Plant treatment with diverse agents, including microbe-
amphiphilic properties that are due to the linkage of a lipophiliderived compounds, phytohormones and synthetic chemicals,
triterpene derivative (sapogenin) to one or more hydrophiliccan induce resistance to subsequent pathogen invasion both
glycoside moieties. Historically, plant extracts fr@aponaria locally and systemically\@lters et al., 201 Burketova et al.,
o cinalis have been used for their soap propertiéss{ettmann  2015. Such resistance, called systemic acquired resistance
and Marston, 1995 Saponins have a broad spectrum of activitie§SAR), is among others mediated and dependent on SA. SAR
in living organisms. ey are generally antimicrobial against was inhibited imprl oricslmutant plants{achroo and Robin,
bacteria and fungi invading plantSiuiz, 1996Zablotowicz et  2013. SAR-inducing chemicals are employed in pest control.
al., 199¢Papadopoulou et al., 19%xzrile et al., 200Hoagland,  Benzothiadiazole (BTH) is a functional analog of salicylic
2009 Moses et al., 20),4but they were also e ectively applied acid (SA) and a synthetic inducer of resistance to pathogens
against microbes associated with animédsi() et al., 2006aleem  (Friedrich et al., 1996Valters et al., 20)3BTH activates the
et al., 2010 Furthermore, saponins exert insecticidéle(sen et  B. napusimmune system and provides protection against
al., 2010Singh and Kaur, 20)8antiviral ¢hao et al., 2008and  maculans(Sasek et al., 20)2&Ve have previously shown that
molluscicidal Huang et al., 200 &ctivities, as well as allelopathic the phytohormone salicylic acid (SA) plays an important role
activity towards other plant speci&szler et al., 1993 upon L. maculansinfection Gasek et al., 20)2I8A's role in
Saponins are mainly considered to comprise a part of plantsfant immunity is well establishedsuda et al., 2013anda and
antimicrobial defense system. e underlying mechanisms Ruelland, 2015 Although SA can be involved also in response to
of their activity are understood to be based on their abilitsome necrotrophic pathogensdvakova et al., 20),4t is mostly
to form complexes with sterols present in the membraneonnected with defense against biotrophic microorganisms
of microorganisms and consequently to cause membranglazebrook, 2005 Substantial knowledge about SA's role
perturbation Gteel and Drysdale, 1988&orrissey and Osbourn, in plant disease resistance comes from studies using a model
1999 Augustin et al., 2011Sreij et al., 20)9 e antifungal pathosystem involving. thalianaand the bacteriBseudomonas
activity of saponins has been known for decadesér, 1960  syringagpv tomato DC3000RstDC3000) Katagiri et al., 2002
Wolters, 1965 Gruiz, 1999 and their activity against fungal Xin and He, 2013Xin et al., 201;8_eontovy ova et al., 20).9
plant pathogens of crops has been reported previously. For Here, we present a comprehensive and comparative study of
example, minutoside saponins and sapogenins, alliogenin, amadtifungal activities against crop pathogens of three terpenoid
neoagigenin, isolated from the bulbs Alfium minuti orum saponins in comparison to fungicides in commercial use. We
showed antimicrobial activity against various soil-borne anathose aescin as the best antifungal agent and further characterized
air-borne fungal pathogensBérile et al.,, 2007 Saponin its activity in plants. We show that aescin triggers plant defense by
alliospiroside extracted frorAllium cepaprotected strawberry activating the SA pathway and oxidative burst, ultimately leading
plants againstColletotrichum gloeosporioidebus indicating to highly e cient resistance oB. napusagainst the funguk.
a potential to control anthracnose of the plaintghima et al., maculans e level of protection it provides is comparable to
20193. To date, however, only limited work has been reportethat of fungicides. IA. thaliang aescin induces SA-dependent
toward quantifying antifungal activity against phytopathogenicaesistance t®stDC3000. erefore, we provide here evidence of
fungi by establishing EQvalues $aniewska et al., 20B®rsche  aescin's dual mode of action in plant defense.
et al., 2018 and parallel comparisons with fungicides are o en
lacking. Moreover, e ects on plants have been tested only by
several studiesHpagland et al., 199&loagland, 2000 e MATERIAL AND METHODS
goal of the present study was to investigate the potential of plant
saponins as an alternative to fungicide treatment on crops.  Fungal Isolates and Cultivation
We focus here mainly on the pathosystem of the Brapsica Fungal isolates (with the exception bf maculansJN2)
napus (oilseed rape) and its devastating fungal hemibiotrophisvere acquired in the territory of the Czech Republic from
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symptomatic crop tissue in the eld during the period 2002-in all treatments was 1% (v/v). E ective doseJrZalues were
2015 Microdochium nival¢Mn177 and Mn30) an@culimacula calculated by probit analysisiiney, 197)lusing Biostat so ware
yallundae(Oy19 and Oy221) were isolated from the stem bas€8nalystSo Inc., Walnut, CA, USA). For microscopic analysis,
of wheat in 2013\atusinsky et al., 20).7Zymoseptoria tritici the content of each well was transferred to a microscopic slide
(2t88 and 7t96) was collected from the leaves of winter wheahd observed under a Leica DM 5000 B uorescence microscope
in 2013, andrFusarium culmorumstrains (Fc107 and Fc289) (Leica, Germany).

were collected from wheat grains a er harvest in 2010 and 2002, To monitor antibacterial activity of aescin, a fresh bacterial
respectively Nlatusinsky et al., 20).59Pyrenophora terg®tt52  suspension (OR, of 0.005) in liquid LB medium was prepared
and Ptt17) andRamularia collo-cygriRccll and Rcc4l) were from Pst DC3000 culture grown overnight on LB agar plates.
collected from leaves of spring barley in 2013maculans Aescin (10 pg-nil) or EtOH (0.1%) was added to this suspension
(Lm170, Lm1-Lm4) isolates were collected from leaves of oilseadd ODy,, was measured aer 24 h, with three independent
rape during 2014-2015. samples being used for each treatment.

Pyrenophora teremdR. collo-cygrionidia were transferred
from the symptomatic leaves to Petri dishes with potato dextro
agar (PDA) media containing 50 pg‘mbf ampicillin. Conidia
were spread over the surface of media and cultivated for 24—
h at 18°C. Single-spore microcolonies were transferred into new.

Petri dishes. In the caselofmaculansa single pycnidium from MES (pH 6.8) in Erlenmeyer asks. Cultures were kept at 26°C in

ZSi’gzt?nr?carggéiafevﬁisdga?feréﬁ%;[sn? S\Ir;slce:u()sfhs;ZrEe \;st\r/gdrz]irkness and at constant shaking of 130 rpm in an orbital shaker
9 P - e py y E(r ioTech, Seoul, Korea). e culture at day 7 was treated in

glass and a part of the conidia was spread using a sterile ne E! e. e . . -
over a solid PDA medium. Aer 3 days at 18°C in darkness efile conditions with aescin, fungicide, or control (EtOH). e

. . . concentration of EtOH solvent was identical in each treatment.
single microcolonies were transferred to new PDA plates. e

L. maculanssolate JN2, also referred to as v23Hz26dent et Samples were collected a er 24 hours of treatment and processed

al., 2001Sasek et al., 20D)2lwas used for most of the assaysas described for plant samples.

Conidia of isolates JN2 and JN2-sGFP (JN2 transformed using
a pCAMBgfp constructasek et al., 20)amere obtained from  Plant Cultivation and Treatment
sporulating mycelium 10 days old kept under a 14h/10h lightBrassica napuplants of cultivar (cv.) Columbus were grown
dark regime (150 E-ri-st, 22°C, 70% relative humidity) in @ in perlite nourished with Steiner's nutrient solutioBtginer,
cultivation chamber as described®ysek et al. (2012iQonidia 1984 under a 14 h/10 h light/dark regime (25°C and 150
were stored in concentration 86onidia-mi at 20°C for up E-m2-s1/22°C) and 30-50% relative humidity in a cultivation
to 6 months. room. In all assays, chemical treatment was applied to 10 days
old plants. Treatment was in ltrated into the abaxial side of
cotyledons using a 1 ml plastic needleless syringe. At least six
plants were used for each sample.

Arabidopsis thalianaCol-0 and NahG transgenic plants

Fungal Treatment for Gene Expression

Bgr gene expression, "Iébnidia of IN2-GFP were grown in 100
ml of Gamborg B5 medium (Duchefa, G0210, Haarlem, e
herlands) supplemented with 3% (w/v) sucrose and 10 mM

Antifungal and Antibacterial Assays
e radial growth of fungal mycelium was analyzed on PDA

plates using the agar dilution method. Mycelial discs, 2 mm i elaney et al., 19pwere grown in soil. Surface-sterilized seeds

diameter, were cut from the margins of colonies 5 days old al L .
. : ) were sown in Jiy 7 peat pellets and the plants cultivated under a
transferred to medium supplemented with streptomycin sulfate

(50 pg-mk) and saponins (0, 10, 25, 50, and 100 i er Short-day photoperiod (10 h/14 h light/dark regime) at 100-130

incubation at 18°C in darkness for 3 days in cases of ra idIE'm >s*, 22°C and 70% relative humidity. ey were watered
. . ys I PINith fertilizer-free distilled water as necessary. Plants 4 weeks
growing fungi E. culmorum, L. maculans, M. nivadadP. terep

and 14 days in case of slowly growing fui yallundae, R. old were used for all assays. Treatment was applied to three fully

. o . developed leaves from one plant, using a 1 ml needless syringe.
collo-cygniandZ. tritici), the colony diameters were measured Pex P 9 ynng
At least six plants were used for each sample.

and compared to control plates lacking a saponin. Each isolate Except from concentration dependent assays, aescin was used
was analyzed in four technical replicates (four mycelial discs PEf o ug-ml and 10 pg-m concentrations foB n,apusmdA
plate) and in three independent biological experiments. thaliana, respectively. Treatment at these concentrations caused

e conidial growth of L. maculansJN2-GFP isolate was . -
. . .no evident leaf chlorosis symptoms. As a control treatment,
analyzed in Gamborg B5 medium (Duchefa) supplemented wit . .

tOH at a corresponding concentration was used.

0.3% (w/v) sucrose and 10 mM MES bu er (pH 6.8) at the na
concentration of 2500 conidia per well of black 96-well plate

(Nuncd. Aescin was used in the concentration range 0-10Plant Resistance Assays

pg-mlt. Plates were incubated in darkness at 26°C for 4 day=orB. napusL. maculansesistance assays, cotyledons were pre-
Fluorescence was measured in eight wells for each treatmémated with diverse treatments 4 days prior to infection. Upon
using a Tecan F200 uorescence reader (Tecan, Mannedoiffection, the pre-treated cotyledonsBf napusplants 14 days
Switzerland) with 485/20 nm excitation Iter and 535/25 nmold were in ltrated by an aqueous conidial suspensiorn..of
emission Iter. For both assays, the nal concentration of EtOHmaculansIN2-GFP (10conidia-mH) as described liyasek et al.
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(2012ajusing a 1 ml needleless syringe. Prior to inoculation tru&Sene Expression Analysis

leaves were removed from plants to avoid cotyledon senescenggmples (both plant and fungi) were collected 24 hours post
At least 12 plants were used per condition. e cotyledons werareatment. At least six plants were used for each sample for gene
assessed 11 days a er inoculation. e cotyledon areas and lesiogxpression. Total RNA was isolated from 100 mg of frozen plant
areas therein were measured by image analysis using APS Asgé&sse or fungal mycelium using a Spectrum Plant Total RNA Kit
2.0 so ware (American Phytopathological Society, St. Paul, MNSigma-Aldrich, St. Louis, MO, USA). Next, 1 g of RNA was
USA). e relative lesion area was then calculated as the ratigreated with a DNA-free Kijt (Ambion, Austin, TX, USA) and

of lesion area to whole leaf area. e hyphal colonization ofreverse transcribe to cDNA with M-MLV RNase H Minus Point
cotyledons was assessed under a Leica DM5000 B uorescepiftant reverse transcriptase (Promega Corp., Fitchburg, WI,
microscope (Leica, Germany). USA) and anchored oligo dTprimer (Metabion, Martinsried,

For A. thaliana— P. syringagv. tomato DC3000 resistance Germany). Gene transcription was quanti ed by g-PCR using
assays, leaves were pre-treated with aescin 24h prior to infectipiyhtCycler 480 SYBR Green | Master kit and LightCycler 480
e bacteria PstDC3000 was cultivated overnight on lysogeny(Roche, Basel, Switzerland). e PCR conditions were: 95°C for
broth (LB) agar plates with rifampicin at 26°C, then resuspendet minutes, followed by 45 cycles of 95°C for 10 s, 55°C for 20 s,
in 10 mM MgC]} to an OQ, of 0.005. e bacterial suspension and 72°C for 20 s, followed by a melting curve analysis. Relative
was in ltrated into three fully developed pre-treated leaves frontranscription was calculated with e ciency correction and
one plant, using a 1 ml needless syringe. Aer 3 days, cut le@rmalization to the corresponding housekeeping gene for each
discs (one disc per leaf, 0.6 cm in diameter) were collected fraffganism. LmERG3 (Q8J207) and LmERG11 (Q8J1Y7) proteins
infected tissue, with three leaves from a single plant representigre retrieved from the Uniprot database and primers were
one sample. To determine bacterial content in leaves at O dgesigned for the corresponding genes using PerlPrimer v1.1.21

samples were collected 1 h aer bacterial in Itration. TissugMarshall, 200y Primers are listed iBupplementary Table 1
was homogenized in tubes with silica beads using a FastPrep-24

instrument (MP Biomedicals, Santa Ana, CA, USA). e .

resulting homogenate was serially diluted and transferred onfN€Mmical Treatments

LB agar plates with rifampicin. Grown bacterial colonies wer&aponins aescin (E1378), hederagenin (H3916), and soyasaponin
counted a er 24 h of incubation at 26°C. I (89951), and fungicides metconazole, uconazole, boscalid, and

uopyram (all purchased from Sigma—Aldrich, St. Louis, MO,

USA) were dissolved in 99.8% ethanol (EtOH) as 10 rhestmtk
Reactive Oxygen Species Detection solution. Tebuconazole, in the form of the commercially formulated
Treated cotyledons were detached and in Itrated undemproduct Horizon 250 EW (Bayer CropScience, Germany), was also
vacuum with diaminobenzidine tetrahydrochloride (DAB; prepared as 10 mg-fbktock solution in EtOH. Ergosterol (Sigma,
Sasek et al., 201)2aqueous solution (10 mg-fl Sigma—  St. Louis, MO, USA) was prepared as 5 mM stock solution in EtOH
Aldrich), with DAB being solubilized in dimethylformamide. and used at the nal concentration of 25 pg-nBenzothiadiazole
Cotyledons were kept in humid conditions in darkness a{BTH)was used in the form of the commercially formulated product
room temperature until reddish-brown staining appeared.Bion 50 WG (Syngenta, Switzerland) and prepared directly into the
Chlorophyll was removed using 96% EtOH, aer whichworking solutions. e commercial peptide g22 (EZBiolab) was
cotyledons were rehydrated and scanned. diluted in Milli-Q water and used at the nal concentration of 1 pM.

All stock solutions were stored at 20°C.

Analysis of Plant Hormones -

Levels of plant hormones were determined 24 hours posetatistical Analyses

treatment inB. napuscotyledons. In each sample, 150 mg off not stated otherwise, all experiments were repeated
fresh material from plant tissue was pooled from eight di erenindependently three times, with at least three independent
plants, as previously describedoprev and Kaminek, 20p2 samples (from independent biological material, cultivated
Briey, samples were homogenized with extraction reageriinder the same conditions). Using Statistica 12 software,
methanol/HO/formic acid (15:4:1, viviv) supplemented withstatistical analyses were performed either by paired two-
stable isotope-labeled internal standards, each at 10 pmol gafled Student's-test or by analysis of variance in conjunction
sample. Claried supernatants were subjected to solid-phadiith Tukey's honestly significant difference multiple mean
extraction using Oasis MCX cartridges (Waters Co., Milfordcomparisonpost hotest < 0.05).

MA, USA), eluates were evaporated to dryness, and the generated

solids were dissolved in 30 L of 15% (v/v) acetonitrile in water.

Quanti cation was done on an Ultimate 3000 high-performanceRESULTS

liquid chromatograph (HPLC; Dionex, Bannockburn, IL, USA)

coupled to a 3200 Q TRAP hybrid triple quadrupole/linear ionAescin Has the Highest Antifungal Activity

trap mass spectrometer (MS; Applied Biosystems, Foster Cikmong Tested Saponins

CA, USA), as described yjilianov et al. (2013)Metabolite  Although saponins are well known to have antifungal activity
levels were expressed in pmélfgesh weight. (Gruiz, 199¢Moses et al., 20),%4nly very limited data is available
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quantifying saponin antifungal activity by establishing;/eC 25-33 g-mklt, respectively, Egvalues for more-resistant fungal
values. We screened antifungal activity of the triterpenoid plansolates exceeded 100 g/ and could not be calculated precisely
saponins aescin (fromesculus hippocastanymsoyasaponin due to concentration limitations caused by saponin solubility
(from Glycine may and hederagenin (froidedera helixagainst ~ (Table J). It is noteworthy that fungal sensitivitiyigure 1B did
important fungal pathogen®) yallundae, M. nivale, Z. tritici, P. not correlate with hyphal thicknesSypplementary Figure 1A
teres, R. collo-cygni, F. culmoyamdL. maculans ese fungi Correlation between fungal growth rate and fungal sensitivity
infect such crop plants as wheat, barley, or oilseed rape. Ouas observed, however, with the slowly growing isolates being
fungal collection consists of various naturally occurring isolatethe most resistantSupplementary Figure 1B In summary, all

for each pathogen. To calculate ;E@alues, we assessed thetested saponins inhibited growth of phytopathogenic fungi in a
radial mycelial growth on solid media plates supplemented withpecies-dependent manner, with the strongest growth inhibition
saponins. All tested saponins displayed signi cant antifunggbrovided by aescin.

activity, with aescin's activity being the most e ciefigure

1A). Di erences in species sensitivity to saponins were observed

(Figure 1A). As further analyzed for aescin, the activity onAescin Antifungal Activity Is Lower Than

isolates varied among species but was mostly conserved witAilat of Commercial Fungicides

a given fungal speciefigure 1B. e fungi most sensitive e biological activity of aescin was further studied bnmaculans

to saponins werd/l. nivale P. teresandL. maculanswhileO.  which is a destructive pathogen Bf napus e antifungal
yallundagR. collo-cygni, Z. triticandF. culmorunshowed only  activities (EG, values) of aescin and synthetic fungicides were
minor growth inhibition Figures 1A B; Table ). Accordingly,  rst compared. Several fungicides of di erent classes were tested,
while aescin Eg values foP. teres, M. nival@ndL. maculans including triazolic sterol inhibitor tebuconazole, commonly
isolates occurred in the range of 11-21 ¢-nM-29 g-m#, and  used forB. napusprotection against phoma stem cankénild
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FIGURE 1 | Saponins inhibit mycelial growth of crop pathogensn vitroin a species-dependent manner. Relative growth of different fungal species assessed as
percentage diameter of fungal colony cultivated on PDA medium supplemented with saponins. The control treatment (without saponins) was set as 10@#9.
Growth on aescin (black bars), soyasaponin (dark gray bars), and hederagenin (light gray bars) at 100 pg-ndr on a control (without saponin; white bars). The
following fungal isolates were used: Mn177, Pt52, Lm1, and Oy19B) Growth on aescin at the 25 pg-mi rate compared to control-treated fungi. All data represent
means + SE from three independent experiments. Different letters above bars illustrate signi cant differences using ANOVA test in conjunction with Tukey's honestly
signi cant difference multiple mean comparisorpost hoc test (P < 0.05). For (A), the statistical analyses were carried out separately within each fungal species (Fc
Fusarium culmorum Lm, Leptosphaeria maculans Mn, Microdochium nivalg Oy, Oculimacula yallundage Pt, Pyrenophora teres Rcc, Ramularia collo-cygni Zt,
Zymoseptoria tritic).
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TABLE 1 | Effective dose (EG,) values of saponins against pathogenic fungi.

Fungal species Isolate ECs [Hg-ml 2]
Aescin Soyasaponin Hederagenin
Microdochium nivale Mn30 29.40 £ 6.01 na na
Mn177 6.74 £ 0.84 >100.00 >100.00
Pyrenophora teres Pt17 11.40 £ 9.51 na na
Pt52 20.79 +£5.14 97.61 + 8.83 >100.00
Leptosphaeria maculans Lm170 31.71+3.29 na na
Lm1 28.62 + 10.03 >100.00 >100.00
Lm2 25.21+3.25 na na
Lm3 33.11+6.49 na na
Lm4 25,52+ 0.88 na na
Fusarium culmorum Fc107 >100.00 na na
Fc289 >100.00 na na
Zymoseptoria tritici Zt88 >100.00 na na
7196 >100.00 na na
Ramularia collo cygni Rccll >100.00 na na
Rcc4l >100.00 na na
Oculimacula yallundae Oy19 >100.00 >100.00 >100.00
Oy221 >100.00 na na

EC;, values [ug-mi] calculated by probit analysis for combinations of a given fungal pathogenic isolate and a given saponin, assessed as inhibition of mycelial radial growth on PDA
medium with saponin. Data are expressed as means + SE from three experiments. Cases of G 100.00 indicate that precise values above 100 pg mi could not be calculated.
na, not analyzed.

et al., 1998 For this purpose, fungal growth was measured asssessed following aescin treatment of the fungus. e e ect
GFP uorescence of germinating conidia of the maculans of aescin or fungicides was observed in 7-day-olechaculans

JN2 isolate expressing GFP (JN2-GRRjl¢sdent et al., 2001 culture 24 h post treatment. While metconazole induced
Sasek et al., 20)2in this setup, aescin was fully fungitoxic totranscription of LmErg3and LmErgllgenes by 7 times and
the conidia at concentrations above 50 pg-iffigure 2A) and 27 times, respectively, in excess of the control, aescin did not
demonstrated Eg of 28.79 pg-nil (Figures 2A B) that was in  signi cantly upregulate transcription of these gerfégtire 3D).
agreement with E§ obtained for theL. maculanseld isolates e data show that aescin interfered with the fungal ergosterol
(Table 1. EG, values for the fungicides were mostly in a rangéut not directly with its biosynthesis.

from 0.018 pg-nHl to 0.087 pg-nil, with metconazole being the
most e cient (Figure 2B. On the other hand, uconazole, was . .
the least e cient (EG, = 2.33 pg-nil; Figure 2B. Overall, aescin Aescm Pretreatment Confers Resistance
inhibits conidial and mycelial growth bf maculans in vitrand in B. napus Against L. maculans

demonstrates antifungal activity 1 to 3 orders of magnitude lowd?iven the antifungal activity of aescin, we further investigated
than that of fungicides. whether pretreatment with aescin could e ciently protegt

napusagainsi. maculansPretreatment oB. napusotyledons
by leaf in ltration with aescin at rates of 25 pgtmand 10

Antifungal Activity of Aescin Against L ug-mit 3 days prior to inoculation with. maculansIN2-GFP
Maculans Occurs Through Its Interaction e ciently reduced the cotyledon area covered by necrotic lesions
With Sterols (Figures 4A, B. e e ect was comparable to those provided

Aescin's antimicrobial e ect occurs through interferenceboth by the fungicide metconazole at rate 2 pg-amd the plant
with membranes and interaction with sterolglofrissey and defense inducer benzothiadiazole (BTH) at rate 30 pM. BTH
Oshourn, 1999Sreij et al., 20)9 erefore, we tested aescin's activates thd. napusmmune system and provides protection
activity in the presence of ergosterol, a sterol naturally preseagjainsL. maculangSasek et al., 2092 protection provided

in fungal membranes. Ergosterol markedly restored the growthy aescin was even more e cient than was that induced by the
of L. maculansJN2-GFP in the presence of aescin at all th&ungicide tebuconazole at rate 2 pg-mAescin's protection was
inhibiting concentrationsKigure 3A), which was con rmed also concentration dependent, and no signi cant e ect was observed
by microscopic analysis of hyph&ggure 3B (Supplementary  with aescin at the 2 ug-fnllevel. Microscopic analysdsidure
Figure 2. Growth inhibition caused by metconazole could not4C) revealed only a few restricted GFP- uorescent hyphal zones
be reversed by the ergosterol suppgiigire 3Q. Ergosterol in aescin- and metconazole-pretreated cotyledons, while the
itself did not signi cantly a ect fungal growth (concentration control treatment displayed extensive hyphal network all over
0 of Figures 3A, Q. Inasmuch as triazole fungicides blockthe infected cotyledon and corresponding to the localization
biosynthesis of ergosterdbgnati et al., 19B7transcription of  of necroses. We also showed that foliar spray of aescin aqueous
LmErg3andLmErgllgenes, identi ed as involved in ergosterol solution is protective Supplementary Figure B although
biosynthesis ir.. maculangGri ths and Howlett, 2009, was  higher concentration may be required compared to when
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FIGURE 2 | Comparison of aescin and fungicide inhibitory activity against
L. maculans. Growth of L. maculans JN2-GFP conidiain vitroin Gamborg
liquid medium supplemented with aescin, fungicides, or control medium
assessed as GFP uorescence at 3 days(A) The concentration-dependent
curve for growth in the presence of aescin. Data are mean + SE of absolute
uorescence units out of three experiments. Asterisks indicate signi cant
differences between aescin treatment and control (0) using two-tailed
Student's t-test (**P < 0.01; ***P < 0.001). (B) Calculated EG,, values
[ng-mlt] £ SE at log,, base for aescin and different fungicides from sterol
inhibitor (tebuconazole, metconazole, and uconazole) and succinate
dehydrogenase inhibitor (SHDI) classes (boscalid, uopyram). Data are from
three independent experiments.

Figure 4, however, and this concentration was still able to reduce
L. maculansnfection Figure 4A).

Aescin Induces Defense Responses in L.
Maculans , Governed by SA Pathway and
Oxidative Burst
e fact that aescin can provide a higher level of plant protection
than do fungicides having more potent antifungal activity
suggested a possibility that aescin stimulates plant defense.
erefore, transcription of plant defense marker genes was
determined in cotyledons 6 h and 24 h a er treatment with aescin
or BTH (Figure 5A). At both time points, aescin upregulated
transcription of BnPR1and SA-specic transcription factor
BNnWRKY70genes previously characterized as being marker
genes of activated SA pathwayBinnapugSasek et al., 209)2b
At 24 h, the level of induction was similar to that of BTH, but
aescin and BTH induced defense genes with di erent kinetics.
In contrast to BTH, aescin also upregulated transcription of the
SA-biosynthetic gene for isochorismate synthas®rlQS1)
Given the strong induction oBnICS1transcription, aescin's
capacity to stimulate SA production was tested and compared to
that of g22, a well-characterized microbe-associated molecular
pattern (MAMP) activating SA pathway #. thaliana (Tsuda
et al., 2008Lloyd et al., 2004 Aescin application at the 25
pg-mlt rate to cotyledons led to a massive increase in SA 24
h aer treatment, with SA content reaching even higher levels
than those seen following treatment with 1 uM gZXig(re
5B). Other tested phytohormone metabolites were altered not
at all or only slightly by aescikigure 50. Aescin caused mild
decrease in theisOPDA metabolite, the JA precurs@gve and
Graham, 201} and auxin forms. In summary, based on gene
transcription analysis and phytohormone measurement, it was
apparent that aescin treatment activated the SA pathway.
Further defense responses were analyzed in aescin-tBated
napuscotyledons. At 24 h following treatment aescin triggered
accumulation of ROS compared to the control treatment, as
was visualized by brown-reddish precipitates in DAB staining
assay Kigure 5D). e accumulation was induced to a similar
extent as was that for the g22 treatment and was concentration
dependent $upplementary Figure b Accordingly, at 24 h post
treatment, aescin induced transcription of respiratory burst
oxidase homologRbohD and RbohF genes coding NADPH
oxidases responsible for ROS production in plants a er exposure
to MAMPs (Torres et al., 200%i et al., 201)7 (Figure 5B.
e fungicides tebuconazole and metconazole did not elicit
transcription of any defense genes, nor did they trigger oxidative
burst inB. napusotyledons $upplementary Figures 6/B).

in Itration is used. Taken together, our data demonstrate that

aescin protectB. napusagainsiL. maculandy inhibiting tissue

colonization by fungal hyphae and necrosis formation. It iAescin-Induced SA-Dependent Resistance

noteworthy that the treatment with aescin at concentration 2%0 Bacterial Pathogen in

A. thaliana

pg-mlt decreased cotyledon growth to a similar extent as did 3b exclude that the phenomenon of aescin-activated immunity

UM BTH (Supplementary Figure % At higher concentrations

is speci c to theB. napus—L. macularsystem, the activity of

(above 50 pg-ml), aescin caused chlorosis and necroses on leavasscin was investigated also in Aanthaliana model system

(Supplementary Figure % Treatment with 10 pg-mlof aescin

challenged by a hemibiotrophic bacterial pathoestD C3000.

caused no obvious e ects on cotyledon tneSsfplementary A er 24 h of treatment with aescin at the 10 ug-nevel, there
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FIGURE 3 | Ergosterol reverts aescin-mediated growth inhibition of. maculans. (A—C). Growth of L. maculans JN2-GFP conidiain vitroin Gamborg liquid medium
supplemented with aescin(A, B) or metconazole (C) in absence (gray bars) or presence (black bars) of ergosterol (25 ug-h)l (A, C) Data are expressed as

relative uorescence units at 4 days of growth compared to control (0) without ergosterol, set as 100%. Data are expressed as means + SE from three independe
experiments. Asterisks indicate signi cant differences (*P*< 0.001; two-tailed Student's t-test) between treatments with and without ergosterol for each
concentration of aescin or metconazole(B) Light microscopy of germinating hyphae at control and aescin at 50 pg-nil rate at 5 days of growth in presence or
absence of ergosterol (25 pg-mt). Scale bar corresponds to 1 mm.(D) Relative transcription of ergosterol biosynthetic geneemERG3and LmERG11at mycelium
7 days old and treated with aescin (100 pg-ml) or metconazole (2 pg-mt) for 24 h. Gene transcription was analyzed by qPCR, normalized tomTubulin then
compared to control treatment. Data represent mean + SE from one biological experiment (three biological replicates) representative of three. Different letters above
bars illustrate signi cant differences using ANOVA test in conjunction with Tukey's honestly signi cant difference multiple mean comparigoost hoc test (P < 0.05).

=

was upregulated transcription AIPR1andAtICS1genes irA. ese data suggest that the bacterial resistance provided by

thalianaleavesKigure 6A). Aescin pretreatment for 24 h also led aescin inA. thalianais not due to a direct antibacterial e ect.

to induced resistance against bacteriBet DC3000, observed Together, these data show increased resistanée thfaliana

as substantial decrease of both disease symptoms and bactexisinstPstDC3000 induced by aescin treatment, which possibly

titers in infected leavegrigure 6B. For direct investigation acts through activating SA-dependent immune pathways.

of possible SA involvement in aescin-triggered resistance to

Pst DC3000, we used NahG transgenic plants, in which low

endogenous SA levels are maintained through the expressilSCUSSION

of SA-hydroxylase[(elaney et al., 19p4In NahG plants, the

e ect of aescin-induced resistance agaPsttDC3000 was lost Currently, eld crops are protected from fungal pathogens

(Figure 6B. by such fungicide compounds as benzimidazoles, sterol
Aescin did not impact the growth &stDC3000 cultivated biosynthesis inhibitors, strobilurins, or succinate dehydrogenase

in vitro (Supplementary Figure 7A It also did not aect the inhibitors. Because the occurrence of synthetic pesticide residues

bacterial titers in aescin-pretreated leaves sampled 1 h a é progressively degrading the health of living organisms and the

infection with Pst DC3000 Supplementary Figure 7B In  environment even as fungicide resistance is developing, there is

addition, co-inoculation ofA. thaliana plants simultaneously a clear need to discover "greener" antifungal agents. Our study

with PstDC3000 bacterium and aescin did not a ect the bacterialvas focused on plant-derived saponins as hypothetical new plant

colonization in the infected leaveSupplementary Figure 7L protectants.
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FIGURE 4 | Aescin pretreatment provides B. napus with ef cient resistance
againstL. maculans Cotyledons of B. napus were in ltrated by aqueous
solutions of aescin (Ae; at 2, 10, and 25 pg-mi), tebuconazole, metconazole
(Teb and Met; both at 2 ug-mkt), BTH (30 uM), or a control 3 days prior

to being in ltrated by conidial suspension ofL. maculans IN2-GFP. The
outcome was assessed at 12 days.(A) Quanti cation of the relative lesion
area by image analysis is expressed as percentage. Control treatment was
set as 100%. Data represent means * SE from ve independent experiments.
Different letters above bars illustrate signi cant differences using ANOVA
test in conjunction with Tukey's honestly signi cant difference multiple mean
comparison post hoc test (P 0.05). (B) Panel with representative infected
cotyledons. (C) Hyphal spread of IN2-GFP fungus in infected cotyledons.
Scale bar corresponds to 1 mm.

Aescin: A Potent Antifungal Saponin

e e ect of saponins on fungi has been widely studie@r(iz,
1996 Barile et al., 200 Hoagland, 2009Saha et al., 2010
Teshima et al., 20).3Heretofore, however, there has been
only few comprehensive studies of saponin activity against
phytopathogens, including to determine 5 alues and compare
more deeply saponin e ciency with that of synthetic fungicides.

EC,, values in the ranges 181-678 pd-nand 230-455
pg-mlt have been reported for the inhibitory activity of saponins
of Sapindus mukorosand Diploknema butyraceagspectively,
on mycelial growth of phytopathogeri®hizoctoniasp. and
Sclerotiniasp. Gaha et al., 20)LMMinutosides extracted from.
minuti orum have been shown to be highly inhibitory to spore
germination of soil- and air-borne fungrisarium oxysporum,

F. solani, Pythium ultimum, Rhizoctonia solani, Botrytis cinerea,
Alternaria alternata, A. porriand Trichoderma harzianujnat
10-1000 g-mt, depending upon the individual fungal species
and saponinBarile et al., 2007 e antifungal activity of aescin,

a saponin from horse chestris¢sculus hippocastanuhas been
characterized only poorly. Previous studies have reported both
antibacterial activity of -aescin towards sBihizobiumbacteria
(Zablotowicz et al., 1996nd its antifungal activity against
Candida sp.Kraniczek et al., 20).53However, knowledge as to
aescin's activity against phytopathogens has not previously been
presented. Here, we tested the antifungal e ect of aescin on seven
species of phytopathogenic fungi causing crop losses in cereals
and rapeseed. e activity was also tested in comparison to that
of soyasaponin, hederagenin, and synthetic fungicides.

We have shown here that aescin displayed strong inhibitory
e ect against fungal growth, signicantly impeding mycelial
growth in all tested fungal isolateBigure 1A). Aescin was
highly active againsM. nivale P. teres and L. maculans,
exhibiting EG, values below 50 g-ril (Table ). Aescin also
exhibited greater antifungal activity than did the other two
saponins tested, soyasaponin and hederagefigure 1A
Table 1. In light of these results and those of previous studies on
other saponins, aescin emerges as a potent antifungal saponin. A
parallel comparison of aescin's inhibitory activity with those of
synthetic commercial fungicides was carried out on germinating
L. maculansconidia. Aescin's Egwas from 1 to 3 orders of
magnitude greater in comparison to that of fungicidegi(re 2.
Co-treatment with ergosterol, which reverses the e ect of aescin
but not the e ect of fungicides, showed aescin to have a di erent
mode of action on membranes compared to that of fungicides
(Figures 3A C).

We observed aescin activity to be variable in di erent fungal
species, while it was mostly conserved among isolates within
a given speciesFigure 1B. Compared to other fungi, O.
yallundaeisolates were the most resistant to aescin and the other
tested saponind={gure 1, Table J). is general resistance 0O.
yallundaeindependent of saponin typ&igure 1A may re ect
its di erent fungal morphology and physiology. A correlation
was observed between growth rate and fungal sensitivity, and
O. yallundaeis a slowly growing fungusS@pplementary
Figure 1. Furthermore, saponin-resistant fungi may contain
membranes with low sterol contenfArfieson and Durbin,
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FIGURE 5 | Aescin treatment triggers defense responses ifB. napus. Cotyledons of B. napus were in ltrated by aqueous solutions of aescin (25 pg-nm), BTH (30
uM), g22 (1 uM), or a control treatment.(A) Gene transcription ofpathogenesis-related BnPR1 BnWRKY7Q and isochorismate-synthase 1 BnlCSlwas analyzed
by gPCR after 6 and 24 h of treatment, normalized tBnActin and BnTIP41, and compared to the corresponding control at 6 or 24 h (set as 1). Data represent
mean * SE from one biological experiment (four biological replicates), representative of thréB, C) Content of salicylic acid (SAB) and SA, JA, ABA- and auxin-
derived hormones in control- or aescin-treated plantC). The content of hormones in plant tissue expressed as pmol-§ fresh weight + SE was measured after
24 h. Data are means of four biological replicates. Experiment was repeated twice. SA, salicylic acid; JA, jasmonic acid; JA-lle, JA-isoleucai®OPDA, cis-12-
oxo-phytodienoic acid; ABA, abscisic acid; ABA-GE, ABA-glucose ester; PA, phaseic acid; IAA, indole-3-acetic acid; OxIAA, oxo-lIAA; OxIAA-GE, oxo-IAA-glucose
ester; IAN, indole-3-acetonitrile; PAA, phenylacetic acidD) Oxidative burst visualized by DAB staining at 24 h post treatment. Images are representative of three
experiments. (E) Transcription of respiratory burst oxidase homolodkbohD and RbohF genes following aescin treatment was analyzed at 6 or 24 h by gPCR,
normalized to BrActin and BnTIP41, and compared to the corresponding control (set as 1). Data represent means + SE from one biological experiment (four
biological replicates) representative of three. FqA) and (B), different letters above bars illustrate signi cant differences using ANOVA test in conjunction with Tukey's
honestly signi cant difference multiple mean comparisorpost hoc test (P 0.05). For(A), the statistical analyses were carried out separately within each time point.
For (C) and (E), asterisks indicate signi cant differences between control and a given treatmentR*< 0.05; **P < 0.01; ***P < 0.001; two-tailed Student's t-test).
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FIGURE 6 | Aescin pretreatment triggers defense gene transcription iA.
thalianaand resistance against bacterigPseudomonas syringaepv. tomato
DC3000 (Pst DC3000). Leaves of Arabidopsis plants were in ltrated by
aqueous solutions of aescin (10 pg-mi) or a control treatment.(A) Gene
transcription of pathogenesis-related AtPR1and isochorismate-synthase 1
AtICS1was analyzed by gPCR after 24 h of treatment, normalized to AtP41,
then compared to the control. Data represent mean + SE from one biological
experiment (four biological replicates), representative of three. Asterisks
indicate signi cant differences P < 0.05; two-tailed Student's t-test). (B)
Bacterial growth of Pst DC3000 bacteria at 3 days post inoculation in infected
leaves of wild type (WT) or NahG transgenic plants pretreated by aescin or
control for 24 h. pper) Bacterial titers within leaves. Data represent means
of colony forming units (CFU) per crh+ SE from six independent replicates of
one experiment, representative of three. Different letters above bars illustrate
statistical difference between samples using ANOVA with a Tukey honestly
signi cant difference multiple mean comparisorpost hoc test (P < 0.01).
(lower) A representative leaf for each treatment is shown.

1967 Barile et al., 20Q07r fungal sterols with moieties bound
only weakly by saponin$ieel and Drysdale, 198t general,
fungi with defective sterol biosynthesis or in the presence of
sterol inhibitors are more resistant to saponiqdsén, 1973
Defago and Kern, 19R83loreover, some fungi can cleave sugar
moieties of saponins, thereby resulting in non-toxic molecules.
For some saponins, a C3-attached sugar moiety or moieties can
be critical for both permeabilizing membrane and antifungal
properties of saponinsMprrissey and Osbourn, 19p9For
instance, Gaeumannomyces gramingsd Gibberella pulicaris
produce avenacinase and alpha-chaconinase, respectively, and
these detoxify their hosts' saponiB(vyer et al., 199Becker

and Weltring, 1998 To sum up, our study characterizes the
fungistatic activity of aescin on di erent phytopathogenic fungi
and provides a parallel comparison to fungicides.

Aescin: A Potent Plant Disease

Control Agent

e role of saponins as plant-protecting compounds has been
shown. Namely, avenacin triterpene glycosides protect oat roots
against soil-borne fungal pathogens such aG#eimannomyces
graminiscausing disease "take all* in cere@ipddopoulou et
al., 1999 Saponin alliospiroside extracted frémcepgprotects
strawberry plants again€k. gloeosporioidethe causal agent
of anthracnose Teshima et al., 20).3 Beta-amyrin-derived
triterpene glycosides confer resistance Barbarea vulgaris
against ea beetlePfyllotreta nemoruin(Nielsen et al., 20).0
Here, we showed that pretreatmentBofnapuscotyledons with
aescin led to strong concentration-dependent plant protection
against infection by the hemibiotrophic fungus maculans
that causes phoma stem canker. is was demonstrated also by
the reduced hyphal spread and necrosis formation in infected
cotyledons pretreated with aesckigure 4).

Aescin induced transcription of SA-dependent genes in
B. napus Namely, aescin led to increased transcription of the
SA biosynthetic gen8nlICS1 (Figure 5A) and caused great
accumulation of SARigure 5B. Additionally, aescin triggered
oxidative burst, as demonstrated by ROS accumulation and
upregulated transcription oBnRbohD and BnRbohF genes
(Figure 55. Both SA and oxidative stress have antimicrobial
properties Lamb and Dixon, 1997Aescin's dual mode of action
combining antifungal and induced plant immune responses led
to a very e cient inhibition of blackleg disease &n napus
Aescin treatment provided plant resistance to a similar extent
as did the fungicide metconazole or BTFiglre 4A), a potent
plant immunity inducer Zhou and Wang, 20)8 e key role
played by triggering immunity in aescin-inducegl napus
protection is seen in the fact that metconazole is greater than
1000 times more e ective in its antifungal activity agalnst
maculanscompared to aescirfrigures 2Band 3A, C). Overall,
then, the plant defense activation may be an important part —and
perhaps the crucial part — of aescin-induced plant protection. In
the animal kingdom, various studies have shown that saponins
induce immunity in vertebrates. Indeed, they are commonly used
as vaccine adjuvantsyn et al., 200®loses et al., 20).Because
they stimulate antibody productionSoltysik et al., 1995
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production of cytotoxic T-lymphocytes or induce in ammasometogether, our results suggest that aescin may constitute an
(Marty-Roix et al., 20)6To the best of our knowledge, we are theattractive bioactive molecule with dual mode of action that could
rst to show that saponins may induce plant immune responseshe found suitable for eld application.

ISA Pat_rt]way: Target of Aescin-Triggered DATA AVAILABILITY STATEMENT
mmunity

Our data show that aescin activates the plant immune systera, datasets generated for this study are available on request to
and speci cally the SA pathway, in b@hnapusandA. thaliana the corresponding author.
e SA pathway was shown to be the main defense route
activated irB. napusuponL. maculansnfection Potlakayala et
al., 2007Sasek et al., 2002WVarious microorganisms evolved AUTHOR CONTRIBUTIONS
strategies to disrupt SA-mediated deferigiec( al., 2018 Some
L. maculang ectors, such as AvrLm4-7, may target this pathway-1 and PM designed the experiments. LT, MJ, DM, RP, PD, and
to weaken the host immune systeNp(akova et al., 20).68.  PM performed the experiments. LT, MJ, PD and PM analyzed
napusplants transformed with the salicylate hydroxylase gene data. LT, MJ, and PM wrote the manuscript. LB revised the
nahGhave been shown to have compromised systemic acquirinuscript and provided a methodological and knowledge
resistance againdt. maculansand P. syringagpv. maculicola  Platform for studying thé.. maculansaindB. napusnteraction,
(Potlakayala et al., 2007n comparison with SA, other tested Nances, and lab space for a substantial part of the work. All the
phytohormone metabolites were not or much less a ecte. in authors discussed the results and commented on the manuscrlpt
napus Slight decrease @isOPDA metabolite might be caused
by SA-mediated repression on JA pathways, as has been described
for A. thaliana(Pieterse et al., 209ave and Graham, 20)L2 FUNDING

e crucial role of SA in aescin-triggered plant resistance
against pathogens was shown usingAhehaliana-P. syringae
model pathosystemKgtagiri et al., 2002 Leaf pretreatment
with aescin strongly inhibitedPst DC3000 infection Kigure
6B). e protective e ect of aescin relied on the active defense
mechanisms oA\. thalianainasmuch as aescin did not exhibit
direct antibacterial propertiesS@pplementary Figure 7B
Accordingly, the treatment with aescin simultaneously with th
infection had no e ect oPstDC3000 infectiongupplementary
Figure 7A), thus suggesting some time is required to activate the
plant defense. Furthermore, NahG plants defective in SA pathw.
showed no e ect of aescin on the bacterial infectiogure 6B, ACKNOWLEDGMENTS
thus demonstrating that a functional SA pathway is indispensablg athors would like to thank T. Rouxel fot.. maculansIN2
for aescin-induced. thalianaresistance againBstDC3000. isolate, Andrea Kung Wai and English Editorial Services for

In conclusion, we report here broad-spectrum antifungakiting, and Iva Trda for her technical assistance that enabled us
activity of aescin and the new nding that aescin elicits defensg complete the manuscript.

responses irB. napusand A. thaliana by triggering the SA

pathway and oxidative burst. ese responses lead ultimately

to highly e cient protection ofB. napusagainst the fungus. SUPPLEMENTARY MATERIAL

maculansand ofA. thalianaagainst the bacterRstDC3000. e

e ect of aescin againkt maculangs of an extent comparable to e Supplementary Material for this article can be found online
that provided by fungicide protection. Additionally, we showedat: https://www.frontiersin.org/articles/10.3389/fpls.2019.01448/
that aescin provides protective activity as a foliar spray. Takeull#supplementary-material
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ABSTRACT Vesiculation is a process employed by Gram-negative bacteria to release
extracellular vesicles (EVs) into the environment. EVs from pathogenic bacteria play
functions in host immune modulation, elimination of host defenses, and acquisition
of nutrients from the host. Here, we observed EV production of the bacterial speck
disease causal agerPseudomonas syringg¥.tomato (Pto) DC3000, as outer membrane
vesicle release. Mass spectromeidentieed 369 proteins enriched iPto DC3000 EVs.
The EV samples contained known immunomodulatory proteins and could induce plant
immune responses mediated by bacteriagellin. Havingidentieed two biomarkers for

EV detection, we provide evidence fétto DC3000 releasing EVs during plant infection.
Bioinformatic analysis of the EV-enriched proteins suggests a role for EVs in antibiotic
defense and iron acquisition. Thus, our data provide insights into the strategies this
pathogen may use to develop in a plant environment.

IMPORTANCE The release of extracellular vesicles (EVs) into the environment is
ubiquitous among bacteria. Vesiculation has been recognized as an important mechf
anism of bacterial pathogenesis and human disease but is poorly understood in
phytopathogenic bacteria. Our research addresses the role of bacterial EVs in plant
infection. In this work, we show that the causal agent of bacterial speck disease,
Pseudomonas syringgw.tomato, produces EVs during plant infection. Our data suggest
that EVs may help the bacteria to adapt to environments, e.g., when iron could be
limiting such as the plant apoplast, laying the foundation for studying the factors that
phytopathogenic bacteria use to thrive in the plant environment.
Invited Editor Hailing Jin, University of California
KEYWORDS extracellular vesicles, EV®to DC3000, proteomics, pattern-triggered Berkeley, Berkeley, California, USA
immunity, PTI, nanoparticle tracking analysis, NAfgbidopsis thaliana Editor Regine Kahmann, Max Planck Institute for
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pathogens use macromolecular translocation systems and deliver virulence protein e e e T e P
so-callede,ectors, to circumvent host immunity {). Pseudomonas syringg®. tomato equally to this article.
(Pto) DC3000 is the causal agent of bacterial speck, a common diseaseatleats
tomato production worldwide @, 3. Pto DC3000 is a Gram-negative bacterium that
invades through openings in the plant surface and propagates in the apoplast, whel
it takes up nutrients and proliferates4(..5 Plants respond rapidly to colonization by Receivedé January 2023
microbes, activating interlinked innate defense strategie),(which can broadly be Accepted3 May 2023
. . . . . . . Published 27 June 2023
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of virulence factors or their action8(9. Virulence 0PtoDC3000 largely depends on the
type Il secretion system and its secretegectors (10...13

The survival of infectious Gram-negative bacteria is greatly enhanced by releasing
extracellular vesicles (EVs), a process widely studied in the context of bacteria pathogenic
to humans (4). EVs are cytosol-containing membrane tnanotf spheres that provide
selection, storage, and protection against degradation of enclosed cargoes in a highly
dynamic and environmental cue-responsive manner4(..1% EVs caui,er in biophysif
cal parameters like size and charge, as well as in cargo composition and biogenesis.
Gram-negative bacteria actively form EVs by budding and shedding the outer memf
brane (OM), producing so-called outer membrane vesicles (OMY%) k8. Outer...inner
membrane vesicles (OIMVs) have also been described, involvirdi,exent mode of
release such as endolysin-triggered cell lysk9,(20. Asinsu€cient biomarkers are
available to convincingly probe their origin, in particular fét. syringaewe will collecf
tively refer to these vesicles as EVs.

During infection, bacterial EVs can counteract tlegect of antimicrobial peptides
(21). They also perform immunomodulatory functions by delivering virulence factors
to recipient cells resulting in immune suppressior23), despite having the capacity
to activate defenses due to their immunogenic cargoe®2(..2%1 Elongation factor Tu
(EF-Tu) and lipopolysaccharides (LPS) are abundant components of EVsPirayrin€
gae, Xanthomonas campestriX. oryzagand Xylella fastidiosd25...28 Both represent
PAMPs, with EV-associated EF-Tu shown to activate a prototypic PTI response in a
receptor-dependent manner 25, 29. EVs isolated from pathogenieto DC3000 and
the commensalP.euorescenswvere shown to induce immunity, protecting plants against
Pto DC3000 infection30). These studies hint at some contrasting roles that EVs from
bacterial phytopathogens could play during plant infectior28).

Here, we used biophysical and biochemical analysis to descRb@DC3000 EVs and
to gain insights into their role during infection. Analysis Bto DC3000 cellular, OM and
EV proteomes by mass spectrometigentieed 369 EV-enriched proteins. The potential
function of these proteins was assessed using bioinformatic analysis as well as exploring
plant immune responses to EVs and the presence of B\fslanta by establishing OprF
and " -lactamase as EV biomarkers. Theselings expand our understanding of the
functions of EVs in bacterial infection of plants.

RESULTS
Pto DC3000 bacteria vesiculate and produce EVs in culture

We erst examined the morphology ofPto DC3000 cells grown in liquid cultures by
scanning electron microscopy (SEM). The bacteria displayed multiple spherical structures
protruding from their cell surfaces, with diameters in the range of 20...120 nm with a
median around 35 nmKig. 1A Fig. S1A and B These vesicle-like structures appeared
to be released from the surface, as similarly sized vesicular structures could also be
observed in the vicinity of the bacteria.

To determine whether these structures were released, supernatant®ifDC3000
cultures were processed and examined befo(giid sample) and after centrifugation
(gradient-collected sample)Rig. S1E Density gradient centrifugation is used to separate
EVs from other extracellular material31). Gradient-collected vesicles were analyzed by
SEM, which revealed numerous spherical structurBiy(1B. Vesicle diameters ranged
between 25 and 170 nm with a median around 80 niid. S1I). Co-purifyingelamen-
tous structures could also be detectedrig. 1B. Transmission electron microscopy (TEM)
analysis-sectionedPto DC3000 samples showed several structures reminiscent of
budding vesicles from the bacterial OMFig. 1C and P This suggests tha®to DC3000
can produce EVs in the form of OM\F(18.

Nanoparticle tracking analysis (NTA) was used to measure particle size (median
diameter and distribution), particle surface charge (med&potential), and particle
number (concentration). In this size analysis, both sample types exhibited a polydisperse-
sized population of spherical structures with a diameter ranging from ~50 to 200 nm and
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FIG1 PtoDC3000 release extracellular vesicles in the form of OMNsR¢presentative SEM micrographs of planktofio
DC3000 grown in liquid culture 1.5...2 & tu/mL (SEM was done in three biological repeats and in all repeats EVs were
observed). B) Representative SEM micrograph of gradient-enrichetb DC3000 EVpurieed from planktonic culture (1.5...2

$ 10 cfu/mL); arrowheads point atlamentous structures co-purifying with the vesicles (SEM was done in three biological
repeats). For A and B scale bars = 200 n@arfd D) Left panel shows representative transmission electron microscopy
(TEM) micrographs from planktoniBto DC3000 cultures (1.5...2 S &@u/mL). C, cytoplasm; CM, cytoplasmic membrane;
PP, periplasm; V, vesicle. For C and D scale bars = 500ChiA. I6t of smaller and larger vesicles in proximity to cells. It
is important to note that the larger vesicle-like structures could also represent debris of dead de)l8Bydding vesicle in

the right part of the micrograph. Dashed boxes indicate enlarged regions of the micrographs shown in the right panel. TEM
was preformed from three biologically independent bacterial sampleE) Sizeproele of EVs fronPto DC3000 planktonic
cultures in,uid samples (3.75...5.5 &’ Hu/mL); the values represent mean and standard deviations from 13 biologically
independent samples.R) Sizeprosle of gradient-collected EVs from planktonRto DC3000 cultures (1.5...2 § ¢/mL); the
values represent mean and standard deviations from 20 biologically independent samples.
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median sizes of 100 and 115 nm fauid samples and gradient-collected samples,
respectively Fig. 1E and }- It is possible that conditions used for SEM and MiTAr in
their capacity to hydrate the vesicles and/or that NTA underestimates smaller particles
(32).

To determine whether EV production is an active process, EVs wgei@ntieed
from culture supernatants ofPto DC3000 over cultivation time, with increasing particle
numbers observed with bacterial densityFig. S2A and B Calculation of the amount
of EVs produced per bacterium showed that numbers were similar between growth
stages Fig. S2A and B The median diameter andpotential of EVs were mostly
comparable across growth stages, ydt,ered slightly between the sample types-{g.
S2C and [ Albeit we cannot exclude the possibility that vesicles could be derived, e.g.,
from exploding cells 20), the vesicles recovered from culture samples appeared to be
predominantly produced by bacteria as an active process since the number of dead
cells from planktonic cultures was little compared with heat killingig. S2J5 which also
caused higher particle numberd={g. S2F This is consistent with the observations from
TEMFig. 1C and P

EVs from culturedPto DC3000 are enriched in 369 proteins

To gain insights into the biogenesis and functions Bfo DC3000 EVs, we characterized
the proteome of EVs using liquid chromatography-based tandem mass spectrometry
(LC-MS/MS). To this end, we cultivatBtb DC3000 in a rich, yet iron-limited medium,
allowing for high bacterial growth and thus EV yield as well as considering iron limitation
in the leaf apoplast during pathogen infection2f, 33. ThePto DC3000 EV-associated
proteins were isolated fronPto DC3000 cultures by gradient enrichment. In parallel, we
determined the proteomes of whole cells (WC) and OM preparations. We detected the
highest number of proteins from the WC sample £ 1,587), followed by the EV sample
(n=890) and 212 proteins in OM samplddd. 2A Table S In total, 2,898 proteins were
identieed over all samples, of which 1,899 proteins wadentieed at least in three of
the four samples per sample type (WC, EV, or OM). These proteins were taken forward
for further analysis Table S1 Similar protein intensity distributions were obtained for
all samples [label-freguantiecation (LFQ) values were generated by MaxQudfig. S3

and the four replicate measurements per sample type fell into sample clusters onrrte
and second principal components, suggesting a systematigerence in the proteomes

of these three sample types{g. 2B. By comparing the proteomes of EV and WC, we
identieed 369 EV-enriched proteins, consisting of 162 proteins exclusivdgntieed

in at least 3 replicates of EV sample (EV unique deteckg; 2G and 207 proteins
signiecantly higher in the EV compared with WEig. 2C Table S1 Next, we analyzed
the proteomics data (i) using computational approaches (bioinformatics and database
searches) and (i) building on current knowledge (EV biogenesis and immunomodulatory
activities).

PtoDC3000 EVs are enriched in proteins with predicted roles in transport and
antimicrobial peptide resistance

We performed a gene set analysis on the 369 EV-enriched proteins to examine the
biological processes, cellular component, and molecular function in which these proteins
are involved [from gene ontology (GO)34, 35. In total, 20 GO terms wegggniecantly
enriched Fig. 3A through C false discovery rate (FDR) <0.05; DAVID bioinformatics
resources] 36, 37). Eight terms were found in the category tbiological processt out of
which, four terms were associated with tcellular processest related to cell division, shape,
and cell wall remodeling. An increasing release of EVs was observed in cells that grow at
exponential phase, likely due to an increased turnover of peptidoglycan during cell
division 38). Three terms were connected to the general process of ftransport,} including
transmembrane transport, intracellular transmembrane transport, and protein transport
by the Sec complexHig. 3A Table S2 This suggests speciec and/or selective mechaf
nism for the delivery of protein cargoes into EVs. Indeeldssiecation of the proteins
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FIG 2 Proteomic analysisdentiees 369 proteins enriched irPto DC3000 EVsA) Comparison of proteins detected iRto
DC3000 WC lysate, OM, and EV. Proteomic analysis was done using four biologically independent saBygResic{pal
component analysis ofdentieed proteins. (C) Volcano plot comparing EV and WC proteomes. EV-enriched proteins were
deened in two categories: (i) fold change EV/WC >2 and false discovery rate <t&t@&)( (ii) measured in three replicates in

EV but not in WC. In addition, the mean intensity in EV protein needs to be in the top 50% of all proteins, so only high-intensity
proteins in EV are selected. Four types of proteins enriched or unique detected in EVs were highlighted: proteins related to
virulence; proteins related to siderophore transport; candidate EV biomarkers; and proteins highly enriched in EVs compared
with WC.
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enriched in EVs by putative subcellular localization revealed distinct localizapianles
compared with WC and OM proteins. While 66% of WC proteins were cytoplasmic, about
half (51%) of the EV-enriched proteins were cytoplasmic membrane associated, with the
next largest known class being OM associated (11P4g.(S3E This is consistent with the
four terms found in the category tcellular componentt connected to the general
compartment tTmembrane,} including OM and plasma membrafé.(3B. Combining

the data from proteomics and TEM, it may suggest b DC3000 produces EVs in the
form of both OMVs and OIMVs, as previously described for the closely related spgcies
aeruginosa(20). The category tTmolecular functiont was enriched in eight terms, includf
ing processes associated with peptidoglycan synthesis also found in the tbiological
processt category, and siderophore transpofig. 3Q. Siderophores are secondary
metabolites that can sequester iron. Bacteria secrete siderophores under iron-limiting
environments, improving iron uptake and thereby contributing to bacterial survivag).

The enrichment of siderophore transport proteins ito DC3000 EVs suggests that the
release of EVs may contribute to the acquisition of iron.

EV yield and likely cargo composition ageected by the environment, in which
bacteria grow 25). Havingidentieed proteins enriched in EVs collected from cultur@&io
DC3000 bacteria, this could limit evidence on the role of EV-enriched proteins during
plant infection. If EV-enriched proteins would be involved in infection, we assumed that
(i) proteins enriched in EVs from cultured bacteria would be present in bacierjlanta
and, thus, (ii) genes coding for EV-enriched proteins would be expressed in badteria
planta, and (ii) genes coding for EV-enriched proteins could respond to the plants
immune status. We, therefore, inspected availaBl®o DC3000 transcriptome dats888).

The expression patterns of genes coding for EV-enriched proteliyered mostly
between PtoDC3000 culturedn vitro(in both minimal and rich media), presei planta
(in both untreated and mock-treated plants), and present jg22 immune-induced
plants Fig. 3D. We foundeve clusters of gene expression patterns across these condif
tions. Of note, genes in cluster Il were upregulated in bacteria in responsa f@ganta
conditions but downregulated in bacteria fromg22-induced plants. It is thus possible
that the proteins encoded by the genes in cluster Il are also present at EVs produced by
Pto DC3000 in untreated and mock-treated plants. Since cluster Il is enriched in the GO
term fsiderophore uptake transmembrane transporter activityFig( 3E Table 1 Table
S2, EVs may play roles in iron acquisitidiig 2C orange labeling).

Cluster Il contains genes that were similarly expressed in bacteria griovwitro and
bacteria from,g22-induced plants but di,ered in their expression in response tm
planta conditions Eig. 3D. This cluster is associated, e.g., with the GO term tbacterial-
type ,agellum hookt Fig. 3B which has been described in the biogenesis of EAG).(
Also, cluster Il is associated with the GO term tserine-type D-Ala-D-Ala carboxypeptidase
activity,f which has a cross-reference with the term tPenicillin-binding protein 2% in the
InterPro database of protein families. It is worth mentioning that genes PSPTO_3987 and
PSPTO_4977 both annotated with thé-factam resistance function are also present in
cluster I, although not assigned in the above-mentioned GO term.

Purieed Pto DC3000 EV samples have immunomodulatory activities

Given the presence ofagellin in our Pto DC3000 EV samples, we next examined the
ability of the Pto DC3000 EVs to modulate the outcome of bacterial infection. We
pretreated Arabidopsis thaliandeaves withPto DC3000 EVs, which limited the growth of
subsequently infectedPto DC3000 bacterian planta (Fig. 4A. Thus, the immunogenic
activity of Pto DC3000 EVs mu€cient to restrict bacterial colonization, consistent with
recent observations 30). In agreement, seedlings treated withurieed EVs showed
induction of pFRKLGUS expression, albeit lower when compared with treatments with
,022 (Fig. 4BFig. S4A We also tested whether treatment witRto DC3000 EVs could
arrest seedling growth, a prototypic PTI response of plants to continual PAMP stimulation
(41). We observed nsigniscant growth reduction in this experimentKig. 4Q.
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FIG3 Proteomic composition ofPto DC3000 EVs suggests functions in immunomodulation and host adaptatidrthough C) Enriched proteins in biological
processes A), cellular localizationB), and molecular function@. O) Heat map representing transcriptional patterns of the genes coding for EV-enriched
proteins. Genes with similar expression patterns are indicated as clusters. Five clusters (I...V) were highlighted. Transcriptome data are derived fron38gference (
(B GO terms associated with clusters.

Six ,agella-associated proteins were enriched irPto DC3000 EVs, of whichgellin
was more than twofold enriched relative to the WC proteom&able S1 Therefore, to
determine the pathway by which thePto DC3000 EVs trigger immune responses, we
treated A. thalianamutants of the FLAGELLIN SENSING 2 (FLS2) and EF-Tu receptor (EFR)
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TABLEL Protein list of the genes present in cluster Il and their predicted localization

Locus tag Subcellular localization Product description® Other
PSPTO_0577 Unknown Phage tail sheath subtilisin-like domain-

containing protein
PSPTO_0753 Cytoplasmic membrane Multidrug eeux MFS transporter EV unique detected
PSPTO_1207 Outer membrane TonB-dependent siderophore receptor EV marker; siderophore transport
PSPTO_1760 Cytoplasmic membrane HAAAP family serine/threonine permease
PSPTO_2115 Outer membrane VacJ family lipoprotein
PSPTO_3294 Outer membrane TonB-dependent receptor EV marker; siderophore transport
PSPTO_3574 Outer membrane TonB-dependent siderophore receptor ~ Siderophore transport
PSPTO_4196 Cytoplasmic membrane Glucose/quinate/shikimate family

membrane-bound PQQ-dependent

dehydrogenase
PSPTO_4452 Cytoplasmic LPS export ABC transporter ATP-binding

protein
PSPTO_4883 Cytoplasmic membrane PepSY domain-containing protein
PSPTO_4931 Cytoplasmic membrane Hypothetical protein EV unique detected
PSPTO_5391 Outer membrane OprD family porin EV marker
PSPTO_5603 Cytoplasmic membrane FOF1 ATP synthase subunit B EV tcoret

aMFS = Major Facilitator Superfamily; PQQ = pyrroloquinoline quinone; ABC = ATP-binding cassette.

immune receptors responsible for recognition 9§22 and elf18, respectively4@). The
Pto DC3000 EVs triggerelRK1gene expression in wild-type (WT) ardr-1 mutants to
similar levels Eig. 4D. NoFRK1linduction was observed irs2 mutants. Thus, the EV
samples isolated fromPto DC3000 cultures must contain bacterighgellin as the
immunogenic molecule.

Notably, SEM analysis of gradient-collected EV samples showedcthpuriecation
of <lament-like structures Fig. 1B, which could represent detached bacteriggellar
or pili. Sinceagellin could not be detected in proteinase K-treated EVs and proteinase
K-treated EVs did nosigniscantly induce pFRK1GUS expressiorFig. 4E and ;Hig.
S4B, taken together, it is possible thaagellin is a co-purifying immunogenic molecule
present inPto DC3000 EV samples and recognizedAinthaliana This is consistent with
the observation that EVpurieed from the Pto DC3000&iC mutant did not signiecantly
induce pFRK1GUS expressiorFig. 4G Fig. S4¢ Considering co-purifyingagellin as
the major immunogenic molecule inPto DC3000 EV samples, its amount might be
insu€cient to repress seedling growth over time.

The EV-enriched proteome included proteins related to virulendgég( 2C Table
S1), such as MucD (PSPTO_42243),( HopAJ2 (PSPTO_4817¥) and HopAH2-2
(PSPTO_3293%%, 46. A major function of virulence proteins is the suppression of PTI
(47). Recently, the integration oK. campestrigv. campestrisOMVs into plant plasma
membranes was observed, which might suggest that vesicle cargoes such as virulence
proteins could be discharged into plant cell4§). To test whetherPto DC3000 EVs
could modulate a prototypic PTI response, we pretreated leaves with EVs from cultured
bacteria 24 hours before eliciting an ROS burst with the immunogenic peptigE2
from bacterial ,agellin and elf18 from EF-Tu. EV pretreatments neitlegniecantly
reduced nor increased the PAMP-induced ROS productiéiig.( 4H. This suggests
that under the tested conditionsPto DC3000 EVs are not predominantly involved in
inhibiting and/or further enhancing the PAMP-induced ROS responses.

Pto DC3000 bacteria produce EMs planta

The observation that EVs collected froRto DC3000 cultures may not play major roles
in host immune modulation raises the question wheth&toDC3000 releases EVs during
plant infection. To address this, apoplastigids were recovered fronPto DC3000-infecf
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FIG 4 Immunogenic activities ofPto DC3000 EVs are mostly dependent @gellin-induced responses.A) Pto DC3000
growth (cfu) after infection into leaves d&. thalianawithout and with EV pretreatment (24 hours) at 3 dpi (control = 0.02 mM
EDTA). Three biological repeats, each consisting of 12 independent samples were performed. The dots with the same color
represent independent samples from one biological repeaB) Quantiecation of pPFRKIGUS activity in seedlings incubated
without (n = 20) and with EVs1(E= 20) or with 100 nMg22 (n = 17) for 18 hours. The graph represents independent samples
from four biological repeats.@ Fresh weight of seedlings grown without and with EVs for 8 days. For contrel69; for

100 nM,g22 treatment n = 44, and EV treatmem = 39 of independent samples. The experiment was repeated in six
biological repeats with similar resultsD) RelativeFRK1gene expression in seedlings of the indicated genotypes incubated
without and with EVs for 5 hours (control = 0.02 mM EDTA), four independent samples were used for each variant. The
experiment was repeated in two biological repeats with similar results. For A, B, C, and D were used EVs for treatments in
concentration Z1.16%mL. The boxplots extend from 25th to 75th percentiles, whiskers go down to the minimal value and up

to the maximal value, and the line in the middle of the box represents the median. Asterisks indicate statsgnacances
(two-tailed Welsch«-test;P < 0.01) in Adli,erent letters indicatesigniecant di,erences (Welsch«s analysis of

(Continued on next pagg
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FIG 4(Continued)

variance with Dunnett<s T3 multiple comparisons post hoc te3tc 0.05) in B, C, and & (mmunoblot of ,agellin in Pto
DC3000 EVs without and with proteinase K treatment. Flagellin antibodies detect bands in untreated gradient-collected EVs
but not proteinase K-treated EVs. Coomassie brilliant blue (CBB) shows protein loading, evid@rtlycantly reduced by
proteinase K treatment.R) Quantiecation of pFRKIGUS signals in seedlings incubated with gradient-collect DC3000

EVs (concentratiory1.10°% without and with proteinase K treatment (PK+ PMSF [phenylmethylsulfongride]), 100 nM
,022, and particles (concentratioz1.13°% of unconditioned KB medium for 24 hours. The seedling numhés shown in the
bars; the bars represent average, and error bars are SD. Asterisks indigatecant di,erences based on t-test analysis. The
experiment was repeated at least twice with similar resulS) Quantiecation of pFRK1GUS signals in seedlings (12 days old)
incubated with EVs (concentration ranging from 0.75 to 2.5 $%.énL) fromPto DC3000 wild-type (WT) an@&iC mutants
medium for 18 hours. The bars represent mean, and error bars are SDrfrorh0 independent samples. The experiment was
done in two biological repeats with similar resultdd)(Quantiecation of PAMP-induced reactive oxygen species (ROS) in leaves
pre-treated without and with EV's (concentratiofil.10°) for 24 hours. The bars represent mean, and error bars are SDrfrom
=10 leaf discs. Asterisks indicatigniecant di,erences based on t-test analysis. ROS experiments were repeated at least twice
with similar results.

ted and control-treatedA. thalianaleaf tissues atli,erent time points andeltered to
remove bacteria.

SEM analysis of apoplasticids from control and infected leaves revealed the
presence of vesicle-like particles and tiny particles, the latter could resemble ribosomes
and/or larger protein complexesHig. S5A and B In apoplastic,uids from infected
leaves, we additionally observed structures reminiscent of pili andagellar (Fig. S5B

The size of apoplastic,uid vesicle-likeparticles determined by both NTAand SEM
did not signiecantly di,er between control and infected leaves (Fig. 5A; Fig. S5Q.
Particle abundance increased upon infection with Pto DC3000 (Fig. 5B), consistent
with previous endings (49). Increased particle abundance correlated with both
bacterial infection time and titers (Fig. 5B, Fig. S6A and B). We also analyzed EVs
from the apoplastic ,uids of plants that were co-treated with 100 nM ,g22 and
Pto DC3000. Particle numbers were lower than those recovered from Pto DC3000
infection only, consistentwith induced plant resistanceand not signiscantly di,erent
from plants only stimulated with ,g22 (Fig. 5C Fig. S6Q. Takentogether, comparing
the particle proeles of ,uids isolated from Pto DC3000-infectedplants with ,g22
immune-stimulated plants, both the higher particle number and the polydisperse
particle size hint at bacterial-derived EVs present in the apoplast of infected A.
thaliana.

Since Pto DC3000(,uid sample)and A. thaliana (apoplastic,uid samples)EVsdid
not signiecantly di,er in diameter (Fig. 1E and 5A), we focused on the charge of EVs,
re,ecting the di,erent surface composition of bacterial (prokaryotic) and plant-
derived (eukaryotic) EVs.Evaluation of the mean %.-potentialidentieed signiecantly
less negatively charged EVsrecovered from apoplastic ,uids of Pto DC3000-infected
plants at 3 days post-infection (dpi) compared with control treatments and earlier
time points (Fig. 5C). This time point correlated with in planta bacterial proliferation
and depended on bacterial inoculum (Fig. S6A and B). Plotting the relative particle
abundance over particle charge, the %o-potentialproeles of EVs recovered from
apoplastic ,uids of untreated, control-treated, and ,g22-treated A. thaliana identieed
major peaks around <32 mV (Fig. 5D; Fig. S6J. By contrast, the %.-potentiaproele of
EVs recovered from apoplastiaids of Pto DC3000-infectedA. thalianahad a broader
distribution with a similar major peak around 32 mV and an additional shoulder
around <10 mV (Fig. 5E Fig. S6K. Comparison of the di,erent %.-potentialproeles
revealed similarities of the major <32 mV peak across all plant samples, likely
representing a plant-derived EVpool. Notably, the shoulder around <10 mV detected
from apoplastic ,uids of Pto DC3000-infectedplant samplesshowed an overlay with
the %o-potentiaproele of EVrecoveredfrom Pto DC3000cultures (,uid samples),with
a peak from <20 mV to 0 mV (Fig. 5F and G). This could, therefore, represent a
bacterial-derived EV pool. Since the %o.-potentialproeles of EVs recovered from
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FIG5 Pto DC3000 release EWs planta Size, concentration, and charge measurements of apoplastic
,uids from A. thalianaplants (5...6 weeks old) infected wiio DC3000. &) Size of the particlesBY
Particle concentration in apoplastigids. (C) %o-Potential of the particles. For A...C, the variants represent:
n.t., nontreatment i = 4); control, 10emM Mggl0 dpi,n = 5; 3 dpin = 8);Pto DC3000 (OEhp = 0.0006) (0
dpi,n=9; 3 dpih = 10); 100 nMg22 (3 dpi,n = 6). Experiments A...C were performed in three biological
repeats with similar resultsD{ G) Theproele of %potential for particles detected irArabidopsisapoplast
treated with MgCp (control; D) for 3 days, wittPto DC3000 Rto; OQypg = 0.0006; K) for 3 days and with

EVs fromPto DC3000 grown in cultur¢uid; F). The dots represent the mean from 8 (D and G, white), 10
(E and G, green), and 13 (F and G, purple) biologically independent samples. The boxplots extend from
25th to 75th percentiles, whiskers go down to the minimal value and up to the maximal value, and the
line in the middle of the box respresents the median. The dots represent values of independent samples.
Di,erent letters indicatesigniecant di,erences (one-way analysis of variance with Tukey post hoc test;
0.05). The green color is highlighting the particles frdtto DC3000-infected plants (3 dpi).
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apoplastic ,uids of ,g22-treated A. thaliana did not di,er between untreated and
control-treated leaves (Fig. S6J, we found no evidence that plant EVsmodulate their
surface charge during infection.

Pto DC3000 EV-associated proteins are detected during plant infection

We next aimed to identify EV-associated proteins that could be used as markeRtdor
DC3000 EV& planta To this end, we addressed whether the protein composition of
EVs fromPto DC3000 and EVs from related bacteria shares similarities. We focused on
three publishedP. aeruginos®AO1 EV proteomes since a number of EV proteomes have
been reported fromP. aeruginos#50...52 We found that 103 proteins weriglentieed

in the EV proteomes across the three repor&)(.52 Of the 103 shared EV proteins
from PAO1, we could identify 100 orthologous proteins encoded in tRéo DC3000
genome, and 44 proteins were enriched Pto DC3000 EVIdble 2 Table S1. We refer

to these as the EV fcore These proteins were highly enriched in localization to the OM
(44%) and cytoplasmic membrane (26%)jid. S7A consistent with EVs released in the
form of OMVs. From these 44 proteins, 20 were putative OM-localized proteins and thus
represent good candidate biomarkers for the detection of EVal{le S1Fig. 2C blue
labeling). To gain insights into the expression of the EV tfcoret encoding genes during
infection, we searched available transcriptome dag8), which revealed two clusters of
generally lower or higher expression levels across the conditidfig.(S7R Of the genes
coding for EV tcoret proteins, a majority encoding OM-localized and cytoplasmic proteins
were upregulatedin planta (Table S}, which suggests their presence during bacterial
infection.

One of the predicted EV markers is OpFg( 2C black labeling), which we used for
immunodetection of Pto DC3000 EVm planta and purieed from Pto DC3000 cultures.
OprF is a porin integral to the OM and found in EV$0é&eruginos&3). Using anti-OprF
antibodies, weidentieed specisc bands ineltered apoplastic,uids of A. thalianaleaves
infected with Pto DC3000 at 2 and 3 dpi but not in control-treated planfsid. 6A. In
combination with using anti-TET8 (anti-TETRASPANIN 8) antibodies, we coakim
that the apoplastic,uids of control and infected leaves contain both plant-derived and

TABLE2 List of candidate EV marker proteins

Locus tag UniProt ID Subcellular localization Name Other

PSPTO_0554 Q88A43 Outer membrane Organic solvent tolerance protein

PSPTO_0569 Q88A28 Outer membrane Autotransporting lipase, GDSL family EV unique detected

PSPTO_1207 Q887S9 Outer membrane Iron(l1l) dicitrate transport protein fecA Siderophore transport

PSPTO_1296 Q887J6 Outer membrane Porin B

PSPTO_1437 Q886Y7 Outer membrane Lysyl-tRNA synthetase

PSPTO_1542 Q886N5 Outer membrane Outer membrane protein

PSPTO_1720 Q885W1 Outer membrane Outer membrane protein

PSPTO_2272 Q883S8 Outer membrane Outer membrane lipoprotein Oprl

PSPTO_2299 Q8830Q1 Outer membrane Outer membrane porin OprF

PSPTO_3229 QB880E1 Outer membrane Filamentous hemagglutinin, intein containing

PSPTO_3294 Q87ZX8 Outer membrane TonB-dependent siderophore receptor Siderophore transport

PSPTO_3971 Q87Y41 Outer membrane Peptidoglycan-associated lipoprotein

PSPTO_3987 Q87Y25 Outer membrane Porin D beta-Lactam resistance

PSPTO_4115 Q87XR1 Outer membrane Lipoprotein SlyB

PSPTO_4366 Q87X24 Outer membrane Iron-regulated protein A

PSPTO_4839 Q87VU6 Outer membrane Hypothetical protein

PSPTO_4940 Q87VJ6 Outer membrane H,K protein

PSPTO_4977 Q87VGO Outer membrane Outer membraneesux protein TolC Bacterial secretion
system

PSPTO_5031 Q87VA8 Outer membrane Type IV pilus biogenesis protein PilJ beta-Lactam resistance;

EV unique detected
PSPTO_5391 Q87UB4 Outer membrane Outer membrane porin, OprD family
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FIG6 Pto DC3000 EV-enriched proteins can be detected in EV samples flemed apoplastic wash

,uids of infected plants. ) OprF antibodies detect bands in apoplasticids (AWF) fromA. thaliana
infected with Pto DC3000 and in gradient-collected EVs. Coomassie brilliant blue (CBB) and silver
staining show protein loading, evidently lower in gradient-collected EV samples. Similar results were
observed in at least three independent experimentd) (OprF-positivePto DC3000 EVs are detected

in apoplastic,uids containing TET8-positive EVs from infectéd thaliana (C) Gradient-collected EVs
from Pto DC3000 WT andEiC mutants show proteinase K (PK)-sensitive detection of OptFaifd

BE) "-Lactamase antibodies ampC detect bands in gradient-collected EVs independent of PK treatment
(D) and in apoplasticuids from A. thalianainfected with Pto DC3000 at 3 dpiF. Here, the blot was
incubated with ‘ -ampC antibodies o/n at 4'C. (B through E) CBB shows protein loading, evidently
reduced by PK treatment. Similar results were observed in at least three independent experimépts. (
Immunogold staining of gradient-collectedPto DC3000 EVs using ampC antibodies. Several intact EVs
(black arrowheads) were present in mock-treated samples, mostly not immunogold labeled (black arrow).
Only in rare cases, gold particles were found at membranous debris. In heat-treated samples, a large
amount of membraneous structures (gray areas, white arrowheads) were observed, likely due to the
disruption of EVs by the heat treatment. Here, immunogold labeling was observed at the membranous
debris (some gold particles are indicated with white arrows). Two representative images are shown for
each condition.
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bacterial EVsHig. 6B. OprF-positive EVs were also detected from #i® DC3000&iC
mutant (Fig. 6¢, conerming successfupuriecation of EVs from this strain. However, OprF
could not be detected in proteinase K-treated EVEg, 6. InP. aeruginosaOprF is a
general porin of the OM&4) and, consistently, we detected OprF also in the proteome of
the OM samplesTable S It is thus possible that the immunogenic epitope recognized
by the anti-OprF antibodies is located at the external side of the EVs, making it sensitive
to proteinase K treatment. It is currently emerging that the EV surface corona plays roles
in EV functions §5), and it is possible that OprF might be part of tito DC3000 EV
corona.

We next aimed to identify an EV-enriched protein localized to the EV lumen
and explored available antibodies. For example, EVsSténotrophomonasnaltophilia
contained " -lactamase %6). Given that two genes annotated with the’-factam
resistancef function were present in cluster Il and although not detected in our
proteome samples, we reasoned thatlactamase could be present iRto DC3000 EVs.
Using anti- -lactamase antibodies, walentieed aspecisc band in gradient-collected EV
samples of culturedPto DC3000, which was also detected after proteinase K treatment
(Fig. 6D Fig. S7& In addition, a band could be revealed in apoplastiids collected
from Pto DC3000-infected leaves, suggesting the presence” dhctamase-positivePto
DC3000 EVs in these samplésg( 6EFig. STE We explored immuno-negative staining
to gain further insights into the localization of-lactamase inPto DC3000 EVs-ig. 6.

In mock samples, several intact vesicles were found yet withgighiecant immunogold
labeling. Only in rare cases, gold particles were observed at membranous debris. By
contrast, after breaking up the vesicles by heat treatment, the membraneous structures
showed clear immunogold labeling as several gold particles were observed at these
structures. This suggests that-lactamase was more accessible to ampC immunogold
labeling when EVs were disrupted, consistent withlactamase present in the lumen of
Pto DC3000 EVs. Havimgentieed two possible markers foPto DC3000 EVs, membrane-
bound OprF and solublé -lactamase located at the external side and the lumen of EVs,
respectively, these data provide additional evidence thRto DC3000 releases EVfs
planta during infection.

DISCUSSION

A range of activities has been associated with bacterial EVs during infection. This
includes modulation of host immunity (PAMPs,ectors, and bacterial cell wall
remodeling), elimination of host defenses (antibiotic tolerance and decoys), and
acquisition of nutrients from the host (metal ionsb7). In this study, we used a proteof
mics approach aiming to gain insights into the presence and roleRib DC3000 EVs
during plant infection.

PTI responses td’to DC3000 involve recognition by FLS2, EFR, and LIPO-OLIGOf
SACCHARIDE-SPECIFIC REDUCED ELICITATION (LORE), which detect immgR8pgenic
elf18, and 3-OH-FAs, a fatty acid co-purifying with LBS. (EVs from bacterial phytopathf
ogens are enriched in EF-Tu and LPZS, (26, 28, suggesting the presence of elfl8
and 3-OH-FAs. Bahar et al. demonstrated that BRI1-ASSOCIATED KINASE 1 (BAK1) and
SUPPRESSOR OF BIR 1 (SOBIR1), interacting co-receptors of PRRs (pattern recognition
receptors), mediate the immunogenic perception of EVs frafncampestripv. campestris
(25). We show that vesicle samples frofto DC3000 elicit immune responses that are
dependent on FLS2 and the presence g@fgellin in EV samplesF{g. 4 thorugh G
Since,agella proteins such as FliC havespeciec a€nity for EVs and are involved in
EV production inEscherichia col@40), they could be considered external EV cargoes.
However,slamentous structures were observed in SEM analys$ig( 1B. It is, therefore,
possible that ,agella co-purify with the Pto DC3000 EV samples despite depleting
extracellular components from EV samples by density gradient centrifugation. Contamif
nation of ,agella in EVs was reported to contribute to the detection of FIiC in EVs from
aeruginosab9).
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In contrast to our results, McMillan et al. reportesigniecant seedling growth
repression in response td’to DC3000 EVs3Q). This disparity in results may be due
to several factors, includingli,erences in the growth conditions of both the bacterial
cultures and theA. thalianaseedlings, the type of biochemical isolation of EVs and vesicle
dose, e.g., resulting idi,erent amounts of co-purifyingagella. The stronger protective
immune response observed by McMillan et al. may also be due to dligérences in
experimental procedures 30). Importantly, EVpurieed from Pto DC3000iC mutant
bacteria did notsigniecantly induce defense gene expressiofig. 4G. Thisnon-signie-
cant immunogenicity ofPtoDC3000 EVs would be congruous with Pto DC3000 releasing
EVs in favor of plant infection.

The plants apoplast, which is the niche colonized Byo DC3000, represents an
environment where bacteria are challenged with plant defense molecules, competition
with members of the microbiome, and acquisition of nutrient83). Bacteria respond to
environmental stress with the production of EVs, which allows for cell surface remodelf
ing, secretion of degraded and damaged cargo, and uptake of nutrients in bacterial
communities, e.g., by packaging transporters in EY4, 20, 6Q. The hypothesis thalPto
DC3000 may use EVs to adapt to the host environment is evidenced byraling that
Pto DC3000 EVs contaih-lactamase Fig. 60D. Several studies demonstrated that EVs
can improve bacterial survival during antibiotic exposur®. maltophiligproduced more
EVs upon treatment with thée -lactam antibiotic imipenem %6, 61). Its EVs contained
“-lactamase and increase®. maltophiliasurvival in the presence of antibioticHq).
Plants defend infection by upregulation of many defense-related genes, including genes
coding for antimicrobial peptides §2). Likewise, the host microbiome protects plants
against infectious pathogens6@). It is possible thaPtoDC3000 produces EVs to counter
the action of plant- and microbe-derived antimicrobial peptides, i.e., its EVs could
improve antimicrobial resistance d?to DC3000&4, 65.

Proteins involved in siderophore transport were enriched in the EVs from cultured
bacteria Fig. 2Q. Siderophores are important virulence factors of bacterial pathogens,
directly competing for iron with the host&6). Since the ability oPto DC3000 for iron
acquisition is correlated with its growtlin planta(33), siderophores and their transport
are likely to play roles if°to DC3000 infection success. Interestingly, the expression of
genes coding for all siderophore transport proteins enriched in EVs was upregulated
planta compared within vitro conditions as well as downregulated upon induction of
PTI Fig. 3D. Thus, regulation of siderophore transport proteins can be considered as an
adaptive response ofto DC3000 to iron/metal ion availability, and secretion into EVs
may allow improved acquisition of iron, analogous to EV secretion of the siderophore
mycobactin in Mycobacterium tuberculosi§7). In addition, the ability of siderophore
uptake into EVs may prevent activation of immunity as siderophores can trigger immune
responses §6). Taken together, we propose thd&to DC3000 produces EVs to improve
its growth ability both in culture andin planta Havingidentieed two markers forPto
DC3000 EVs, membrane-bound OprF detected as external EV carg6 -tactamase as
luminal EV cargo, future studies to determine the composition of EVplantaand track
their interaction with plant cells are now becoming possible.

MATERIALS AND METHODS
Bacterial strains and growth

Pto DC3000 used in this study was routinely cultured at 28'C in King«s B (KB) medium
containing 50 “g/mL rifampicin at 180 rpm and on plates with 1% agar without
agitation. Planktonic growth was performed in 500 mL cultures, and growth rates were
measured over time as Qfgg Pto DC3000&iC was cultivated at 28'C in KB medium
containing 50 “g/mL rifampicin and 5 “g/mL chloramphenicol at 180 rpn6®).
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Plant material and growth conditions

A. thalianaecotype Columbia (Col-OpFRK1IGUS®9), *s2c (42), andefr-1(70) mutants

were used in this study. For bacterial infections and ROS assays, Col-0 plants were
soil grown at 21'C...22'C and 8-hour photoperiod. Feglucuronidase (GUS) assays,
RT-gPCR (reverse transcription-quantitative polymerase chain reaction) analysis, and
induced growth arrest, seedlings were sterile grown on Murashige and Skoog (MS) plates
supplemented with 1% sucrose and 1.5% gelrite (Duchefa, the Netherlands) pH 5.8 for
4 days (after 2...4 dassatiecation in the dark at 4'C), then transferred to 96-well plates
containing 150 “L 1/2 MS medium supplemented with 1% sucrose per well and grown
for 11...12 days at 22'C and 16-hour photoperiod (120...150%%%n

Extraction and puriecation of bacterial EVs

EVs were routinely isolated from planktonic cultures across growth phaség. (S8A

The starting inoculum was Ofyp = 0.01. Samples were taken according to incubation
time, evidently slightlydi,ering in the then measured Oy, and therefore, we indicate

a range of colony-forming units per milliliter bacterial density, from which EVs were
collected. One hundred milliliters of planktonic bacteria (grown in liquid cultures) and
10 mL ofbioelm bacteria (grown on plates, collected, and resuspended), respectively,
were pelleted at 4,500 § for 2 S 20 minutes, the supernatant was decanted and passed
through a 0.22-“m membrane(,uid samplesfig. S1E Particles were pelleted from the
cell-free supernatant at 100,000 &for 1.5 hours. The pellet was resuspended in 1.7 mL

1 mM EDTA and loaded on sucrose density step-gradient (1.7 mL of sucrose 25%, 35%,
45%, 50%, and 55%) and centrifuged at 160,009 f8r 18 hours. Two milliliter samples
were collected from each of the sucrose density steps and diluted with 1 mM EDTA to
30 mL. Particles were pelleted at 100,000gSor 2 hours, and the pellets were each
resuspended in 0.16 mL 1 mM EDTA (gradient-collected sampligs; S1E& EV samples
were immediately frozen in liquid nitrogen. Since most EVs migrated to the 55% density
fraction (Fig. S8R we then collected EVs across fractions 3...5, which were less variable in
%o-potential, and size compared to fractions 1 anBig. (S8C and D

Extraction of leaf apoplasticfuids

Apoplastic ,uids were collected from leaves of 6...7-week-old plants (Col-0 WT, mock
treated, and infected with WTPto DC3000). Rosettes of 22...29 plants were vacuum
ineltrated with particle-free 1 mM EDTA. After removing the excésger, ineltrated
leaves were placed into 20 mL syringes and centrifuged in 50 mL conical tubes at
900 Sg for 20 minutes at 4'C. The resulting apoplastic wash was passed through a
0.22-“‘m membrane (apoplasticuid samples). Taconerm the successfubltering of
apoplastic,uids, 5 “L was incubated on LB plates containing 50 “g/mL rifampicin. No
Pto DC3000 colonies were detected after 3 days. For SEM pictures and immunoblots
detecting —lactamase and TET8, apoplastidds were additionally ultracentrifuged for
1ehour at 100,0008. The pellet was resuspended in 100 “L particle-free 1 mM EDTA.

EVquantiecation, size, charge measurements, and proteinase K treatment

EVs werequantieed and had their size and charge measured by NTA using ZetaView
BASIC PMX-120 (Particle Metrix, Germany) at room temperature. To detect EVs, we
used the manufacturer«s default settings for liposomes. Partmpmntiecation and size
measurements were performed by scanning 11 cell positions each and capturing 30
frames per position with the following settings: focus: autofocus; camera sensitivity
for all samples: 85; shutter: 100; scattering intensity: detected automatically. After
capture, the videos were analyzed by the built-in ZetaView Software 8.05.11 (ZNTA)
with the following specisc analysis parameters: maximum area: 1,000; minimum area:
5; minimum brightness: 25; trace length: 15 ms; hardware: embedded laser: 40 mW at
488 nm; camera: CMOS. For particle charge measurements, the same settings were used
except minimum brightness: 30. Statistical analysis was performed using either one-way
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analysis of variance (ANOVA) with Tukey post hoc test or Welsch<s ANOVA with Dunnett<s
T3 multiple comparisons post hoc test.

All samples were diluted in particle-free 1 mM EDB#.er and checked with NTA.
Unconditioned KB medium contained up to 1.4 S *1particles Fig. S2A Pto DC3000
cultures contained increasing particle numbers with cultivation timé2.8 S 16 particles
at 1.5...2 S 1@fu/mL (50% oin,uence); 7Z3.7 S 10 particles at 2.25...2.75 S £fu/mL
(37% ofin,uence), Z7 S 10 particles at 3.75...4.5 cfu/mL (20%ngiience), and Z1.1 S
10 particles at 5...5.5 S°I€fu/mL (13% ofn,uence) (Fig. S2A We, therefore, focused
our measurements on samples collected from gJg >7.5, which shows lower than 20%
inuence of particles from the medium. We calculated the colony-forming units per
milliliter from measured Olggg values 71, 72.

For proteinase K treatment, EVs were incubated with 10 “g/mL proteinase K (NEB,
P8107S) or mock treated for 30 minutes at 37'C before boiling in L—buyér at 95'C
for 5 minutes.

Propidium iodide staining

The viability assay was done with sonmeodiscations according to reference7Q3). In

brief, Pto DC3000 cultures were grown until Qgy = 1...2 and Qgp = 3...4. Propidium
iodide (PI) (Sigma-Aldrich) was added teral concentration of 20 “M. After 10 minutes
incubation time, 5 “L of the stained cultures was transferred to a microscopy slide, and
pictures were obtained with a Leica 3D Assay THUNDER Imager (Leica, Wetzlar) using an
HC PL Fluotar L 405/0.60 dry objective. Pl was excited at 642 nm, and the emission range
was 100%. As a negative control, bacteria were boiled in a microwave for several minutes
before PI staining. Two technical replicates were performed forggy> 1...2 and Qjgg =

3...4, respectively.

Scanning electron microscopy

Planktonic-grown bacteria at ODggg = 3...4(1.5...5 10° cfu/mL), gradient-collected
EVs(0.5...1.5 10" particles), and apoplastic ,uids passed through 0.2 “m elters
were used for SEM.The cells were chemically xed using 2.5% glutaraldehyde in
50 mM cacodylate bu,er (pH 7.0) containing 2 mM MgCh. Then, the cells were
applied to a glass slide, covered with a cover slip, and plunged frozen in liquid
nitrogen. After this, the cover slip was removed, and the cells were placed in a
exation bu,er again. After washing four times withbu,er, post-exation was carried
out with 1% OsQ; for 15 minutes. Two additional washing steps with bu,er were
followed by three times washing with double distilled water. The samples were
dehydrated in a graded acetone series, critical point dried, and mounted on an
aluminium stub. To enhance conductivity, the samples were sputter coated with
platinum. Microscopy was carried out using a Zeiss Auriga Crossbeamworkstation
at 2 kV (Zeiss, Oberkochen, Germany). The vesicle size was manually measured
acrosseve randomly selected SEM micrographs using Fiji software (74).

Transmission electron microscopy

Planktonic-grownPtoDC3000 at OFyg= 3...4 (1.5...2 S df/mL) was used for ultrathin
sectioning and subsequent TEM. The cells were concentrated by centrifugation, and
the cells were high-pressure frozen using a Leica HPM100 (Leica Microsystems, Wetzlar,
Germany). This was followed by freeze substitution with 0.2% osmium tetroxide, 0.1%
uranyl acetate, and 9.3% water in water-free acetone in a Leica AFS 2 (Leica Microsysf
tems, Wetzlar, Germany) as described previousi$).( After embedding in Epon 812
substitute resin (Fluka Chemie AG, Buchs Switzerland), the cells were ultrathin sectioned
(50...100 nm thickness) and post-stained for 1 minute with lead citrate. TEM of ultrathin
sections was carried out with a JEOL F200 cryo-S(TEM), which was operated at 200
kV and at room temperature in the TEM mode. Images were acquired using a bottom-
mounted XAROSA 20 mega-pixel CMOS camera (EMSIS, M nster, Germany).
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For immuno-negative staining, freshlypurieed EVs fromPto DC3000 were used.
Herein, 15 “L sample was applied to 175 mesh nickel grids, which had been covered
with collodium plastic foil and coated with carbon in advance. After incubation for
5 minutes, the grids were blocked for 25 and 30 minutes with 0.1% BSA (bovine serum
albumin) in 1S PBS. After this, the grids were incubated with the primary antibody (rabbit
anti-P. aeruginosaampC polyclonal antibody, dilution 1:1,000 or 1:5,000 in 1S PBS) for
30 minutes. This was followed by washing six times for 5 minutes with 0.1% BSA in 1S
PBS before adding the secondary antibody (goat-anti-rabbit, coupled to 10 nm colloidal
gold, dilution: 1:20) for 30 minutes. After this, the grids were washed 2 S 5 minutes with
0.1% BSA in 1S PBS, 2 S 5 minutes with 1S PBS, and 2 S 5 minutes with sterile water. After
blocking with aclter paper, the samples were negatively stained with 1% uranyl acetate
for 2 minutes, blotted again on dter paper, and air dried.

As it is expected that the epitope for immunodetection is on the inside of the EVs,
we carried out a heat treatment in parallel to break the EVs open. For this, 15 “L of
the sample was applied to 400 mesh carbon-coated copper grids and incubated for
20 minutes at 120’C. From this point on, the treatment of the grids was identical to the
protocol above.

The immuno-negative stained samples were investigated using a Zeiss EM912 (Zeiss,
Oberkochen, Germany) at 80 kV acceleration voltage. Images were acquired using a
2k S 2k slow-speed CCD camera (TRS Tr™ndle Restlichverst—rker-Systeme, Moorenweis,
Germany).

Pto DC3000 infection assay

Overnight plate-grownPtoDC3000 cells were resuspended in 10M MgC$ and diluted

to ODgpp = 0.0006. Using a needle-less syringe, the bacterial suspensionmiasted

into mature leaves of 5...6-week-old plants, three leaves per plant. For pretreatments,
gradient-collected EVs from planktonieto DC3000 (concentratioZ1.13% and 0.02 mM
EDTA as a negative control and 100 nlyp2 (EZbiolabs) as a positive control were
syringe ineltrated into leaves 24 hours prior té’to DC3000 inoculation. Discs of the
infected leaves (one disc per leaf, 0.6 cm diameter) were excised at 1, 2, or 3 dpi. The
three leaf discs from each plant were pooled and ground in 1 mL 10 mM Mg&srial
dilutions were plated on LB medium with rifampicin (50 “g/mL), and bacterial colonies
were counted 1 day after incubation at 28'C. Statistical analysis was performed using a
two-tailed Welschss t-test.

Histochemical GUS staining

The histochemical GUS assay was performed with 11-day-old seedlings. Seedlings were
treated with gradient-collectedPto DC3000 EVs (concentratiafl.10%, 100 nM,g22
(EZbiolabs), or as a control with 0.02 mM EDTA for 18 hours. Treated seedlings were
immersed in X-Glubu,er [2 mM X-Gluc (Biosynth), 50 mM Naf@H 7, 0.5% (vol/vol)
Triton-X100, 0.5 mM K-ferricyanide] for 16 hours at 37’C. Chlorophyll was removed by
repeated washing in 80% (vol/vol) ethanol. Observations were made on a WHX 6000
digital microscopy {6). The intensity of the GUS signals wagsantieed using ImageJ
software as described in referencé?).

Fluorimetric GUS assay

For ,uorimetric GUS assays, 11...12-day-old seedlings were treated with gradient-collecf
ted Pto DC3000 EVs (concentratiahl.13% or with 100 nM,g22 (EZbiolabs) or as a
control with 0.02 mM EDTA for 18 hours. Treated seedlings were frozen in liquid nitrogen
in 2 mL conical tubes containing two clean sterile glass beads and liquid nitrogen. The
frozen samples were dry homogenized using a Retch mixer mill (Retch). Homogenized
samples were kept on ice and cold (4'C). For total protein extraction, GUS extraction
bu,er was added as described®) [50 mM sodium phosphate (pH 7); 10 mM 2-merf
captoethanol; 10mM NgEDTA; 0.1% Triton X-100; 0.1% sodium lauryl-sarcosine and
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PPIC (plant protease inhibitor cocktail)]. GUS activities were measwredmetrically

in reaction bu,er (see below) using methylumbelliferyl-D-glucuronic acid dihydrate
(MUG) (Biosynth) as a substrate. Reactinper was the same solution as extraction
bu,er with one modiscation: PPIC was replaced by 1 mM MUG. Timmrescence was
measured using TECANiorimeter at excitation 360 nm and emission 465 nm. The
enzymatic activity of the sample was calculated to protein concentration measured
by Bradford protein assay. The absorbance was measured using TECAN spectrometer
absorbance at 595 nm. Statistical analysis was performed using one-way ANOVA with
Tukey post hoc test.

RNA extraction and RT-qPCR analysis

Gene transcription analysis was performed with 12-day-old seedlings. The seedlings
were treated with gradient-enriched EVs (concentration 1*30and 0.02 mM EDTA as
control for 3 hours, frozen in liquid nitrogen, and ground with 2.5-mm-diameter silica
beads using a homogenizer (Retch, Germany). Total RNA was isolated using a TRIzol
reagent (Invitrogen, USA) according to the manufacturer<s protocol. The extracted RNA
was treated with a DNA-free kit (Ambion, USA). Subsequently, 1 “g of RNA was converted
into cDNA with M-MLV RNase HSPoint Mutant reverse transcriptase (Promega Corp.,
USA) and an anchored oligo dT21 primer (Metabion, Germany). Gene transcription was
quantieed by gPCR using a LightCycler 480 SYBR Green | Master kit and LightCycler 480
(Roche, Switzerland). The PCR conditions were 95'C for 10 minutes followed by 45 cycles
of 95'C for 10 seconds, 55'C for 20 seconds, and 72'C for 20 seconds. Melting curve
analyses were then carried out. Relative transcription was normalized to the housekeepf
ing gene AtTIP41709). Primers were designed using PerlPrimer v1.181).(The primers

used are AtFRK1_FP, GCCAACGGAGACATTAGAG and AtFREATRRCGACCTGACTf
CATC. Statistical analysis was performed using one-way ANOVA with Tukey post hoc test.

Seedling growth analysis

Four-day-old seedlings were transferred from MS solid media into the liquid MS media in
transparent 96-well microplates. Each well contained 100 “L of media either containing
0.02 mM EDTA as a control or gradient-collecf DC3000 EVs (concentratiafl.10°)

or with 100 nM,g22 (EZbiolabs) as a positive control. After 8 days, the treated seedlings
were dried using a paper towel and then the fresh weight was measured. Based on the
weight of each seedling, relative seedling growth (%) to control seedlings was calculated.
Statistical analysis was performed using Welsch«s ANOVA with Dunnett<s T3 multiple
comparisons post hoc test two-tailed Student t-test.

ROS measurements

ROS production was determined using the luminol-based assay as previously described
(81). Brie,y, leaves of 5...6-week-oid thalianaplants wereineltrated with gradient-colf
lected EVs (concentratiod1.13° or particles isolated from KB. After 2 hours, discs were
excised from theineltrated leaves and 24 hours incubated in ddH20 at 22'C. Then, the
leaf discs were treated with water as mock and with 100 22 or 100 nM elf18
(EZbiolabs) to induce the production of ROS. The total photon count was collected for
45 min using a TECAN luminometer. Statistical analysis was performed using a two-tailed
Student t-test.

Proteomics

We isolated proteins in parallel froniPto DC3000 WC lysates and OM and EVs as
described previously 81, 82 and above, respectively. WC, OM, and EVs were isolated
from Pto DC3000 liquid cultures (Qfgg = 3...4 (1.5...2 S t@u/mL). The cells were
pelleted via centrifugation (12,000«§for 10 minutes).

Brie,y, for WC, the pellet was resuspended in 1 mL of 20 mM Tris-HCI (pH 8.0),
frozen in liquid nitrogen, three times thawing-freezing, and three times sonicated for
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10 minutes at 4’C. The samples were centrifuged at 6,009f& 10 minutes at 4'C, and
supernatants were collected and frozen in liquid nitrogen.

For OM preparations, the pellet was resuspended in 1 mL 20 mM Tris-HCI (pH 8.0),
sucrose (20%), followed by adding 5 “L lysozyme (15 mg/mL) and 10 “L 0.5 M EDTA,
incubation for 40 minutes on ice, and adding 20 “L 0.5 M MgCAfter centrifugation
at 9,500 Sg for 20 minutes at 4'C, the pellet was resuspended in 1 mL ice-cold 10 mM
Tris-HCI (pH 8.0) followed by sonication three times for 10 minutes on ice. The samples
were then centrifuged at 8,000 §for 5 minutes at 4'C, washed with cold 10 mM Tris-HCI
(pH 8.0), resuspended in cold, sterile MilliQ water followed by three times freezing
thawing in liquid nitrogen, incubation for 20 minutes at 25'C, and adding the sarcosyl to
enal concentration 0.5%. The samples were then centrifuged at 40,090d8 90 minutes
at 4'C, the pellet was resuspended in ice-cold 10 mM Tris-HCI (pH 8.0), and frozen in
liquid nitrogen.

Gradient-collected EVs were isolated from the bacteria cultures as described above
(Fig. S1¢: The protein concentration in the samples was measured using Bio-Rad Protein
Assay which is based on Bradford methdBy.

For proteomics, the samples were denatured by addition of 1S SDS loadingr.

In-gel trypsin digestion was performed according to standard procedur8d)(Brie,y,

2 “g of EV and OM samples and 20 “g of WC samples were loaded on a NUPAGE 4%...12%
Bis-Tris Protein gel§Thermoesher Scientiec, USA), and the gels were run for 3 minutes
only. Subsequently, the still not size-separated single protein band per sample was cut,
reduced (50 mM DTT), alkylated (55 mm CAA, chloroacetamide), and digested overnight
with trypsin (trypsin-gold, Promega).

LC-MS/MS data acquisition

Peptides generated by in-gel trypsin digestion were dried in a vacuum concentrator and
dissolved in 0.1% formic acid (FA). LC-MS/MS measurements were performed on a Fusion
Lumos Tribrid mass spectrometer (Thermo Fislgmientiec) equipped with an Ultimate

3000 RSLCnano system. Peptides were delivered to a trap column (ReproSil-pur C18-AQ,
5 “m, Dr Maisch, 20 mm S 75m, self-packed) at cow rate of 5 “L/minute in 100%
solvent A (0.1% FA in HPLC grade water). After 10minutes of loading, peptides were
transferred to an analytical column (ReproSil Gold C18-AQ, 3“m, Dr Maisch, 400mm S75
"m, self-packed) and separated using a 50-minute gradient from 4% to 32% of solvent B
[0.1% FA in acetonitrile and 5% (vol/vol) DMSO] at 300nL/minate rate. Both nanoLC
solvents contained 5% (vol/vol) DMSO.

The Fusion Lumos Tribrid mass spectrometer was operated in data-dependent
acquisition and positive ionization mode. MS1 spectra (360...1,300 m/z) were recorded
at a resolution of 60,000 using an automatic gain control (AGC) target value bade
maximum injection time (maxIT) of 50 ms. After peptide fragmentation using higher-
energy collision-induced dissociation, MS2 spectra of up to 20 precursor peptides were
acquired at a resolution of 15,000 with an AGC target value dféoel maxIT of 22 ms.

The precursor isolation window width was set to 1.3 m/z and normalized collision energy
to 30%. Dynamic exclusion was enabled with 20-second exclusion time (mass tolerance
>10 ppm).

Computational analysis of proteomes

LFQ values were used in the statistical analysis of proteome data. To select EV-enriched
proteins, Welch t-test was used to compare protein intensities between EV and WC
samples. The resulting>values were corrected using the Benjamini...Hochberg (BH)
method to control the FDR. The proteins with FDR <0.05 and with the intensity in EV
at least twice higher than in WC were selected as EV-enriched proteins 207). In
addition, we selected proteins that were exclusivelgentieed in at least three (out

of four) replicates of EVn(= 162). A complete list of EV-enriched proteins is given

in Table S1 The functional enrichment analysis of the EV proteins was performed
using the DAVID functional annotation tool36, 37). Cluster maps were generated
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using the SEABORN python librarlgttps://seaborn.pydata.org), with small cosmetic
changes based on its documentation. Gene clusters were generated by SEABORN default
method of hierarchical clustering. These gene clusters were also subjected to functional
enrichment analysis using the DAVID functional annotation to86(37).

Database searches

Peptide identiecation and quantiecation were performed using MaxQuant (version
1.6.3.4) with its built-in search engine Andromed®5( 8. MS2 spectra were searched
against aPto protein database (UP000002515, downloaded from Uniprot 04.05.2020)
supplemented with common contaminants (built-in option in MaxQuant). For all
MaxQuant searches, default parameters were employed. Those included carbamidomef
thylation of cysteine as axed modiecation and oxidation of methionine and N-terminal
protein acetylation as variablenodiecations. Trypsin/P wasspecieed as a proteolytic
enzyme. Precursor tolerance was set to 4.5 ppm, and fragment ion tolerance to 20
ppm. Results were adjusted to 1% FDR on peptide spectrum match and protein level,
employing a target-decoy approach using reversed protein sequences. LFQ algorithm
was enabled. The minimal peptide length wateened as seven amino acids, and the
tmatch-between-runt function was not enabled. Each sample type (EV, OM, WC) was
analyzed in biological quadruplicateSéble SL

We used available localization prediction data from theseudomonasgenome
database (pseudomonas.com)3T). Predicted protein localizations are presented as
stacked bar charts (made in MS Excel) as a percentage of the total number of proteins
in the analyzed sample. We used the available software DAVID bioinformatic resource
6.8 fttps://david.ncifcrf.gov) for GO term and KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway analysis, and the adjustedalue cuto, was set to 0.0536,
37). We compared the EV-enriched proteins frdto DC3000 with EV proteomes from
planktonic-grown P. aeruginosaPAO1 %1, 52, 82. We focused on the proteins that
were identieed in OMVs fronP. aeruginos@®AO1 across all three studies aitintieed
their gene orthologs inPto DC3000 using théseudomonagenome database (pseudof
monas.com) 87). This set of proteins was compared with tfRto DC3000 EV-enriched
proteins to predict EV biomarkers. The EV-enriched proteins were also compared with
availablein planta PtaDC3000 transcriptome and proteome datasefsl( 33.

Immunoblot analysis

Immunoblot analysis was performed according to Sambrook and Russel (1989)
(88). And 10% SDS-PAGHels were blotted onto PVDF Immobilon-P membranes
(Millipore). Pto DC3000 OprF was detected using 1:2,000 diluted rabbit polf
yclonal antibody against OprF from P. aeruginosa (Cusabio Biotech Co.; CSB-
PA318417LA01EZX);agellin  was detected using 1:300 diluted antibody (68);
“-lactamase was detected using 1:2,000 diluted rabbit polyclonal antibody against
ampC from P. aeruginosa (Cusabio Biotech Co.; CSB-PA326492HA01EZX)nd TET8
was detected using 1:500 diluted rabbit polyclonal antibody against TET8 from
Arabidopsis (PhytoAB, PHY1490S).As secondary antibody, we used a 1:50,000
dilution of the anti-rabbit IgG-peroxidase polyclonal antibody (Sigma-Aldrich,
A0545) and 1:5,000 dilution of IRDye 800CW Goat anti-Rabbit IgG Secondary
Antibody (LI-COR Biosciences, 926...32211).Signal detection was done using
SuperSignal West FemtoMaximum Sensitivity Substrate (Pierce, Thermo Scientisc),
according to the manufacturersinstructions, and the images were captured using
Vilber Lourmat Peglab FUSIONSL Gel ChemiluminescenceDocumentation System.
For detection of the IRDye 800CW Goat anti-Rabbit IgG Secondary Antibody, we
used the Odyssey CLx Near-Infrared Fluorescence Imaging System Odyssey Clx
(LI-COR Biosciences).
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Coomassie brilliant blue and silver staining

Proteins were separated on 10% SDS-PAGE gels using Hoefer«s vertical electrophoresis
system (SE250, Hoefer). The gels were subsequently either incubated with Coomassie
brilliant blue G-250 stainingbu,er at room temperature, or the silver staining was
performed using ROTI Black P kit (L533, Carl Roth) following the protocol provided by the
manufacturer.

Statistical analysis

Studentt-test, Welsch«s t-test, one-way ANOVA followed by Tukey multiple comparisons

test, and Welschss ANOVA with Dunnett<s T3 multiple comparisons post hoc test were
performed using GraphPad Prism version 8.3 for Windows, GraphPad Software, San
Diego, CA, USAyww.graphpad.com.
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Changes in actin cytoskeleton dynamics are one of the crucial players in many physiological as well as
non-physiological processes in plant cells. Positioning of actin “lament arrays is necessary for successful
establishment of primary lines of defense toward pathogen attack, depolymerization leads very often
to the enhanced susceptibility to the invading pathogen. On the other hand it was also shown that the
disruption of actin cytoskeleton leads to the induction of defense response leading to the expression of
PATHOGENESISRELATEDproteins (PR).In this study we show that pharmacological actin depolymeriza-

,I:it)i,:m(;s::amics tion leads to the speci“c induction of genes in salicylic acid pathway but not that involved in jasmonic
Salicylic acid acid signaling. Life imaging of leafs of Arabidopsis thaliana with GFP-tagged “mbrin  (GFP-fABD2) treated
PRgenes with 1 mM salicylic acid revealed rapid disruption of actin “laments resembling the pattern viewed after

treatment with 200 nM latrunculin  B. The effect of salicylic acid on actin “lament fragmentation was
prevented by exogenous addition of phosphatidic acid, which binds to the capping protein and thus pro-
motes actin polymerization. The quantitative evaluation of actin “lament dynamics is also presented.

Phosphatidic acid

© 2014 Elsevier Ireland Ltd. All rights reserved.

produce R proteins (resistance proteins) capable to eliminate the
effect of effectors [1]. These early events triggered by pathogen
attack are followed by the activation of signaling cascades which
are regulated by plant hormones; key players in these processes are

1. Introduction

During coevolution with their natural enemies, plants evolved
very complex and multilevel mechanisms to defend themselves,

resulting in relatively very low successrate of invaders. Besides the
constitutively based defense such as production of antimicrobial

metabolites or structural barriers, plants are endowed with wide
range of inducible mechanisms leading to the immune response
to the invader. These processes are triggered by the recognition

of pathogen common structures; pathogen or microbe associated
molecular patterns (PAMPs or MAMPs). These structural deter-
minants are perceived by pattern recognition receptors (PRRs)
which in turn initiate downstream early events leading to immune

response called PAMP-triggered immunity (PTI). Pathogens are
able to overcome PTI by introducing effector molecules into the
plant cell promoting the virulence of the pathogen. Plants in turn
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E-mail address: olga.valentova@vscht.cz (O. Valentova).
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salicylic acid (SA), jasmonic acid (JA)and/or ethylene (ET)[2].These
hormones regulate signaling pathways which lead to the massive
reprogramming of transcriptome and the expression of defense
genes (PATHOGENESIBRELATEDPR) [3,4] . In Arabidopsis PR-1(anti-
fungal with unknown function), PR-2 (beta-1,3-glucanase) and
PR-5(thaumatin) are induced by salicylic acid, whereas PR-3(chiti-
nase), PR-4 (chitinase) and PR-12 (defensin, PDF1.2 are induced
by jasmonic acid [5]. JAresponsive gene PDF1.2is associated with
enhanced resistance to necrotrophic pathogens, the response to
mechanical damage leads to the induction of vegetative storage
protein (VSP2) [6...8]. SA also triggers induction of some WRKY
transcription factors [9]. Transcription of two of them, WRKY38
and WRKY62were shown to be induced by SA[10,11] .
The actin cytoskeleton is a complex and dynamic “lamentous

structure of all eukaryotic cells. Besides its structural role, the
actin cytoskeleton dynamics plays important roles not only in
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numerous vitally important physiological processes but it has been
shown many times that cytoskeleton undergoes structural changes
in plant responses to the internal and external cues. Recent live
cell imaging techniques have revealed dynamic features and sig-
ni“cant roles of cytoskeleton during defense responses of plant
cells after pathogen recognition. Actin “laments (AFs) are focus-
ing at the site of infection and function as tracks for the polar
transport of antimicrobial materials [12] . A few pieces of evidence
were also given showing the involvement of actin cytoskeleton
rearrangement in the signaling pathways involved in the induced
resistance. Actin-depolymerizing factor (AtADF4) mediates defense
signal in Arabidopsis triggered by Pseudomonas syringae DC3000
[13] . Reduced and delayed salicylic acid (SA) pathway marker gene
PR-1 induction was observed within 12 hpi in plants silenced in
AtADF4. Depolymerization of actin by cytochalasin E, the inhibitor
of actin micro“lament  polymerization, led to the increase of HR-
like cell death and PR-1 expression in tobacco leaf discs and this
increase correlated with actin polymerization index [14].

Phospholipid signaling is obviously involved in early events trig-
gered by infection or chemicals which mimic invasion of pathogen.
Key players of this signaling system comprise phospholipid metab-
olizing enzymes aswell asproducts of their action. One of the latter
is phosphatidic acid, which can be produced by phospholipase D
or diacylglycerol kinase. PA notably plays a role in plant stress
signaling and is now considered to be one of the principal second
messengers in plants. Liet al. [15] observed an increased density of
actin “laments in the cortical array of Arabidopsis hypocotyl epi-
dermal cells following exogenous PAtreatments. This is due to the
interaction of PAwith capping protein (CP)which binds with high
af‘nity to the barbed ends of actin “laments blocking actin assem-
bly and disassembly. PAnegatively regulates binding of CPand this
leads to the uncapping of actin “lament ends, and thereby allowing
assembly of new F-actin [16] .

In the presented study we demonstrate that actin cytoskeleton
dynamics undergoes signi“‘cant changes after exogenous treat-
ment of Arabidopsis plant with salicylic acid mimicking pathogen
attack. We also show that pretreatment of plants with PA abol-
ishes the effect of SAon actin dynamics. Treatment of Arabidopsis
seedlings with cytoskeleton disrupting drugs leads to the induction
of SAresponsive genes but not that of JAsignaling pathway.

2. Materials and methods
2.1. Plant material

Surface sterilized seeds of Arabidopsis thaliana, ecotype
Columbia-0 with tagged “mbrin: 35S::GFP-fABD2 [17] were cul-
tivated in Petri dishes in MS medium modi“ed according to llles
[18,19] and solidi“ed with 1.2%agar. Petri dishes were positioned
vertically into a growing chamber for 7...10days and plants were
grown in conditions: 22 C/20 C, 8/16 h day/night cycle, light
110...150 mol m52s51, Al solutions were prepared with Milli-Q
water.

For transcriptional analysis seedlings of A.thaliana ecotype Col-
0 were grown in 24-well plates in 400 Lof MSliquid medium [20]
for 10 days in acycle of 10 h day (130 EmS2s51,22 C)and 14 h
night (22 C)at 70%relative humidity. On the 7th day, the medium
in wells was changed for afresh one.

2.2. Plant treatment

For microscopy analyses Arabidopsis seedlings were treated
with 10 M cytochalasin E(Sigma...Aldrich) and 200 nM latrunculin
B (Sigma...Aldrich). Drugs were solved in DMSO (Sigma...Aldrich)
to prepare 1000x concentrated stock solutions which were then

diluted by liquid growing MS medium to “nal concentrations.
Aqueous stock solution of sodium salicylate (SA, Sigma...Aldrich)
was diluted with liquid growing medium to “nal 1 mM concentra-
tion.

10 M 1,2-dioctanoyl-sn-glycerol  3-phosphate sodium salt (PA,
Sigma...Aldrich) was solved in 95%ethanol, vacuum evaporated and
dissolved in cultivation medium by sonication.

Bion®50WG (Syngenta) pellets containing 50% of active com-
pound ...BTH (1,2,3-benzothiadiazole-7-carbothioic acid S-methyl
ester) were dissolved in distilled water to obtain 1000x concen-
trated stock solution. Suspension was centrifuged 1 min at 5000 x g
and supernatant was diluted by growing medium to the “nal
300 M concentration.

Seedlings for microscopic analyses were positioned onto an
inverted platform (with acover slip at the bottom) and submerged
into adrop of MS medium. Chemicals solved in MS medium were
applied directly on the microscope stage using pipette or perfusion
culture chamber.

For transcription analyses, seedlings were treated by replacing
the pure MS medium in growing plate wells with medium contain-
ing 200 nM latrunculin  B,10 M cytochalasin Eor 20 M oryzalin
solved in DMSO and diluted as described above.

2.3. Geneexpression analysis

Whole seedlings from three independent wells were immedi-
ately frozen in liquid nitrogen. Tissue was homogenized in tubes
with 1 gof 1.3 mm silica beads using a FastPrep-24 instrument (MP
Biomedicals). Total RNA was isolated using a Spectrum Plant Total
RNA Kit (Sigma...Aldrich) and treated with a DNA-free Kit (Ambion,
Austin, TX, USA). Subsequently, 1 g of RNA was converted into
cDNA with M-MLV RNase HS Point Mutant reverse transcriptase
(Promega Corp.) and anchored oligo dT21 primer (Metabion, Mar-
tinsried, Germany). An equivalent of 6.25 ng of RNAwas loaded into
a 10 L reaction with a gPCR mastermix EvaLline...E1LC(GeneOn,
Ludwigshafen am Rhein, Germany). All reactions were performed
in polycarbonate capillaries (Genaxxon, Ulm, Germany) and Light-
Cycler 1.5 (Roche). The following PCRprogram was used for all PCR
assays: 95 C for 10 min; followed by 45 cycles of 95 C for 10s,
55 Cfor 10s,and 72 Cfor 10s; followed by a melting curve anal-
ysis. Threshold cycles and melting curves were calculated using
LightCycler Software 4.1 (Roche). Relative expression was calcu-
lated with ef‘ciency correction and normalization to SAND [21].
Primers were designed using PerlPrimer v1.1.17 [22] . Following A.
thaliana genes with corresponding accession humbers and primers
were used: SAND, AT2G28390, FP:5 CTGTCTTCTCATCTCTTGTC
3,RP:5 TCTTGCAAT ATG GTTCCTG 3, PR-1, AT2G14610, FP:5
AGTTGTTTGGAGAAA GTCAG 3 ,RP:5 GTTCACATAATT CCCACG
A 3,LOX2 AT3G45140, FP:5 ATCCCACCTCACTCATTACT3,RP:
5 ATC CAA CACGAA CAATCTCT 3, PR-2, AT3G57260, FP:5 TAT
AGC CACTGA CACCAC3,RP:5 GCCAAG AAA CCTATCACTG 3,
WRKY38, AT5G22570, FP:5 GCCCCTCCAAGA AAA GAAAG 3, RP:
5 CCTCCAAAG ATA CCCGTCGT 3, AOS AT5G42650, FP:5 GGT
CATCAAGTTCATAACCG3,RP:5 TTTCTCAAT CGCTCCCAT3,
VSP2 AT5G24770, FP: 5 CCAAAC AGT ACCAAT ACGAC3,RP:5
CTTCTCTGTTCCGTATCCAT 3.

2.4. Microscopy and image adjustment

A. thaliana seedlings stably expressing 35S::GFP-fABD2 con-
struct were placed between a microscope slide and a cover slip
in adroplet of cultivation medium. Abaxial surface of the “rst true
leaf was set toward the cover slip. The slide with seedling was pos-
itioned onto an inverted platform (with acover slip at the bottom)
of a confocal laser scanning microscope Zeiss LSM 5 DUO. The epi-
dermal cells were imaged using an Zeiss C-Apochromat 40x/1,2
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Fig. 1. Effect of cytoskeleton drugs on the expression of genes involved in salicylic acid and jasmonic acid signaling pathways. 10-days-old Arabidopsis seedlings grown in
liquid MS medium were treated 6h and 24 h with (A) 200 nM latrunculin B (Lat B), (B) 10 M cytochalasin E (Cyt E) and (C) 20 M oryzaline (Ory) and the expression of
salicylic acid marker genes (PR-1, PR-2and WRKY38) was measured by qPCR.(D) Seedlings were treated with 200 nM latrunculin B (Lat B) and the expression of jasmonic acid
marker genes (LOX2 VSP2and AOS was measured by qPCR.Control plants were treated with DMSO diluted with liquid growth medium (Ctrl). Values represent means + SE

from three (LatB, Ory) and four (CytE) biological replicates.

UV...VIS...NIRvater corrected objective or x63 (Plan-Apochromat
63x/1,40 Oil DIC) objective with 477 nm or 488 nm excitation with
argon laser. Emitted light was captured using HFT488 beam splitter
and a 505...550nm band-pass ‘lter.

Images of GFP...tagged actin “laments in epidermal cells were
taken before the treatment and in approximately 10 min intervals
after the treatment.

The images were usually taken from the tip of leaves in the
region with perfectly "attened cells which helped to capture bigger
leaf area in asingle optical section.

Cytoplasmic streaming in hypocotyls of A. thaliana seedlings,
was observed by Nomarski differential interference contrast
microscopy using Nikon Eclipse E600 microscope (Nikon, Japan)

and time sequences captured with color digital camera (DVC 1310C,
USA). Obtained images were processed using LUCIAimage analysis
software (laboratory Imaging, Prague, Czech Republic), Image Jfree
software and Adobe Photoshop software (Mountain View, CA,USA).

2.5. Image analysis

For the analysis of the lengths of actin “laments (AF) the follow-
ing method was used. For each experiment one "uorescence image
was acquired before any treatment, followed by series of approxi-
mately 10 images after addition of chemicals. For each subsequent
image acquisition the care was taken to record the same focal plane.
The data were obtained with lateral resolution 114 nm/pixel. The



J.Matou skova et al. / Plant Science223 (2014) 36...44 39

Fig. 2. Changes in actin dynamics in Arabidopsis thaliana epidermal leaf cells after treatment with chemical inducers. 7...10-days-old Arabidopsis 35S::GFP-fABD2 were
treated with (A) 1 mM salicylic acid, (B) 300 M BTH (benzothiadiazole). Approximately 4 m of cortical layer beneath the plasma membrane (400 nm steps) of epidermal
leaf cells on abaxial side was observed with confocal scanning microscope LSM 5 DUO (Zeiss) before and up to 40 min after treatment. Pictures show single optical sections
of the same position and represent typical results from thirty repetitions for treatment with SAand “ve repetitions for BTH. Bars represent 10 m.

pictures were processed using Zeiss LSM Image Browser to choose
accurate Z-plane and Adobe Photoshop software (Mountain View,
CA,USA) to crop images to gain comparable areas in the sequences
of images. After recording, images were processed automatically
by scripts based on ImageJ, Perl and Gnuplot. The images were
“ltered using FFT and custom Low Pass “lters with speci‘c ori-
entation (step 10 ) and individual particles were recognized using
automatic threshold. In this way the binary model of all individ-
ual AFs(or bundles) with different orientation was generated. After
visual control of processed data, the length histograms (with 1 pixel
bin size) were calculated. Detailed description of image processing
is in Supplemental Method and Figures S1...S6.

3. Results

3.1. Disruption of actin “laments leads to the induction of SA
pathway

Kobayashi and Kobayashi [14] showed on tobacco leaf sec-
tions treated 48 h with cytochalasin E that the depolymerization
of actin “laments correlates with the induction of hypersensitive
response-like cell death and with the increased transcription of
acidic PR-1and PR-2 defense genes. Both effects are the hallmark
of SA signaling pathway. This effect was signi“cantly dependent
on the type of cytochalasin used and correlated with the degree
or probably the mechanism of depolymerization. While cytocha-
lasins bind to the growing plus ends of actin “laments, latrunculin,
another cytoskeletal drug, severely in"uencing actin dynamics, is
binding to the G-actin (monomer) and thus prevents the formation
of new “laments. We were interested in the effect of latrunculin B
on the activation of early defense responses in Arabidopsis plants.
Ten days old seedlings grown in liquid MS medium were treated
with 200 nM latrunculin  B. The increased expression of SAmarker
genes PR-1, PR-2and WRKY38was observed already 6 h after treat-
ment followed by massive induction after 24 h, more than 1000
times in case of acidic PR-1and 100 times for PR-2 and WRKY38
(Fig. 1A). The similar effect was observed when plants were treated
with 10 M cytochalasin E (Fig. 1B). The level of the expression of

the genes after 24 h was similar to their expression in plants treated
with SA (data not shown). On the other hand we did not observe
any change in the expression of jasmonic acid (JA) pathway marker
genes VSP2,A0Sand LOX2[23] (Fig. 1D). These results indicate that
the disruption of actin “laments is speci“c for SAsignaling pathway.
Furthermore it seems that the SA pathway is more speci‘cally
connected with actin cytoskeleton dynamics than with the dynam-
ics of microtubules (MT). We treated plants for 6 h and 24 h with
20 M oryzalin, drug which binds to plant tubulin and depolymer-
izes MT. We observed some effect on the expression of the SA
marker genes only 24 h after treatment. The relative expression
was 100 times lower when compared with the level of expression
in plants treated with latrunculin B and cytochalasin E (Fig. 1C).

3.2. Salicylic acid causesthe disruption of actin “laments

Results of the gene expression pattern in response to cytoskele-
tal drug treatment led us to the question whether SAitself could
have an impact on the actin cytoskeleton dynamics. To study the
response of plant cells after treatment with 1 mM sodium salicy-
late, we imaged actin “lament arrays in the leaves of Arabidopsis
plants by confocal microscopy. Actin “laments were imaged in sev-
eral time points after submerging the plants in the medium with SA
directly on microscopic plates. Surprisingly, actin “laments in the
leaves of A.thaliana depolymerized rapidly, within minutes, after
the treatment (Fig. 2A). Several different but related actin dynamic
patterns of actin depolymerization were accompanied by reliable
appearance of afew stable thicker bundles of actin “laments after
approximately 20 min of the treatment. The decrease of “lament
number was obvious 10 min after treatment and it continued grad-
ually for next 20 min. While this is true for majority of samples
(about 75%),in the remaining experiments the number of “laments
in the interval between 10 and 20 min rose almost back to initial
values, but it started to decrease later again. Tiny “laments frag-
mented into dots or short “bers (about 60% of all cases) or simply
disappeared after treatment. The region surrounding actin cables
was full of tiny speckles or fog-like diffuse signal, usually 40 min
after treatment with SA,total number of actin particles of all sizes
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Fig. 3. Changes in actin dynamics in Arabidopsis thaliana epidermal leaf cells after treatment with SAin comparison to the effect of cytoskeletal drugs. 7...10-days-old
Arabidopsis 35S::GFP-fABD2 were treated with (A) 1mM salicylic acid, (B) 200 nM latrunculin  Band (C) 10 M cytochalasin E.Approximately 4 m of cortical layer beneath
the plasma membrane (400 nm steps) of epidermal leaf cells on abaxial side was observed with confocal scanning microscope LSM 5 DUO (Zeiss) before and up to 20 min
after treatment. Pictures show single optical sections of the same position and represent typical results from thirty repetitions for treatment with salicylic acid and “ve

repetitions for treatment with latrunculin B and cytochalasin E.Bars represent 10 m.

rapidly increased. This is due to the signi“cantly augmented quan-
tity of short, perished “laments with the length below 5.7 m,
while number of longer “laments decreased (Table 1). Treatment
of plants with 300 M benzothiodiazole (BTH), functional analog

of SA, gave similar results to the effect of salicylic acid (Fig. 2B).

To exclude the effect of pH changes caused by SA, we did the
experiment with equal concentration of 4-hydroxybenzoic acid, the
inactive analog of SA,with similar acid dissociation constant (pKa)

Table 1

as SA. No speci“‘c in"uence of pH changes on actin cytoskeleton
was observed (data not shown).

For comparison, live imaging of actin “laments
anti-actin  drugs (latrunculin B and cytochalasin E) was also per-
formed. In our experiments the manner of depolymerization of
actin “laments after treatment with 200 nM latrunculin B, in con-
trast to 10 M cytochalasin E, mimics more frequently process
induced by salicylic acid regarding the fragmentation of actin “bers

in response to

Distribution of actin “lament (AF) length after treatment with 1 mM salicylic acid (SA)+ SD(n=3...7).

Time after SA[min] 0 1...20 21...40 41...60
Number of AFO0...5.7 m [%)] 56.5 + 0.9 473 £ 5.7 42.1 + 38 120.3 + 16.1
Number of AF>5.7 m [%] 435 + 0.9 39.7 £ 1.2 348 + 3.3 285 + 2.56
Sum [%] 100 = O 87 + 6.4 76.9 + 6.7 148.8 + 18
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Fig. 4. Effect SAon the cytoplasmic streaming. 7-days-old Arabidopsis 35S::GFP-fABD2 seedlings were treated with 1 mM salicylic acid. Image sequences of hypocotyl cells
were captured 10 s by differential interference contrast (DIC) microscopy before treatment (A), 10 min (B) and 40 min (C) after 1 mM salicylic acid treatment. Last picture in
each row represents tracking of chosen particle movement during 10 s.Images represent results of typical experiment from three repeats. Bar represents 10 m.

but the time course was slightly different. Ten minutes after treat-
ment with latrunculin B many actin “laments disappeared but
unlike in salicylate treatment, fragmentation of “bers began ear-
lier, already after 5min. Formation of thick bundles started also
earlier after latrunculin B compared to salicylic acid (Fig. 3).

Dynamics of actin cytoskeleton is tightly connected with cyto-
plasmic streaming. We therefore measured velocity of cytoplasmic
streaming during 40 min after 1 mM SA treatment in anisotropic
hypocotyl cells, where streaming is more obvious than in epider-
mal leaf cells. Movement of the tracked particle in the cytoplasm
was nine times faster in the control cell than in treated cells (Fig. 4).
In addition, SA caused disappearing of many particles in the cyto-
plasm. Cytoplasmic strands kept moving for entire experiment
period, but speed of motion decreased.

3.3. Phosphatidic acid prevents the effect of SAon the actin
“laments

Phosphatidic acid (PA) binds to the capping protein (CP) and
this interaction leads to the release of this protein from barbed
ends of actin “laments resulting in an increased density of “la-
ment arrays [15,24] . In accordance with these “ndings we observed
the increased number of “bers in Arabidopsis leaf epidermal cells
approximately 20 min after addition of water soluble 10 M dioc-
tanoyl PA (Fig. 5A). This effect was followed by extensive “lament
bundling, which was demonstrated by relative decrease of the
number of “laments.

Phosphatidic acid is aproduct of phospholipase D (PLD) reaction
and aswe observed earlier, SAtreatment of Arabidopsis suspension
cells leads to the activation of PLD to about 150% within 15 min
[11] . Thus we were interested in the effect of PA on SA induced
actin “laments disruption. Arabidopsis seedlings were treated with
10 M PA,11...18min before 1 mM SAaddition. This pretreatment
totally revoked decrease of actin “ber number, the typical effect
caused by SA and moreover bundles or fragmentation did not
emerge afterwards (Fig. 5B) and the increase of actin “lament
number was higher due to the low occurrence of bundles in com-
parison to treatment with PA itself. To test whether laser beam
or the other experimental conditions did not in"uence system-
atically actin “laments, we studied actin dynamics in the leaves
submerged in growing medium within 40 min in twenty-four par-
allel experiments as a control. Only slight "uctuations of number
of actin “laments were observed every 10 min, without any trend.
The changes were in accordance with the usual actin dynamic (data
not shown).

3.4. Evaluation of changesin actin dynamics

Eighty parallel experiments after the treatment with 1 mM sal-
icylic acid were performed. In sixty-seven casesdepolymerization
and actin dynamics as described above were observed, and thirty
of them, with special care for accurate optical section, were further
used for image analysis.

The observed changes in actin dynamics were quanti‘ed as
follows. Each time-series of images in parallel experiments was
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Fig. 5. Phosphatidic acid prevents the effect of salicylic acid on actin “lament dynamics in Arabidopsis thaliana epidermal leaf cells. 7...10days old Arabidopsis 35S::GFP-fABD2

were treated with (A) 10 M 1,2-dioctanoyl-sn-glycerol

3-phosphate sodium salt (PA) and (B) pretreated 11 min with 10 M PAfollowed by 1 mM salicylic acid application.

Approximately 4 m of cortical layer beneath the plasma membrane (400 nm steps) of epidermal leaf cells on abaxial side was observed with confocal scanning microscope
LSM 5 DUO (Zeiss) before and up to 40 min after treatment. Pictures show single optical sections of the same position. Each set of images represents results of typical

experiment from “fteen repeats. Bars represent 10 m.

evaluated by the number of particles, which were counted dur-
ing image analysis and they differed remarkably in total number of
actin particles. In order to make all the experiments comparable,
the numbers of actin “laments at time zero (control) in the series
was set as 100%and appropriate values for remaining images were
calculated.

Discrete values in the plots represent normalized number of
actin particles at de“ned time points before and after treatment.
The changes of particle numbers in time were characterized by
“tting the data by linear function using least squares method for
all parallel experiments. Image evaluation of parallel experiments
showed in Fig. 6B con“rmed rising population of actin “laments
observed up to 25 min after treatment with 10 M PA.

Fig. 6A is well portraying characteristic parallel experiments
with slightly different dynamics of decreasing number of all actin
particles after the treatment with 1mM SA and this tendency
after treatment with SA was clearly completely abolished with
PA pretreatment. Number of actin particles after PA addition and
subsequently within 12...18min SA treatment of plants tends to
increase during the time (Fig. 6C).

4. Discussion

4.1. Disruption of actin “laments leads to the changesin defense
genestranscripts

Vast majority of the research focused on the role of actin
cytoskeleton in the processes by which plants respond to the
pathogen attack was based on the pharmacological attitude using
cytochalasins as drugs in"uencing the actin cytoskeleton dynam-
ics [12] . Actin “lament disruption by these drugs typically led
to the higher susceptibility mostly toward oomycetes and fungal
pathogens. This is probably caused by an inhibitory effect of these
drugs on cytoplasmic streaming by the disruption of subcortical
actin “laments within 1 h of the treatment [25] . Conversely, latrun-
culins A and B caused cessation of streaming only after much longer
treatment period, over 1 day, and at relatively very high concentra-
tions (200 M). In accordance with this “nding Henty-Ridilla et al.

[26] showed that Arabidopsis plants treated with micromolar con-
centrations of latrunculin B are more susceptible to the attack of
P.syringae pv. tomato DC3000. On the contrary, we clearly showed
that the transcription of three different SApathway marker genes
PR1 PR2and WRKY38was considerably induced by nanomolar con-
centrations of latrunculin B already 6h after treatment and the
induction steeply increased up to 24 h. Thus we can assume that the
disruption of actin “laments in cortical layer triggers pathway lead-
ing to defense response. Interestingly we did not see any effect on
JAresponsive genes AOS LOX2and VSP2.SAmarker genes were not
induced 6 h after the treatment of seedlings with oryzalin, micro-
tubules disrupting drug, and only very slightly induced after 24 h.
Taken together all these “ndings led us to the suggestion that actin
cytoskeleton dynamics is speci‘cally connected with SA signaling
pathway. Kobayashi and Kobayashi [14] also showed on tobacco
leaves PR-1and PR-2induction after depolymerization of actin “la-
ments with cytochalasin E,but they observed the effect after much
longer time of treatment (48 h). We can speculate that the observed
induced gene transcription could be related to cytoskeletal disas-
sembly, which can liberate transcription factors into the cytoplasm
to be available for expression of corresponding genesin the nucleus
[27,28] .

4.2. Salicylic acid is diminishing number of actin “laments

Levels of salicylic acid in plants are signi“cantly elevated in
response to various infection agents as well as to abiotic stress
stimuli. Exogenous treatment of plants with SA mimics pathogen
attack. Salicylic acid is incorporated within 5min to the plant cell
as it was veri“ed by the uptake of radiolabelled salicylic acid into
the maize suspension cells (Skupa P.and Dobrev P.,unpublished
results).

Basal level of SA in A. thaliana is 250...1000ng gél of fresh
weight [29] whereas the SA amount in pathogen challenged
leaves was found to be at least 10 times higher [30]. Therefore,
to simulate signaling event in pathogen response, we “rstly used
250 M concentration of SAfor external treatment of leaves, this
concentration is 40 times higher than the basal level in the leaves,
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Fig. 6. Quantitative evaluation of micrographs. 7...10days old Arabidopsis 35S::GFP-
fABD2 were treated with (A) 1 mM salicylic acid (SA), (B) 10 M 1,2-dioctanoyl-sn-

glycerol 3-phosphate sodium salt (PA) and (C) 10 M PA11...18min before 1mM SA
was added. In all series taken to the evaluation (six to eight in each experiment) the
number of particles was set to 100% in the time zero. Different symbols represent
each experiment. Coef“cient of determination R? for each experiment is calculated.

nevertheless changes in actin “lament network were too feeble
(data not shown). Cellular responses to the pathogen, instead of
being diffused in the cell, tend to be localized in focused regions
where the defense molecules are accumulated [31]. Thus we
assumed that SA concentration could be also locally elevated and
indeed when 1mM SA was used for the treatment of leaves, we
observed shrinkage and fragmentation of actin “laments within
40 min. In our experiments, three different dynamic patterns of
actin depolymerization caused by SAwere observed. Nevertheless
most often actin “laments fragmented into short “bers or dots and
this pattern was similar to the mode of depolymerization caused
by latrunculin  Brather than the one after cytochalasin Etreatment,
which we used as a reference. Sothese changes in actin dynamics
after SAtreatment might be explained by the mechanism shared
with latrunculin B, it means lower assembly rate of G actin units
[32] . Different actin “lament pattern observed after treatment with
latrunculin - B or cytochalasin Ewas also noticed in animal cells [33] .

Commonly observed oscillation of actin “lament density, called
stochastic dynamics [34] is determined by fast growth of tiny
“laments, whilst their disassembly is proceeded with a slower
rate, balance between growth and shrinkage is then achieved by
simultaneous severing of “laments into shorter “bers. Filaments
associated in bundles are much more static [35]. Actin dynamics
is tuned and realized by many actin binding proteins performing
relevant cell needs. With these tools, speci“‘c dynamic balance
could be shifted to the increased polymerization, disassembly or
bundling of “laments, etc.

Both of principal reactions in actin network dynamics ...poly-
merization and depolymerization of actin “laments were described
after biotic stress and both lead to the induction of the expression
of PR-1 protein, marker of SAsignaling pathway [36,37] .

Actin dynamics after biotic stress includes local and tran-
sient changes with structural defense function reported e.g.after
touching Arabidopsis leaf cells with micro needle mimicking fun-
gal attack, actin “laments began to cumulate beneath the needle
contact site after 3 min [31] . During response to biotic stress, poly-
merization of actin arrays was described 6 h after bacterial infection
with  P. syringae pv. tomato DC 3000 in Arabidopsis epidermal
leaves [26] aswell asdepolymerization of actin “laments in cells of
Arabidopsis suspension culture after 30 min of treatment with Ver-
ticillium dahliae toxin [38] . Infection with P.syringae pv. tomato DC
3000 and treatment of cells with V.dahliae toxin, both lead to the
induction of PR-1 protein expression [36,37] . Sotransient increas-
ing and also decreasing of actin “lament number can be alternately
involved in SA signaling pathway, possibly with different timing
and localization inside the plant cell.

Interpretation  of our results concerning physiological meaning
for plant, is stemming from a few information so far. The highest
level of PR-1expression appears 24 h after plant inoculation with
bacteria [39], whereas exogenously applied SAtriggers expression
of the same marker gene up to 6h after treatment. Interestingly,
while Henty-Ridilla and coworkers [26] assumed higher actin “la-
ments density asaway to perform plant defense response to PAMP,
they also showed lower AFsdensity comparing to the control after
18 h after P.syringae DC 3000 treatment, which could correlate to
SAlevel increase in the cells. Thus it could be suggested, that only
accurate and gradual polymerization or depolymerization of actin
cytoskeleton within defense response leads to successful defense.
Incessant actin dynamics was hypothesized as plant surveillance
tool [26].

Reply to the other important question is more speculative. Why
plant cells would need local, short-term depolymerization of AFs?
Pathogen threat compels cells to reprogram the "ow of cellu-
lar energy from growth and development into rescue operations
[40], SAfor instance inhibits auxin response in plants [41] . During
stress-free periods AFsserve like rails allowing delivery of protein
cargos for growth and development around the cell. After pathogen
attack, not only cargos but maybe also the direction of rails must be
changed. It could be expected that it would be much more effective
to destroy the whole net and make it de novo ready to carry out
new tasks, rather than reconstruct the dense actin network step by
step.

Further we were able to show that phosphatidic acid (PA) when
added to the leaves is capable to prevent the effect of salicylic acid
leading to the depolymerization of actin “laments. This is in accor-
dance with “nding of Steigeres group showing that PApromotes the
growth of actin “laments by binding to the capping protein [24,26]
and thus releasing barbed plus ends. Factin prepared in vitro acti-
vates very signi“‘cantly one of the isoforms of NtPLD (Nt PLD ), an
enzyme producing phosphatidic acid [16] . The activity increased
nearly eight times which is much more pronounced activation that
was observed for SAitself. The distribution of the “lament length
formed by in vitro polymerization of G-actin is exponential and



44 J.Matou skova et al. / Plant Science223 (2014) 36...44

the majority of the “lament length is within the range from 0.5
to 10 m [42]. Disruption of actin “laments after SA treatment
led to the formation of shorter fragments (Table 1), size of which
corresponds to “laments formed in vitro. Thus we can speculate
that SAcan also, in later phases, initiate the process leading to the
regeneration of actin network needed for successful defense.
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Actin depolymerization is able to
Increase plant resistance against
pathogens via activation of salicylic
acid signalling pathway
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e actin cytoskeleton plays a key role in plant immunify both by providing a physical barrier and by its
involvement in the transport of callose, antimicrobial compounds and cell wall components to an infeétion site
Additionally, actin lament reorganization is a very fast response to treatment with conserved microbial com-
pounds, MAMPs (microbe-associated molecular patterns), such as g22, elf26 and chitin. e recognition of
MAMPs triggers a speci ¢ set of immune responses, including cytoskeleton reorganization. It underpins the
important role of actin cytoskeleton in plant defetfs&everal studies have shown that when drugs, such as
cytochalasins or latrunculin B, depolymerize the actin cytoskeleton, di erent plant species become more sus-
ceptible to pathogens. For example, treatment giaianawith latrunculin B resulted in higher susceptibility

to infection by Pseudomonas syrirtgaén plants, actin depolymerizing factors serve to sever lamentous actin.

e adf4(Actin Depolymerizing Factor 4. thalianaknock out mutant had reduced resistancBseudomonas
syringaepv tomato DC 300(PstDC3000) expressing the AvrPphB e eétois is because ADF4 is neces-

sary for the expression of RPS5, the resistance protein that recognises Avrepie®er, in the intact adf4
mutant, the density and skewness of actin laments were the same as in control plants, implying that the actin
cytoskeleton is not modi ed before infectiSnADF4 plays an indispensable role in the actin reorganisation
upon elf26, but not in response to chitire importance of actin cytoskeleton is also highlighted by the fact

that Pst DC3000 secretes at least two e ectors modulating actin cytoskeleton. e e ector HopW1 disrupts the
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actin cytoskeletdi. Another e ector, HopG1, was shown to a ect the remodelling of the actin cytoskeleton in
PstDC3000-infected\. thalianal’. Furthermore, treatment with cytochalasin E increased the penetratfan of
thaliana plants by Colletotrichurspecie’® and the rate of entry to barley by Blumeria granfinip.hordet?,

Non-host resistance tBrysiphe pisilecreased a er treatment with cytochalasins in barley, wheat, cucumber
and tobaco#, as did resistance to Blumeria gramfnisp. tritici a er cytochalasin E treatment oftAaliana
Moreover, treatment with cytochalasin E in the absence of EDS1 (enhanced diseased resistance 1), an upstree
component of the salicylic acid (SA) signalling pathway, strongly enhanced the inhibitory e ect on non-host
resistanc¥. However, in tobacco, cytochalasin E induced the transcription of NtPR-1 (pathogenesis-related
1), a defence-related SA marker gene, and is able to prime cells to HR-like cell death in response to Erysipt
cichoracearui. Furthermore, both cytochalasin E and latrunculin B induced the transcription of several SA
marker genes (AtPR-AtPR-2 and AtWRKY38) in.Ahalianaseedling¥. is suggests that while such drugs do

indeed cause actin depolymerization, the e ects of such depolymerization may not always be adverse. Could i
be that drug-induced actin depolymerization actually triggers processes that induce the SA pathway and thereby
increase plant resistance to pathogens?

toe—7—o

=< TR Zset e focte <ot — . f ofZc.>Zc.. [t ,ctere—Fofecs T«
establish that SA levels can increase upon actin depolymerization, we measured phytohormone cantent in A
thalianaseedlings treated with just 28 latrunculin B. Such a low concentration of latrunculin B proved suf-
cient to depolymerize actin laments in the seedlings withirhZ&ig. S1). Additionally, we showed thah24
treatment with latrunculin B does not induce plant cell death (Fig. S2). Signi cantly, by that time there was a sev-
enfold increase in the free SA level of the treated seedlings compared with the control ones. e only other phyto-
hormone to display an increase (twofold) was jasmonic acid (JA). Apart from Indole-3-acetamide (IAM), which
showed a threefold decrease, the other tested phytohormones remained largely unaltddTgtilp S1).

Having shown this dramatic rise in SA level irthfaliana, we wondered which of its two SA biosynthetic
pathways was responsible for this increase or whether they both contributed to it. One pathway involves pheny-
lalanine ammonia-lyase (PAL, EC 4.3.1.24), which exists in four isoforms, while the other involves isochorismate
synthase (ICS; EC 5.4.4.2), which occurs in two isoframsalysis of the transcription of all AtPAL and AtICS
genes in the seedlings revealed that only the AtICS genes were induced by latruculibtb (Bighows
that drug-induced actin depolymerization activates the ICS-dependent pathway and that this pathway alone is
responsible for SA biosynthesis under these conditions.

o—co TRV Zset e f <t ZEfTe =" oA dhaliahaagdinstPstf o .y ¥vV iven
that increased resistance to pathogen.ithalianais associated with SA biosynthesis through the ICS path-
wayt®?, is it possible that activation of the same pathway invoked by drug-induced actin depolymerization also
results in increased resistance? To investigate this, we used Ishfgarmetatol as a basis for performing two
in vitro A.thaliana-Pseudomonas syringae pv. tonls@3000 (PsDC3000) ood-inoculation assays indiq
uid and solid med#. We treated the seedlings with latrunculin Bibefore inoculation with P2C3000.
Remarkably, under both conditions, the latrunculin B-pretreated seedlings were more resistant than the control
ones (Figlc,d,e).

To ensure that this phenomenon is not just associated with inceitrditions, we also performed experiments
using four-week-old Ahalianaplants cultivated in soil, such plants typically being used for studiethafidna
resistance to PEIC30062 Unlike in the seedlings, B4reatment with 208M latrunculin B did not activate the
SA pathway in the adult plants and, thus, no increased resistance was obser2acbjFigowever, the tran-
scription of SA marker genes (AtPRAIICS1) was induced a er Zdtreatment with 1M latrunculin B (Fig2a),
leading to increased resistance toIXSB000 (Fig2b). is suggests that plant resistance is strongly dependent
on latrunculin B concentration, probably due to di erences between the e ciency of latrunculin B-induced actin
depolymerization in seedlings and in adult plants (Figs S1 and S3). Similar to latrunculin B, pretreatment with
cytochalasin E led to both SA-induced gene transcription (Fig. S4a) and increased plant resistadDG3aDBst
(Fig. S4b), thereby strengthening the notion that such resistance is due to the depolymerizing activity of cytoskel-
etal drugs. It should be noted that we exclude the antibacterial e ect of latrunculin B becBxS20Rstgrew in
vitro in the presence of latrunculin B at a similar rate as in the control medium (Fig. S5).

St ot — . FT "Foeco—feoe.F L f—eFft > f.—co TE ZreF o fFox'e <o
further demonstrate the dependence of such resistance on the SA pathway, we performed assays using mutarn
known to have an impaired SA pathway and thus be more suscepfsiD63000nahG which induces low
endogenous SA levels through the expression of SA-hydroXykse sid2a knock-out mutant of the AtICS1
gené* As expected, latrunculin B did not induce resistance in the pén@®s (Fig2d,e).Sid2plants treated
with latrunculin B were more resistant compared to siot#trols. However, latrunculin B treated sgl@nts were
still more susceptible than WT controls (F2g). e SA level is not induced in sid@lants (Fig2f) which cor
relates with the fact that none of SA biosynthetic genes does have induced transcription (Fig. S6b). Contrarily in
seedlingdCS2 transcription is induced by latB (Fig. S6a). Altogether these results clearly con rm the crucial role
of SA for actin depolymerization-induced resistance. However, increased resistance of latB treatgerdisl2
uncover a new possible unknown SA independent mechanism triggering immunity.

o= TR Zret e f-<te <ot —  Binapus ardithgncecits resistance againsta
maculans & To show that this phenomenon is neither species-speci ¢ nor pathogen-speci c, we investigated
the e ect of latrunculin B on an important crop, oilseed rape (Brassica)ndsuin the case #éf. thalianain B.
napus latrunculin B upregulated the transcription of SA marker genes (BnBYR€S1) (Fig3a). Furthermore,
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Figure 1. Seedlings of Ahaliana Latrunculin B triggers SA biosynthesis and resistance BE3000.

Seedlings were grown in vitimliquid MS medium (a—c) and seedlings were grown in intsolid MS/2

medium (d,e). (a2) Phytohormone analysis. Seedlings were treatechfaitt220hM latrunculin B (latB)

or 0.01% DMSO (control). For abbreviations of analyzed phytohormones, see Table S1. (b) Transcription of
SA biosynthetic genes IC8IS2PAL1,PAL2,PAL3 and PAL4. Seedlings were treated fangith 200hM

latB or 0.01% DMSO. e transcription level was normalized to the reference gene, SAND. (c) Bacterial titres
(liguid medium). Seedlings were pretreated fon #th 200hM latB or 0.01% DMSO before inoculation with
PstDC3000. Tissue was harvestedyl a er inoculation with bacteria. (d) Bacterial titres (solid medium).
Seedlings were pretreated foth2gith 200M latB or 0.01% DMSO before inoculation with P&3000.

Tissue was harvested 1 and 2 days a er inoculation with bacteria. (e) Representative photographs of seedlings
grown on solid medium 2 days a er inoculation with P€£3000. e values represent mean and error bars
(SEM) from four (a,c), three to four (b) and ve (d) independent samples. e asterisks represent statistically
signi cant changes in latB-treated samples compared with control®(@; P 0.01; P 0.001; two

tailed Student's t-test).
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Figure 2. Four-week-old. thaliana Latruculin B-triggered SA pathway is necessary for higher resistance to
PstDC3000 (a). Transcription of SA marker genes RReLCS1 in four-week-old galianaplants. Plants

were treated for 24 with 20(nM or 1 M latrunculin B (latB). e transcription level was normalized to the
reference gene, TIP41. (bRacterial titres in four-week-old plants. (b) Plants were pretreated witiV200

or 1 M latB for 24h before inoculation with P2C3000. Control plants were pretreated with 0.01 or 0.05%
DMSO. (c) Plants were treated withMLIatB or 0.05% DMSO, each in a solution containingD®S8000. (d)

Bacterial titres in four-week-old plants. (e) Representative photographs of dthaliahaleaves infected with
PstDC3000 3 days a er inoculation. (f) Salicylic acid (SA) concentration a lkrl24 latB treatment. Plants

were treated for 2dwith 1 M latB or 0.05% DMSO before inoculation with BPXE3000. AthalianaWT

plants (col-0) and mutants with impaired SA pathways (nah¢sid2 were used (d, e, ). Tissue was harvested

3 days a er inoculation with P&2C3000. e values represent mean and error bars (SEM) from four (a,f) and

six (b,c,e) independent samples. e asterisks represent statistically signi cant changes in latB-treated samples
compared with controls ( P 0.01; two tailed Student’s t-test) and statistical di erences between the samples
(d,f) were assessed using a one-way ANOVA, with a Tukey honestly signi cant di erence (HSD) multiple mean
comparison post hoc test. Di erent letters indicate a signi cant di erence, Tukey HIDOB, n 6.
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Figure 3. B. napusotyledons: Latrunculin B triggers SA pathway and resistance to L. maculans (a).
Transcription of SA marker genes BnPR-1 and BnICSInapBscotyledons. Cotyledons were treated for
24h with in Itrations of 0.2, 1 or 1M latrunculin B (latB). Control cotyledons were treated foh24ith a
corresponding concentration of DMSO (0.01, 0.05 or 0.5%). e transcription level was normalized to the
reference gene, BnTIP41. Bhhapussusceptibility to Lmaculansvas evaluated as the relative lesion area (ratio
of lesion area to whole leaf area) on the cotyledons. Cotyledons were treated with latrunculin BA(@tB; 1
10 M) or DMSO control (0.05 or 0.5%), either 3 days before inoculation or simultaneously to inoculation by L.
maculansLesions of DMSO controls in each treatment conditions were set as 100%. (c) Representative images
of L. maculansinfected cotyledons. (d) Representative microscopy imagesaiculanshyphae proliferation
in B.napuscotyledons in response to MIatB or 0.5% DMSO. e bars correspond to 5080. e values
represent mean and error bars (SEM) from three to four (a) and 60 -142 (b) independent samples. e asterisks
represent statistically signi cant changes in latB-treated samples compared with control®%;P P 0.01;

P 0.001; two tailed Student’s t-test).

as with aduliA. thaliana, the e ect of latrunculin B oB. napuswas concentration dependent (F3g). e
increased transcription &nPR-1 also occurred 2 er latrunculin B treatment. On the other harBhICS1

was not induced, indicating a transient e ect of actin depolymerisation on BnlCS1 transcription (Fig. S7). e
treatment of Bnapuswith 10 M latrunculin B 3 days before inoculation with a hemibiotrophic fungal path-
ogen,L. maculans, e ciently inhibited hyphal colonisation and necrosis formation in the infected cotyledons
(Fig.3b,c,d). Treatment with IM latrunculin B led to much weaker and variable resistance agamatulans
(Fig.3b), corresponding to the weaker transcription of defence-related gene3ajFigse data are in accord-
ance with our previous study characterizing the importance of SA in the defennemi®gainst Lmaculan®.

In addition, we observed signi cant cytochalasin E-induced resistahcenculansn B. napus(Fig. S8), which
suggests that the e ect is not compound-speci ¢. Furthermore, neither latrunculin B nor cytochalasin E displayed
antifungal activity on Lmaculanggrowth in vitro(Fig. S9). Interestingly, the co-inoculation oh8puscotyle-

dons with a joint solution of 1 and 1M latrunculin B and Lmaculansconidia also induced resistance (Big).

(o . —eoec'e
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us, we have shown that plant immunity is strongly activated by depolymerised actin and that this phenomenon
appears to be generally valid; namely, it seems not to be species speci ¢, pathogen-type speci c or drug-typs
speci c. ese ndings do not negate those of previous studies that showed the susceptibility of plants treated
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Figure 4. Possible dual role of actin cytoskeleton in plant response to pathogens. (a) e widely-published
scenario in which depolymerization of the actin cytoskeleton by treatment with latrunculin B or cytochalasin E
leads to increased plant vulnerability to pathogens. Studies showing this phenomenon co-inoculated plants with
a drug and pathogen. (b) e new alternative scenario for the role of the actin cytoskeleton proposed in this
manuscript. Plants pretreated with latrunculin B or cytochalasin E before inoculation with a pathogen have time
to activate the salicylic acid signalling pathway, resulting in increased resistance to the subsequently inoculated
pathogens. latB latrunculin B; cytE cytochalasin E; SAsalicylic acid; ICSisochorismate synthase

1; fungi; bacteria.

with cytoskeletal drugs to pathogérié>1315 Rather, they reveal that the plant disease resistance is strongly
dependent on whether the plant has su cient time to activate SA-mediated immunityl)Fig.was clearly

shown by our experiments with B3€3000, in which pre-infection treatment with cytoskeletal drugs resulted

in resistance whilst co-inoculation did not (F&lp,c,e). e co-inoculation of cytochalasin D and A3€3000

also had no e ect on resistance according to Shimond'&t@iher previous studies using actin-depolymerizing
drugs showed higher susceptibility to B&3000 when co-inoculation was usédFig.4). It is also important to
mention that actin laments response to plant immunity is strongly dependent on conditions used in the study. A
good example are e ects of di erent MAMPs ( g22 and elf26) on actin reorganization. Using 24 day-old plants
in ltrated with MAMPs, Henty-Ridilla et at showed that treatment with g22 induces actin reorganization,
while elf26 does ndtContradictorily to that, in epidermal cells of hypocotyl grown in the dark, Henty-Ridilla

et al* showed that elf26 induces reorganisation and g22 doéqaoexplanation could be that under these
conditions, FLS2 receptor of g22 is not expressed). In this study, we excluded the e ect of di erent conditions
on induced resistance of thalianaagainst Pst DC3000 by testing three di erent setups1Eidsand 2b,e). e

result was in all cases similar, whereby pretreatment with latrunculin B induced resistartbal@ia against

Pst DC3000.

Interestingly, treatment with latrunculin B resulted in increased resistance in bothculansetups: pre
treatment (Fig3b) and co-inoculation (Figb). is suggests that the rapidity of pathogen growth is a crucial
factor. In contrast to PE2C3000, which strongly damaged the inoculated leaves within three days, almost no
multiplication of L maculansoccurred during the same perfdd us, it appears that the slow growth of.L
maculansenabled Bnapusto establish the SA pathway, which was induced withiro@es of cytoskeletal drug
treatment (Fig3a). Overall then, while it is true that plant resistance to pathogens is decreased by a disrupted
actin cytoskeleton, our results show that, given su cient time, plants are able to trigger SA-based defence mech-
anisms to overcome such threats. is could be due to SA antimicrobial activity, accompanied by the SA-induced
production of antimicrobial compounds. ese powerful SA properties have been nicely demonstrated in rela-
tionship to so-called age-related resistafiee Our study shows that SA pathway, speci cally induced by actin
depolymerization, is more powerful despite the missing actin dynamics.
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Up to date, some other works suggest the possible positive e ect of depolymerization of actin cytoskeleton on
plant immunity. Kobayashi and Kobaya$tshowed that treatment with cytochalins induce NtPR1 transcription
in tobacco. Additionally, cytochalasin E primed tobacco cells to induce HR-like cell death in presence of Erysiphe
cichoracearume can speculate that it could lead to higher resistance against this biotrophic pathogen but it was
not explicitly testetf. We con rmed the induction of AtPR-1 gene upon treatment with cytoskeletal depolym-
erizing drugs irA. thaliana”?°. Recently it was shown that overexpressiohtPRF3, which leads to depolym-
erization of actin laments, increased ROS production upon g22 treatihdtdwever to our best knowledge,
we herein provide the rst direct evidence that disruption of the actin cytoskeleton can actually lead to increased
plant resistance to pathogens, and that SA is crucial to this process. We strongly believe that our work opens
new and important direction for further research. Is the in uence of the actin cytoskeleton on vesicle tra cking
involved in SA biosynthesis? For example, when PRRs (pattern recognising receptors) on the plasma membran
recognize MAMPs, it triggers PRRs endocytosis which, in turn, might activate the SA Pdthwayell char
acterised example is the internalization of FLS2, which is dependent on the actin-myosin®onmleruld
an imbalance in PRRs result in constitutively activated immunity and, thereby, induce SA biosynthesis? A hint in
support of such a hypothesis is provided by a double mutant with impaired phosphatidylinositol-4-kinage

2 (pidk 1 2), which has been shown to alter vesicle tra cking and constitutively increase SA concetiffation

It is also possible that plants have evolved a system for detecting actin cytoskeleton disruption and that the acti
vation of such a system triggers SA-speci c immune responses. However, as yet, we are not able to determine
chemically-depolymerised actin is really the triggering event for immune signalling or whether a pleiotrophic
event, such as endoplasmic reticulum stress, results in SA induction. For this reason, further research should b
focused on deciphering the speci c mechanism by which actin depolymerization triggers SA biosynthesis and the
ensuing increased plant resistance to pathogens.

Materials and Methods
Zfe— of —1 Forftled. thalianaexperiments, the following genotypes were used: Columbia-0 (WT);

sid2-3 (SALK_042603)nahG? and pUBC::Lifeact-GEPA. thalianaseedlings were grown either in liquid MS
medium or on solid MS/2 medium. Per litre, the liquid MS medium contained the followingy Mldrashige
and Skoog medium including vitamins (Duchefa, Netherlandg)sucrose, @ MES monohydrate (Duchefa,
Netherlands). Per litre, the solid MS/2 medium containedyMirashige and Skoog medium (Duchefa,
Netherlands) with 1§ sucrose and@Plant agar (Duchefa, Netherlands). Both media were adjusted to pH 5.7
using IM KOH. For cultivation in the liquid, surface-sterilized seeds were sown in 24-well plates containing
400 L of liqguid MS medium per well. e plants were cultivated for 10 days under a short-day photoperiod
(10h/14h light/dark regime) at 100-13E m ? s * and 2Z. On the 7th day, the medium in the wells was
exchanged for a fresh one. For cultivation on the solid MS/2 medium, seedlings were grown in Petri dishes for 12
days under a long-day photoperiod f8h light/dark regime) at 100-130 E#s! and 22C. For Athaliana
plants grown for 4 weeks in soil, surface-sterilized seeds were sown in Ji y 7 peat pellets and the plants culti
vated under a short-day photoperiod f04h light/dark regime) at 100138 m 2 s!, 22°C and 70% relative
humidity. ey were watered with fertilizer-free distilled water as necessary

For the B. napusxperiments, plants of the Eurol cultivar were grown hydroponically in perlite in Steiner’s
nutrient solution (Steiner, 1984) under ant40h light/dark regime (2%C/22°C) at 150 E n? st and 30-50%
relative humidity. True leaves were removed from 14-day-old plantlets to avoid cotyledon senescence.

"ff-ete— ™S . Sitec.. fEsactihedépehmierizing drugs, latrunculin B (Sigma-Aldrich,
USA) and cytochalasin E (Sigma-Aldrich, USA) were used. Latrunculin B and cytochalasin E were both dissolvec
in DMSO; the concentration of the stock solutions werd/Rand 4mM, respectively.

For the PsDC3000 resistance assay, the seedlings grown in 24-well plates were treated by replacing the pur
liquid MS medium in the plate wells with medium containingr@@datrunculin B or 0.01% DMSO control. e
seedlings cultivated on the solid medium were treatéob®4o0oding with 10nL of MS/2 medium containing
200nM latrunculin B or 0.01% DMSO control. Fully-developed leaves from four-week-tidlidna grown
in soil were in Itrated either with 208M or 1 M latrunculin B (0.01% or 0.05% DMSO as respective controls)
or with 1 M or 10 M cytochalasin E (0.025% or 0.25% DMSO as respective contriolsgite PsDC3000
infection using a needleless syringe.

For the transcriptomic assay, the seedlings of A. thaliana grown in 24-well plates were theaittdZhM
latrunculin B (0.01% DMSO control) or 1B cytochalasin E (0.25% DMSO control). Four-week old A. thaliana
were in ltrated with 200M (0.01% DMSO) or M latrunculin B (0.05% DMSO) for 24. e 10-day-old cot-
yledons of Bnapuswere in Itrated either with IM or 10 M latrunculin B or with 10 M cytochalasin E (in all
cases with corresponding DMSO controls) using a needleless syringe. For infection assay 3 days before infectic
with L. maculansfor transcriptomic assay 24 andh2efore harvesting tissue.

o' ... —Z f Adhalidna seedlings with Pst  y v v vAer the A.thalianaseedlings had been cul-
tivated in 24-well plates in the liquid MS medium for 10 days, the cultivation medium was exchanged for one
containing latrunculin B or cytochalasin E, and incubated fdr. 22n day 11, the medium was replaced with a
bacterial suspension BEtDC3000 in 1&hM MgCl, (ODgy, 0.01). e seedlings were incubated in this bacte-
rial suspension forrhin. A er incubation, the suspension was replaced with the liquid MS medium. On day 12,
the seedlings were harvested, each sample taken containing all of the seedlings from three wells. e seedlings
were then homogenized in tubes wittp df 1.3nm silica beads using a FastPrep-24 instrument (MP Biomedicals,
USA). e resulting homogenate was serially diluted and pipetted onto King B plates. e colonies were counted
a er 1-2 days of incubation at 28.
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e seedlings cultivated on solid medium were ooded with 28 latrunculin B solution in water on day
13. Control plants were treated with a corresponding solution of DMSO. On day 14, the solutions were replaced
with a suspension of overnight culture of P&3000 (OL3,, 0.01) containing 0.025% Silwet. Samples were har
vested at 0, 1 and 2 dpi, with each sample containing the plants from ve plates. e seedlings were homogenized
in tubes with b of 1.3nm silica beads using a FastPrep-24 instrument (MP Biomedicals, USA). e resulting
homogenate was serially diluted and pipetted onto LB plates containing rifampicin. e colonies were counted
a er 1-2 days of incubation at 28.

ot —Zf—<'e 7 " N@hdNahd with'Pst  y v v v 8stDC3000 was grown overnight on
King B agar plates at 28, resuspended in M MgCl,, and diluted to an OF,of 0.001. Using a needleless
syringe, the bacterial suspension was in Itrated into three fully-developed leaves from one plant. A er 3 days, the
infected tissue was collected as cut leaf discs (one disc per leaf, 0.6-cm diameter); three leaf discs from one ple
represent one sample. e discs were homogenized in tubes vgthfll.3nm silica beads using a FastPrep-24
instrument (MP Biomedicals, USA). e resulting homogenate was serially diluted and pipetted onto King B
plates. e colonies were counted a er 1-2 days of incubation &8

o' ... — Z f B«hapus with L. maculans &L. maculans isolate v23.25% was used to inoculateigpus

A er harvesting, conidia obtained according to Sasek. Btvabre washed once with distilled water, diluted to

1@ spores/ml, and stored at —20 for up to 6 months. e cotyledons of 14-day-old plants were in Itrated by
conidial suspension (2@onidia/ml), with at least 12 plants being used for each inoculation. e leaves were
assessed for lesions 10 days a er inoculation. e leaf area and the lesion areas therein were measured by imag
analysis using APS Assess 2.0 so ware (American Phytopathological Society, USA). e relative lesion area was
then calculated as the ratio of lesion area to whole leaf area. For the microscopy studies, the cotyledons infecte
with GFP-tagged v23.1.3 isofwwere observed at 10 dpi using a Leica DM5000 B microscope.

tef $3 "feecte feof&wholesdeedlings from three independent wells were immediately frozen in
liquid nitrogen. e tissue was homogenized in tubes with @f 1.3nm silica beads using a FastPrep-24 instru-
ment (MP Biomedicals, USA). Total RNA was isolated using a Spectrum Plant Total RNA kit (Sigma-Aldrich,
USA) and treated with a DNA-free kit (Ambion, USA). Subsequenttyof RNA was converted into cDNA with
M-MLV RNase H Point Mutant reverse transcriptase (Promega Corp., USA) and an anchored oligo dT21 primer
(Metabion, Germany). Gene expression was quanti ed by q-PCR using a LightCycler 480 SYBR Green | Maste
kit and LightCycler 480 (Roche, Switzerland). e PCR conditions werfeCd6r 10min followed by 45 cycles of
95°C for 1G5, 55C for 235, and 72C for 2Gs. Melting curve analysis was then conducted. Relative expression was
normalized to the housekeeping genes AtSAND and BnTIP41. Primers were designed using PerlPririfer v1.1.21
A list of the analysed genes and primers is available in Table S2.

S>—*S*"e'ef7Z fef Homoné analysis was carried out on four samples, each of which contained all
seedlings from six of the 24 wells or from the four-week-otdalanathree leaf discs from every single plant
were sampled, three individual plants were sampled as one sample. Plant hormone levels were determined ¢
described b#p. Brie y, samples were homogenized in tubes wittmhi3silica beads using a FastPrep-24 instru-
ment (MP Biomedicals, USA). e samples were then extracted with a methaj@ifetmic acid (15:4:1, v:v:v)
mixture, which was supplemented with stable isotope-labeled phytohormone internal standards (10 pmol per
sample) in order to check recovery during puri cation and validate the quanti cation. e clari ed supernatants
were subjected to solid phase extraction using Oasis MCX cartridges (Waters Co., USA). e eluates were evapo-
rated to dryness and the generated solids dissolvedliof3®% (v/v) acetonitrile in water. Quanti cation was
performed on an Ultimate 3000 high-performance liquid chromatograph (Dionex, USA) coupled to a 3200 Q
TRAP hybrid triple quadrupole/linear ion trap mass spectrometer (Applied Biosystems, USA) as des€ribed by
Metabolite levels were expressed in pmol/g fresh weight (FW).

ettt L fZ e e s T f L —RorimvKifidreseopy, a Zeiss LSM 880 inverted confocal
laser scanning microscope (Carl Zeiss AG, Germany) was used with eitheiCaAfiochromat objective
(NA  1.2W) or a 20x Plan-Apochromat objective (NA0.8). GFP uorescence (excitation 488, emission
489-54mm) was acquired in z-stacks (20—+23hickness). e maximum intensity projections obtained from
the z-stacks were created using Zeiss ZEN Black so ware. Actin laments density analysis was calculated by Fij
so ware (https:// ji.sc/)*? as the percent occupancy of GFP signal in each Maximum intensity projection. Image
threshold was set to include all actin laments and area fraction was measured. We analysed 7-11 cutouts fron
6—7 plants for each variant. Representative images were selected from photos from at least 6 independent plant

Growth of Pst  yvvv flednaculansinvitro <e ""fefe. .t % Zf—"—e  —Zco ‘7|
PstDC3000 grew overnight on solid LB medium containing rifampicin. From this, a fresh bacterial suspension
was prepared (O, 0.01) in liquid LB or liquid MS medium. To this suspension, latrunculin Br(RDOr
1 M) or DMSO (0.05% or 0.01%) was added. e Qfwas measured 6 andl24 er suspension preparation.
Four independent samples were prepared for each type of treatment.

Conidia of the GFP-tagged v23.1.3 isolate. ofidculan were grown in vitran Gamborg B5 medium
(Duchefa, Netherlands) supplemented with 0.3% (w/v) sucrose anif MES monohydrate, and adjusted to
pH 6.8. is medium contained latrunculin B (1, 1@M), cytochalasin E (1, 101) or DMSO control (0.5%), and
had a nal concentration of 2500 conidia per well. e plates (black 96-well plate, Nunc R), covered with lids and
sealed with Para IifRwere incubated in darkness af@6On day 4, uorescence was measured using a Tecan
F200 uorescence reader (Tecan, Switzerland) equipped with a 4&b&@itation Iter and 535/26m emis-
sion lter. Eight wells were measured for each treatment.
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> fe Z—1 - Detachéd Baves were immersed to the staining solutianl{l18ctic acid (85%,

w:w), 10nL phenol, 1@nL glycerol, 1L dH,0, 40mg trypan blue ( nal concentration Xg.mL? ) for 30min

due to Fernandez-Bautista ef&lSolution was then replaced by ethanol 3 times until leaves were fully decolored
from chlorophyll. Leaves were rehydrated by replacing solution with the decreasing ethanol solutions (70%, 50%
30%, v:v) and kept in water for the microscopy purposes.

—f—<e—<...fZ fMlfipesienss were repeated at least three times, excef@BRidhere we put
together data from 3—7 biological repetitions. All statistical analyses were performed with Microso Excel 2013.
e P values were calculated using a two-tailed Student’s t-test or one-way ANOVA followed with Tukey honestly
signi cant di erence (HSD) p 0,01 using so ware Statist@.ll or SigmaPIot@
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Summary

Phospholipids have recently been found to be integral elements of hormone signalling path-
ways. An Arabidopsis thaliana double mutant in two type Il phosphatidylinositol-4-kinases
(P14Ks),pi4kllib1b2, displays a stunted rosette growth. The causal link between P14K activity
and growth is unknown.

Using microarray analysis, quantitative reverse transcription polymerase chain reaction (RT-
gPCR) and multiple phytohormone analysis by LC-MS we investigated the mechanism
responsible for thepi4kllib1b2 phenotype.

The pidkllib1b2 mutant accumulated a high concentration of salicylic acid (SA), constitu-
tively expressed SA marker genes includingR-1, and was more resistant toPseudomonas
syringae pi4kllib1b2 was crossed with SA signalling mutantedsland nprl and SA biosyn-
thesis mutantsid2 and NahG. The dwarf phenotype of pi4kllib1b2 rosettes was suppressed in
all four triple mutants. Whereaseds1 pi4klllb1b2, sid2 pidklllb1b2 and NahG pi4killb1b2
had similar amounts of SA as the wild-type (WT),nprilpi4kiliblb2 had more SA than
pi4kllib1b2 despite being less dwarfed. This indicates thdl4KIlbl and P14KIIb2 are geneti-

cally upstream ofEDS1and need functional SA biosynthesis and perception through NPR1 to
express the dwarf phenotype. The slow root growth phenotype ofpi4klliblb2 was not
suppressed in any of the triple mutants.

The pi4kllib1b2 mutations together cause constitutive activation of SA signalling that is
responsible for the dwarf rosette phenotype but not for the short root phenotype.

Salicylic acid is synthesized through two distinct pathways
from the precursor chorismate. In one pathway, chorismate is
Plants synthesize molecules that trigger adaptive and/or defersineerted into isochorismate by isochorismate synthase (ICS). In
responses when subjected to abiotic or biotic stresses. Salicylitrecidther pathway, phenylalanine, derived from chorismate, is
(SA) is one of these molecules. This phenolic phytohormone basverted to cinnamate by phenylalanine ammonia-lyase (PAL).
been much studied because of its role in plant resistance to pauth isochorismate and cinnamate are converted into SA in mul-
gens. SAis induced in basal defence against pathogens and disteg reactions (Vi al, 2009). In Arabidopsis, ICS and PAL
responses mediated Rygenes. Two subsetsRfenes act via enzymes are encoded by two and four genes, respectively. The
pathways that involve EDS1 or NDR1, proteins that regulate $&s1mutant has 90% less SA than the wild-type (WT) in induc-
biosynthesis (Viat al, 2009). It is now well established that SAing conditions, showing that the ICS pathway plays a major role
has a role in plant responses to abiotic stresses, such as drangbf biosynthesis in Arabidopsis. The remaining portion of SA
chilling, heavy metal toxicity, heat, and osmaotic stress (Vicentés&ynthesized by ICS2 and probably all four PAL gene products
Plasencia, 2011). SA also regulates developmental and physi¢@gicionet al, 2008; Huanget al, 2010).
cal processes such as seed germination &ajoR006; Lee Exogenous SA treatment of plants induces a signalling pathway
etal, 2010), vegetative growth (Scettal, 2004), senescence leading to changes in gene expression (Ketrdde2007; van
(Vogelmanretal, 2012) and stomatal closure (Khoketral, = Leeuweretal, 2007; Eeetal, 2013). Transcription of the vast
2011; Kalachowt al, 2013). majority of SA-regulated genes is dependent on
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NONEXPRESSOR OF PR GENES1 (NPR1) (Waetpl, pellets at 2Z with daily cycles of 16h of light
2006). The NPR1 protein is located in the cytosol in its oxidiz¢d30l molm ?s ') and 8h of dark at 70% relative humidity
oligomeric form. When SA is added and the cell redox statusd were watered without fertilizers.

changes, NPR1 oligomers are reduced and monomers translocdter microarray analysis, plants were grown ¢h Bl&rashi-

into the nucleus. There, NPR1 interacts with TGA transcriptioge and Skoog (MS) medium basal salt, pH 5.7 (Duchefa,
factors, thus permitting gene expression (Durrant & Dong, 2004aarlem, the Netherlands), supplemented with 0.52(N-

Lipid signalling has recently been discovered to be a centmatpholino) ethanesulphonic acid (MES), 10‘gslicrose and
mechanism in hormone signal transduction, including for S8\g| * agar. Seeds were strati ed for 3d %t.4Plates were
(Jandaet al, 2013). We previously showed that phosphatidylingglaced horizontally in continuous light (1080l m 2s %) at
sitol-4-kinases (PI4Ks) are activated wArabidopsis thaliana 22°C. RNA samples were prepared from 15-d-old seedlings.
suspension cells respond to SA (Krled, 2007). P14K cataly- For root assays, plants were grown in square plate9di8.5
ses the phosphorylation of phosphatidylinositol (PI) at the Dsasal salt medium, pH 5.7 (Duchefa), supplemented with
position of its inositol ring to form phosphatidylinositol 4-phos0.5 gl * MES and 8 g I* agar. Seeds were sterilized with 1.5%
phate (PI4P). While PI is a major component of eukaryotsodium hypochlorite and strati ed for 3d &aC4 Plates were
membranes, the amount of PI4P and phosphatidylinositol-4 flaced vertically under continuous light (10®Im s %) at
bisphosphate (P14,5Ptogether i< 3% of the total amount of 22°C for 3d and then seedlings were transferred to new plates to
PI (Mosblechet al, 2008). Despite their low abundance, Pl4Passess root growth. Positions of root tips were marked 2, 4 and 7 d
and Pl14,5R participate in a plethora of fundamental cellular proafter transfer. Primary root length was measured manually using
cesses, such as membrane traf cking, cytoskeleton remodellimageJ software (Schnekteaal, 2012).
and signal transduction pathways (Michell, 2008; Ischebeck
etal, 2010; Munnik & Nielsen, 2011). Thus PI4K action is a o . .

. . i . . . - Quantitative reverse transcription polymerase chain
potential central regulation point for signalling events mvolwr%action (RT-qPCR) analysis
these lipids (Delagg al, 2012b). There are two types of Pl4Ks,
according to their primary sequences and pharmacological sétant tissue was homogenized in 2 ml screw-cap tubes containing
tivities. Type 1l PI4Ks are inhibited by adenosine while type Ill g of 1.3-mm-diameter silica beads using a FastPrep-24 instru-
Pl4Ks are inhibited by micromolar concentrations of wortmament (MP Biomedicals, Santa Ana, CA, USA). RNA isolation,
nin, a steroid metabolite produced by the fuRgnicillium reverse transcription and gPCR were performed as previously
funiculosur(Delageet al, 2012a). By crossing and characterizingescribed by Sasekal.(2012). Relative expression was calcu-
two Arabidopsis mutant lines, Preesal. (2006) produced lated with ef ciency correction and normalizationS®&ND
pi4kllib1b2, a double mutant that carries T-DNA insertions inexpression (Czechowskal, 2005). The list of qPCR primers is
two type lll Pl14Ks. We recently showed that this double mutashown in Supporting Information, Table S1.
still has 60% of WT PIl4Kn vitro activity that is sensitive to
wortmanin. This remaining activity can be attributed to th
Pl4Kal isoform, the only other type Il PI4K in Arabidopsis. In
doing these experiments, we noted the severe growth defectdvBciarray analysis was carried out at theeUld@tRecherche en
yellowing ofpidklliblb2 plants, as already observed by Preu€&enomique ¥gtale (Evry, France) using CATMA arrays
et al.(2006). (Croweet al, 2003; Hilsonet al, 2004). Two independent bio-

Here, we investigate the mechanisms responsible for the pbgical replicates were made. Newly generated microarray data
notype of Arabidopsis double mutant that is defective in the tweere deposited at Gene Expression Omnibus (http://www.ncbi.
P14K genes,Pl4KllIbl and PI4KllIb2. We show that nlm.nih.gov/geo/; accession no. GSE36624) and at CATdb
pi4klllb1b2 has constitutively higPR-1expression and SA con- (http://urgv.evry.inra.fr/fCATdb/; Projects, AU10-10_Froid)
centrations. When theidkllib1b2 was crossed with plants according to the ‘Minimum information about a microarray
altered in SA signalling or biosynthesis, all the resulting trigeperiment’ standards.
mutants showed nearly WT phenotype of the rosettes grown in
soil but short-root phenotype iofvitro grownpidkllib1b2 was Lipid extraction and analvsis
not reverted in the triple mutants. Therefore the dwarf phenotypt;p Y
of pidkllib1b2 is a complex trait involving SA signalling inTotal lipids were extracted as described by Raettala(2012).
shoots but not in roots. Phosphoglycerolipids and galactolipids were analysed by mass
spectrometry in the multiple reaction mode as previously
described (Rainteatial, 2012; Dja etal, 2013).

E|"ranscriptome studies

Materials and Methods

Plant material, growth conditions and pharmacological Analysis of plant hormones

treatments Plant hormones were extracted from 100 mg of frozen tissue and

Plants of WT Arabidopsis thalian@ol-0 and pi4kllib1b2  the concentrations determined as previously described (Dobrev
(SALK_040479 SALK _098069) were cultivated in Jiffy 7 pea& Kaminek, 2002; Dobrev & Vankova, 2012) after the addition

New Phytolog{®014)203:805-816 2014 The Authors
www.newphytologist.com New Phytologist2014 New Phytologist Trust



New
Phytologist

of appropriate internal standards. Hormones were quantieﬁ
with Ultimate 3000 high-performance liquid chromatography
equipment (Dionex, Bannockburn, IL, USA) coupled to a 3208ample preparation and observation were performed as describe
Q TRAP hybrid triple quadrupole/linear ion trap mass spectrorby Sasekt al.(2012). Micrographs were taken with a Mega View
eter (Applied Biosystems, Foster City, CA, USA). [l camera with analySIS Pro 3.2 software (Soft Imaging System
GmbH, Munster, Germany). For morphometry, 30 micrographs

of plastids and unit areas of plastids|(B17at9 50 000 magni-
cation) from two embedded tissue blocks of three independent
Plants for infection assays were grown for 4 wk in soil as insismples of WT and mutants were measured. For each plastid
cated earlier, but with daily cycles of 10h of lighimage, the length, width, total area and starch area were measure
(2301 molm ?s 1) and 14 h of darknesBseudomonas syringawith analySIS software. Granum and stroma thylakoid length
pv. maculicol&ES4326 were grown on King B agar plates avere measured with a curvometer. From these data, granum and
28°C overnight, resuspended in 10 mM Mg@&hd diluted to  stroma thylakoid ratio were calculated. Granum number, granum
an ODgg of 0.5. Silwet L77 was added to the bacterial suspemeight and starch grain number were determined from micro-
sion to give a nal concentration of 0.02% and plants weigraphs.

sprayed until runoff. Plants were enclosed in a transparent air-

tight container for 24 h to maintain high relative humidity.Generation of triple mutants

Approximately 50 mg of 0.6-mm-diameter leaf discs were
homogenized with plastic pestles in 1.5ml microcentrifugédklliblb2 double mutants were crossed to eachdef-2
tubes and the resulting homogenate was serially diluted apdl-1 NahGandsid2-5Homozygous plants were identi ed in
loaded on to King B plates. Colonies were counted after 2 dtbé F3 generation using PCR or restriction analysis. T-DNA
incubation at 28C. insertions characteristic pfkllib1b2 plants were detected
using the following primers anking the insertion: for
SALK_040479, 5BAGGACGTAACCAGAGGGGTAG3? and
52CGTTGTGACCCGTCATTAATC-3% and for SALK_098
Plants were grown in soil under standard conditions for 4 wWk69, FATGAACGAAATTGGGTTCTCG3® and H-AAA

Leaf discs (6 mm diameter) were incubated in separate wellE@TCCTTATCTTCCGCTG-3° together with the LBb1.3

a white 96-well plate containing 50 mM Tris-HCI (pH 8.5) primer (3XATTTTGCCGATTTCGGAAC-3) aligning to the

for 1 h. To prepare reaction solution, 7 mg of luminol (Flukaleft border of the insertion. The T-DNA insertion sid2-3
Switzerland) was dissolved in L06f 1 M NaOH and mixed SALK_ 042603 described by Gretsal.(2006) was detected with
with 100 ml of 50 mM Tris-HCI (pH 8.5) containing 4mg 5*ACCCTAATTTGGATTTGGTGC-3° and %AGCTCTA
horseradish peroxidase (Sigma-Aldrich). The buffer in e@@BCCTAGTTGCAGG3C together with the LBb1.3 primer.
well was replaced with 100of reaction solution and the Plants carrying thedsl-2mutation (Falketal, 1999) were
plate was immediately inserted into an Innite F200 platdetected with primers anking a deletion in the mutaft, 5
reader (Tecan, &hnedorf, Switzerland). ChemiluminescencECAAATGTTTACCTTGAGCCTCGT-3° and HATCCAT

was continuously measured &tC6or 50 min with a 5s inte- TCTCCAAGCATCCCTTCT-3° The PCR product from WT
gration time per well. Luminescence values measured 10 mih493 bp, whereas thés1-product is 578 bp. However plants
after initiating reactions were used to calculate relative luminesterozygous feds1-2ften lacked the WT product, so an addi-
cence. tional set of primers was used to con rm homozygosiy, 5
AACAACTCGGACGCCATTCTTCA3® and % GCAATC
ATTCCGTTTGGCTTCAGT-3’. These primers amplify an
878 bp product from the WT but no product frads1-2Plants

For light microscopy, whole roots excised from seedlings weagying thenprl-1 mutation (Caoetal, 1997) were detected
directly observed under differential interference contrast illumiith primers anking a point mutation®&GTGTGCTCTTC
nation using ApoTome apparatus and AxioVision softwafdTTCGCTGT-3° and ®GTGCGGTTCTACCTTCCAAA
(Zeiss, Oberkochen, Germany). For scanning electron micr6§-T-3° These primers give a PCR product of 209 bp that, if
copy, 10-d-old soil-grown plants were used. Whole young leafrem the WT, can be cleaved with Nlalll/Hin1Il but not if from
(rankn 3) and old leaves (rank 7) were excised and xed in nprl-1 (New England Biolabs, Ipswich, MA, USA). Plants
4% glutaraldehyde and 1.5% formaldehyde in PBS buffer for £Rpressing the bacterial salicylate hydroXy&e@ (Delaney

at #C. Leaves were then rinsed with PBS buffer, dehydrateceiral, 1994) were detected with the primer$GAC-
successive baths of 50, 70, 95 and 100% ethanol for 30 min e@@BCCTAGTAACTCACC-? and %TGATGATGCCGCC

and then dried with liquid C®with a CDP7501 critical point ATTCC-3° which give a PCR product of 370 bp. In the F2 pop-
dryer (Quorum Technologies Ltd). Samples were sputter-coatéation we identi ed &ahGtriple mutant that did not segregate
with gold and observed with a S260 Cambridge scanning eliec-NahGin the F3 generation. Homozygosity of all lines was
tron microscope at the Service de Microscopie Electroniquevefi ed in the two following generations. As a control, sibling
Paris 6 University (France). pidklllb1b2 lines were selected in the F3 of each cross to con rm

ansmission electron microscopy

Pseudomonasnfection assay

Quanti cation of reactive oxygen species

Light microscopy and scanning electron microscopy
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that the differences in triple mutant phenotypes were notares = (a) (b)
of other genetic elements.

Results

The pidkilib1b2 double mutant has a dwarf phenotype

The pidkilib1b2 plants (SALK_040479 and SALK_098069)

were previously identied and characterized by Petads

(2006). In their study and in our previous work (Dekstg,

2012a), these plants were shown to display a stunted ros

growth and short root when grownvitro. Here we investigate

this phenotype in more detail. When grown in soil, no major di © ()
ference between the singi#kb2 mutant and the WT plants was
detected. Rosettepdtkb1 plants were smaller than the WT and
occasionally showed leaf yellowing. pillib1lb2 double
mutant had a strong dwarf phenotype and frequent yellowing
older leaves (Fig. 1a). The in orescenqga4#flib1b2 was less
than half as tall as the WT (Fig. Sla). The dwarsm c
pidkilib1b2 is not a result of a delay in development, because
double mutant and WT had the same number of leaves at any ti
assayed (Fig. S1b). To assess the dwarf phenotype at the ce
level, young (rank 3) and old (rankn  7) leaves of 10-d-old
plants grown in soil were excised and xed and the epidermal ¢
were observed by scanning electron microscopy (Fig. 1b). Epi
mal cells of both young and gd@tkllib1b2 leaves weie 30%
smaller than the WT controls (Fig. 1c). The WT had about half :
many stomata per unit area of leaf surface as the mutant (Fig.
This indicates that the small sizpidkllib1b2 mutant leaves was
a result of having fewer and smaller cells.

Root length was assayedhiwitro cultured plants. Roots of 8-
d-oldin vitrogrown seedlings were visualized by light microsco
(Fig. 1e). As described by Preatsd. (2006), thepidklliblb2
mutant has shorter roots than the WT (Fig. 1f). As alreac
described by Kargg al.(2011), thepidkllib1b2 double mutant
roots have irregular-shaped cortical cells. They also had abno
root hairs (Fig. 1e). The length of the meristematic zone w
17% shorter in the double mutant (Fig. 1g). In addition, the
length of cortical cells in the differentiated zone of the prima
root was 40%.Sh(.)rter pi4kllbIb2 than in the WT (Fig. 1h). . _Fig. 1 Morphometric analysis of Arabidopsigi4klllb1b2 plants grown in
These results indicate that the double mutant has shorter pringy (2_g) andin vitro (e-h). (a) Photographs of typical wild-type (WT),
roots, because it has fewer and shorter cells partly as a resipiakiiib1, piakilib2 and pi4kliib1b2 plants. (b) Scanning electron

reduced cell cycling in the mutant. micrographs of young rankn 3 (top) and old rankn 7 (bottom) leaves
from WT and pi4klllb1b2 plants. Bars, 2 mm. (c) Epidermal cell area. (d)
Frequency of stomata per leaf surface area. (e) Photomicrographs iof

Genome-wide analysis reveals that SA-responsive genes vitro grown roots of WT (left) and pi4killb1b2 (right); bars, 0.5 mm. (f)

are constitutively altered in thepi4klllb1b2 mutant Root length of in vitro grown seedlings. (g) Meristematic zone length. (h)
Length of cortical cells. (c, d, £h) WT, closed barspi4kllib1b2, open bars.

Transcripts were extracted from 2-wk-old seedlings gnownAll graphical data are presented as means SE. Statistically signi cant

vitro, and thepi4klllb1b2 transcriptome was compared with thedifferences compared with WT plants**, P<0.01, Student'st-test.

WT transcriptome (Table S2). We found that 133 genes were

down-regulated in the double mutant compared with the WIORG2 and ORG3 genes (Kangetal, 2003). At2g44240

while 29 genes were up-regulated. These 29 up-regulated gAtle?119@&ndAt1g1488Qvere also induced by SA in Arabidop-
and the 29 most down-regulated genes are listed in Tablsis. suspension cells (Krirdteal, 2007). Among the 29 most
Several well-characterized SA-induced genes are amongstefitessed genes, 22 are encoded in chloroplasts. One of the fev
genes that are overexpressed ipidkdlIb1b2 double mutant, nucleus-encoded genes repressed in the double mutant was
such as th®R-1, ORGYOBP3-RESPONSIVE PROTEIN 1 PDF1.2(PLANT DEFENSIN 1.2/ a gene positively regulated

(e)

® @) ()
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Table 1 The 29 upregulated and 29 most downregulated genes in Arabidopss4kllib1b2 in vitro grown seedlings compared with wild type (WT)

Log, ratio Log, ratio
Locus Name Microarray* RT—qPCﬁ Locus Name Microarray* RT—qPCF%
Atlg47400 Unknown protein 1.40 2.14 At5g64070 P14K 1.72
At3g56970 ORG2 1.36 2.58 Atcg00480 Unknown protein 1.63 1.05
Atlg47395 Unknown protein 1.34 2.25 Atcg00340 Unknown protein 1.57 1.04
At5g53450 ORG1 1.29 0.37 Atcg00470 Unknown protein 1.50
At1g13609 Unknown protein 1.27 3.21 Atcg00680 Unknown protein 1.44
At2914610 PR-1 1.17 11.63 Atcg00150 Unknown protein 1.42
At2g41240 bHLH100 1.13 3.73 Atcg00340 Unknown protein 1.40
At3g18290 EMB2454 112 At5g44420 PDF1.2 1.38 2.10
At1g18860 WRKY61 1.09 6.07 Atmg00280 Unknown protein 1.36
At3956980 ORG3 1.00 5.07 Atcg00280 Unknown protein 1.35
At1g56430 NAS4 0.96 Atcg00540 Unknown protein 1.35
At5g56080 NAS2 0.92 Atcg00490 Unknown protein 1.34
At5g01870 PR-14 0.90 3.74 Atcg00540 Unknown protein 1.33
At1g27120 Galactosyltransferase 0.88 Atcg00790 Unknown protein 1.32
At2g43610 Glycoside hydrolase 0.82 Atcg00150 Unknown protein 1.31
At1g14880 Unknown protein 0.81 Atcg00270 Unknown protein 1.30
At4919690 IRT1 0.81 Atcg00470 Unknown protein 1.28
At5g13740 ZIF1 0.78 At2g07732 Pseudogene 1.28 0.85
At1g54010 GDSL-like Lipase 0.70 5.59 Atcg00160 Unknown protein 1.27
At1g21190 LSM3A 0.69 At1g53480 DNA binding 1.27
At1g13608 Unknown protein 0.68 Atcg00040 Unknown protein 1.26
At5g17220 ATGSTF12 0.65 0.66 At5951720 Unknown protein 1.25
At2g44240 Unknown protein 0.65 Atcg00490 Unknown protein 1.24
At3916660 Unknown protein 0.65 Atcg00140 Unknown protein 1.23
At5g67330 ATNRAMP4 0.65 0.02 Atcg00530 Unknown protein 1.20
At39g20470 Pseudogene 0.64 Atcg01040 Unknown protein 1.20
At2g23170 GH3.3 0.62 1.52 Atcg00130 Unknown protein 1.20
At2926695 Binding 0.62 At5g01600 ATFER1 1.14
At5g67370 Unknown protein 0.61 Atcg00280 Unknown protein 1.13

The expression levels are given as the lggf the ratio of the intensity in the pi4kllib1b2 mutant vs the intensity in WT plants.
2Log, ratios of selected genes analysed by quantitative reverse transcription polymerase chain reaction (RT-qPCR) in adult soil grown plants.

by jasmonic acid (JA). SA is known to repress the JA pathwso altered. The major phytohormones were analysed in
(Spoekt al, 2003). soil-grown adult plants and in all cases the double mutant had

The expression of certain genes was analysed in soil-grdiffarent concentrations than the WT. While the fold differences
adult plants using RT-gPCR. Out of 13 genes up-regulated im ABA, 1AA, JA, trans-zeatin (tZ) and cis-zeatin (cZ) ranged
in vitro pi4klllblb2 seedlings, 12 were also induced in the soifrom 0.4 for ABA to 3.6 for JA, the SA concentration was 14-fold
grown adult plants (Table 1). Generally, the expression of thgseater in the double mutant than in WT plants (Fig. 3a).
genes was much stronger in the adult soil-grown plants than iWe analysed the expression of genes encoding enzyme:s
thein vitro grown seedlings. We also analysed the expressiothofight to be involved in SA biosynthesispidkllib1b2
the two most suppressed chloroplast and nuclear genes. All foutants. While the expressiornP#L1, PAL2 PAL3andPAL4
were suppressed in the adult plantsi4iliib1lb2 in a similar genes was not different from that in the WT (data not shown),
way as ifin vitroseedlings. expression ofCS1 was signi cantly induced ipi4klliblb2

To understand the difference in intensity in gene expressi®iig. 3b). By contrastCS2was strongly repressed in the double
between seedlings grawnitroand soil-grown plants, we moni- mutant. Transcription diCS1is regulated by two transcription
tored PR-1expression and rosette FW in soil-grown plants féactors SARD1(SAR DEFICIENT Jland CBP60gCALMOD-
the rst 29d. We found that, as plants age, m@Re1lis  ULIN BINDING PROTEIN 60y (Zhangetal, 2010). Expres-
expressed in tipdkllb1b2 double mutant (Fig. 2b). The dwarf sion of these genes was induced in the double mutant. Recently,
phenotype was also more pronounced in older plants (Fig. 2a)Zhanget al.(2013) described SA-3-hydroxylase (S3H) as a major
enzyme involved in SA degradation. This gene was also induced
in pidkilib1b2.

Isochorismate synthase-dependent biosynthesis of SA occurs ir
chloroplasts and most of the genes down-regulated in
The constitutively high expression of SA-induced genes pidklliblb2 are chloroplast-encoded (Table 1). This prompted
pidkllib1b2 plants made us wonder whether SA metabolism was to investigate the ultrastructure of chloroplasts using

pi4klllb1b2 plants have constitutively high concentrations
of SA
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(a) (@

(b) (b)

Fig. 2 Kinetics of growth and PR-1expression in wild-type (WT) and
pi4kllib1b2 Arabidopsis thaliana Plants were grown in soil for 4 wk and
sampled 11, 20 and 29 d later. (a) Weight ratio between WT and
pi4klilib1b2 plants showing increasing differences with time. (b)
Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
analysis ofPR-1expression in WT (red bars) angi4kllib1b2 (yellow bars)
plants. Values are means SE of four biological replicates. Statistically
signi cant differences between WT andpi4klllb1b2 plants:*, P<0.05; **
P<0.01, Student’st-test.

Fig. 3 Effect of pi4klllb1 and pi4kllIb2 mutations in Arabidopsis on
phytohormone concentrations and related gene expression. (a) Hormone
concentrations determined in 4-wk-old plants grown in soil using LC-MS.
SA, salicylic acid; JA, jasmonic acid; tZ, trans-zeatin; cZ, cis-zeatin. (b)
Expression analysis of genes involved in SA biosynthe$8%1, ICS2), its
regulation (SARD1 CBP609 and degradation §3H). Values are

means SE of four biological replicates. Statistically signi cant differences
compared with wild-type (WT) plants:*, P<0.05; ** , P<0.01, Student’s
t-test.

transmission electron microscopy (Fig. S2). Detailed image

analysis showed slight differences in the mutant. Granum thyl‘?hé lividomes ofoidkillb1b? and ssi2 plants have some
oids were shorter, the grana were smaller and there were mor P P P

grana inpi4kllib1lb2. The number and total area (on eIec:tronS'm‘ﬁar features

micrographs) of starch grains were higher in the mutant (Tablee phenotype of tha4kllib1b2 double mutant is in part rem-

S3). iniscent of thessizmutant phenotype: enhanced resistance to
P. syringaeonstitutive accumulation of elevated SA concentra-
tion and expression of tiR-1gene (Shahtal, 2001).ssi2is

de cient in stearoyl-acyl carrier protein desaturase, and its fatty
acid composition is altered (Kacheoal, 2001). Using multiple
Typically, mutants that accumulate excess SA also produce meaetion monitoring mass spectrometry, the molecular species
reactive oxygen species (ROS) (Maitah 2006) and are more were analysed. The most apparent changsiirere increases
resistant to biotrophic and hemibiotrophic pathogenséVédt  in the relative contents of 18:0/18:1-, 18:0/18:2-, 18:0/18:3-
2009). The ROS concentration was more than seven times highetecular species in Pl, PE, PC, PG, and of 18:0/18:3- in
in pidkllib1b2 plants than in WT plants (Fig. 4a). Resistance tMGDG and DGDG and decreases in the relative contents of
pathogens was assessed in the double mutant. Plants were g/r&y18:2- molecular species in Pl, PE and PC, and of 16:0/
inoculated withP. syringagv. maculicol&S4326, thus avoiding 18:1- in PG (Fig. S3) (PI, phosphatidylinositol; PE,
potential differences in amount of inoculum as a result of tiphosphatidylethanolamine; PC, phosphatidylcholine; PG,
altered morphology of mutant plants. Three days later, Wghosphatidylglycerol; MGDG, monogalactosyldiacylglycerol;
plants exhibited leaf necrosis and large zones of yellowing. TBESBG, digalactosyldiacylglycerol). None of these differences
symptoms were almost absent in the double mutant (Fig. 4ljere detected ipi4kllib1lb2. However, some altered pro les
except for characteristic yellowing present before inoculatere found in bottssi2and pi4kllib1b2. These mutants both
(Figs 1a, 5). The bacterial titres collected 3 d after inoculatioontained relatively less 18:1/18:2-, 18:1/18:3-, 18:2/18:2-, and
from pi4kllib1b2 leaves were 10 times lower than those collect&8:2/18:3- species of Pl, 18:1/18:2- species of PC and 16:1/18:3-
from WT leaves (Fig. 4c). The equal amounts of inoculum apecies of PG, but more 16:0/18:3- species of PG. However, the
both genotypes was con rmed by bacteria enumeration just aftater differences were marginal compared with those observed in
infection (Fig. 4c). ssizalone, so overall the molecular species progiioilb1b2

pidkllib1b2 plants have constitutively high ROS concentra-
tions and enhanced basal resistance tBseudomonas

New Phytolog{®014)203:805-816 2014 The Authors
www.newphytologist.com New Phytologist2014 New Phytologist Trust



New
Phytologist

(@) (b) © (@

Fig. 4 (a) Reactive oxygen species (ROS) production in Arabidopsis
pi4klllb1b2 in leaf discs from 4-wk-old soil-grown plants detected with (b)
luminol. Values are averages of eight samples per genotype and error
bars, SE. Statistically signi cant difference from wild-type (WT)**
P<0.01, Student’st-test. (b) Symptoms of WT andpi4kllib1b2 plants 3d
after infection with Pseudomonas syringa@v. maculicola ES4326. Four-
week-old plants were spray-inoculated with bacterial suspension at Qfgo
of 0.5. (c) Bacterial titres in the leaves collected at 0 and 3 d postinfection
(dpi) from Col-0 (closed bars) andpidkllib1b2 (open bars). Values are
averages of ve samples per genotype and error bars, SE. Statistically
signi cant difference from WT: ** | P<0.01, Student’st-test.

does not strongly resemble thatssi2 The most signi cant (©
molecular species changepiklliblb2 was that 16:0/18:3-

species were increased in Pl, PC, PE, PG but not in MGDG a

DGDG. In MGDG, but not in DGDG, 18:2/18:3- species were
increased ipi4kllib1b2 (Fig. S3).

Elevated SA concentrations sturpidkllib1b2 rosette
growth via an NPR1-dependent pathway

The action of type Il PI14K was investigated genetically. Nah
plants overexpress a bacterial SA-hydroxylase and so have l¢ O
than the WT (Delanegt al, 1994). Thesid2-3mutant has a T-
DNA insert in the biosynthetitCS1/SID2gene (Grosst al,
2006), ancEDS1(Falket al, 1999) encodes a protein upstrearr
of SA biosynthesis so that both mutants accumulate less S,
response to biotic elicitation. NPR1 is the major transcriptic
cofactor that controls the expressiofPRf1and most other
SA-responsive genes (Durrant & Dong, 2004), andpsb
mutants have limited SA signalling. T#iéklllb1b2 double
mutant was crossed with these mutants affected in SA biosyn
sis, SA accumulation or SA sensitivity. Rosette FW, SA cont
and PR-1 expression were determined in the resulting trip
mutants.
The only triple mutant with a conspicuously different phenc
type wasiprlpi4kilb1b2. When the plants started to bolt, com- rig. 5 Analysis of Arabidopsis triple mutant plants grown in soil for 4 wk.
pact chlorosis appeared in the central part of the rosette (Fig (a) Representative images of rosettes of all genotypes analysed in the
All the triple mutants were much less dwarfed than ﬂexperiment. (b) Average rosette.FW. (c) Sal.icylic acid (SA) concentration
pHKIIDIb double muant. Furthermore, thes1pikibiby,  Herinedvyions (et sorssen S evesee
S!d2p|4k|lblb.2 andNahGpi4klib1b2 rosef[te WelghtS were not signi cant differences compared with the parental single m’utants:
signi cantly different from WT rosette weights (Fig. 5a). We cax p<(.05: *, P<0.01, Student'st-test.
culated the effect of introducing thigkllib1b2 double muta-
tion into WT and single mutant genetic backgrounds. The While thepidkllib1lb2 plants had signi cantly more SA con-
double mutation introduced into the WT background led to atitutively than WT plants, the amounts of SA in the sedgé
77% decrease in weight. When introduced mpid, sid2and  and nprl mutants were not different from that in the WT. As
nahGbackgrounds, the decrease was only 2, 14 and 32%, resprpected, the SA concentrations were signi cantly lower in the
tively (Table 2). When introduced irgds;lthe double mutation sid2 and NahG plants. Theeds1pi4klbd1lb2, sid2pi4kllblb2
led to a 20% increase in rosette weight. and NahGpi4lllkb1b2 triple mutants had signi cantly less SA
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Table 2 Reduction of shoot weight and root length induced by
pi4klllb1b2 mutation in different background genotypes of Arabidopsis @)
Trait
Background Shoot mass in Root length
genotype soil (%) in vitro (%) Plant studied
Wild-type 76.9 72.2 pidklllb1b2
edsl 20.5 46.0 eds1 pi4kllblb2
nprl 2.4 62.9 nprl pi4kilib1b2
sid2 14.2 44.7 sid2 pi4kllib1b2
nahG 32.2 53.1 nahG pi4klllb1b2

thanpidkllib1b2. The SA concentration in tleels1 pi4kid1b2
andNahGpi4kllb1b2 triple mutants was not different from that
in the WT and was even lowersiu2pi4klib1lb2. By contrast,
the nprlpi4kllblb2 triple mutant had fourfold more SA than
thepi4klllib1b2 double mutant (Fig. 5b).

PR-1expression correlated well with SA concentration in e
triple mutant, except fonprlpi4kllblb2. Although PR-1
expression is dependent on NPR1 niprd pidkllb1b2 mutant
still had a relatively higPR-1expression, indicating the existenc: (b)
of an NPR1-independent transduction pathway in this mutal
(Fig. 5¢). When comparing SA concentration and rosette mas:
appeared that when SA concentration was diminished, the ros
weight was increased. However, tipelpidkllblb2 triple
mutant was bigger thaiklllb1b2 despite its high SA content.

High endogenous SA is a minor regulator gpi4kllib1b2
root length growth in vitro

The primary root length of the triple mutants grawmitro in
vertical plates was measured and compared with those
pidklilib1b2 and the corresponding single mutants (Fig. 6). A
already described (Fig. 1g), pivkl11b1b2 double mutant roots
were shorter than the WT roots. None of the triple mutants hEFig. 6 Analysis of Arabidopsis triple mutant plants growin vitro on
roots as long as the WT or any of the single mutants. In fact, vertical plates. (a) Representative image of plantlets of all genotypes
ple mutant roots were only slightly longer thidill1b1b2 roots analysed in the experiment. Coloured marks indicate the position of root
or, in the case Clifpl’l pi4k||b1b2, were the same Iength. As fortips at 0 (blue), 2 (pink_), 4 (green)and 7d (red)_ after transfer to testing
the shoot size, we calculated the effect of introducing {Pawes: (P) Average primary root length determined 4 d after transfer.

. . : . alues represent means SE of 15 plants. Statistically signi cant
pi4kllib1b2 mutations into different genotypes (Table 2). Thegigterences compared with the parental single mutant plantst™ , P<0.01,
pi4kllib1lb2 double mutation led to a 72% decrease in roostudentst-test.
length in a WT background. When introduced iats,Lnprl,
sid2and nahG the decrease in root length was 46, 63, 45 and
53%, respectively. This means that the single mutations eitheire ROS (Fig. 4). It is important to understand why SA should
did not affect or only partially affected the reduction in rochccumulate in a mutant with less PI4K. SA may accumulate if
length caused by the double mutation. more is produced and/or less is catabolized. The high concentra-
tion of SA was correlated with strong expression @ Higene
(Fig. 3), recognized as a major biosynthetic gene involved in pro-
ducing pathogen-induced SA (Wildermwhal, 2001). As
Thepi4kllib1b2 mutation causes stunted rosette growth (Fig. 1¢xpected with higi€S1expression, its two major transcriptional
accumulation of excess SA (Fig. 3) and constitutive expressiargilators SARD1and CBP60g were also induced (Fig. 3).
SA-induced genes (Table1, Fig.2). The growth defect amderestingly, the expressior88H a gene involved in SA degra-
changes in gene expression are more pronounced in adult plégati®n, was also induced (Fig. 3). However, it is not known if this
(Fig. 2, Table 1), indicating a link between the phenotype aimigh expression is correlated with higher amounts of protein and/
plant development. Like other SA-overaccumulating plants, activity levels. Most probably, the high expressi8gHdfs
pi4klilib1b2 plants are more resistanttosyringa@nd produce the mechanism induced to deal with high SA concentrations.

Discussion
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Many mutants that accumulate high concentrations of SA hakeracteristic bleachingrgirl pidkllb1b2 is probably caused
been identi ed, all of which exhibit stunted growth or dwar snby the high SA concentration and has previously been observed
(Bowlingetal, 1994, 1997; Ywetal, 1998; Shatetal, 1999; in cpr5 npriplants or whenprlplants were supplemented with
Kachrooet al, 2000; Shiraneetal, 2002). To prove that the SA (Bowlingetal, 1997).
dwar sm of pidkllib1b2 is caused by high SA synthesis, we The positioning ofpi4kllib1b2 upstream ofedslin this
crossed the double mutant with four different mutants in SA sigenetic model is not surprising. Other mutations causing SA
nalling and biosynthesis. The rosette size of all triple mutants wesraccumulation, such g1 cpr§ bonlor bapl were also
similar to WT, clearly showing that excess SA is responsibleplaced upstream efisln genetic models (Clarletal, 2001;
the dwarf phenotype. Combined analysis of shoot size, SA céanget al, 2007). Interestingly, EDS1 and its interacting part-
centration andPR-1expression in these mutants allowed us teers, PAD4 and SAG101, are putative lipases, although it is not
create a genetic modelRiKb1/b2 action in the SA signalling known whether they bind lipids (Wiermetal, 2005). The
pathway (Fig. 7). This model also explains the unusual charadtpid-binding domains of EDS1, PAD4 and SAG101 are indis-
istics of some triple mutants. In WT plarR$4Kbl, and to a pensable for heterodimer formation of these proteins (Wagner
lesser exteml4Kb2, is a negative regulator of the SA signallingt al, 2013). One can easily imagine that these interactions could
pathway acting upstream BDS1 (Fig 7a) In pi4klllblb2  be regulated by a lipid molecule.
plants, the signalling upstreanE@fS1lis de-repressed and thus The characteristic short roots and aberrant root hairs of
ICSlexpression and subsequently SA biosynthesis increase.pidisiib1b2 grown in vitro (Fig.1) have been previously
causeNPREmediated transcriptional reprogramming, whicldescribed by Preussal. (2006). Kangetal.(2011) proposed
results in stunted rosettes. In these plants, signalling upstreathatfthe phenotype of roots is caused by changes in early and late
ICSlis negatively regulated throdgAR1 However, this nega- transGolgi network morphology and loss of control over secre-
tive feedback loop is not suf cient to suppress SA to its basal cimmy vesicle size. We wanted to know whether SA is responsible
centration (Fig. 7b). When theelsImutation is introduced into for thein vitroroot phenotype. Interestingly, the root lengths of
pidkllib1b2 plants, thdCS1expression and SA concentrationshe triple mutants did not signi cantly revert to WT lengths
are normal and therefordsl pi4kiB1lb2 grows normally (Fig 6). ThePR-1gene was not inducedpikllib1b2 seedlings
(Fig. 7c). Mutation inlICS1 (sid3 or introduction of salicylate grown under the conditions used for root assays (Fig. S4). These
hydroxylasen@hQ keeps SA at a basal concentration and thatata indicate that in the conditions usedroritro root assays,
plant growth remains normal, even though the signalling dow®A signalling is not activated so would not affect the plant pheno-
stream of EDS1 is activated (Fig.7d and 7e). Imprl type. Taken together, our results show that the mechanisms
pidkllib1b2 plants, thelCS1expression and SA concentratiorresponsible for small rosettes of adult plants and short roots
are very high, because the negative feedback loop does not fane4tro are different, even though both are caused by
tion. The SA signal does not lead to transcriptional reprograpi4klliblb2 mutations. Such aberrant roots might be expected
ming and the rosette size remains normal (Fig.7f). The affect shoot growth, but the roots were not investigated in

(@) (b) (© (d) (e) ®

Fig. 7 Genetic model for salicylic acid (SA) signalling pathway irabidopsis thalianawild-type (WT), pi4kllib1b2 and all triple mutants. (a) In the WT,
P14Kllb1 and, to a lesser extentP14KIIb2 repress SA signalling upstream @&DSL1 (b) In pidkllib1b2 plants, signalling upstream oEDS1is de-repressed,
which leads to stronger transcription of the SA biosynthetic genECS1and thus to high concentrations of SA. This increase stunts rosette growth through
NPRZXmediated transcriptional reprogramming. (c) Ireds1 pi4klllb1b2 plants, the absence oEDS1means thatlICS1transcription is not induced, and so
SAis not in excess and growth is normal. (d, e) Isid2 pi4klllb1b2 (d) and nahG pi4kllib1b2 (e) plants, SA biosynthesis is abolished and SA is catabolized,
respectively. Thus these plants display normal growth. (f) Inprl pi4kllib1b2, the absence of theNPRXIdependent negative feedback loop leads to even
higher ICS1transcription and SA concentrations. However, the high SA concentration is not transformed to transcriptional reprogramming and the growth
remains normal.
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Supplementary Figure S1.Rosette size andsalicylic acid (SA) content of plants cultivated under

short-day conditions. (A) Representative images of 4week old plants cultivated at SD conditions: 22

°C, 10 h light/14 h dark. (B) ~“@eZe+«Z1 ce’'£2i1>7+S ¢Anifants presented in blue boxes;

™ e TM T STF eGSR Ze 10— 15701 E mrdk Z N B¢ —3 080l ZonwZ &>’ ™e 71 —7eS —e@l’—1

yellow and SA-deficient in green. Data are from three biological replicates, n A70.Central line of the

boxplot represents the median occupancy, cross represents the mean, bottom and top edges of the

box are 25 and 75% of distrikution and the ends of whiskers are set at 1.5 times the interquartile range.

Values outside this range are shown as outliers. Data are from three biological replicates,n A70. (C)

SA content in the leaves. n = 4. Asterisks indicate variants that are different from WT, one-way

ANOVA with Tukey  ¢49D post hoc test, *p <0.05, **p <0.01.

Int. J. Mol. Sci.2019 20, x; doi: FOR PEER REVIEW www.mdpi.com/journal/ ijms
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Supplementary Figure S2. Effect of cultivation conditions on rosette size of the ™'Z” twhd X 1
e’ e X ™ Zrhlitnts X(A) Conditions of plant cultivation: LD (long day), SD (short day) and GH
(greenhouse).(B) Representative images of Sweek old plants cultivated in different setups, bar 1 cm.

(C) Rosette size of the studied mutants grown under different conditions. Differen t letters indicate
variants that were significantly different in every growing condition ; one-way ANOVA with Tukey ocel
HSD post hoc test, p 8.05. Data are from three biological replicates,n Al2. Central line of the boxplot
represents the median occupancy, cross represents the mean, bottom and top edges of the box are
25% and 75% of distribution and the ends of whiskers are set at 1.5 times the interquartile range.
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Supplementary Figure S3.Transcription of ICS1and PR1in soil-grown plants cultivated under a
short-day light regime. Samples were collected from four 4 week old plants. Values were normalized
to WT in the respective conditions. TIP41 was used as a reference gene. Asterisks indicate values

different from WT, t-test,p<0.05n = 4.
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Supplementary Figure S4.Photosynthetic parameters of the studied mutants. Four week old plants
were cultivated at 22 °C, 10 h light/ 14 h dark. (A) NPQ-Lss. (B) QY_max. (C) Fm. Central line of the
boxplot represents the median occupancy, cross represents the mean, bottom and top edges of the
box are 2%% and 75% of distribution and the ends of whiskers are set at 1.5 times the interquartile
range. Values outside this range are shown as outliers. *variants that are different from WT, one-way
ANOVA with Tukey  dd9D post hoc test. Data are from three biological replicates,n A70.
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Supplementary Figure S5.Effect of light on primary root elongation of the ™’ Z " takdroele X ™' Z"TW T X 1
mutants grown in vitro under long day conditions. (A) Dynamics of primary root gro wth under long-

day conditions. * variants that are different from WT, one -way ANOVA with Tukey  dd3D post hoc

test,n Al10.(B) Light and dark root setup . (C) Length of primary root grown in light or dark root setup

at 4 and 8 days. Central line of the boxplot represents the median occupancy, cross represents the

mean, bottom and top edges of the box are 2846 and 75% of distribution and the ends of whiskers are

set at 1.5 times the interquartile range. Differences calculatal separately in each group, 4 and 8 days
respectively. Letters correspond to significant differences among groups, n Al0.

Supplemental Table S1.Primers.

Gene Accession Forward Primer Reverse Primer

Tlf4 AT4G34270 GTGAAAACTGTTGGAGAGAAGCAA TCAACTGGATACCCTTTCGCA
PR-1 AT2G14610 AGTTGTTTGGAGAAAGTCAG GTTCACATAATTCCCACGA
ICS1 AT1G74710 GCAAGAATCATGTTCCTACC AATTATCCTGCTGTTACGAG

Supplemental Table S2.SA content (ng/g FW) of the soil-grown plants .
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Short day Long day
WT 251,380 * 15,930 514591 * 180327
NahG 225,75 * 17,78 260,36 * 90,84
sid2 741,55 * 24,01 215,81 * 50,57
pmr4 1275,86 * 50,99 994,22 * 107,14
™'Z"tW Tt X 23851,29 1950,85 941093 982,55
S ™ Z"tW-  4458,48 * 659,26 455,29 * 130,99
e’ X™'Z"t)' 567,54 * 31,92 172,26 * 28,88
crp5 25511,32 800,46 29118,68 * 17116,81
boni-1 18437,73 964,35 3283149 £ 19690,02
bonl-1snclk11 2504,99 * 264,97 612,13 * 141,04
edr2-6 8375,98 * 3633,38 2439,16 605,55
edr2-6nahG 422,06 * 124,73 1872,03 1091,57
fahlfah2 33314,76 = 4732,62 64289,30 +  42158,94
exo70Bt1 7137,93 * 1340,52 1312,63 292,41
acd6 80154,83 * 10881,94 6187590 =+ 7018,37
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» Background and Aims We have recently shown that an Arabidopsis thaliana double mutant of type Il
phosphatidylinositol-4-kinases (P14Ks), pi4k 1 2, constitutively accumulated a high level of salicylic acid
(SA). By crossing this pi4k 1 2 double mutant with mutants impaired in SA synthesis (such as sid2 impaired in
isochorismate synthase) or transduction, we demonstrated that the high SA level was responsible for the dwar sm
phenotype of the double mutant. Here we aimed to distinguish between the SA-dependent and SA-independent
effects triggered by the de ciency in PI14K 1 and PI4K 2.

* Methods To achieve this we used the sid2p4R triple mutant. High-throughput analyses of phytohormones
were performed on this mutant together with pi4kR and sid2 mutants and wild-type plants. Responses to patho-
gens, namelyyaloperonospora arabidopsidiBseudomonas syringae aBdtrytis cinerea, and also to the non-

host fungus Blumeria graminis, were also determined. Callose accumulation was monitored in response to agellin.
» Key Results We show here the prominent role of high SA levels in in uencing the concentration of many other
tested phytohormones, including abscisic acid and its derivatives, the aspartate-conjugated form of indole-3-acetic
acid and some cytokinins such as cis-zeatin. We show that the increased resistance of pidk 1 2 plants to the host
pathogend. arabidopsidisP. syringae pv. tomato DC3000 and Bothrytis cinerea is dependent on accumulation

of high SA levels. In contrast, accumulation of callose in pidk 1 2 after agellin treatment was independent

of SA. Concerning the response to Blumeria graminis, both callose accumulation and fungal penetration were
enhanced in the pi4k 1 2 double mutant compared to wild-type plants. Both of these processes occurred in an
SA-independent manner.

» Conclusions Our data extensively illustrate the in uence of SA on other phytohormone levels. The sid2pidk 1 2
triple mutant revealed the role of P14K 1/ per se, thus showing the importance of these enzymes in plant de-
fence responses.

Keywords: pidk 1 2/Pl4Ks, callose, salicylic acid, phytohormones, isochorismate synthase 1, biotic stress,
pathogens, Arabidopsis thaliana.
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INTRODUCTION synthase (ICS; EC 5.4.4.2), which catalyses the isomerization
. . . . of chorismate to isochorismate (Dempsayal., 2011). The
Salicylic acid (SA) is a phytohormone that has a role in MaYs_dependent pathway was shown to be responsible for

plant physiological processes, although this has mainly bggge SA accumulation upon pathogen attack. In Arabidopsis
documented in plant responses to biotic stress when SA agRY

mulates within tissues, both at the site of attack and in a syste Hliana, two ICS isoforms exist, but the major role in SA bio-
' hesis is played by ICS1. The ICS1 mutant is known as sid2
manner (Vlotet al., 2009;Janda and Ruelland, 2015). In plant S 1S 1S play y " I hy I

S ; : ; Sor salicylic acid induction de cient 2 (Wildermutt al., 2001;
Sﬁ‘ IS Ibllosynthesaed via ItWO pathways. One is depender?t gneretal., 2013Cuiet al., 2017). When SA levels increase,
phenylalanine ammonia-lyase (PAL; EC 4.3.1.24), WhiGll,ynsiream signalling events are triggered, and the best de-

catalyses the conversion of phenylalanine to trans-cinnaniGined molecular pathway is dependent on NONEXPRESSOR
acid. In the other pathway, the key enzyme is isochorismate

© The Author(s) 2019. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.
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OF PATHOGENESIS RELATED 1 (NPR1). Upon SA action, In the present study, our aim was to identify amongst the

homo-oligomeric NPR1 protein undergoes dissociation lgllular and physiological processes affected by the de -

reduction and the resulting monomers move into the nuclaisncy of PI4K 1 2 those that were either SA-dependent or

where they interact with TGA-transcription factors to inducgA-independent. To achieve this, we used sti2pidk 1 2

the expression of SA responsive genes. An NPR1-independgpte mutant that does not accumulate SA and exhibits wild-

pathway also exists in response to SA (Janda and Ruelldype-sized rosettes (Sasekal., 2014). In this mutant, the ef-

2015). The activation of SA signalling pathways leads to robdietts of PI14K 1 and P14K 2 mutations would not be masked by

changes in the plant transcriptome, including defence-relategh SA levels. We showed that hormonal levels and pathogen

genes (Seyfferth and Tsuda, 2014). Among the immune resistance were mainly dependent on SA. However, we could

sponses affected by changes in SA levels or by SA treatmesfiisw that sid2pidk 1 2 plants accumulated higher amounts of

is the accumulation of callose (Kohkfral., 2002Donget al., callose in response to g22 and wounding. Interestingly, this

2008; Antignani et al., 2015), a (1,3)- -glucan occurring in SA-independent callose accumulation was also observed during

plant cell walls. early stages of interactions wilumeria graminis when pene-
The signalling pathways triggered by SA remain the subjecition was observed. Our data suggest that PI4Ks are involved

of current research. We have shown that phosphoinositides,ithplant immune responses not only through SA accumulation

phosphorylated derivatives of phosphatidylinositol (Pl), are ibut also via SA-independent processes.

volved in SA transduction. Indeed, Pl can be phosphorylated

at the D4 position of the inositol ring by phosphatidylinositol-

4-kinases (Pl4Ks) thus leading to phosphatidylinositol MATERIALS AND METHODS

4-phosphate (P14P), which can be phosphorylated further to

phosphatidylinositol-4,5-bisphosphate (PI-4,3-Prhere are Plant material, growth conditions

two types of PI4Ks according to their primary sequences and,, . . L

pharmacological sensitivities. Type Il PI4Ks are inhibited this study, we used the following genotypes of A. thaliana:

: : T : olumbia-0 (WT), sid2-3 (Grosset al.,, 2006), nprl-1

adenosine while type Il Pl4Ks are inhibited by micromol oet al., 1997).NahG (Delaneyet al., 1994).piak 1 2

concentrations of wortmannin, a steroid metabolite produc h K 046479/SALK 09069: Pr)e/iss ”et al P 2006)

by the fungus Penicillium funiculosuigkanishiet al., 1995; — prs ’ N ’

; . sid2pidk 1 2, NahGpidk 1 2 and nprlpidk 1 2 mutants pre-
Balla, 2007 Krinke et al., 2007). From the A. thaliana genome,.Ously described (Sasek et al., 2014).

12 putative P14K isoforms have been identi ed. Eight belon . e o
to type Il (AtPI4K 1-8) and four belong to type |1l (AtPI4kL Al plants were cultivated in Jiffy 7 peat pellets at 22 °C
and 2, AtPI4K 1 and 2) (Delageet al., 2012.Jandaet al., with 70 % relative humidity. All plants were watered without

2014). We have shown that type Ill PI4Ks are activated whafditional fertilizers. Plants Were2 rolutmely cultivated in daily
A. thaliana suspension cells respond to SA, thus leading tof[: gtlei/'vso(jlé ?32 3225(?oeoﬁc}rﬁ?a| asnezl asnig éftrr]a(:lasrckr.i I?ilgrr:tesma—
increase in P14P and PI-4,5-rinke et al., 2007). PI-4,5-P Vsi ltivated under 16 h light {30 1B0m 2 1p q
can act as a cofactor to some phospholipase Ds (Pappan yS|s(,jW(;:-<re cultivated under ight (130- st)an
1998). Interestingly, there is overlap between SA—responsﬁlé1 ark.
genes controlled by Pl4Ks and those controlled by phospho-
lipase Ds, leading to the working model that in response to
SA, PI4P and PI-4,5;Pare produced with PI-4,5;Racting Pathogen inoculation
as a cofactor for a phospholipase D, whose product, PA, wit o9
trigger a signalling cascade (Krinke al., 2009;Kalachova  Two-week-old plants grown at high density in one pot were
etal., 2016). sprayed with Hyaloperonospora arabidopsidis NoCo2 spores
To better characterize the role of Pl4Ks in the response(#d100 spores LY. The infected plants were cultivated in
SA, we have used A. thaliana mutants altered in type Il Pl4Kdosed transparent plastic boxes at high humidity for 6 d under
We previously worked on a double mutant defective in the t&6 h light/8 h dark (100-13@& m ? s!) at 19 °C. For ana-
PI4K genes. Surprisingly, pidk 12 exhibited a constitu-lysis, leaves collected from one pot were considered as one
tively high SA level that resulted in constitutive high transcrigample (for each genotype, 11 samples were analysed). Spores
tion of SA-responsive genes suchRi3-1 (PATHOGENESIS were counted under a microscope using a Birker chamber and
RELATED 1). Therefore, PI4Ks are not only involved irexpressed as relative spore number (%), where relative spore
SA transduction but they can also impact SA concentratiolumber for a given control genotype (WT or sid2) was set to
Furthermore, this double mutant exhibited dwar sm and wd®0 %. The spores were counted as spores per milligram of
more resistant to the bacterial pathogen Pseudomonas syringatie fresh weight. The experiments (WT vs. pidk 1 2 and
pv. maculicola ES4326 (Sasekal., 2014). Theidk 1 2 plant  sid2 vs. sid2pi4k 1 2) were conducted independently.
was crossed with mutants impaired in components of SA syninoculation with P. syringae was performed according to
thesis (sid2, impaired in ICS1 expression; edsl), SA transdkatagiri et al. (2002) with modi cations. Bacteria were cul-
tion (nprl) or a mutant expressing bacterial SA-hydroxylaseated overnight on King's B medium plates containing ri-
(NahG) that degrades SA to catechol. The resulting triglmpicin (50 g L ). P. syringae pv. tomato DC3000 (Pst
mutants allowed us to conclude that the dwarf phenotypeBi£3000) and P. syringae pv. tomato DC3000 AvrRpt2 (Pst
pidk 1 2 plants was dependent on SA accumulation and iBC3000 AvrRpt2) were taken from the respective plate and re-
transduction via the NPR1 pathway (Jaetal., 2014;Sasek suspended in 10 m MgClto give an OR,, of 0.001. Four-
etal., 2014). week-old plants were in ltrated with this suspension.
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One disc (6 mm) from one leaf, three leaves at a similar dev&80 SYBR Green | Master kit and a LightCycler 480 (Roche,
opmental stage from one plant and three plants were collec®sdtzerland). The PCR conditions employed were 95 °C for
as one sample of one genotype at 0 days post-inoculation (dpiymin followed by 45 cycles of 95 °C for 10 s, 55 °C for 20 s
and 3 dpi (3 dpi only for Pst DC3000; 2 dpi for Pst DC300énd 72 °C for 20 s. Melting curve analyses were then carried
AvrRpt2). Leaf discs were ground in 10 m MgCind decimal out. Relative transcription was normalized to the housekeeping
dilutions were made. Colony forming units were counted. genesSAND or TIP41 (Czechowsét al., 2005). Primers were

Four-week-oldA. thaliana plants were treated with 6  designed using PerlPrimer v1.1.21 (Marshall, 2004). The pri-
drops containing Botrytis cinerea BMM spores (5 % 4fiores mers used were CalS1_FP, AAGAGCGGAGGGTCACTTTG;
mL™?) by applying a single drop to each leaf, with three leav€alS1_RP, GGCGACACGAATAGACGGAT; Calsi2_
at a similar developmental stage inoculated for each plafe, TTCACTCCGTTTTCCCGAGG; and CalS12 RP,
Treated plants were placed into closed plastic boxes and KBEAGAGAGACGCATCTGAGC.
in low light (16 h light/8 h dark, 21 °C; 10— E rhst) for 56 h
post-inoculation (hpi).

Blumeria graminis f. sp. hordei (Bgh) was cultivated con; alvsis of plant hormones
tinuously on fresh barley (‘Golden promise’) grown under shdar‘p Y P
day conditions (19 °C, 10/14 h, 50 % humidity, at a light inten- Plant hormones were extracted from 100 mg of frozen ti
sity of 70 mol m 2 st). Plants, ~4 weeks old, were inoculategdues and their concentrations were determined as previously
by spreading spores from infected barley onto the adaxial sitéscribed (Dobrev and Vankova, 20Dbrev and Kaminek, =
of their leaves (from leaf to leaf). The 5th—6th leaves were @@02) after the addition of appropriate internal standard&
off at selected times hours post-inoculation (hpi) and clearddrmone analysis was carried out on four samples, each tak@n
with 96 % ethanol or chloral hydrate. For penetration rafeom three plants. Brie'y, samples were homogenized in tubes
fungal structures were stained with 250 mg-frttypan blue with 1.3-mm silica beads using a FastPrep-24 instrument (MP
in a lactophenol/ethanol solution (Mogel and Somerville, 200Biomedicals). Samples were then extracted with a methancﬁ/
Stained leaves were observed by classical epi uorescence Hyjo/formic acid (15:4:1, by vol.) mixture, which was supple-S
croscopy or bright- eld microscopy using a Zeiss Axiolmagenented with stable isotope-labelled phytohormone intern
ApoTome?2 (objective 100x). standards (10 pmol per sample) in order to check recove
during puri cation and to validate the quanti cation. The clari- =
ed supernatants were subjected to solid phase extraction usu;g
Oasis MCX cartridges (Waters Co., USA). The eluates Were
evaporated to dryness and the generated solids were dlssol%d

Four-week-oldA. thaliana plants were treated for 24 h withn 30 L of 15 % (v/v) acetonitrile in water. Hormones were 3
100 n @22 or inltrated with Pst DC3000. Distilled water separated and quanti ed by Ultimate 3000 high- performanc&
in Itration was used as a control (mock) treatment. In ltratetiquid chromatography (Dionex, USA) coupled to a 3200\>
leaves were decoloured in ethanol/glamal acetic acid (3:1, vR).TRAP hybrid triple quadrupole/linear ion trap mass spec&
The leaves were then rehydrated in successive baths of 7@&meter (Applied Biosystems, USA) as described by Dobregq
ethanol (at least 1 h), 50 % ethanol (at least 1 h), 30 % ethagtadl. (2017). Metabolite levels were expressed in pmol/g freﬁ
(at least 1 h) and water (at least 2 h). Leaves were stained fomklght (f. wt).
with 0.01 % aniline blue in 150 m KHPO,, pH 9.5. Callose
deposition was observed by uorescence microscopy using a
Zeiss Axiolmager ApoTome2 (objective 10x). In Bgh infectio
analysis, we calculated only callose spots using the high
cularity function of the measurement settings at an interval ofAt least three independent biological replicates were peg
0.5-1 which allowed us to distinguish only the cells with tifermed for all experiments. Statistical analysis was conducteg
size exclusion limit for spots corresponding to either encadggpaired t-test or ANOVA with Tukey honestly signi cant dif- =
haustoria or enormous papilla. Images were processed Vdfience (HSD) multiple mean comparison post hoc test. The
ImageJ software. At least four leaves from three independaomber of analysed samples was speci ed for each condmog;
plants were analysed for each variant. The correlation matrix for hormonal levels was prepared using

R-softwareHmisc and corrplot packages based on the Pearson
correlation (R Core Team, 2014).

off papeojumoq
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Callose deposition
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}atistical analysis

RNA extraction and qPCR analysis

Plant tissues were homogenized in 2-mL screw-cap tubes con- RESULTS
taining 1 g of 1.3-mm-diameter silica beads using a FastPrep-24
instrument (MP Biomedicals, USA). Total RNA was isolate
using a Spectrum Plant Total RNA kit (Sigma-Aldrich, USA
and treated with a DNA-free kit (Ambion, USA). Subsequentl@Qur goal was to identify SA-dependent and SA-independent
1 g of RNA was converted to cDNA with M-MLV RNase H—processes triggered by the double pi4dk 1 2 mutation. To do
Point Mutant reverse transcriptase (Promega Corp., USA) aod we used a sid2pidk 1 2 triple mutant. If a process trig-
an anchored oligo dT21 primer (Metabion, Germany). Gegered by the double pi4k 1 2 mutation is SA-dependent, then
transcription was quantied by gPCR using a LightCyclét should disappear in the sid2pidk 1 2 triple mutant. On the

he pi4k 1 2 double mutant has altered phytohormonal levels
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other hand, if a process triggered by the double pi4k 1 2 mSupplementary Data Table S1). In our previous study, we cre-
tation is SA-independent, then it should still be observed in thied an additional triple mutant by crossing pi4k 1 2 with an
sid2pidk 1 2 triple mutant. NahG mutant impaired in SA accumulatiadahGpidk 1 2
Because the main effect of the double pi4k 1 2 mutatiofSaseket al., 2014). To con rm and to strengthen the results
was on the level of SA, we decided to quantify a broad spebtained with sid2pi4k 1 2, we also quanti ed phytohormones
trum of phytohormones in the sid2pi4k 1 2 triple mutant. Thén NahGpidk 1 2, together with their corresponding single
hormone levels obtained were compared to thopsdéf 1 2,  mutants (Table S1). From these data, we built a correlation ma-
sid2 and WT plants. A rst look allowed us to establish théitix (Fig. 1). Many hormone levels were correlated to higher
thepi4k 1 2 double mutation does not impact only SA levelsSA levels (Pearson correlation >0.7) as seen for the abscisic
Many hormone-related metabolites showed signi cantly digcid (ABA) derivatives such as 9-hydroxy-ABA (90OH-ABA),
ferent levels in pi4kl 2 plants when compared to WT plants phaseic acid (PA) and dihydrophaseic acid (DPA). However, the

while most of them remained at WT levels in sid2pi4k 1 Zhigh levels of DPA, PA and 9OH-ABA observed in pidk 1 2 g
]
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F . 1. Correlation matrix between phytohormone levels. The matrix was built using the Pearson correlation of 27 hormone-related metabolites from 24 inde-

pendent samples corresponding to six genotypes (WT,Sa®3,pidk 1 2, sid2pidk 1 2 and NahGpi4k 1 2; four plants per genotype). Positive correlations

are displayed in blue and negative correlations in red. Colour intensity and the size of the circles are proportional to the correlation coef cients. Red rectangles
highlight the correlation between SA and other hormones.
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vs. WT were no longer seen in the triple mutants with low SAyrRpt2). Pst DC3000 AvrRpt2 leads to a strong effector-
therefore, these metabolite levels were controlled by SA in tiggered immunity (ETI) response comparedst DC3000.
pidk 1 2 double mutant (Fig. S1A). With both forms, pathogen development was reduced in pidk
Because the main genetic pathway of the SA response is cr plants compared to the WT while sid2pi4k 1 2 resistance
trolled by NPR1, we investigated whether the hormonal contwés comparable to that of sid2 and lower than WT plants (Fig.
of SA was NPR1-dependent. This was achieved using a [2B; Supplementary Data Fig. S3). Unexpectedly, the double
viously generated nprlpidk 2 triple mutant where the SA mutant also showed an increased resistance to the necrotroph
level was 30-fold that of the WT and 4-fold thatppdk 1 2. Botrytis cinerea which was also SA-dependent as sid2pidk 1 2
Interestingly, levels of DPA, PA and 90H-ABA were still highresistance was similar to that of sid2 and WT plants (Fig. 2C).
in nprlpi4dk 1 2, showing that the effect of SA on these metalf-or each pathogenic assay, triple mutant resistance was similar
olites was only partially NPR1-dependent. Note that ABA levels sid2, indicating that SA-dependent pathways were dominant
did not correlate with SA (Pearson correlation 0.3), indicatimy the immune response. Putative mechanisms regulated By
that the action of SA on ABA derivatives is probably not directigl4K activity alone were not suf cient to establish pathogerg
connected to the biosynthesis of ABA, but with its metabolismresistance. g
Other hormones with high Pearson correlations to SA were
the Asp conjugated form of indole-3-acetic acid (Asp-IAA) and
some cytokinins. The increased level of Asp-IAA observed in A H. arabidopsidis
pidk 1 2 was no longer observed in the triple mutants with 120
low SA. However, it was still visible in thaprlpidk 12
triple mutant, suggesting that this metabolite is controlled by & 1004 1 5
SA but it is only partially NPR1-independent (Supplementary =

c
Data Fig. S1B). The pattern of IAA was different from that of 3 897 1
Asp-1AA, suggesting that SA control of Asp-IAA is on aspar o 60 |
tate conjugation. As for cytokinins, the increase in cis-zeatin u%
(cZ), cis-zeatin-riboside (cZR), cis-zeatin-7-N-glucoside ¢ 44 | s i
(cZ7G), cis-zeatin-riboside-O-glucoside (cZROG) and trans- &

zeatin-O-glucoside (tZOG) and the decrease in trans-zeatin-7£ 29 | _
N-glucoside (tZ7G) and trans-zeatin-9-N-glucoside (tZ9G) in
thepidk 1 2 double mutant were SA-driven. In contrast to the 0 ; :
other hormones tested, SAs action on tZROG appeared to be WT  pidk12 sid2  sid2pidk 12
partially independent of NPR1 (Fig. S1C).

We identied one hormone for which its level was al- B Pst DC3000 C B. cinerea
tered in pidk 1 2 plants independently of SA: the increase in 8 5000
oxIAA-GE observed in pidk 1 2 was still visible in the triple
mutants with low SA. Note that oxIAA did not follow the same
pattern (Supplementary Data Fig. S2).

= o

¢ 4000 -

— o

Pathogen resistance, of pidk 1 2 plants is SA-dependent

lesion area [px]
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b
a 2000 -
At the hormonal level, our data show that the major change in-
duced by the pi4kL 2 double mutation was an increase in SA, 1000 -
with this change determining the levels of many other hormones.
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Whether the PI4K double mutation per se was accom- Q@* r&&*

panied by an enhanced resistance to pathogens was investi- & B
gated. Comparing resistance sid2pidk 1 2 plants to that
in pi4k 12 or sid2 would allow us to distinguish betweenF - 2. Resistance to biotic stresses of pi4k 12 and sid2pi4k 12 mu-
the effectiveness of SA-dependent and SA-independent [f8tS: (A) Resistance to the biotroph Hyaloperonospora arabidopsidis. (B)

h f diff h ith diff lif esistance to the hemibiotroph Pseudomonas syringae pv. syringae DC3000.
sponses.. Therefore, _',erem pathogens wit ifferent il yyation treatment of 4-week-old-plants, with six independent samples. (C)
styles (biotrophs, hemibiotrophs and necrotrophs) were testegistance to the necrotroph Botrytis cinerea. Four- to 5-week-aleliana
(Glazebrook, 2005). Thei4k 1 2 double mutant plants were were inoculated with a 6- L drop containing spores of Botrytis cinerea (50 000
more resistant to the biotroph H arabidopsidis NoCo2 corpores mtY), placed into a plastic box and kept in the dark for 56 h. Statistical

: : ' : .. differences between the genotypes for B and C were assessed using ANOVA,

pared to WT' However$_|d2p|4k 12 reS|stance_ was _Slm”ar with a Tukey honestly signi cant difference (HSD) multiple mean comparison
to that of sid2 plants (Fig. 2A). We then studied resistanceplai hoc test. Different letters indicate a signi cant difference, Tukey HSD, P
the hemibiotroph P. syringae pv. tomato DC3000 in its wilalos,n = 10 for A,n = 7 for B and n = 27 for C. **Indicate difference from
type (Pst DC3000) or AvrRpt2-expressing form (Pst DC3000 WT, t-test, P < 0.001.
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The enhanced level of basal callose deposition in pi4k 1 2is accumulation was much higher pik 1 2 when compared
mainly SA-dependent, while stress-induced callose accumulatiba WT plants (Fig. 4). Theid2pidk 1 2 triple mutant was
is not used to investigate whether high callose deposition in the
double mutant depended on its high SA level. For mock treat-
nts, callose deposition was much lower in sid2pidk 1 2
pared to pi4k 1 2 plants. This provides arguments for an
dependent higher basal callose deposition. This was con-
ed by the response to g22. In WT plants, g22 induced
times more callose compared to control mock in Itrations.

SA levels modulate numerous processes associated with
mune responses, including the strengthening of leaf tissues
particularly cell walls around the infection site by ligni cationSA_
and callose accumulation (Voigt, 2014). Interestingly, SA preq,
treatment also has a positive effect on agellin-induced callo§8
accumulation (Yiet al., 2014). We therefore studied callosg ain, the callose level in pi4k 1 2 was higher (two-fold) com-
levels, accumulated in leaf tissues in response to treatment '

h li . 29, Wi died call | d to WT plants. This increase was reduced when the sid2
the ‘agellin epitope ( g22). We rst studied callose accumulag, iation was introduced into the pi4k 1 2 double mutant as

tion in the absence of g22 treatment (control; Fig. 3A). Theg jayel in the triple mutant was about two-fold lower than in
pi4k 12 double mutant exhibited a constitutively high levelye qoyble mutant and in the same range as the WT level. This
of callose deposition, as previously shown (Antignemal., indicated that SA was a major inducer of callose accumulation

2015). We were able to show that a spatial pattern in callgséne nisk 1 2 genotype context. Yet, the sid2pisk 1 2 triple
accumulation existed, as the examination of different region tant exhibited a higher callose deposition than sid2 plants.

interest (ROI) indicated a higher accumulation in the upper pgj refore, the pi4k 1 2 double mutation per se had a role in

of the leaf edges (Fig: 3B). L the high callose accumulation observed in the pi4k 1 2 double
Callose accumulation was then assessed in either m ftant.

in ltrated or g22-treated plants (Fig. 4). In this case, callose \ye a1so studied callose accumulation in leaf tissues in re-

sponse to mechanical wounding (Supplementary Data Fig. S4).
Again, in response to wounding, the P14K double mutation en-
hanced callose accumulation via an SA-dependent pathway.

WT pidk 1 2 sid2 sid2pidk 1 2

mock

flg22

WT

B WT pidk 12 sid2 M sid2pidk 12
d

Mean callose spots mm—2

F . 4. Callose deposition in response to agellin. (A) Representative images

of callose accumulated in leaves of 4-week-old A. thaliana plants by aniline
F . 3. Pattern of callose accumulation in pi4k 1 2 leaves. (A) Aniline blueblue staining, 24 h after in ltration with 0.1 g22 or mock in ltration. Scale
staining, and uorescence microscopy. Scale bar = 800(B) Callose par bar = 1cm. (B) Quanti cation of callose particles. Values represent an average
ticles accumulated in different ROI. The squares represent the ROI. Datacdree ROI. Data are presented as means +s.d. For each treatment, statistical
presented as means +s.e.m. Statistical differences were assessed using diffeoences between the genotypes were assessed using a one-way ANOVA,
way ANOVA, with a Tukey honestly signi cant difference (HSD) multiplewith a Tukey honestly signi cant difference (HSD) multiple mean comparison
mean comparisopost hoc test. Different letters indicate a signi cant differpost hoc test. Different letters indicate a signi cant difference, Tukey HSD,

ence, Tukey HSDR < 0.05.n = 11. P <0.01,n=4.
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Whether callose overaccumulation correlated with the traor-dead cells re ects the penetration success of fungal hyphae
scription of callose synthases (CalSs) was then investigat@dg. 5A). In our experiments a higher penetration correlated
Among 12 callose synthases, CalS1 and CalS12 have bw#éh greater callose accumulation in the plant tissue. In par
shown to be related to SA and/or biotic stresses ([@rad., ticular, the pi4k 1 2 double mutant showed an enhanced suc-
2008). The transcript levels of CalS1 and CalS12 were testedsful penetration of Bgh 24 hpi, as seen by the enhanced
by gPCR in WT, pidk 12, sid2 and sid2pidk 1 2 plants number of haustoria and dead cells. A similar defect in pene-
treated or not with g22. No correlation was observed betwegation resistance was seen in sid2/pi4k 1 2, indicating the
CalS1 and CalS12 transcript levels and callose accumulat®i-independent character of this phenomenon (Fig. 5B). Both
(Supplementary Data Fig. S5). pidk 1 2 and sid2/pidk 1 2 accumulated more callose (Fig.

5C) and over larger areas compared to WT plants (FigDhC,
Thus, the lower penetration resistance accompanied by callose

pidk 1 2 has altered non-host resistance that is SA-independem‘?‘ccumuIatIon in pidk 1 2 was independent of the SA pathway.g

M

The establishment of non-host resistance is based on dif-
ferent mechanisms, involving vesicular secretion as well as
callose accumulation (Colliret al., 2003Assaackt al., 2004; DISCUSSION
Takemotoet al., 2006;Bdhleniuset al., 2010;Lee et al., The aim of this study was to investigate SA-dependent a
2017). To study the role of PI4K in such responses, we testtindependent processes caused by the (i4k double
penetration success and callose production in response tomhbgation. As previously shown (Sasekal., 2014), this mu-
non-host pathogen Blumeria graminis f. sp. hordei (Bgh). tant accumulates a constitutively high level of SA. In pi4kg
Bgh/A. thaliana interactions, callose accumulates in defef-2, SA biosynthesis is dependent on ICS1, as demonstrated
sive papillae and haustorial encasements or around dead dwsilan absence of SA accumulation in the sid2pi4k 1 2 triples,

J:sdny gouy papeoju

(Jacobset al., 2003Assaackt al., 2004 Ellingeret al., 2014). mutant with impaired ICS1 transcription (Sastlal., 2014). ;
The enhanced number of plant cells with developed haustdrfds was con rmed with the hormone analysis described ir@g
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F . 5. Resistance of pidk 1 2 to penetration by the non-host pathogen Blumeria graminis f. sp. hordei (Bgh). (A) Four types of interactions counted in the pene
tration success analysis after trypan blue staining. Scale ban=(B) Data showing penetration success of Bgh 24 hpi in each genotype: the mean number of
cells with either haustoria or dead cells, respectively. (C) Data showing mean area of a callose spbap24 inpi after interaction with Bgh spores. (D) Data
showing mean area of a callose spot pefmn24 hpi after interaction with Bgh spores. Data for B, C and D were processed by ANOVA, with a Tukey honestly
signi cant difference (HSD) multiple mean comparison post hoc test, the data represent one independent experiment, and the experiment was repeated four tir
Letters indicate a signi cant difference, Tukey HSD<P.01. (E) Pictures demonstrating callose staining with aniline blue 24 hpi with Bgh. Scale bam= 100
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the present study. The sid2pi4k 1 2 triple mutant lacking highbservations. A similar nding was reported for defence re-
SA was used as a tool to distinguish between SA-dependgpanse to the necrotroph Sclerotinia sclerotiorum (Novakova
and SA-independent effects caused by the double mutatiotiral., 2014). Moreover, we tested A. thaliana ETI by using
pidk 1 2. a bacterial strain highly expressing the AvrRpt2 effector (Pst
We rst measured phytohormonal levels in fully develope@C3000 AvrRpt2). An ETI response can induce the expression
leaves of 4-week-old A. thaliana WHhidk 12, sid2 and of genes commonly associated with SA, such as PR-1, in an
sid2pi4k 1 2 plants. To our knowledge, this is the broadestA-independent manner in A. thaliana (Tsugtaal., 2013).
phytohormonal study carried out with an SA over-accumulatingt, we found that the higher resistance of pi4k 1 2 plants to
mutant (in our case pi4k 1 2) and its comparison with a plafi’st DC3000 AvrRpt2 was SA-dependent. In conclusion, the
having the same background but with an impaired SA pathwzigher resistance of the pidk 1 2 mutant to all the host patho-
(sid2pi4k 1 2). The level of 15 hormone derivatives (excludingens assayed was strongly SA-dependent.
SA) was altered in pi4KL 2 compared to WT leaves. For 13  Non-host resistance, ef cient against non-adapted patho-
of these, this was SA-dependent. We identi ed two metabgens, does not rely fully on the SA pathway. Here we show that
ites, cis-zeatin-riboside-5’-monophosphate and glucosylestgigk 1 2 exhibited an SA-independent defective resistance to-
of oxindole-3-acetic acid, for which the pi4k 2 double wards penetration of the non-host pathogen Bgh.
mutation effect was SA-independent. The same conclusion€allose is a linear polysaccharide (1,3- -glucan) occurring
were also reached with another triple mutant, NahGpidk 1 20 plant cells where it is important for many plant physiological
Amongst the hormones controlled by SA were ABA derivgrocesses such as cytokinesis (Chen and Kim, 2009). Callose
tives such as DPA, PA and 90H-ABA. As ABA levels did n@ccumulation is triggered in response to pathogens and is used
correlate with SA, the action of SA on ABA derivatives di@s a common test of pathogen-triggered immunity upon treat-
not appear to act on ABA biosynthesis but on its metabolisment with typical pathogen-associated molecular patterns such
Such an effect of SA on ABA catabolism is poorly describedls 922, the epitope of agellin (Lunat al., 2011). In mock
A slight induction of ABA 8 -hydroxylase expression was obnoculatedpidk 1 2, callose deposition was greater than in
served after 24 h of SA treatment of rice seedlings (Méga, WT leaves, thus con rming the ndings o&ntignani et al.
2015). In an A. thaliana cpr22 mutant (constitutive expressor(@015). Interestingly, this was also true for the sid2pi4k 1 2
PR genes 22), the increase of SA and ABA levels due to a Higlple mutant when compared to sid2 plants, thus indicating
to low humidity shift was also followed by the SA-dependean SA-independent phenomenon. Following inoculation with
expression of genes encoding ABA-metabolizing enzym&g2, an increase in callose deposition was observed in all
(Mosher et al., 2010). genotypes tested, but this was still higher in pidk 12 com-
Other hormones displaying a high correlation to SA wepared to WT leaves, and callose deposition was higher in
Asp-IAA and some cytokinins (SA positively controlledsid2pidk 1 2 with respect to sid2 plants. Therefore, it seems
CcZROG and tZOG and negatively controlled tZ7G and tZ9Ghat thepi4k 1 2 double mutation per se enabled higher callose
The pattern of IAA was different from that of Asp-IAA, sugdeposition under biotic stress conditions.
gesting that SA control of Asp-IAA was on aspartate conju- The biosynthesis of callose occurs outside of the cell
gation. Aspartate conjugation is catalysed by GH3.2-GH3Bllinger andVoigt, 2014). Accumulation can be regulated at
(Normanly, 2010), with our transcriptome data obtained with glifferent levels: transcriptional, translational, or during enzyme
vitro grown pidk 1 2 seedlings (Sase#t al., 2014) indicating transport to the plasma membrane and out of the cell via ves-
that GH3.3 (At2g23170) was overexpressed in the double nigdlar traf cking. Phosphorylation and direct translocation of
tant. It would be interesting to investigate whether it was respeadlose synthase is crucial in the regulation of biosynthesis,
sible for the Asp-IAA /SA correlation in our double mutant. whereas transcriptional control might have only a minor role
Our results demonstrate the major role of hormonal croggllinger andvoigt, 2014). Our data on the transcription levels
talk between SA and other hormones but only a minor role@fCALS1 and CALS12 indicate that in pidk 1 2 a transcrip-
impairment of PI4K 1/ 2 per se. Because a major role of SAional effect is not involved in the observed over-accumulation
is related to responses to biotic stresses, we reasoned that ofreallose. So how is it possible to explain the action on callose
processes related to biotic stress, whether SA-dependenofdhe pi4k 1 2 double mutation per se? A number of reports
not, could also be altered in the double mutant. We tested ithéicate that PI4Ks can impact traf cking. In A. thaliana,
resistance of WTpidk 1 2, sid2 and sid2pidk 1 2 plants to PI4K 1 was shown to be recruited by the GTP-bound Rab4b
representative biotrophic (oomycete H. arabidopsidis NoCoZj,TPAse. Both RabA4b and PI4K 1 localize to budding secre-
hemibiotrophic (bacteria Pst DC3000) and necrotrophiary vesicles in the trans-Golgi network (TGN) and to secre-
(fungusBotrytis cinerea) pathogens. The results clearly showtsty vesicles en route to the cell surfacepidk 1 2 double
that resistance to these pathogens was dependent on a Migtant produces secretory vesicles of highly variable sizes
SA content. Resistance to H. arabidopsidis NoCo2 and KBreusst al., 2006 Kanget al., 2011Antignaniet al., 2015).
DC3000 was perhaps not surprising as resistance to such pathe- product of PI4K activity, PI4P massively accumulates at
gens is generally associated with SA signalling (Glazebrodke plasma membrane and at early endosomes/TGN and Golgi
2005). On the other hand, the role of SA in regulating resi§®latre and Jaillais, 2018toack and Jaillais, 2017). Therefore,
ance to necrotrophs is rather uncommon. Indeed, plant defddt#K 1/ 2 are important in vesicle traf cking. Interestingly,
against necrotrophs is commonly associated with jasmonic deigibiting PI4K with phenylarsine oxide (PAO) suppressed the
signalling (Ferrariet al., 2003;Glazebrook, 2005). However, salt-induced endocytosis of plasma membrane intrinsic protein
Ferrari et al. (2003) showed that resistance to B. cinereal (Uedaet al., 2016). Similarly, inhibiting PI4K led to the in-
could be dependent on high SA levels, in accordance with ¢efnalization of CELLULOSE SYNTHASE3 from the plasma
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by SA in 4-week-old mutant and WT plants. Fig. S2; Levels of
hormones not controlled by SA in 4-week-old mutant and WT
plants. Fig. S3: Resistance B syringae pviomato DC3000
AvrRpt2. Fig. S4: Callose deposition in response to wounding.
Fig. S5: Relative transcription of some CalS genes in untreated
rosette leaves or 24 h after in Itration with 0.1 g22.
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