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Uvod do interakci rostlin s patogeny: souboje na zivot a na smrt

JAlea iacta est”
Pri psani tohoto textu jsem si jiz od poéatku uvédomil (patrné i z tohoto uvodu), Ze ¢asto porovnavam a pfipodobriuji
situaci u rostlin situacim, se kterymi se setkavame u nés, u lidi. A¢ se to upiné neshoduje s klasickym védeckym
pfistupem, rozhodl jsem se tato pripodobnéni v relativhé hojné mire v textu vyuZit, protoZe, kromé popularné
naucnych textu, nenalézam lepS$i pfileZitost, kde takovéto své mySlenky rozvést a ,hodit” na papir. Klasicky védecky
pristup v ramci mé habilitacni prace predstavuji publikované ¢lanky, zatimco tento shrnujici text by mél byt pfistupny
i pro 8irSi ¢tenarské publikum.*

Na rostliny, my lidé, nahlizime vSelijak. Délaji nam radost svou krasou a vini, ¢ehoz
vyuzivame, pokud chceme potésit druhé. Pro mnohé z nas jsou zdrojem tolik potfebného
chladu a svézesti v letnich mésicich. Nebo, kdyz je vidime, si pomyslime (s ohledem na
probihajici klimatickou zménu), kolik asi pro nas nyni vyrabi kysliku a kolik zabudovavaji oxidu
uhli¢itého. Ale pfedevSim jsou pro vSechny z nas zdrojem potravy, a to i kdybychom se citili
byt ,stoprocentnimi masozrouty®. Kolonizace souse rostlinami umoznila to, ze si mizeme nasi
planetu uzivat i my, lidé.

Malokdo jisté na rostliny nahlizi jako na nemilosrdna ,monstra®, ktera jsou schopna
v ramci svého preziti obétovat takika cokoliv a nestiti se vyuzit jakéhokoliv triku, sebevice
podlého a zakefného k tomu aby se ubranila napadeni. Mame spiSe pocit, Ze je musime
opeCovavat, protoZe jak by jinak mohli pfezit v naSem ,nehostinném* svété. Po celou dobu své
vyzkumné (ale i pedagogické) kariéry jsem se vénoval tématu interakci rostlin s patogeny a
zjistil jsem, Zze bychom se nemohli vice mylit.

Rostliny nemohou z boje utéci, a i proto si ke svému preziti vyvinuly dmysiné obranné
strategie, kterymi odrazuji, ale i niCi své pfipadné protivniky. Mezi né se fadi i mikroskopicti
patogeni z fad bakterii, hub &i fasovek (oomycet). Tito, Casto neviditelni, tvorové také nejsou
Zadna ,nevinatka“. Na rostliny utoci ve velkych mnozZstvich, rychle se mnozi a jejich ,zbranoveé
systémy“ se tak neustdle zdokonaluji a adaptuji. Kli€em uspéchu rostliny jsou nejen
neprostupné fyzické bariéry, jakymi jsou kutikula, lignin, celuléza, & rozmanité vSudypfitomné
toxické chemikalie, jako nikotin, tekutina v Zzahavych trichomech ¢i glukosinolaty, ale i
sofistikovany imunitni systém. Kli€¢em k obrané jsou dumysiné detekéni mechanismy, které
nasledné spousti signalizaci (zde hraje vyznamnou roli fytohormon kyselina salicylova), ktera
ma za nasledek produkci novych obrannych latek. Aktivace imunitniho systému vede
v burfikach k preskupeni ,vojsk, kterym muize byt i pohyb celych organel, jako jsou
chloroplasty. A muze neziidka koncit i fizenym sebezni€enim bunék v okoli patogena s cilem
zabranit jeho dalSimu Sifeni (Walters, 2017). Moderni vyzkum ukazal, Ze rostliny s patogeny
(mikroorganismy) vzajemné velmi intenzivné komunikuji a vymeénuji si mezi sebou molekuly,
a to i cilen&. To maze byt kliGové v rozliseni pratel od neptatel. Cim dal tim vice se ukazuije,
Ze v komunikaci mezi rostlinou a patogenem hraji roli malé RNA umoznujici ovliviiovat expresi
cilovych gent u druhého organismu. V tomto dialogu maji nezastupitelnou roli mimobunécné
vacky slouzici k dopravé materialu, které molekulam mohou poskytovat ochranu a pfesné
doruceni (Huang, 2019).



Studium interakci rostlin s patogeny neni jen intelektualnim rozmarem hnanym lidskou
touhou po poznani. Ma to i svlj velmi prakticky vyznam. S pfichodem zemédélstvi,
domestikaci, Slechténim kulturnich plodin a vysevem monolitickych velkych ploch jsme
nékterym patogentm usnadnili praci, nebot vyslechténé rostliny mohou byt za takovych
podminek velmi zranitelné. V lidské historii zpusobil neviditelny mikroorganismus nejednou
fatalni Skody, které staly zivoty miliont lidi. Za pfiklad mohou slouzit fimské slavnosti
Robigalie, kdy Rimané obétovali psa, aby bth ochranil jejich irodu pfed nemocemi, konkrétné
vétSinou pred rzi. Ve stfedovéku bylo postrachem onemocnéni zvané ,ohen svatého
Antonina“, za kterym nestal nikdo jiny neZ houbovy patogen pali¢kovice nachova (Claviceps
purpurea) napadajici obili. V devatenactém stoleti zplsobila oomyceta Phytophtora infestans
fatalni nedrodu brambor v Irsku. To vedlo k tomu, Ze se irska populace ¢itajici skoro 8 milionG
obyvatel snizila pfiblizné az na polovinu. Ve ¢tyficatych letech dvacatého stoleti probihal
bengalsky hladomor, za ktery mohla, mimo jiné, houba Cochliobolus miyabeanus zpusobujici
hnédou skvrnitost ryZe. V sou€asnosti, pfedevSim u nas v Evropé, nevnimame nedostatek
potravin jako hrozbu a patogend na polich se dési maximalné zemédélci. Za to vdéc€ime
z velké €asti i intenzivnimu pouzivani fungicidd a pesticid(, jejichz mnozstvi bychom velmi radi
¢im je nahradit, mohou nas &ekat, i z hlediska potravinové bezpeénosti, ,zajimavé ¢asy“. Uz
samotny probihajici konflikt na Ukrajiné nam ukazal, Ze nékteré stabilni zdroje potravin nemusi
byt zdaleka tak stabilni, jak by se mohlo zdat.

Studium interakci rostlin s patogeny a pochopeni rostlinné imunity v sou€innosti
s novymi biotechnologiemi, jako je dostupné sekvenovani, tvorba syntetickych mikrobiomd, ¢i
genomové editace, by nas meélo do budoucna posunout k udrzitelngjSimu zemédélstvi.
Napfiklad diky novinkdam v genomovych editacich mizeme nase znalosti o fungovani rostlinné
imunity rychle vyzkousSet v praxi a rostlinu rychle a efektivné vylepsit (zpusob moderniho
Slechténi, ktery je v tuto chvili zatim v EU na ,Cerné listing®). MUzeme také hledat nové
alternativni technologie, jakymi maze byt napfiklad postfikem indukované umiCovani gen
(SIGS; spray-induced gene silencing) (Qiao, 2021).

V této praci se vénuji predevSim dvéma aspektlim interakci rostlin s mikroorganismy,
nebot ty byly hlavnimi tématy mého odborného zajmu a pfilozenych publikovanych studii:
jevum tykajicim se vice ¢ méné signalni drahy fytohormonu kyseliny salicylové a vlastnostem
mimobunécnych vacka produkovanych bakteriemi kolonizujicimi rostliny, predevsim
patogennimi. V nasledujicim textu jsem se snazil tato dvé témata zakomponovat do pfibéhu
tykajiciho se schopnosti rostlin branit se napadeni patogeny a naopak schopnosti patogenu
byt v infekci Uspé&Snymi.

*Text je sloZen ze tfi riznych typu textu: hlavni text; poznamky (Zluté ramecky) — doprovodné informace rozvadéjici

Ci komentujici hlavni text. Pfecteni hlavniho textu je samonosné i bez precteni poznamek; prispévky (zelené
ramecky) — odkazuji na mou vyzkumnou praci a rozvadeji hlavni text v kontextu mého vyzkumu.



1. Zavod ve zbrojeni

Stalo se jiz pravidlem, Ze se pojednani o rostlinné imunité, ¢i obecnéji o interakcich rostlin
s mikroorganismy, resp. patogeny, zacina tim, Ze rostliny nemohou z mista pfed utoCnikem
utéct. Diky diskusi se svymi kolegy jsem si uvédomil, Ze to z hlediska obrany proti patogenim
neni az tak zasadni nevyhoda, nebot patogeny jsou malé (tj. nevidime je) a kvuli své velikosti
jsou v podstaté ,vsude“. Uték by byl pro rostliny pravdépodobné veleUspé&snou strategii
predevSim v obrané proti Zivo€iSnym Skadcim a byloZzravclim. At je to tak &i onak, nic to
neméni na tom, ze se rostlina musi spolehnout na své obranné schopnosti a ,zbrané®“. Ty ma

po ruce bud neustale, nebo si je umi na pockani vyrobit.

Souboj mezi rostlinou a patogenem prochazi evoluci od po&atku jejich setkani pfed stovkami
milionG let. Rostliny se vyviji. Bleskurychle se vSak adaptuji také patogeni. Zaroven se na
stanovistich, kde rostlina roste, mohou objevovat uplné novi vetfelci (to se s globalizaci a
zménou klimatu déje a bude dit stale Castéji). Tento neustéle se vyvijejici ,souboj“ mezi
rostlinou a patogenem se velmi Casto v literatufe nazyva terminem ,zavod ve zbrojeni“ (arms
race). Jak rostlina, tak patogen se snazi vybavit lepSimi a lepSimi ,zbrafovymi systémy*, které

ji umozni lépe a efektivnéji se branit a jemu naopak pfekonavat stale se zlepSujici obranu

rostliny a soucasné prezit jeji - : :
) Poznamka 1. Zajimavé do ,zavodu ve zhrojeni®
protititokyroznamkat, vstoupil élovék. Ten jiZ tisice let domestikuje (a
v bliz8i minulosti Slechti) plodiny s cilem co
Stejné jako se vyviji vztah mezi rostlinou a | nejvy38iho vynosu. To ve vétSiné pfipadu
L. vyustilo v kultivary, které rostou rychleji a
patogenem, dozrava i nas pohled na tyto produkuji vice. Na druhou stranu je rychlejsi

interakcePfispévek Ziva 1/2020, strama 10 rast &asto spojen s tim, Ze je u téchto plodin
} ; o vyznamné sniZena schopnost branit se
Pravdépodobné nejvlivnéjSim  modelem | napadeni patogentim. K nachylnosti

péstovanych plodin (a nebezpeéi ztraty urody
v dusledku napadeni patogeny) také velmi
»Zig-zag“ model (Obr. 1), ktery zavedli ve | vyznamné prispiva péstovani monokultur na
velkych plochach. To Uspé&snému patogenu
proti danému kultivaru poskytuje v podstaté ,raj
Jones z The Sainsbury Laboratory | na zemi® a my musime vynakladat nemalé
o . prostfedky na postfiky fungicidy a dal3imi
v Norwichi v Anglii a Jeffery Dangl z Duke | pesticidy. Slechténi s cilem zasadn& zvysit
University v USA (Jones, 2006). ,Zig-zag" obranyschopnost plodi_n ,je ot,éﬂ(ovu poslednich
dvou staleti. To souvisi s tim, Zze se dlouho
model popisuje typy imunitni reakce rostliny | nevéfilo tomu, Ze za nemoci rostlin mohou malé
mikroorganismy, a dale s vyznamnym
pokrokem nasich znalosti v  genetice,
molekul, jez jsou rostlinou rozpoznavany. | mikrobiologii, molekularni biologii (tj. velmi
mladych védeckych oborech), ale nesmime
opomenout i lepsi védomi o rostlinné fyziologii.

znazornujicim ,zavod ve zbrojeni‘ je tzv.

svém prehledném ¢lanku panové Jonathan

na patogena, které jsou rozdéleny podle

Mohou jimi byt konzervované molekuly typu

PAMPs  (molekularni  vzory  spojené
S patogenem; pathogen-associated molecular patterns), ¢i patogenem sekretované efektory.

»Zig-zag“ model dale popisuje miru imunitni reakce a také to, jakym zpisobem patogen tyto



reakce obchazi a jak na to nasledné reaguje rostlina. Zminény prehledovy ¢lanek nese
jednoduchy, ale v jistém smyslu komplikovany nazev ,Imunitni systém rostlin“ (Jones, 2006).
Pro¢ by to mélo byt komplikované? Je nutné si uvédomit, Zze termin ,imunita rostlin® (plant
immunity) nebyl vSemi pfijiman viele (zejména imunology zabyvajicimi se zivocCichy). Nikdo jiz

nezpochybnoval, Zze se rostlina napadenim brani (a to velmi aktivné). Nicméné nazyvat tuto

obranu imunitou bylo
pro nékteré kolegy
pfilis. Rostliny totiz
nedisponuji
specializovanymi
imunitnimi - bufikami
Ci protilatkami. Tedy
adaptivni  imunitou
tak, jak ji zname u
zivocichu  (Ausubel,
2005). Ovsem stejné
jako ZivocCichové
maji vrozenou
(pfirozenou) imunitu
(Ausubel, 2005). A

Vysoka  PTI ETS ETI ETS ETI
A A A
Efektory Hranice pro HR
> patogena| (bunécna smrt)
E \ Efektory o ©
g patogent °®
e
s Avr-R
@ o
PRRs Nee % AvrR
Hranice efektivni

rezistence
(patogen je Uspésny)

Obrazek 1. ,Zig-zag“ model zjednodusené popisujici imunitni
odpovédi rostlin na napadeni patogenem a jejich vzajemny ,,zavod
ve zbrojeni“ v c¢ase. Prevzato z Jones a Dangl (2006). PAMPs —
molekularni vzory spojené s patogeny (,pathogen-associated molecular
patterns®); PRRs — receptory rozpoznavajici vzory (,pattern recognizing
receptors®); PTl — vzory vyvolana imunita (,pattern triggered immunity®);
ETS — efektory vyvolana nachylnost (,effector triggered susceptibility®);
ETlI — efektory spusténa imunita (,effector triggered immunity®); HR —

tu maji velmi hypersensitivni odpovéd (,hypersensitive response®); Avr — gen
avirulence (dfivéjsi nazev pro efektory); R — R-protein, receptor detekujici
propracovanou, efektory &ijejich &innost po jejichZ rozpoznani spousti imunitni odpovéd.

protoze na ni
doslova zavisi jejich zZivot. Pravé vySe zminény ¢lanek od Jonese a Dangla (vydany v ¢asopise
Nature) s jednoduchym nazvem ,The Plant Immune System* (Jones, 2006) vyrazné pfispél

dobé muzeme na jeji studium ziskavat zajimavé financni prostfedky.

V ramci ,ziz-zag“ modelu je imunitni reakce na napadeni patogenem rozdélena v podstaté na
dva typy. Prvni se nazyva ,vzory vyvolana imunita“ (PTI; Pattern Triggered Immunity), slovo
vzory se nékdy nahrazuje terminem PAMPs. Tyto vzory reprezentuji &asti proteind,
polysacharidl €i lipidd, ale mohou to byt i nizkomolekularni latky jako ATP. Druhym typem je
imunita spusténa efektory (ETI; Effector Triggered Immunity). A€ se z modelu mlze zdat, ze
tyto dva typy imunitni reakce jsou vzajemné nezavislé a oddélené, neni to pravdou. Objevuje
se ¢im dal vice dlkazu o jejich propojenosti (Zhai, 2022), jejichz objeveni vede ke snaham
klasicky ,zig-zag“ model modifikovat tak, aby Iépe reflektoval sou€asné pokroky v poznani

imunity rostlin (Cook, 2015; Lu, 2021). V ramci PTI jsou patogeni rozpoznavani receptory



(PRRs; Pattern Recognizing Receptors) nalézajicimi se vétSinou na plasmatické membrané
rostlinné buriky. Tyto receptory rozpoznavaji PAMPs, coZ jsou molekuly, bez nichZ se patogen
neni schopen jednoduse obejit. Takovymi molekulami jsou napfiklad flagelin, nenahraditelna
soucast bi¢iku (Zipfel, 2004), elongacni faktor (Zipfel, 2006), kli€¢ovy pro translaci proteinu, Ci
chitin (Miya, 2007), zakladni stavebni kamen bunéénych stén hub. Vyzkum zaméfeny na
nalezeni novych ,PAMPs“ a jejich receptord je velmi intenzivni, coz doklada skoro
exponencialni rust takto popsanych dvojic mezi lety 2012—-2017 (Boutrot, 2017; Monaghan,
2012). Molekul PAMPs se patogen jen velice téZko zbavuje a je tedy nucen cCelit jejich
rozpoznani jinak. Celi tomu tak, Ze syntetizuje a vypousti dovnitf bunék molekuly zvané
efektory, které maji, mimo jiné, za ukol potlaCovat reakce vyvolané pfi spusténi PTI. A pravé
rozpoznani takovychto efektor uvnitf buriky vede ke spusténi ETI (Obr. 1). To ukazuje, ze
rostliny maji receptory rozpoznavajici patogeny i uvnitf bunék, tj. v cytosolu. Tyto receptory

jsou nazyvany R-proteiny a v obrazku 1 jsou oznaceny pismenem R.

Jestli v poslednich letech néjaka udalost ,rozvifila vody* na poli studia molekularnich interakci
rostlin s mikroorganismy, tak to byly dva ¢&lanky spole¢né publikované v ¢asopise Science
v roce 2019, kde byl v feSitelskych tymech stéZeni postavou Jijie Chai (Wang, 2019a; Wang,
2019b). V ¢&lancich byl poprvé, za pouZiti kryoelektronové mikroskopie, popsan detailni

mechanismus rozpoznani efektoru R-proteinem s navrzenim naslednych bunéénych dé&ja.

Ovsem zavod ve zbrojeni neprobiha pouze jako soucast rostlinné imunity. Vyviji se i, na prvni
pohled, daleko zjevnéjsi véci. Proti bylozravcim napfiklad rostlina investuje do tvorby trnl a
mnohych toxickych, i zpevnujicich latek, jakymi jsou alkaloidy €i lignin. Je napfiklad znamo,
Ze akacie tvofi trny pouze do vysky, kam dosahnou Zirafy. VySe se jim prosté nevyplati do
tvorby trnl investovat energii. Soucasné bylo prokazano, Zze pokud akacie rostou na uzemi,
kde tito bylozravci nejsou, tak do tvorby trnu neinvestu;ji prakticky vibec. Kopfivy vytvareji vice

Zahavych trichomu na uzemi, kde jsou pravidelné spasany kravami (Walters, 2017).

V tomto textu se v8ak zamé&fim pouze na interakce (,zavod ve zbrojeni) mezi rostlinami a
mikroby, resp. patogeny. Dal$im uto€nikim neustale dotirajicim na rostliny, jako jsou hadatka,

hmyz, byloZravci, jiné rostliny a samozifejmé lidé, se v tomto textu vénovat nebudu.

2. Hlavni aktéfi ,,zavodu ve zbrojeni“
,Kdo je kdo*

AcC jsem svym vyzkumnym zaméfenim spise rostlinny biolog nez mikrobiolog a tato préce je soucasti mé aspirace
byt habilitovan v oboru Fyziologie rostlin, budu se snaZzit nenadrzovat v popisu onoho fascinujiciho ,,zavodu* ani
jedné ze stran konfliktu. | kdyZ srdce veli stavét se na stranu braniciho, v tomto pripadé tedy vétSinou na stranu
rostliny. A pokud se Ctenafi bude zdat, Ze nadrzuji, véfte, Ze to neni cilené, ale prameni to z mych limitovanych
znalosti.



Ve své vyzkumné praci jsem se zabyval jak rostlinnou signalizaci (vyzkum tykajici se

fytohormonu kyseliny salicylové), tak patogennimi ,zbranémi“, mimobuné&cnymi vacky.

Na jedné strané jsou rostliny, velmi rozmanita fiSe, vétSinou mnohobunéénych, prevazné
fotosyntetizujicich eukaryotickych organismu, jichZ je v sou€asné dobé znamo vice nez
300 000 druhli (CHRISTENHUSZ, 2016). Na preziti rostlin zalezi i pfeziti nas zivogichl, nebot
rostliny at uz pfimo nebo nepfimo pfedstavuji esencialni zdroj potravy pro nas pro vSechny.
To je dano jejich autotrofnim zplsobem Zivota, kdy jsou schopny z anorganického oxidu
uhli¢itého za vyuziti svétla a vody vytvaret organické molekuly, sacharidy. Proto je dulezité
znat co nejlépe, jak to rostliny délaji, ze jsou schopné uspésné Celit nepfizni prostiedi, ve
kterém se nachazeji. Nejvice znalosti o pribéhu ,zavodu ve zbrojeni“ z hlediska rostliny
zname diky vyzkumu vyuzivajicimu modelovou rostlinu Arabidopsis thaliana (husenicek rolni).
Tyka se to pfedev§im znalosti procest na bunééné urovni. | ja jsem v drtivé vétSiné svych
praci vyuzival husenicek. A. thaliana je hospodarsky i esteticky nevyznamna rostlina, ovSem
jakozto modelovy organismus s malym prostudovanym genomem a velmi dobfe zavedenymi
molekularnimi technikami je pro vyzkum rostlin nepostradatelnym spoleénikem (vice o A.

thaliana a historii jejiho vyzkumu v (Meyerowitz, 2001)).

Na strané druhé jsou patogenni mikroorganismy, patogeni, mezi které fadime bakterie,
oomycety, houby, ale i viry. Patogeny mizeme rozdélovat mnoha rozli€nymi zpUsoby, napf.
na prokaryotni a eukaryotni. Nebo jak jiz bylo zminéno podle fiSe: na bakterie, houby,
oomycety. Ale také napfiklad podle toho, jaky druh potravy patogen preferuje: zivé pletivo
rostliny (biotrofové), nebo mrtvé pletivo (nekrotrofové). Jsou ale i taci, ktefi se v prabéhu
zivotniho cyklu zméni z biotrofu na nekrotrofy (hemibiotrofové) (Glazebrook, 2005). VSechna
déleni dohromady sluCuji organismy s nékterymi podobnymi vlastnostmi. Na tom, jaké
vlastnosti ma patogen napadajici rostlinu, zavisi obrana dané rostliny. Jako pfiklad slouzi
imunita zavisla na signalizaci zprostfedkovavanou kyselinou salicylovou (SA), ktera je velmi
efektivni vreakci na biotrofni patogeny, =zatimco obrana =zavisla na signalizaci
zprostfedkovavanou kyselinou jasmonovou (JA) je uc€inna pfi napadeni nekrotrofnimi patogeny
(Glazebrook, 2005) a obracené podle toho, na jakou rostlinu (skupinu rostlin) se patogen

specializuje, bude i on vykazovat specifické vlastnosti.

Rostliny a patogeni jsou spolu v nepretrzitém kontaktu a jejich vzajemny vztah se neustale

vyviji. Jak ale rostlina rozpozna, Ze ji pravé napadl patogen?



3. Rozpoznani utocénika
,Pokyn k obrané“

Klicovou udalosti v pfipadé obrany rostlin pfi napadeni patogeny je jejich rozpoznani. Rostliny
vénuji svym rozpoznavacim systémum specialni pozornost a péci. Receptory rozpoznavajici

patogeny se nachazeji jak na povrchu (plasmaticka membrana), tak uvnitf (cytosol) bunék.

3.1. Plasmaticka membrana
sHranice okupovaného tzemi s rozmisténym mocnym radarovym systémem*

Na plasmatické membrané se nalézaji PRRs, které typicky rozpoznavaji molekularni vzory
utoCnika, tj. PAMPs. Klasickou, dalo by se fici modelovou, dvojici PRR-PAMP pfedstavuje
FLS2-Flg22. Jedna se o receptor rozpoznavajici 22 aminokyselinovy peptid
(QRLSTGSRINSAKDDAAGLQIA) pochazejici z flagelinu Pseudomonas aeruginosa (Trda,
2014). Tato dvojice byla nejlépe prostudovana u A. thaliana. Prvni dukaz, Ze rostliny
rozpoznavaiji flagelin podal Georg Felix v roce 1999 (Felix, 1999). Od té doby se stal flagelin
pionyrem ve studiu molekularnich interakci mezi PAMP a receptorem. Tym vedeny prof.
Thomasem Bollerem z Universitat Basel ve Svycarsku popsal, Ze rozpoznavanym epitopem
flagelinu je vySe zminény 22 aminokyselinovy zbytek (Gomez-Gémez, 1999). Dale, ze tento
peptid je rozpoznavan receptorem FLS2 nachazejicim se v ekotypu A. thaliana Columbia 0,
pficemz FLS2 se vSak pfirozené nenachazi v ekotypu A. thaliana Wassilevskija (Zipfel, 2004).
Tym okolo prof. Bollera dale prokazal, ze oSetieni flg22 pred infekci vede k vybuzeni imunitni
reakce a nasledné vysSi rezistenci rostlin (Zipfel, 2004). Experimenty prof. Robatzek
demonstrovaly, Ze receptor FLS2 se nachazi na plasmatické membrané a ze po predani
signalu o tom, Ze je pfitomna bakterie, je FLS2 endocytovan, tj. probiha jeho recyklace na
plasmatické membrané (Robatzek, 2006). FLS2 k nasledné signalizaci potfebuje pfi navazani
flg22 navazat jesté koreceptor BAK1, ktery se vaze sou€asné k FLS2, ale i k ¢asti flg22 (Sun,
2013). BAK1 je mimochodem i koreceptorem pro receptor BRI1 detekujici brassinosteroidy.
Dlouho se mélo za to, ze by mohl byt klicovou molekulou hrajici roli v dialogu (kompromisu)
rostliny mezi rstem a obranou (Li, 2002). (O tomto fenoménu blize v kapitole 5). Nicméné
experimenty prokazaly, Ze tomu tak neni (Schwessinger, 2011). Zajimavosti je, Ze peptid flg22
se nachazi ukryt uvnitf struktury flagelinu a neni tudiz pro receptor pfistupny. Trvalo bezmala
20 let, nez se podafilo popsat mechanismus toho, jak je mozné, ze k tomuto peptidu ma
receptor v rostliné pristup (Buscaill, 2019)prispévek Vesmir 89,12, 202011 "\/ ng§j praci jsme flg22 také
Casto vyuzivali pro simulaci napadeni rostliny bakterialnim patogenem (Janda, 2023;
Kalachova, 2020; Janda, 2019; Kalachova, 2019). Tento pfistup se postupné stal zakladnim
(ne-li prvnim) krokem ve studiu téchto interakci. V naSem vyzkumu (Janda, 2019) jsme

prokazali, Ze receptor FLS2 je u A. thaliana pravdépodobné rychleji endocytovan za zvySené



teploty, resp. ze za zvySené teploty se ho nachazi na plasmatické membrané méné, coz vede

k tomu, Ze rostlina se po pusobeni vySsi teploty hdafe brani napadeni bakterialnim

patogenemprispévek 1,

PAMPs

rozpoznavany na plasmatické

Nejen jsou
membrané. Kdyz se patogen
snazi dostat dovniti rostliny
skrze kutikulu a bunécnou
sténu, nebo kdyz produkci
toxind zni¢i buriku ve svém
okoli, ocitnou se
v mezibunééném prostoru
molekuly, které by tam za
normalnich okolnosti nemély
byt. Tyto molekuly se nazyvaji
molekularni  vzory  spojené
(DAMPs,
,Danger-Associated Molecular
Patterns®). Mezi DAMPs se fadi

oligomery kutinu z poSkozené

s nebezpedim

kutikuly, oligogalacturonidy
z poSkozené bunécné stény,
ATP, resp. eATP (extracelularni
ATP) a dalSi (Kanyuka, 2022).
Rozpoznani PAMPs i DAMPs

spousti velmi podobnou

signalizaci, ktera je soucasti

aktivované imunitni odpovédi

rostlin, ale o té podrobné;ji

v kapitole ~ 4pfispévek2 — Protoze

jsou PAMPs i DAMPs relativné

Prispévek. 1 Teplota a imunita. Rozvoj infekce u rostlin je
charakterizovan modelem tzv. ,trojuhelnikem choroby*®
(,disease ftriangle®), ktery fika, Ze sila a zavaZnost choroby
(Uspésnost patogena) zavisi na druhu (genotypu), stafi a
obecné fitness rostlin, dale na druhu (a mnozZstvi) patogena a
na prostfedi, ve kterém se rostlina a patogen setkaji. Z toho je
patré, Ze prostfedi, tedy i teplota, hraje v interakcich rostlin
s patogeny zasadni roli. Ma teplota vliv i na imunitni reakce
rostlin? Tato otazka je s pfichazejici klimatickou zménou o to
aktualn&jsi. Z publikovanych vysledk bylo patrné, Ze vysoka
teplota ovlivriuje obranné mechanismy u rostlin (Huot, 2017).

V nasi studii jsme popsali, Ze i kratké vystaveni A. thaliana
vysoké teploté (rozmezi mezi 28°C — 42°C) vede k tomu, Ze
pfi osetfeni rostlin flg22 je potlaéena produkce reaktivnich
forem kysliku (ROS), ktera je za bé&Znych podminek typickym
znakem rozpoznani flg22. Dale jsme pozorovali inhibici
transkripce genl souvisejicich s imunitni odpovédi rostlin
(Janda, 2019). Tyto vysledky ukazaly, Ze je v nadem pfipadé
potlaéena signalni draha kyseliny salicylové (SA), dulezitého
fytohormonu déastniciho se imunitnich reakeci (vice
podrobnosti o SA v kapitole 4 nebo v naSsem pfehledovém
élanku (Janda, 2015b)). Nase pozorovani potvrdilo dfivéjsi
studie, které se zabyvaly vlivem teploty na tuto signalni drahu.
Dale nas zajimalo, co je divodem, Ze je potladena produkce
ROS, ktera je po osetfeni flg22 velmi rychla (do deseti minut).
Analyzovali jsme transkripci genu kodujici receptor pro fig22,
ti. FLS2. Zde jsme nepozorovali Zadny efekt po vystaveni
zvysené teploté. Naopak jsme pomoci imunoblotové analyzy
ukazali, Ze vystaveni zvySené teploté vede ke sniZeni
mnoZstvi FLS2 na plasmatické membrané. Zvy3ena teplota
ma tak pravdépodobné za nasledek zvySenou endocytdzu
FLS2 z membrany nebo negativné ovliviiuje doruéeni nové
produkovaného FLS2 na plasmatickou membranu.
V dfivéjsich studiich zabyvajicich se vlivem vysoké teploty na
infekci rostliny, konkrétné na patosystém A. thaliana — Pst
DC3000, byla rostlina (a tedy i patogen) vystavena vyssi
teploté v prib&hu infekce (Cheng, 2013). My jsme se rozhodli
studovat, zda inhibice obrannych schopnosti trva i po
vystaveni vy33i teploté a navratu do béznych péstebnich
teplot. K nasemu pfekvapeni i 18 h po kratkém vystaveni
vyssi teploté byly takto stresované rostliny vice nachylné k
napadeni patogenem (Janda, 2019).

obecné molekuly, vede jejich rozpoznani ze své podstaty k univerzalni a Sirokospektralni
imunitni odpovédi, ktera se souhrnné nazyva PTI. OvSem existuje i dalsi, specifi¢téjsi, zplsob

rozpoznani napadeni patogenu.



Prispévek 2. Elicitory imunitnich odpovédi 3.2. Cytosol
rostlin. Nalézani molekul indukujicich obranné
reakce je dlouhodob& cilem nemala skupin, »1yl, velin. Tedy cil*
protoZe takové latky mohou mit potencial pfi
pouZiti v zemédélstvi k ochrané plodin pfi | Jedna se o rozpoznani, které probiha uvnitf
napadeni Skudci. Na Ustavu experimentalni
botaniky AV CR jsem se zuéastnil vyzkumu,
ktery se zaméfil na testovani efektu saponinl | qochazi k rozpoznani napadeni patogeny.
na interakci fepky olejky (Brassica napus)
s jejim vyznamnym patogenem, zplsobujicim | VYySe v textu jsem se zminoval, Ze patogeni
fomové  Eernani  stonku, Leptosphaeria
maculans. U saponind, které jsou mimo jiné
produkovany rostlinami, je znam jejich | infekce vypoustéji do rostlinnych bunék
antimikrobialni uéinek. Ten jsme potvrdili také
vuéi L. maculans. Nejlépe se v tomto ohledu
jevil saponin aescin. Proto nas nepfekvapilo, Ze
pfi oetfeni rostlin saponiny je infekce houbou 3.2.1 Efektory
nizsi. OvSem sila efektu byla vyrazné vyssi, nez
jakou mélo pouzZiti komeréné dostupného | ,Rizené stiely patogeni”
fungicidu. Efekt byl naopak velmi podobny
osetfeni BTH, coz je komeréné pouzZivany | Historie studia efektorq, jejich vlivu na rostlinu

induktor rezistence pouZivany pod nazvem . L. .
Bion®. Analyzovali jsme viv aescinu na | @ obecné pohled na né je fascinujicim,
obranne mechanismy u fepky a prekvapive | gynamickym pib&hem obsahujicim zajimavé
jsme prokazali, Ze aescin silné aktivuje jeji
imunitni reakce. Aescin tak vykazuje zajimavy | mySlenkové konstrukce, vynikajici
dualni efekt. Fytohormonalni analyza ukazala
zvySené mnoZstvi SA. Proto jsme aescinem
oseffili také modelovou rostlinu A. thaliana a | nomenklaturu a prekvapivé zvratyPezamkaz,
s vyuZitim patosystému s bakterii Pst DC3000
jsme prokazali, Ze aescin indukuje rezistenci i
vugi bakteridinimu patogenu (agkoliv. nemél jejich  uginku a jejich  rozpoznani,
antibakterialni uéinek). Navic jsme diky
dostupnym mutantnim rostlinam prokazali, ze | jednoznacné téma pfimo se dotykajici
aktivovana obrana je zavisla na funkéni signalni
draze SA (Trda, 2019).

bunky, v cytosolu. | zde, mozna prekvapive,

s cilem zvysit svou virulenci a uUspésSnost

molekuly nazyvajici se efektory.

experimenty, nepfesnou a stale se vyvijejici

Soucasné je studium efektor, mechanismu

moznych aplikaci v ramci ochrany plodin

proti patogenim. Potencial se jesté vice

projevuje pfedevsim v kombinaci se souCasnym pokrokem v genovém inZenyrstvi (Van de
Wouw, 2019).

Drive byly efektory definovany jako molekuly potladujici imunitni (obrannou) odpovéd rostliny,
predevSim PTI. Za pfiklad mohou slouzit tyto dobfe charakterizované efektory z bakterie
Pseudomonas syringae pv tomato DC3000 (Pst DC3000): AvrPto &i AvrPtoB potladujici
rozpoznani PAMPs PRR receptory, ale také komplex obsahujici protein RIN4 regulujici

obranné reakce (Xin, 2013).

Nedavno se vSak ukazalo, ze efektory nemusi nutné potlacovat imunitu, ale mohou pomahat
vytvofit pfiznivéjsi prostiedi k pfeziti a mnozeni patogena. Za pfiklad slouzi studie publikovana
v Casopise Nature, ktera ukazala, ze efektor HopM1 z Pst DC3000 pomaha patogenovi zajistit
vice vody v cytosolu (Xin, 2016)prispévek Vesmir96,67,2017/2 - Qd t¢ doby jsou efektory definovany

Sifeji jako molekuly pomahajici patogentm k infekci (virulenci) (El Kasmi, 2018)Peznémka 3 Jinym



zajimavym aspektem souboje o vlidnéjsi

vnitfni prostfedi pro Zivot patogena je
regulace obsahu glukosy v mezibuné&ném
prostoru. Rostlinny glukosovy transportér
STP13 se ukazuje byt

shizovani koncentrace glukosy v apoplastu.

zasadnim ve

Soucasné se prokazalo, Ze mnozstvi glukozy
ovliviiuje produkci a sekreci efektorl a Ze
STP13 chybi, je
nachylngjsi  k
(Yamada, 2016)pﬁspévekVesmir96, 126, 2017/3 Tyto

prace dobfe ilustruji, ze ,zavod ve zbrojeni®

pokud gen rostlina

napadeni  patogenem

se netyka jen vlastniho arzenalu, ale cili i na

dostupnost Zivin.

3.2.1.1 Pfenos efektorti do bunék

rostlin

Jakym zplsobem jsou efektory dopravovany
do bunék? Rlznymi zplsoby, pfedevSim
v zavislosti na druhu patogena, a zdaleka ne
vSechny teorie jsou uspokojivé prokazany
experimentalné. Nejlépe prostudovanym

zpusobem dopravovani bakterialnich
efektoru je ten skrze sekre¢ni systém tretiho
typu (T3SS) (Xin, 2018). U bakterii bylo
popsano Sest sekrecnich systémd (Green,
2016), z nichz pravé T3SS je specialistou na
transport efektord do rostlinné buriky. Tento
zpusob transportu efektorll je u bakterii
dominantni, pokud

disponuje T3SS. T3SS by se dal pfipodobnit

tedy dana bakterie

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 dlouhé jehle vyrlstajici z bakterialni bunky prochazejici skrze plasmatickou membranu
rostlinné buriky a ustici v cytosolu, kam dopravuje efektory (Cunnac, 2009). Houby a oomycety
takovymto utvarem, pokud je mi znamo, nedisponuiji. Ty vytvareji buné€nou strukturu zvanou
haustorium. To se vchlipuje do plasmatické membrany rostlinné bunky (nepronika
membranou) tak, aby byl co nejvétsi povrch haustoriav kontaktu s plasmatickou membranou.

Plasmaticka membrana rostliny obklopujici haustorium se nazyva extrahaustorialni membrana
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(Mach, 2013). To, jakym zplUsobem jsou efektory dopravovany z haustoria pfes membranu
houby (& oomycety) a pfes plasmatickou membranu rostlinné bunky (extrahaustorialni
membranu), zatim neni zcela jasné (Petre, 2014). Jeden z navrzenych mechanismu je
transport diky mimobunécnym vackum obsahujicim efektory (U. Stotz, 2022). Tyto vacky
mohou splynout s plasmatickou membranou rostlinné buriky a tak vylit svij obsah do cytosolu.
Nicméné pfesny mechanismus, jakym vacky, které jsou produkované patogeny mohou do

rostliny dopravovat svlj naklad, neni doposud zcela objasnén.

Vyuziji zminky o mimobuné&nych vaccich (EVs, ,extracellular vesicles®) a popisi je blize, nebot
bakterialni mimobunécéné vacky jsou vyznamnou soucasti mého

Vyzkumupﬁspévek Vesmir 97, 554, 2018/10 (Janda, 2022, Janda, 2023)

S pokrokem v mikroskopickych a molekularnich technikach se ukazalo, Ze pozorované vacky,
které byly identifikovany jiz v polovingé 20. stoleti, nejsou artefaktem, ale i velmi aktivné
produkovanymi strukturami. Tvorba EVs byla od té doby popsana v podstaté u v3ech tfid
organismu, od bakterii po savce. O EVs, jakozto o readlnych (ne artificialnich) strukturach
majicich enzymaticky a funkéni potencial, se zacalo mluvit v 80. a 90. letech 20. stoleti (Couch,
2021). U bakterii asociovanych s rostlinami (fytobakterii) byly EVs poprvé pozorovany u
Erwinia amylovora vroce 1987 (Laurent, 1987). EVs jsou fosfolipidovou membranou
ohranicené sférické struktury obsahujici naklad pochazejici z periplasmatického prostoru, ale
i z cytosolu, poskytujici pfenasenému obsahu ochranu pfed vnéjSim prostfedim, napf.
degradacnimi enzymy, jako jsou razné proteazy (McMillan, 2021a). Studium EVs se
v poslednich letech téSi pomérné velkému zajmu, ktery je spojen s vysokymi oCekavanimi
jejich rdznorodych funkci vramci komunikace mezi organismy i vramci jednoho
mnohobunécného organismu, a sou€asné se pojici se zajimavym aplikaénim potencialem.
Tento ,boom“ souvisi i se snahou vyzkum EVs co nejvice standardizovat (Théry, 2018),
protoze studium EVs je velmi €asto spojeno s vyzvami spojenymi s jejich izolaci a identifikaci,
Ci nedostatkem vlastniho biologického materialu, kdy se nezfidka v ramci pozorovani nemusi
jednat pfimo o EVs, ale o artefakty (Théry, 2018). Navic existuji rizné typy EVs a je vhodné
udrzovat spravnou nomenklaturu, ktera je zavisla na mife znalosti o daném typu pozorovanych
EVs (Théry, 2018). Medicinalni vyzkum je v tomto ohledu oproti rostlinnému vyzkumu o mnoho
napfed, ale i tak jiz bylo jen u fytobakterii publikovano nejméné 29 studii vénujicich se tématu
EVs (Janda, 2022). V ramci vyzkumu EVs se vénujeme riznym tématim, jejich biogenezi
(EVs mohou byt produkovany aktivné, ¢i byt vedlejSim produktem buné&cné smrti), stabilité
(ukazuje se, ze EVs dokazi odolavat i velmi nepfiznivym podminkam a mohou byt stabiln&jsi,
nez bychom od nich oCekavali), obsahu (vime, Ze EVs mohou obsahovat proteiny, nukleotidy

vCetné siRNA, toxiny, lipidy), efektu na cilovy organismus (napf. potlaceni ¢i indukce
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imunitnich reakci, potlaceni rustu a vyvoje) (Janda, 2022; Cai, 2021; Van Niel, 2018). Je

zfejmé, Ze oCekavani,

které ohledné EVs mame, je pomérné vysoké, nicméné i kvdli jejich relativné naro€nému

studiu, je stale u EVs co objevovat. Pfi popisovani efektll EVs je nutno experimenty peclivé

opakovat a navrhovat a i tak se ne vzdy zbavime nejistoty, zda se nakonec nejedna o artefakt.

Prispévek. 3 Mimobunéc¢né 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 vaékd. V ramci 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
vaékl 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
vaékl u fytobakterii jsme shrnuli v pfehledovém
élanku (Janda, 2022).

My jsme se zaméfili na studium EVs
produkovanych fytopatogenni bakterii Pst
DC3000, jejichz studiu se paralelné vénovala
i skupina z Duke University v USA pod
vedenim prof. Kuehn, ktefi publikovali jejich
imunogenni efekt na rostliny v podstaté ve
stejnou dobu, v jakou jsme my nas vyzkum
,vypustili do svéta“ v preprint verzi (McMillan,
2021b; Janda, 2023). My jsme v nasem
vyzkumu, nezdavisle na americké skuping,
dospéli  k podobnym  vysledkim, ale
soutasné ukazujeme nékteré rozdilnosti,
které je nutno dale vysvétlit (Janda, 2023).
V nasem pfistupu jsme se vice zaméfili na
biofyzikalni vlastnosti vacku, jejich obsah a

produkci pfimo v rostlingprispeveks,

Jiz dfive byl navrzen mozny pFenos
EVs i u

fytobakterii. Tato hypotéza je podporovana

bakterialnich efektord pomoci

provedenymi proteomickymi studiemi

zabyvajicimi se obsahem bakterialnich EVs.

Vtéchto  studiich  byly uvnitf EVs
identifikovany [ efektory (Janda,
2022)pf|’spévek 3_
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3.2.2. Rozpoznani efektord — R proteiny

7

»Protiraketovy detekéni systém®

Jak jsem popsal v predchozi kapitole, uc¢inek efektord mlze rozhodovat o ,zZivoté a smrti®
rostliny i patogena. Pokud ma napfiklad bakterie Pst DC3000 zablokovanou tvorbu nebo
dopravu svych T3SS efektorq, tak je v podstaté neschopna infikovat A. thaliana. S funkénim
efektorovym repertoarem je tato bakterie pro A. thaliana smrtelnym nebezpelim (Xin, 2013;
Xin, 2018). Patogeni se tak velmi ¢asto na sekreci efektori spoléhaji. Toho vyuzivaji rostliny
a snazi se vytvofit detekéni systémy monitorujici pFitomnost efektor(iPoznamka4  Efektory
rozpoznavaji vétSinou receptory nalézajici se uvnitf buriky, v cytosolu. Jedna se o proteiny
obsahuijici vazebnou doménu pro nukleotidy s ¢asti obohacenou o leucin (,Nucleotide-binding
domain and leucin-rich repeat proteins“, NLRs). Toto rozpoznani vede ke spusténi tzv. ETI

(obr. 1)poznémka 5_

Je zajimavé, Ze jak PTI, tak ETI spousti podobné signalizaCni drahy, které vedou k imunitni
odpovédi (vice v kapitole 4). Nicméné rozpoznani pfitomnosti efektorl ¢asto vede k silngjsi
odpovédi, ktera nezfidka usti v hypersenzitivni odpovéd (HR; ,hypersensitivity response®), kdy
rostlina lokalné usmrti bunky s cilem zamezit dalSimu S$ifeni patogena. Pochopeni
mechanismu, jak rostlina spousti tento typ bunécné smrti, bylo vénovano v poslednich tficeti

letech nemalo usili. Byly popsany dilezit¢ | Poznamka 4. Cilené pisi, 2Ze NLRs
. _ _ . .. . .. | rozpoznavaji ,pfitomnost efektoru® nikoliv pfimo
soucasti  signalizace, které  pfispivaji | efektory (tedy pfimé rozpoznani konkrétniho
efektoru), protoZe v mikrobialni Ffisi existuje
nespodet efektorl a neni v moZnostech rostliny
2019). Vyznamnou roli hraje produkce | mit pfimo proti kazdému z nich specificky
receptor (kazdy mikrob ma jiny repertoar
efektord, které se od sebe vice & méné lisi).
2014) ¢&i funkéni signalizace SA (Raffaele, K monitorovani efektorl tak rostlina vyuZiva

. . nékolik ,trikl“, protoZe efektory s rlznorodou
2006; Radojici¢, 2018). Ovsem v roce 2019 | strykturou mohou mit jeden cil Gginku, 4. nékolik

doglo na tomto poli k zasadnimu objevu. efektord maZe cilit na degradaci stejného
proteinu, & potlaéeni / aktivaci nékteré

S vyuzitim kryoelektronové mikroskopie byl | konkrétni funkce. Jedna se o tyto zplsoby
rozpoznani: i) pfima vazba na efektor; ii) pfimé
monitorovani dané funkce é&i proteinu
rozpoznani efektoru. V tomto pfipadé bylo | zodpovédného za danou funkci; iii) vytvofeni
navnady pro efektor a monitorovani zmén u
navnady. Diky tomu jsou NLRs velmi efektivnim

proteinem ZAR1, fadicim se mezi NLR detek&nim systémem v repertoaru rostliny
(Cesari, 2018).

k uspésnému spusténi HR (Balint-Kurti,

reaktivnich forem kysliku (ROS) (Zurbriggen,

popsan pifesny molekularni mechanismus
popsano rozpoznani  zprostfedkované

proteiny. ZAR1 nerozpoznava efektor

Poznamka 5. Na NLRs (tedy i na ETI) spoléhaji
rostliny daleko vice neZ Zivodichové. Repertoar
protein PBL2. Uridynilaci PBL2 ma totiZ na | identifikovanych NLRs v rostlinach dosahuje

Y , - nékolika stovek rlznych proteind, zatimco u
svédomi efektor AvrRC. Ve chvili, kdy AvrRC Sivodichii se &asto jedna o jednotky riznych
pfida uridynilovy zbytek k PBL2, ZAR1 to | proteinu (husenicek 151, Clovek 22) (Jones,
2016).

pfimorezndmkasd - hlida, zda neni uridynilovan

detekuje, dochazi k oligomerizaci ZAR1 a
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tvorbé tzv. resistosomu (Bi, 2021). Takto vznikly resistosom tvofi uprostfed strukturu podobnou
déravému hrotu, pro kterou byla navrZzena schopnost vytvaret pory v plasmatické membrané
a tim pfivodit bun&cnou smrt (Forderer, 2022; Wang, 2019a; Wang, 2019b)Pozémka 8 Takovyto

mechanismus by k bunétné smrti teoreticky

Poznamka 6. Studium NLRs, jejich nova
identifikace a popis mechanismu jejich uéinku
vedlo a vede k celé fadé otazek, kdy jednou | ma a mlZe mit nedocenitelny potencial v
. o Lo . zefektivnéni Slechténi rostlin  pro zlepseni
z nich je, jak nalozit s jasnymi dikazy, Ze SA | rezistence proti cilovému patogenu. Jiz dfive
a ROS v aktivaciHR roli maji. Jako byly uspésné Slechtitelské projekty vnasejici
vybrany NLR do nachylné plodiny (Ellis, 2014).
vysvetleni se nabizi moznost, Ze | Oviem, jak se ukazalo, vneseni pouze jednoho
nového NLR neni sazkou na jistotu. Ve vétsiné
pfipadd je patogen schopen bé&hem 3-5 let
efektoru a nasledna pfima smrt dané bunky. | rezistenci zavislou na jednom konkrétnim NLR
obejit, proto je nyni snahou vnést do plodiny
vice nowych NLR naraz, tzv. stacking gene
burfiky do apoplastu, kde jsou molekuly | strategy. Ukazuje se, ze takto vytvofenou

. . i . i rezistenci je pro patogena v podstaté nemozZné
z vnittku bunky rozpoznany, coz vede dale | opejit (Zhu, 2012; Halpin, 2005).

nepotieboval ani SA, ani ROS. Toto zjiSténi

spoustéCem vedoucim k HR je rozpoznani

Dale nasleduje ,vyliti obsahu této mrtvé

k aktivaci a zesileni imunitni odpovédi (de

facto rozpoznani DAMPs a tedy nasledna PTI) v pfilehlych bufkach. Takova odpovéd jiz
vyzaduje funkéni SA a ROS. Vime, ze PTl sama o sobé HR ¢asto nevyvolava. OvSem posledni
navrzené modely, které PTI a ETI vyznamné propojuji, nez aby je Skatulkovaly a oddélovaly
od sebe, ukazuji, ze to nelze tak jednoznacné tvrdit (Cook, 2015; Lu, 2021). A nejde jen o
modely. V roce 2021 byl v ¢asopisu Nature publikovan ¢lanek ukazujici, Ze PRRs jsou nutné
pro imunitu zprostfedkovanou NLR (tedy pfimé propojeni klasicky definovanych PTIl a ETI).
Autofi souasné prokazali, Ze signalizace spusténa NLRs rychle posiluje expresi kliCovych
slozek PTI. Jako jeden ze spojujicich ¢lankd mezi PTI a ETI demonstrovali tvorbu ROS skrze
NADPH oxidazu RbohD (Yuan, 2021). To bylo potvrzeno a rozvedeno naslednou praci (Zhai,
2022). Propojeni mezi PTI a ETI vysvétluje, Ze v kombinaci s rozpoznanim efektoru je reakce
na DAMPs (i PAMPs) tak silna, Ze dochazi k HR.

4. Bunééna signalizace

“

~Spojafina v obrané rostlin

V pfedchozim textu jsem predstavil moznosti detekce napadeni patogeny. V této kapitole se
zaméFim na naslednou bunécnou signalizaci. Imunitni odpovéd, at uz spusténa rozpoznanim
PAMPs, nebo efektorl, obsahuje typické udalosti, které se daji rozdélit z hlediska jejich
Casoprostorového usporadani (hezké schéma pro takové Casoprostorové rozdéleni reakci

v ramci PTI poskytuje pfehledovy Clanek (Ben Khaled, 2015)). Z hlediska ,zavodu ve zbrojeni*
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je znalost imunitni signalizace dullezita i proto, Zze ucinek efektor( cili v podstaté na vSechny

soucasti této signalizace.

Po rozpoznani PAMPs na plasmaticke Poznamka 7. O tom, Ze nasledna signalizace

membrané dochazi k navazani receptoru | PO rozpoznani PAMPs pomoci PRR je mezi
_ . ruznymi &eledémi rostlin velmi konzervovana,
s PAMP na koreceptor, coz ma za nasledek | poskytuje dikazy studie, ve které védci vioZili

naslednou fosforylaci cilovych proteing. | réceptor pro elongacni faktor (EFR1) z A.
thaliana (brukvovité) do rajéete (lilkovité).

Imunitni odpovéd se snazi postupné& v ramci | Elongaéni faktor (EF-Tu) je rozpoznavan pouze
u brukvovitych. Kontrolni a transgenni rostliny
rajéete oSeffili fytopatogenni bakterii Ralstonia
riznorodych PRRs (jichz se mlzZe v burice | solanaceae. Vysledky byly jednoznaéné,
transgenni rostliny byly daleko vice rezistentni
nez kontrolni. To pfineslo nékolik duleZitych
fytohormonalni  signalizaci, ¢  MAPK | Poznatku: i) rostliny si jsou schopny zabudovat
) funkéni PRR 2z jiné ¢&eledi; ii) imunitni
kaskadupoznamka? - Prynim  krokem ke signalizace je mezi ¢&eledémi  velmi
konzervovana, tj. staéi rozpoznani PRR z jiné
éeledi a je spusténa fungujici imunitni odpovéd;
Tyto koreceptory jsou funkéni pro vice PRRs. | iii) odhaleni vysokého potencidlu daného
vyzkumu pro zlepSeni ochrany rostlin proti
patogenim (Lacombe, 2010).

signalizace snizit jeji komplexitu. Od velmi

nalézat pomérné vysoky pocet) po

zjednoduSeni je pravé vyuziti koreceptora.

Typickym pfikladem je koreceptor BAK1,

ktery je zasadni pro spusténi signalizace po
rozpoznani flg22, ale je sou¢asné koreceptorem pro EFR1 a daldi PRRs, které se specializuji
na rozpoznani PAMPs proteinové povahy (Yasuda, 2017). Na plasmatické membrané dochazi
béhem jednotek minut k otevieni kanald umoziujicich pfiliv vapenatych iontd (Ca?") do
cytosolu. Signal na stres se muze $ifit celou rostlinou, pficemz sledovani koncentrace Ca?*
iontd umoznuje monitoring signalizace. Napf. pfi poranéni byl prokazan glutamat, coby
zprostfedkovatel signalu do dalSich &asti rostliny pfi odpovédi na poranéni. Glutamat je
rozpoznan receptory na povrchu bunék a to spousti zvy$eni koncentrace Ca?" iontli uvnitf
cytosolu. Takovy signal prochazi rostlinou béhem nékolika minut, pfi€emz rostlina koncentraci

Ca?"iontu v cytosolu velmi aktivné hlida a jejich zvySeni je tak pouze docasné (Toyota, 2018).

ZvySeni koncentrace vapenatych iontl aktivuje (nebo minimalné pfispiva k aktivaci) nasledné
procesy. Jednim z nich je zvySena produkce ROS v apoplastu, ktera probiha pfiblizné po
deseti minutach po detekci patogena. U A. thaliana za tuto udalost odpovidaji NADPH oxidazy
lokalizované na plasmatické membrané. Konkrétné se jedna o RbohD a RbohF oxidazy
(NADPH/Respiratory burst oxidase protein D (nebo F)). Tyto oxidazy produkuji do apoplastu
superoxidovy radikal, ktery je velmi reaktivni a v apoplastu se za pfitomnosti superoxid
dismutazy pfeménuje na peroxid vodiku. Tyto ROS mohou mit jak signalizaéni funkci, tak
mohou samy o sobé pUsobit antimikrobialné (Qi, 2017). Pro nas vyzkumniky je tato udalost
uzite€na analyticky, protoze byla vyvinuta technika stanovujici apoplasticky H.O» na zakladé
luminiscence s vyuzitim roztoku luminolu (Smith, 2014). Tato technika je velmi rychla a levna

a kvalitativné velmi vypovidajici. Slouzi dobfe prvnimu screeningu, zda je €i neni spusténa
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imunitni odpovéd. Tuto analyzu ve svych experimentech velmi rad pouzivam, napf. (Janda,
2019). V soucasnosti jsme napfiklad diky této metodé provedli u nas v laboratofi screening
rznych druht rostlin na reakci na flagelinPsPévek 4 g hodlame s tim pokracovat, napf. u vodnich
masozravych rostlin ve spolupraci s dr. Lubomirem Adamcem (Botanicky ustav AV CR,
Trebon). V pfipadé pozitivni reakce téchto rostlin na flg22 budeme mit nahle v ruce svétové
unikatni modelovy systém pro studium imunity u vodnich rostlin, coz je pole v naSem oboru
neprobadané. Produkce ROS neni zavisla pouze na Ca?* iontech. Po navazani koreceptoru,
jako pfiklad opét uvedme BAK1, k PRR receptoru dochazi k fosforylaci RbohD a tim jeji
aktivaci (Kadota, 2014; Lee, 2020). V podobném c&ase jako je tvorba ROS v apoplastu je

pozorovatelna také jeho alkalizace (Felix, 1999).

V prubéhu desitek minut po rozpoznani patogena dochazi k dal§i vyznamné bunééné udalosti,
reorganizaci aktinového cytoskeletu (Henty-Ridilla, 2013). Aktinovy cytoskelet hraje v rostlinné
bunice zasadni roli v cileném dopravovani molekul a tzv. vackovém transportu (,vesicle
traficking"). Je jiz relativné dlouho znamo, Ze v pfipadé napadeni rostliny houbovym
patogenem je aktinova sit v okoli haustoria, resp. extrahaustorialni membrany, zhusténa a
aktinova vlakna jsou nasmérovana tak, aby bylo mozno dopravit co nejvice materialu do mista
napadeni (Li, 2019). Aktinovy cytoskelet tak hraje roli jako fyzicka bariéra, ale i jako ,dopravni
sit*, kterd umoZziuje zasobovat misto napadeni komponenty potfebnymi pro tvorbu kaldzy ¢&i
jinymi, s obranou souvisejicimi, latkami, jako je PEN3 protein, hrajici kliCovou roli
v nehostitelské odolnosti rostlin (non-host resistance) (Wang, 2022). Experimenty vyuzivajici
jak farmakologického pfistupu (oSetieni chemikaliemi depolymerizujici aktinova vlakna), tak
genetického pfistupu (mutantni rostliny A. thaliana), prokazaly, Ze rostliny s ovlivnénou funkci
aktinového cytoskeletu jsou vice nachylné na napadeni patogeny (Henty-Ridilla, 2013; Wang,
2022; Porter, 2016; Sun, 2018).

V prabéhu FeSeni své dizertaCni prace jsem se ucastnil vyzkumu, ktery ukazal, Ze pfi rozruSeni
aktinovych vlaken s vyuzitim chemikalii latrunculin B a cytochalasin E dochazi u A. thaliana
k zajimavé udalosti, a sice ke zvySené transkripci genl souvisejicich s imunitou, a to
pfedevdim se signalni drahou SA (Matouskova, 2014; Janda, 2014). Tento objev nas ved|
k testovani hypotézy, Ze rostlinna burika hlida integritu svych aktinovych vlaken, a pokud je
tato integrita narusena, tak burika ma za to, Zze je napadena patogenem a spousti imunitni
odpovéd. K této hypotéze nas také vedl fakt, ze u bakterie Pst DC3000 byl identifikovan efektor
(HopW1), ktery depolymerizaci aktinového cytoskeletu zapfiCifiuje (Jelenska, 2015). Situace
v naSich myslich velmi pfipominala mozny zpusob detekce patogena pomoci NLR hlidajiciho
funkéni aktinovy cytoskelet. Skuteéné jsme ukazali, Zze depolymerizace aktinového cytoskeletu

muze vést ke zvySeni rezistence vuci patogenum (ne striktné jen k vysSi nachylnosti, jak bylo
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doposud uvadéno) a ze za touto indukovanou rezistenci stoji aktivace signalni drahy SA

(LeontovyCova, 2019; LeontovyCova, 2020).
Klicovou roli ve vysledku pozorovaného

efektu, tedy nachylnost vs. rezistence, hraje

éaspﬁ'spévek 5

S dopravou materialu a reorganizaci
cytoskeletu muze souviset obohaceni PRRs
vramci mikrodomén na
membrané (Blcherl, 2017; Gronnier, 2022).

V ramci imunitni signalizace jsou nasledné

plasmatické

PRRs endocytovany a degradovany (Beck,
2012) (Frescatada-Rosa, 2015). Aktinovy
cytoskelet hraje dullezitou roli v uzavirani
praduchti a plasmodesmat, k ¢emuz také
dochazi po rozpoznani

2021).

patogena (Zou,

V prubéhu 15-60 minut od detekce patogena
je aktivovana MAP-kinazova kaskada. Jedna
se o velmi konzervovany zpusob signalizace
zavisly na fosforylaci a defosforylaci MAP-
kinaz (MAPK). Tuto signalizaci vyuzivaji i
zivoCichové a neni specificka jen pro reakci
na bioticky stres. MAPK hraji roli i v reakcich
na abiotické stresy. To, co se IliSi, jsou
jednotlivé konkrétni MAPK, které za daného
stresu podléhaji fosforylaci (Sun, 2022).

Jedna se o UspéSny zpusob signalizace i

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).

ztoho pohledu, Ze je relativné snadno
regulovatelny a da se diky nému signal napadeni efektivné amplifikovat a cilit (Zhang, 2022).

Ve svém vyzkumu jsem se ale MAPK signalizaci nikdy nevénoval.

V prabéhu prvnich hodin po rozpoznani patogena dochazi ke dvéma udalostem, které hraly (a
hraji) v mém vyzkumu vyznamnou roli: zvySeni akumulace kalozy (kap. 4.1) a spusténi

fytohormonalnich drah, pfedevS8im signaini drahy SA (kap. 4.2).
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4.1 Kaloza

,obranny val“

Kal6za je polysacharid skladajici se stejné jako celuléza z monomerl glukézy. OvSem

v celuldze se jedna o B-1,4-glukan, zatimco kaléza je B-1,3-glukan. Akumulace kaldzy je pfi

napadeni patogenem vyrazné zvysena, a to pfedevSim v mistech kde

k napadeni  doslo.

V pfipadé napadeni houbovym patogenem vznika tzv. papila, coz je utvar, ve kterém je kaléza

nabohacena. Papila slouzi k zabranéni penetrace houbového patogena s cilem zabranit

vytvofeni haustoria (Huckelhoven, 2014). Kaléza také hraje dilezitou roli v uzavirani

plasmodesmat, coz hraje napfiklad vyznamnou roli v zabranéni Sifeni virové infekce rostlinou

(Liu, 2021). Soucasné je detekce akumulace kalézy vyuzivana jako jedna ze screeningovych

metod aktivované imunity, nebot’i oSetfeni flg22 (a jinymi PAMPs) vede k vyznamné akumulaci

kalézy (Luna, 2011). Takto jsme

ji_ ve svych experimentech
vyuzivali i my, napf. (Kalachova,
2019; Kalachova, 2020), av3ak
to se zménilo ve chvili, kdy jsme
akumulaci

zjistili  vysSi kalozy

také u nami studovaného

mutanta  A.
geny
isoformy B1 a B2

dvojnasobného
thaliana s vyfazenymi
kodujicimi
fosfatidyl
(pi4kB1B2). U tohoto mutanta

dale

inositol-4-kinazy

jsme popsali  vySSi
koncentraci SA, trpasli¢i vzrast,
vysSi rezistenci vuci bakterialni
infekci a zvySenou akumulaci
ROS (Sasek, 2014). Za
nestresovych  podminek je
akumulace kalézy u pi4dkB182
zavisla na zvySené koncentraci
SA. AvSak pii

patogena Blumeria graminis, pro

pusobeni

né&jz neni A. thaliana hostitelskou
rostlinou, se ukazalo, ze kal6za

akumulovana v papilach je na

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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SA nezavislaPisrevek 6 Na akumulaci kaldzy jsme se zaméfili blize. V A. thaliana je kaldza
syntaza kodovana dvanacti isoformami (Chen, 2014). Nicméné je znamo, ze za akumulaci
kaldzy v reakci na bioticky stres je zodpovédna kaléza syntaza 12, ktera byla pdvodné nazvana

PMR4 (powdery mildew resistence 4) a pod timto oznaCenim je doposud pfevazné

oznaCovana ve studiich zabyvajicich se
interakcemi rostlin
(Ellinger, 2013; Nishimura, 2003; Vogel,
2000Q)poznamka 8 ZkFizili pidkB1B2

rostinou pmr4-1, ktera ma

s mikroorganismy

jsme
s mutantni
zablokovanou tvorbu PMR4 s cilem zjistit,
zda je akumulace kalézy u pi4kB182 zavisla
na této isoformé kaléza syntazy. K nasemu
prfekvapeni se ukazalo, Ze homozygotni linie
pmrd/pi4kB1B2 jsou vyrazné zakrslého rlstu

(prakticky nerostou, data neukazana). Je

Poznamka 8. Matouci situace okolo
pojmenovani kaléza syntazy 12 neni v biologii
nikterak vyjimeéna. Pavodni pojmenovani
proteinu (genu) je &asto spojeno s typem
experimentu, pfi kterém byl dany gen
identifikovan. V tomto pfipadé se jednalo o
screening mnozstvi nahodné zmutovanych A.
thaliana na rezistenci viéi padli (Vogel, 2000).
Mezi nalezenymi geny hrajicimi duleZitou roli
pro rezistenci byla i zminéna kalosa synthasa
12, ktera byla v t¢ dobé& nazvana ,powdery
mildew resistence 4 (PMR4). V té dobé se
nevédélo o jeji funkci v biosyntéze kalosy, na to
se pfidlo aZ pozdé&ji. Tento protein se v literatufe
vyskytuje dokonce jesté pod jednim nazvem
GLS5 (Ellinger, 2014).

stale zatim otazkou, co za dany efekt na rlst a vyvoj u tohoto trojnasobného mutanta muze.
Soucasné se ukazalo, ze kombinace mutaci v PMR4, v PI4KB1 a v PI4KB2 zplsobuje
nemendelovské S§tépné poméry pro pmrd/pi4k162. Na tomto tématu v soucasnosti
spolupracujeme s Dr. Tetianou Kalachovou z Ustavu experimentalni botaniky AV CR, ktera je

vedouci tohoto sméru vyzkumu.

4.2. Fytohormonalni drahy v imunité rostlin — zaostifeno na kyselinu salicylovou

1

,Dobry sluha, zly pan*

Fytohormony, dfive nazyvané rustové regulatory rostlin, hraji v signalizacnich procesech
rostlin zasadni roli. Nejlépe probadanymi a znamymi fytohormony jsou pravdépodobné auxiny
a cytokininy. Témi se ale v této praci nechci zabyvat, protoZe hlavni roli v signalizaci pfi
biotickém stresu, tj. pfi napadeni patogenem, hraje ,triumvirat® fytohormonu: kyselina
salicylova (SA), kyselina jasmonova (JA) a etylén (ET). Je zajimavé, Ze rostliny rozliSuji, kterou

signalizaci (ktery fytohormon) upfednostni na zakladé toho, jaky patogen rostlinu napadl.

Tradicné se udava (a je na to téma

Poznamka 9. Typickym znakem
fytohormonalnich signalizaci je, Ze se nejedna o
samostatné entity, ale spiSe o propletenec
riznych udalosti ovliviivjici rdznymi vazbami
jedna druhou (Pieterse, 2009). Z toho divodu je
stale tfeba mit na mysli, Ze, i kdyZ hovofime o
tfech fytohormonech majicich roli v reakcich na
bioticky stres, neznamena to, Ze by se ostatni
fytohormony téchto reakci netéastnily. Ugastni,
ale zatim jejich role nebyla zdaleka tak dobfe
popsana jako u triumviratu“ SA, JA a ET.

publikovano mnoho studii), Zze pfi napadeni
biotrofnimi patogeny je spusténa signalni
SA,
nekrotrofnimi patogeny se spousti signalni
drahy JA a ET, pficemz mezi SA a JA byl

prokazan antagonisticky vztah, tj. pokud je

draha zatimco  pfi  napadeni
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jedna z drah aktivovana, tak inhibuje druhou drahu (pro zajemce doporuduiji ke ¢teni vynikajici
prehledové Clanky na toto téma (Glazebrook, 2005) (Pieterse, 2009; Aerts, 2021))peznamkas,
Toto rozdéleni podporuje i to, Ze signalni draha SA hraje vyznamnou roli pfi spusténi bunééné
nebezpecné aktivovat tuto drahu proti nekrotrofum, ktefi by ze spusténé HR profitovali. Oviem
nic neni €ernobilé a existuji studie, které ukazuji, Ze i rostliny se zvySenou SA byli rezistentn&jsi
vuci nekrotrofnim patogentm (Ferrari, 2003; Novakova, 2014), coz jsme ukazali i v nasi studii
(Kalachova, 2020). Vice svétla do studia zapojeni fytohormonalnich drah pfi interakcich rostlin
s patogeny vnesl ¢lanek s relativné jednoduchou mys$lenkou — sledovat akumulaci SA a JA
v Case a prostoru v ramci listu. Autofi vyuZili jako nastroj k pozorovani akumulace SA a JA
dostupné transgenni linie A. thaliana, které mély vneseny geny reagujici na koncentraci SA
(PR1) a JA (VSP1) spojené s fluorescenéni znackou. Tyto transgenni rostliny autofi infikovali
patogenni bakterii a pozorovali v ase prabéh infekce a intenzitu fluorescence, ktera
odpovidala indukci zminénych genu a tedy, velmi pravdépodobné, i produkci SA a JA.
Vysledek byl pomérné piekvapivy, i kdyz ne nelogicky. Ukazalo se, Ze v ramci listu byla
zvySena akumulace obou fytohormonu, ale akumulace SA a JA byla od sebe lokalizacné
oddélena. Koncentrace SA se zvySovala v tésné blizkosti napadeni. JA se hromadila za
hranici akumulace SA a ve zbytku listu (Betsuyaku, 2018). Vysledky tedy opét poukazaly na
antagonismus obou drah, ale sou€asné nas upozornily na fakt, ze bychom méli byt velmi
obezietni v tom, jaké &asti rostliny, ¢i dokonce listu analyzujeme. Jako vysvétleni, pro€ rostlina
reaguje na napadeni bakterii aktivaci obou fytohormonalnich drah, se jevi, Ze v blizkosti
patogena rostlina sazi na to, ze to bude biotrof, kdo ji infikuje, a tedy indukuje SA, protoze
buné&na smrt, na které by se SA podilela, by proliferaci biotrofniho patogena jisté zastavila.
Pro pfipad, ze by se ale jednalo o nekrotrofa a SA by nebyla u€inna, se rostlina pfipravuje tak,

Zze vdalSich c¢astech listu aktivuje drahu JA, ktera je proti nekrotrofim

l:I(‘_a’inr-\épﬁspévek Vesmir 97, 126, 2018/3

Pro studium zapojeni zminénych fytohormonalnich drah (SA, JA, ET) v rostlinné imunité byl,
dle mého nazoru, stézejni €lanek z roku 2009 od Kenichi Tsudy (Tsuda, 2009). V ramci prace
natomto ¢lanku byli vytvofeni &tverni mutanti A. thaliana (a vS8echny kombinace
dvojnasobnych a trojnasobnych mutant() se zablokovanymi geny dulezitymi pro biosyntézu Ci
odpovéd na SA (sid2; mutant se zablokovanou isochorismat syntazou 1 — kliovy protein
v biosyntéze SA, (Wildermuth, 2001)), JA (dde2, mutant se zablokovanym AOS tj. ,allene
oxide synthase* — kliCovy protein v biosyntéze JA, (Von Malek, 2002)); ET (ein2; mutant se
zablokovanym ,ethylene insensitive protein 2“ — protein kliCovy v signalizaci v odpovédi na
etylén (Alonso, 1999)) a pad4, coz je také vyznamny protein v rostlinné imunité z&asti se

prekryvajici se signalni drahou SA (Jirage, 1999). V &lanku mimo jiné prokazali, Ze zminéné
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(zablokované) ¢tyfi soucasti rostlinné imunity
odpovidaji zhruba za 85 % intenzity imunitni
odpovédi spusténé flg22 (coz aproximovali
obecné ke spusténé PTI) stejné jako pfi
AvrRpt2

obecné ke spusténé ETI).

rozpoznani efektoru (coz
aproximovali
Tento Clanek tak také poukazal na vyznamny
prekryv v signalizaci PTl a ETIl. Souc¢asné je

vytvofena kolekce mutantd vynikajicim

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.

nastrojem pro dalSi vyzkum, coz se prokazalo v naslednych pracich Kenichi Tsudy (ORCID:

0000-0001-7074-0731). | my jsme v naSem vyzkumu tuto kolekci vyuzili. Shodou okolnosti

jsme pozorovali, ze infekce kli¢nich rostlin A. thaliana rostoucich za sterilnich podminek na

pevném médiu bakterii Pst DC3000 vede k tomu, ze se zvySi a prodlouzi rast kofenovych

vlaskl. Chtéli jsme védét, zda v tom hraji roli fytohormony, a proto jsme dany jev analyzovali

u kolekce ,deps* mutantll (dde2/ein2/pad4/sid2). Ukazalo se, ze zasadni roli pro tvorbu

kofenovych viaski ma ET (Pelenkova, 2017). Role ET byla jiz znama i bez spojitosti

s biotickym stresem (Ruzic¢ka, 2007; Qin, 2019). Je otazkou, zda je to skuteéné ET, co je

aktivovano po rozpoznani infekce koreny.

Ve svém vyzkumu jsem se jiz od bakalarské prace vénoval vice ¢i méné procesim v rostlinach

tykajicich se SAPrispévek Vesmir 98,454, 20197 - Bjogyntéza SA probiha v rostlinach dvéma drahami

(Dempsey, 2011). Prvni je zavisla na fenylalanin amonium lyaze (PAL). druha je zavisla na

enzymu isochorismat syntaze 1 (ICS1)

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.

a Cast této biosyntetické drahy probiha

v chloroplastech. Biosynteticka draha zavisla
na ICS1 je odpovédna za pfiblizné 90 % nové
syntetizované SA po napadeni bakterialnim
patogenem (Wildermuth, 2001)pezndmka 10 pg
rozpoznani napadeni patogenem je spusténa
dimerizace proteind PAD4 a EDS1, ktera

vede ktomu, Ze je aktivovana draha

vyuzivajici  ICS1, coz vede Kk vySsi
koncentraci SAPisPévek7  SA se vaze na
proteiny NPR (,nonexpressor of

pathogenesis-related genes*), které byly

identifikovany jako receptory pro SA.

Prostfednictvim NPR je zprostfedkovan ucinek SA na zménu transkriptomu v rostliné (Wang,

2020a; Spoel, 2009; Kumar, 2022). ZvySena koncentrace SA ma za nasledek, Ze oligomerni
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protein NPR1 je monomerizovan a nasledné
pfechazi do jadra, kde ovliviiuje transkripci
2022; 2003).

dizertaéni praci jsem popsal mozné zapojeni

(Kumar, Mou, Ve své
fosfolipazy D v této signalizaci. Ukazali
jsme, Ze oSetifeni n-butanolem, inhibitorem
NPR1

v jadre

fosfolipazy D, inhibuje tvorbu
monomeru a

rostlinné bunky (Janda, 2015a).

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).

SA, pfesné;jsi by bylo mluvit o signalni draze zavislé na SA, je mocna zbran. Jak bylo zminéno

vySe, je dulezitou molekulou v ustanoveni hypersensitivni odpovédi a tedy v obrané proti

biotrofnim patogentm. Dale je nepostradatelnou soucasti tzv. systémové ziskané rezistence

(SAR)Poznamka 1l " o7 je udalost, kdy napadeni jednoho listu rostliny patogenem vysle signal do

dalSich Casti rostliny, které tim pfipravi na pfipadny nasledujici utok patogena. Tato vzdalena,

doposud nenapadena pletiva jsou tak lépe pfipravena na napadeni a pfi ném spousti

intenzivnéjdi a rychlejSi obrannou odpovéd (Kachroo, 2020). Pravé popsani zapojeni SA

v SAR v roce 1990 (Métraux, 1990; Malamy, 1990) bylo spousté&em zvySeného zajmu o SA

jakozto soucasti obrany rostlin pfi napadeni patogeny (Gaffney, 1993). Sou¢asné vSechny

doposud popsané mutantni rostliny A. thaliana vykazujici zvySenou koncentraci SA maji vysSi

Piispévek 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
vackovy transport wvyznamnym Einitelem.
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
rust pi4kB1B82 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 testovanym patogenum (Janda,
2015b). Ov8em vysoky obsah SA ma i svou

stinnou stranku, vsechny tyto mutantni

rostliny jsou trpasli¢iho vzristu (vice v kap.

5)pr|spevek 8.

5. VSeho moc skodi aneb Kompromis

mezi obranou a rastem rostliny

»2 % HDP*

Vyspélé staty si hlidaji své vydaje na obranu a v ramci
NATO maji jasné definovany mandatorni vydaj na
obranu v % HDP. Uvédomuji si, Ze je na obranu treba
davat tolik, aby to co nejvice snizilo moznost napadeni
a Vv pfipadé napadeni zvySilo pravdépodobnost
uspésné obrany a souc¢asné aby tyto vydaje neohrozily
hospodarské fungovani statu. Je zde vzdy kompromis
mezi tim, kolik investovat do ministerstva obrany a kolik
napfr. do Skolstvi ¢i kultury. A mira kompromisu je silné
zavisla na podminkach, za jakych je rozpocet tvoren.
Stejné tak to maji, pravdépodobné, i rostliny.
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Rostlina se musi umét rozhodnout, zda investovat do obrany &i do rlstu, pfi¢emz se ukazuje,
Ze se snazi vramci kompromisu investovat co nejuc€innéji do obojiho a byt schopna
upfednostnit rlst nebo obranu jen v pfipadech, kdy je to nutné (He, 2022). O tom, Ze
aktivovana imunitni odpovéd potlacuje rast, se vi jiz od 90. let 20. stoleti a diikazy o tomto jevu

pfinesly studie zabyvajici se riznymi aspekty rostlinné imunity.

Obligatnim dukazem, Ze aktivace imunity inhibuje vzrust, je klasicky test inhibice rstu kli¢nich
rostlin po oSetfeni nékterym PAMPs, typicky flg22. Takto oSetfené kliéni rostliny A. thaliana po
tydnu dosahuji zpravidla 20-40 % hmotnosti neoSetfenych rostlin v zavislosti na koncentraci
PAMP (Gomez-Gémez, 1999). Takovy test jsme vyuzili i v nasi studii tykajici se efektu
bakterialnich vackua na rostlinu (Janda, 2023). V nasi sou¢asné praci se vénujeme reakcim
maku setého (Papaver somniferum) na flagelin a ukazuje se, ze oSetfeni maku flagelinem
taktéz vede k inhibici rastu (data neukazana). ACkoliv se o fenoménu kompromisu mezi ristem
a obranou (growth—defense tradeoff) napsalo jiz mnoho, o pfesném mechanismu, ktery za nim
stoji, vime zatim relativné malo. A to i pfes nemalé usili jej objasnit. Je velmi pravdépodobné,
Ze za tento kompromis bude zodpovédnych vice jevl naraz. Velmi vyznamnym pfispévatelem
je bezpochyby komunikace mezi fytohormony a vzajemné ovlivnéni jejich drah (Huot, 2014).
V nasi laboratofi se tomuto fenoménu také nadale vénujeme, a to pfedevsim ve spojitosti s SA,
protoZe jsme prokazali u dvojnasobnych mutantnich rostlin A. thaliana s nefunkénimi fosfatidyl
inositol-4-kinazami B1 a B2 (pi4kB162), ze jejich vyrazna inhibice rastu je zpusobena
nadmérnou koncentraci SA, resp. funkéni signalni drahou SA a aktivovanou imunitou (Sasek,
2014)pfispévek 8,

Klasickou odpovédi, pro¢ rostliny s aktivovanou imunitou jsou nizSiho vzristu, je, ze maji
omezené zdroje energie, a pokud je tedy rostlina vyuziva k obrané, nemuze je plné vyuzit
k rastu (Huot, 2014). Logicka a jisté do zna¢né miry pravdiva odpovéd. Nicméné my jsme se
rozhodli, Ze prostudujeme jeden mirné opomijeny fenomén, a sice Zze zvySena koncentrace
SA vede k uzavfeni priduchl (Wang, 2020b), coz by podle nas mohlo souviset nejen
s pfesmérovanim vyuziti dostupnych zdrojli, ale sou€asné i k niz§i dostupnosti zdroju (COy),
coz by také pfispivalo k niz§imu ristu. U mutant( se zvySenou akumulaci SA jsme méfili jejich
uzavienost praduchud a asimilaci CO; a zjistili jsme, Ze je u nich dostupnost CO. skute¢né

vyznamné omezena (data neukazana).
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Obrazek 2. Zaclenéni naseho vyzkumu v ramci interakci rostlin s patogeny.
Barevné odstiny textd, Sipek ¢i znak( inhibice spolu koresponduji a jsou spojena s
jednotlivymi tématy rozvedenymi v prispévcich. Na prispévky odkazuji fialova €isla v
zavorkach. Cerna — existujici znalosti; ¢ervena — vliv zvy$ené teploty; Zlutad — role
depolymerizovaného aktinového cytoskeletu; okrova — ucinek aescinu; tyrkysova —
vlastnosti bakterialnich mimobunéénych vacku; modra — uloha PI4KB1B2. FLS2 —
receptor rozpoznavajici flg22 (flagelin); ICS1 — isochorismat syntaza, dllezity enzym v
biosyntéze kyseliny salicylové (SA); ROS — reaktivni formy kysliku; CALS12 — kal6za
syntaza 12 (powdery mildew resistant 4); EDS1/PAD4 — dimer dvou proteind hrajici
vyznamnou roli ve spusténi biosyntézy SA v ramci imunitni reakce; Pst DC3000 —
Pseudomonas syringae pv. tomato DC3000

6. Zavér: minulost, souc¢asnost a budoucnost

,Zavod ve zbrojeni“ mezi rostlinami a patogeny nikdy nekonci. Ma ale bezpochyby sva pravidla
a vymezené bitevni pole. Vzhledem k vyzvam, které na nas klade klimaticka zména a zvysujici
se svétova populace, je vice nez zadouci ,pravidlim zavodu“ co nejvice porozumét a vyuzit
nase poznatky v zemédélstvi k ochrané plodin proti patogenim. ZlepSeni ochrany by mélo
zvySit vynosy a udrzitelnost zemédélstvi. Prostor k vyzkumu je stale veliky a s novymi
moznostmi, jakymi je napf. editovani genomu (pfedevSim s vyuzitim technologie na zakladé
CRISPR-Cas), se jevi mozné aplikace vyuZzivajici znalosti zakladniho vyzkumu jesté vice na

dosah ruky.

Ve svém vyzkumu jsem se doposud vénoval predevs§im dvéma dil¢im tématlim souvisejicim

se ,zavodem ve zbrojeni“ mezi rostlinou a patogenem:
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1) Roli kyseliny salicylové v signalizaci rostlin (tj. soucasti rostlinného ,zbrariového

systému*)

Vénovali jsme se propojeni fosfolipidového signalniho systému se signalizaci SA, kde
jsme prokazali souvislost s fosfolipazou D, nespecifickou fosfolipazou C2 a
fosfatidylinositol-4-kinazami 1 a f2 (Janda, 2015a; Sasek, 2014; Kalachova, 2020:;
Kalachova, 2019; Janda, 2013; Kr¢kova, 2018; Junkova, 2021).

Prisli jsme na dva nové stimuly vedouci k nadprodukci SA: oSetfeni saponinem
aescinem (Trda, 2019) a latrunculinem B (depolymerizace aktinového cytoskeletu)
(LeontovyC€ova, 2019; Matouskova, 2014).

Ve vyzkumu aktinového cytoskeletu jsme jako prvni popsali, ze rozruseni aktinovych
vlaken nemusi nutné vést k vétsi nachylnosti plodin, ale naopak muze zvysit rezistenci
(LeontovyCova, 2020; LeontovyCova, 2019) a naznadili jsme spojeni s fosfoinositidy
(Kalachova, 2019).

Prokazali jsme, Ze kratkodobé vystaveni A. thaliana vySSi teploté potlacuje imunitni
reakce souvisejici s SA a navic vede ke sniZeni pfitomnosti receptoru FLS2 na
plasmatické membrané. To v8e ma za nasledek vyssi nachylnost rostlin vystavenych
teplotnimu stresu vuci Pst DC3000 (Janda, 2019).

Vytvofili jsme kolekci mutantnich rostlin A. thaliana se zménénou koncentraci SA,
jakozto nastroj pro dalSi vyzkum signalizace SA (Pluhafova, 2019). Tuto kolekci

v soucasnosti v laboratofi intenzivné vyuzivame.

2) Bakterialnim mimobunéénym vackim, jejich obsahu a vlivu na rostlinu a jeji imunitu

(ti. soucasti ,zbranového systému® patogena).

Popsali jsme biofyzikalni vlastnosti izolovanych vackl produkovanych patogenni
bakterii Pst DC3000, pfi€emz jsme jejich produkci potvrdili jak in vitro, tak v pribéhu
infekce v rostliné (Janda, 2023).

Provedli jsme proteomickou analyzu vacku Pst DC3000 a porovnali nase vysledky
s dostupnymi proteomickymi analyzami jinych mimobunéénych vacka produkovanych
jinymi bakteriemi (Janda, 2022). Tyto vysledky ukazaly moznost vyuZziti vacku pfi
ziskavani zeleza z apoplastu (Janda, 2023).

Prokazali jsme imunogenni efekt vackl na rostlinu, ktery je zavisly na receptoru FLS2,
ti. na pfitomnosti flagelinu. Zde z mého pohledu stale panuje nejistota, zda se jedna

opravdu o efekt vacku nebo o artefakt jejich purifikace (Janda, 2023).

V soucasnosti se u nas v laboratofi vénujeme vlivu SA na rist rostlin, kdy se zaméfujeme

pFedevsim na moznost snizené dostupnosti CO; v dusledku vy$3i koncentrace SA. Déle jsme,

v souvislosti s SA, rozsifili nasi pozornost na ovlivnéni kutikuly v pfipadé aktivované imunity.
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K obéma témto tématiim mé pfived! tradi¢ni vyzkum provadény na Katedfe experimentalni
biologie rostlin na PFF JU, ktery se tyka praduchu, fotosyntézy a kutikuly. Mym cilem je jeho
propojeni s mou expertizou v ramci rostlinné imunity. V tématech souvisejicich s SA blizce
spolupracujeme s Ustavem experimentalni botaniky AV CR.

Pfi zavadéni péstebnich metod v nasi laboratofi jsme shodou okolnosti pfidli na to, Ze
vysoka koncentrace SA inhibuje tvorbu antokyand. Tento fenomén se v sou¢asnosti snazime
popsat a poslat k publikaci (pfiloha 2).

Diky obdrzenému MSCA stipendiu pokracujeme ve vyzkumu mimobunéénych
bakterialnich vacku, kde se zaméfujeme predevsim na podminky ovliviiujici intenzitu produkce
vackl u bakterii kolonizujicich rostliny. Zde blizce spolupracujeme s laboratofi prof. Silke
Robatzek z LMU v Mnichové.

Vyznamnym rozSifenim nasSeho védeckého zajmu je zacileni na jinou rostlinu, nez je
modelovy huseni¢ek. Pfedmétem naseho zajmu je pfedevSim zemédélska plodina mak sety
(Papaver somniferum), kde blizce spolupracujeme s laboratofi prof. Vladislava Curna
z Fakulty zemédélské a technologické na JU a rozvijime spolupraci s Vyzkumnym ustavem
olejnin v Opavé (OSEVA PRO s.r.o). Cilem tohoto vyzkumu je komplexné se zaméfit na
molekularni interakce maku s patogeny, tj. na ,zavod ve zbrojeni* mezi makem a jeho
patogeny. Dlouhodobo nasi vizi spojenou s vyzkumem maku je vyvinuti nového (novych)
pfistupu(d) k jeho ochrané proti patogenim a Skddcim. K tomu bychom chtéli vyuzit tfi
pfistupy: genové editace; oSetfeni s vyuZitim exRNA v liposomech; rychlou diagnostiku
patogen(l na polich. V souvislosti s nasim zajmem o mak predpokladam, ze do budoucna se
zaméreni laboratofe vice pfiblizi aplikovanému typu vyzkumu (lépe feCeno vyzkumu na
rozhrani zakladniho a aplikovaného vyzkumu). NejnovéjSim malym projektem nasi laboratofe
je spoluprace s dr. Lubomirem Adamcem z Botanického Ustavu AV CR v Treboni, kdy mame
v planu, hned jak to kultivacni podminky dovoli, se zaméfit na imunitni reakce vodnich
masoZzravych rostlin.

Véfim, Zze nas vyzkum (at' uz jakakoliv jeho €ast) v budoucnosti pfinese zlepSeni
ochrany plodin na nasich polich, at’ uz diky lepsi znalosti signalni drahy kyseliny salicylové,
mimobunéénych vackud, €i detailnim znalostem imunitnich reakci maku a jeho interakci

s patogeny a Skudci.
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Slovnicek klicovych zkratek pojmu

A. thaliana

AOS

Biotrof

DAMPs

deps

EDS1/PAD4

Efektor

EIN2

Elongaéni faktor (EF-Tu)

ET

ETI

EVs
Flg22

FLS2
Fytobakterie

Hemibiotrof

Husenicek rolni, také chudina rolni, je drobna dvoudélozna efemérni
plevelna rostlina z Celedi brukvovitych, ktera se pouziva jako modelovy
organismus v molekularni genetice rostlin [1].

Zasadni enzym v biosyntéze kyseliny jasmonové. U A. thaliana se
mutant se zablokovanou AOS nazyva dde2 (ALLEN OXIDE
SYNTHASE; EC 4.2.2.92).

Organismus, ktery zije a rozmnozuje se vyhradné v jiném zivém
organismu. Jeho vyZiva je zcela zavisla na hostiteli. Pfikladem mohou
byt houby zpUsobuijici rostlinné choroby padli a rez [2].

Molekuldrni vzory spojené s nebezpelim (poranénim) (Danger
(damage)-associated molecular patterns). DAMPs jsou molekuly
pochazejici z rostliny, ale jsou rozpoznavany receptory na plasmatické
membrané a spousti imunitni odpovéd (podobné jako PAMPs). Priklady
takovych molekul jsou extracelularni ATP, oligogalakturonidy (z bunécné
stény) ¢i monomery kutinu.

dde2/ein2/pad4/sid2 -Ctverny mutant A. thaliana vytvofeny Dr Kenichi
Tsudou se zablokovanymi geny kodujicimi enzymy nutné pro imunitni
reakce. Konkrétné pro drahu kyseliny salicylové (sid2; zablokovany
ICS1), kyseliny jasmonové (dde2; zablokovany AOS), etylénu (ein2;
zablokovany EIN2), a imunitniho sektoru zavislého na PAD4 (pad4).

Proteiny, které v pfipadé spusténi imunitni odpovédi tvofi heterodimery
a jsou zodpovédné za predani signalu pro zvySeni koncentrace kyseliny
salicylové  (ENHANCED DISEASE  SUSCEPTIBILITY 1/
PHYTOALEXIN DEFICIENT 4).

Molekula, kterou vyuziva rostlinny patogen pfi infekci urcitého druhu
rostliny. Pomoci takové molekuly mohou patogeny ué€inné potlacovat
imunitni odpovéd infikované rostliny [2].

Klicovy protein pro pFenos signalu zprostfedkovavany etylénem
(ETHYLENE INSENSITIVE 2).

Elongacni faktory jsou proteiny, které v pribéhu translace pomahaji a
fidi elongaci peptidového fetézce.

Etylén. Plynny fytohormon majici vyznamnou roli v obrannych reakcich
rostlin pfi napadeni patogeny.

Efektory spusténa imunita (effector triggered immunity). Tento typ
imunitni reakce je spustén rozpoznanim efektoru R proteinem (NLR
receptorem) v cytosolu rostlinné bunky.

Mimobunécéné vacky (extracellular vesicles)

QRLSTGSRINSAKDDAAGLAQIA; Strukturni protein, ktery je hlavni
soucasti bakterialniho biiku. Rozeznava ho imunitni systém rostliny a
hraje roli u€inného elicitoru imunitni odpovédi [2].

Receptor rozpoznavajici flg22 (FLAGELLIN-SENSITIVE 2)
Bakterie kolonizujici rostliny

Obvykle houbovy patogen, ktery zacina zivotni cyklus jako biotrof a
nasledné se prepne do zivotniho stylu nekrotrofa. Béhem biotrofické
faze patogen poskodi hostitelskou rostlinu jen minimalné. Po pfepnuti
do nekrotrofické faze nici buriky i pletiva rostliny [2].
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Hypersenzitivni odpovéd (hypersensitive response). Udalost, kdy
rostlina vreakci na napadeni patogenem vyvola kontrolovanou
buné¢nou smrt u bunék vyskytujicich se v okoli napadeni patogenem.

ISOCHORISMAT SYNTAZA (ISOCHORISMATE SYNTHASE), enzym
klicovy pro biosyntézu kyseliny salicylové v reakci na napadeni
patogenem.

Kyselina jasmonova (jasmonic acid). Dllezity fytohormon v obrannych
reakcich rostlin pfi napadeni patogeny. JA je ucinna pfedevsim v obrané
proti nekrotrofim a herbivordm.

Kinazy aktivované mitogenem (mitogen-activated protein kinase).
Typicka soucast signalizacnich kaskad jak u rostlin, tak u Zivocich(.

Fenomenologicka definice: schopnost vSech genotypu rostlinného
druhu poskytnout odolnost viéi vSem genotypim druhu patogenu,
pficemz odolnost ¢asto znamena neschopnost patogenu dokongit svij
asexualni nebo sexualni Zivotni cyklus na daném rostlinném druhu [3].
Pokud vas vice zajimaji molekularni aspekty tohoto druhu rezistence,
doporucuji prehledovy ¢lanek Panstruga a Moscou (2020) [4]. (Nonhost
resistance)

Paraziticky organismus, jako je houba nebo bakterie, ktery likviduje
buriky a télo hostitele, napfiklad pletiva rostliny, protoze se Zivi mrtvym
materialem. Pfikladem nekrotrofa je plisen Seda (Botrytis cinerea) [2].

Receptory s doménou vazajici nukleotidy a doménou bohatou na leucin.
(nucleotide-binding oligomerization domain-like receptors, nebo NOD-
like receptors). Jsou to receptory nalézajici se vcytosolu a
rozpoznavajici efektory. V literatufe je ¢asto pouzivan jako synonymum
termin R protein.

Proteiny kliCové ve zprostfedkovani signalizace zavislé na kyseliné
salicylové (NONEXPRESSOR OF PR GENES).

FENYLALANIN AMONIAK LYAZA (PHENYLALANIN AMMONIA-
LYASE; EC 4.3.1.24). Kli€ovy enzym pro biosyntézu kyseliny salicylové
u drahy, ktera je nezavisla na ICS. U brukvovitych neni tato draha tolik
vyznamna pfi napadeni patogeny, zatimco u jinych Celedi se zda, ze je
jeji role vyznamnéjsi.

Molekularni vzory spojené s patogeny (pathogen-associated molecular
patterns), nékdy také uvadény jako MAMPs (molekularni vzory spojené
s mikroby). PAMPs jsou molekuly z patogena, které jsou rozpoznavany
receptory (PRRs) na plasmatické membrané. Jedna se o molekuly,
kterych se patogen nemlze jednoduse zbavit (jsou pro jeho Zzivot
esencialni). Pfikladem PAMPs jsou flg22, elf18 &i oligomery chitinu.

Biologicky faktor, jako je napfiklad bakterie, virus, oomycenta nebo
houba, ktery mlze narusit zivot hostitele a vyvolat onemocnéni [2].

Subsystém ekosystému zahrnujici parazitické vztahy mezi organismy.
V pfipadé, Ze se jedna o rostlinny patosystém, tak je hostitelskym
organismem rostlina.

Receptory rozpoznavajici vzory (pattern recognizing receptors), nékdy
také receptory rozpoznavajici PAMPs, nebot slovo vzory v nazvu PRRs
znaci, ze tyto receptory rozpoznavaji molekuly, jako jsou PAMPs,
MAMPs ¢i DAMPs. VétSinou se tyto receptory nachazeji na plasmatické
membrané.

28



Pst DC3000

PTI

R proteiny
RbohD(F)

Rezistence

Rezistozom

ROS

SA

SAR

Symbiéza

T3SS

Virulentni

Vnimavost

Bakterie Pseudomonas syringae pv tomato DC3000. Modelovy
bakterialni patogen schopny infikovat A. thaliana. Sou¢asné vyznamny
patogen rajCete.

Imunita spusténa vzory (nékdy také nazyvana imunita spusténa PAMPs;
pattern (PAMP) triggered immunity). Tento typ imunitni reakce prob&hne
po rozpoznani molekularniho vzory pomoci PRRs na plasmatické
membrané.

Viz NLRs

NADPH oxidaza. (Respiratory burst oxidase homolog protein D (or F)).
Enzym nalézajici se na plasmatické membrané& odpovédny za produkci
superoxidového radikalu po spusténi imunitni odpovédi, napf. po
rozpoznani flg22 pomoci receptoru FLS2.

Schopnost rostliny omezit riist a vyvoj patogenu. Na rozdil od imunity
neni rezistence ,vSechno, nebo nic“, ale muze predstavovat celou $kalu
odpoveédi rostliny. Napfiklad U¢inna rezistence maze vést k tomu, Ze
rozvoj nemoci nedoprovazeji zadné napadné symptomy. Naopak u
rostlin se slabou rezistenci si patogen muze délat, co chce, a v takovém
pfipadé obvykle dochazi k rozvoji symptomu onemocnéni [2].

Struktura, o niz se predpoklada, Ze rostlinam propujcuje odolnost vigi
chorobam. Tento termin byl zaveden v souvislosti s popsanim
mechanismu, jakym R protein ZAR1 reaguje na rozpoznani efektoru,
kdy ZAR1 vytvofi oligomer uspofadany do struktury umoznujici narusit
plasmatickou membranu.

Reaktivni formy kysliku (reactive oxygen species). Typickymi ROS jsou
H20:2 ¢i 02

Kyselina salicylova (salicylic acid). Kyselina 2-hydroxybenzoova.
Fytohormon majici vyznamnou roli v obrané rostlin proti patogendm,
predevsim biotrof(im.

Systémoveé ziskana rezistence (systemic acquired resistence). Udalost,
kdy je informace o napadeni v jednom listu rostliny pfenesena do jiného
nenapadeného listu, €imz dojde k aktivaci (budoucimu zesileni) imunitni
odpovédi v téchto nenapadenych &astech rostliny, a pokud je takovato
¢ast rostliny nasledné napadena patogenem, je rostlina vi€i nému vice
rezistentni. Vyznamnou roli v SAR hraje SA.

Tésny a Casto dlouhodoby vztah mezi organismy riiznych druhd. Existuji
ruzné typy symbiotickych vztahd, véetné mutualismu, ktery je pfinosny
pro oba partnery, komensalismu, kdy jeden z partneru profituje a druhy
neni vztahem pfili§ ovlivnén, a parazitismu, kdy se jeden z partnert
pfizivuje na ukor druhého [2].

Bakterialni sekre¢ni systém typ 3 (type 3 secretion system). Jednéa se o
strukturu, diky niz bakterie dopravuji efektory dovnitf rostlinné buriky.
Struktura pfipomina jehlu, ktera projde plasmatickou membranou a
umozni tak dopravovat do cytosolu efektory.

Pojem vyjadfujici schopnost patogenu vyvolat infekci, €asto zavaznou

[2].

Pojem uzZivany v souvislosti s rezistenci pfi popisu schopnosti
organismu omezit riist a vyvoj Uto€nika. Pro kazdy stupen rezistence
existuje odpovidajici stuperi vnimavosti. Napfiklad rostlinu, ktera
vykazuje nizkou uroven rezistence vi¢i uréitému patogenu a umoznuje
mu tak, aby kolonizoval jeji pletiva a dokongil svij Zivotni cyklus, je
mozné oznadcit za vysoce vnimavou [2].
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ZAR1 R-protein, na némz byl poprvé popsan molekularni mechanismus
rozpoznani efektoru pomoci NLR (ZYGOTIC ARREST 1).

»Zig-zag“ model Model prabéhu imunitni reakce predstaveny pany Jonathanem
Jonesem a Jeffem Danglem v roce 2006. Tento model zjednodusené
popisuje PTl a ETI.

[1]1 https://cs.wikipedia.org/wiki/Hlavn%C3%AD_strana; [2] Cesky pfeklad knihy Rostlina jako pevnost od Dale

Walterse. Na prekladu jsem se podilel a kniha vyjde v roce 2023; [3] Heath MC. (2000) doi: 10.1016/s1369-
5266(00)00087-x; [4] Panstruga R, Moscou MJ. (2020) doi: 10.1094/MPMI-06-20-0161-CR.
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Priloha 1. Reakce rostlin z riiznych ¢€eledi na flg22. Screening provadény pomoci metody
analyzujici tvorbu apoplastickych ROS (Smith, 2014). Cervené jsou znazornény rostliny, které
na oSetfeni flg22 nereagovali. Zelené jsou znazornény rostliny, které na oSetfeni flg22
reagovali opakovatelné a jednoznaéné. Zluté jsou znazornény rostliny, u nichZ v ramci

opakovani doslo k rozporuplnym vysledkim. Tyto vysledky ziskala doktorandka Tereza
Kalistova z mé skupiny (doposud nepublikovano).
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nahG/pi4kB1B2 bon1/snc1-11

fah1/fah2 pidkp1B2 bon1

Priloha 2 Vysoka koncentrace kyseliny salicylové (SA) inhibuje tvorbu antokyanu.
Genotypy WT, NahG, NahG/pi4k3132 a bonl/sncl-11 maji normalni nebo niz§i koncentraci
SA. Genotypy fahl/fah2, pi4kB1B82 a bonl maji vysokou koncentraci SA (doposud
nepublikovano).

Nasleduji puvodni vyzkumné publikace autora habilitacni prace
v poradi, jak jsou zminovany v prispévcich (zelené ramecky) v této
habilitaéni praci.
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SUMMARY

Recognition of pathogen-associated molecular patterns (PAMPs)
is crucial for plant defence against pathogen attack. The best char-
acterized PAMP is flg22, a 22 amino acid conserved peptide from
flagellin protein. In Arabidopsis thaliana, flg22 is recognized by the
flagellin sensing 2 (FLS2) receptor. In this study, we focused on
biotic stress responses triggered by flg22 after exposure to tempo-
rary heat stress (HS). It is important to study the reactions of plants
to multiple stress conditions because plants are often exposed si-
multaneously to a combination of both abiotic and biotic stresses.
Transient early production of reactive oxygen species (ROS) is a
well-characterized response to PAMP recognition. We demon-
strate the strong reduction of flg22-induced ROS production in A.
thaliana after HS treatment. In addition, a decrease in FLS2 tran-
scription and a decrease of the FLS2 presence at the plasma mem-
brane are shown after HS. In summary, our data show the strong
inhibitory effect of HS on flg22-triggered events in A. thaliana.
Subsequently, temporary HS strongly decreases the resistance of
A. thaliana to Pseudomonas syringae. We propose that short ex-
posure to high temperature is a crucial abiotic stress factor that
suppresses PAMP-triggered immunity, which subsequently leads
to the higher susceptibility of plants to pathogens.

Keywords: Arabidopsis thaliana, flagellin sensing 2 receptor,
flg22, heat stress, PAMP-triggered immunity, Pseudomonas
syringae, reactive oxygen species.

Plants are exposed to different environmental stresses that often
occur simultaneously. Due to their sessile disposition, plants
had to develop strategies to adapt to multi-stress conditions.
Nowadays, as the case of global warming becomes a very im-
portant issue, the studies of how high temperatures impact on

* Correspondence: Email: krckova@ueb.cas.cz
"These authors contributed equally to the study.

plant resistance to pathogens are of the highest interest. Indeed,
it is not exceptional now that even in the relatively mild climate
areas temperature rises up to 40 °C or that the night and day
temperature difference exceeds a variance of about 30 °C. This
unstable temperature influences plant-pathogen interactions
amongst other stresses (Hua, 2013; Velasquez et al., 2018).

A typical response to pathogen attack is the activation of
plantimmunity. It consists of two layers: PTI (PAMP-triggered im-
munity) and ETI (effector-triggered immunity) (Jones and Dangl,
2006). PTI involves the recognition of conserved pathogen-as-
sociated molecular patterns (PAMPs) acting as elicitors. Typical
PAMPs include flagellin, peptidoglycan, Tu elongation factor,
lipopolysaccharides, chitin and glucans. PAMPs are recognized
at the plasma membrane (PM) by specific pattern recognition
receptors (PRRs) (Boller and Felix, 2009; Trda et al., 2015). The
best characterized plant PRR is flagellin sensing 2 (FLS2) that rec-
ognizes a conserved 22 amino acid peptide (flg22) from bacterial
flagellin (Gomez-Gomez et al., 1999; Zipfel et al., 2004). Flg22
recognition leads to the production of reactive oxygen species
(ROS), nitric oxide, ion fluxes, cytoskeletal remodelling, stoma-
tal closure, activation of protein phosphorylation cascades and
increased levels of phytohormones (salicylic acid [SA], jasmonic
acid [JA] and ethylene) (Bigeard et al., 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-
tracellular) commonly called R-proteins. This recognition leads to
ETI responses that are similar to PTI, but are often stronger and
could result in the hypersensitive reaction (HR) (Chisholm et al.,
2006; Coll et al., 2011; Cui et al., 2015; He et al., 2006). In this
study, we focused on the effect of temporary heat stress (HS)
on Arabidopsis thaliana PTI and the resistance to Pseudomonas
syringae pv. tomato (Pst) DC3000.
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Several studies focused on the relationship between HS and
plant immunity. However, until now most studies used ‘long-
term’ exposure to HS in their experiments, such as 1 day or
constitutive growth under mildly elevated temperature (approx-
imately 28 °C) (Cheng et al,, 2013; Wang et al., 2009; Zhu et
al., 2010). Based on a gene transcription and mitogen-activated
protein kinase (MAPK) activation analysis, it was shown that PTI
is activated within a temperature interval of 23 °C-32 °C with
the peak at 28 °C (Cheng et al., 2013). We were then interested
in situations, while plants suffered more severe HS than a mildly
elevated temperature. In this study, we show that short exposure
to high temperature suppressed typical PTI responses. The ROS
production, one of the best characterized responses to patho-
gen attack, increased after exposure to flg22 (Smith and Heese,
2014), as well as after HS (Volkov et al., 2006; Wang et al., 2014).
We observed that the exposure of 4-week-old A. thaliana leaf
discs to 42 °C for 45 min almost blocks the transient flg22-in-
duced ROS production, which normally occurs within approxi-
mately 12 min (Methods S1, Fig. 1A). The exposure of the leaf
discs to HS alone increased ROS production as late as in 40 min
after exposure to 42 °C (Fig. 1A inset). It confirms a distinct ori-
gin of ROS in the response of plant immunity and in reaction to
HS. The HS-induced inhibition of flg22-induced ROS production
is time-dependent; 15 min at 42 °C was not enough to suppress
ROS production, but when the leaf discs were exposed to HS for
30 min, the maximum ROS value was reduced to 13% and even
nearly blocked after 45 min exposure (Fig. 1B). The reduction of
the flg22-induced ROS production after HS might be the conse-
quence of damage to plants by applied HS. Therefore, we tested
whether the reduction is reversible. Leaf discs were returned
after exposure to HS (45 min at 42 °C) to the control conditions
(22 °C) for either 1 h or 2 h, and flg22-induced ROS production
was then monitored. In this case, ROS production did not fully
recover (Fig. 1C). However, it was clear, and the recovery reached
over 30% of the control. This suggests that HS did not cause
any pathological or devastating changes to the plants under
our experimental conditions. In addition, we found the same
trend for lower temperatures, but a longer exposure time was
needed. Flg22-induced ROS production was severely decreased
when the leaf discs were maintained at 37 °C for 120 min. After
360 min at 32 °C or 28 °C, the ROS production decreased to 14%
or 65%, respectively (Figs 1D and S1). To address the specificity
of the studied phenomenon, we tested another well-known PTI-
triggering elicitor, a peptide from the N-terminus of EF-Tu (elf18).
EIf18-triggered responses are similar to the flg22-triggered ones
(Henty-Ridilla et al., 2014; Kunze et al., 2004). In this study, HS
induced the inhibition of elf18-induced ROS production similarly
to that of flg22. The elf18-induced ROS production was reduced
to 4% after 45 min at 42 °C, and after 2 h, the recovery reached
36% of the control and to 8% after 120 min at 37 °C, and after
2 h, the recovery reached 33% of the control (Fig. S2). We show

that temporary HS has a robust inhibitory effect on PTl-induced
ROS production.

Flg22-triggered ROS production starts with the recognition
of flg22 by its plasma membrane-localized receptor FLS2. In its
non-activated state, FLS2 constitutively cycles between the PM
and early endosome compartments (Beck et al,, 2012; Robatzek
etal., 2006; Zipfel et al, 2004). Thus, the HS-induced decrease of
flg22-triggered ROS production might be caused by the decrease
of FLS2 transcription or by altered FLS2 cycling. We observed that
the transcription level of FLS2 decreased after 30 min and 45 min
at 42 °C and after 120 min at 37 °C (Fig. 2A, Methods S1, Table
S3). Transcriptional levels increased back to the original level
after 2 h at 22 °C after HS (Fig. 2B). These results demonstrate
the transient effect of temporary exposure to high temperature
on FLS2 transcription. To study the effect of HS on FLS2 protein
level, we used plants harbouring pFLS2::FLS2-GFP-HA (Beck et
al., 2012). A Western blot analysis of the PM fractions isolated
from control and heat stressed plants (42 °C at 1 h) show a de-
creased level of FLS2 at the PM after HS (Fig. 2C). We used plants
harbouring p35S::FLOT2:GFF, another PM protein (Danék et al.,
2016; Junkova et al., 2018) to figure out whether the decrease of
protein association with PM is a general effect of HS. In plants
exposed to HS (1 h at 42 °C) FLOT2-GFP level was not decreased
in comparison to control conditions (Fig. S3). The specific de-
crease of FLS2 at PM after HS implies a mechanism by which
HS suppresses flagellin-activated responses. We suggest that the
HS inhibited the FLS2 transcription and decreased the amount of
FLS2 at the PM, which results in the inhibition of flg22-induced
ROS production. This decrease of FLS2 transcription after HS was
transient, as well as the flg22-induced ROS production (Figs 1
and 2).

Furthermore, we wondered whether other PTl-induced genes
were inhibited by the temporary HS. We analysed the transcrip-
tion of two genes (FRK7 and /CS7) activated after the recognition
of flg22 (Swain et al., 2015; Tsuda et al., 2008; Wildermuth et al.,
2001; Yeh et al,, 2015). It was reported that FRKT transcription
is activated early upon the recognition of the PAMPs (including
flg22), and it its transcription is enhanced by temperatures be-
tween 25 °C-32 °C during the response to flg22 (Cheng et al.,
2013). However, the authors used A. thaliana protoplasts ex-
posed to 32 °C for just 15 min, 3 h before flg22 treatment. In our
experiments, FRKT transcription was transiently but inhibited by
the exposure to 42 °C for 45 min (Fig. 2D,E). This inconsistency
indicates a very important role of timing and/or difference be-
tween basal and elicited responses of inmune components upon
HS. ICST is one of the crucial components of the SA biosynthetic
pathway (Wildermuth et al., 2001). /CST transcription induced by
flg22 (or Pst DC3000) is strongly inhibited at 30 C followed by
a decrease of SA concentration (Huot et al,, 2017). In our condi-
tions, the transcription of /CS7 decreased at a later time during
the recovery phase after HS (42 °C at 45 min) (Fig. 2E). This is
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for 2'h, 4 h, 6 hand 8 h. TIP41 was used as a reference gene. The data represent the means + SE; n = 3 discrete 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 control conditions
(two-tailed Student's t-test, 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. thaliana plants harbouring pFLS2::FLS2-GFP-HA. These plants were treated with either HS (42 °C at 1 h) or kept in control conditions. The GFP tag was
detected using anti-GFP antibody. Loading controls of proteins on membrane were visualized using Novex reversible membrane protein stain. HS, heat stress; FLS,
flagellin-sensitive2; FRK1, FLG22-induced receptor-like kinase1; GFP, green fluorescent protein; ICS1, isochromate synthase 1; M, marker; PCR, polymerase chain

reaction; PM, plasma membrane; SE, standard error.

consistent with the slower transcriptional reaction of this gene in
comparison to FRKT (Denoux et al., 2008; Hunter et al., 2013). To
study whether the PTl-activated gene transcription response is
generally suppressed after HS, we performed in silico gene tran-
scription analysis using Genevestigator (Hruz et al,, 2008). We
selected 20 genes connected with plant immunity in general and
with PTI in particular (Table S1) (Muthamilarasan and Prasad,
2013). Genes specifically connected to PTI include FLS2, BAKT

and BIK1. PTI overlaps with ETI signalling with the activation
of such genes as those involved in the MAPK cascade (MKK4,
MEKK1, MKK1 and MPK4) and WRKY transcription factors
(Pandey and Somssich, 2009). EDS1, PAD4 and SAG101 proteins
that mediate the SA-signalling result in PR (pathogenesis related)
and NPR (nonexpressor of pathogenesis-related genes 1) induced
transcription (Makandar et al., 2015). Using Genevestigator, we
show that those genes have higher transcription after differential
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treatment with flg22 (Fig. S4). However, the transcription of these
genes was largely inhibited in the experiments where the plants
were exposed to high temperature (Fig. S4). Figure S4 also shows
an example of genes activated by HS (HSFA7A, HSA32, HSP18
and HSP70). Our analysis is consistent with that of Huot et al.
(2017) who showed that after benzothiadiazole (a functional an-
alogue of SA) treatment, a high proportion of the induced genes
was suppressed at 30 °C, including PR1, PR2, ICS1, SARD1, EDST,
PAD4, WRKY18 and WRKY60. Overall, the transcription of the
flg22-activated genes is inhibited by temporary HS.

In addition to ROS production and the transcription of de-
fence-related genes, the PTI response is characterized by callose
deposition. Zhang et al. (2007) showed that respiratory burst
oxidase homolog D (RbohD) regulates cell wall defence exem-
plified by callose deposition. Callose deposition is influenced by
the SA-signalling pathway (Huot et al.,, 2017; Yi et al., 2014). We
performed our experiments on leaf discs from 4-week-old plants
as used for the ROS measurement. We induced callose forma-
tion by flg22 treatment in the leaf discs. We observed that the
callose formation decreased to 60% when the leaf discs were
exposed to HS (42 °C for 1 h) and treated with flg22 at 22 °C
for 24 h compared to the control conditions at 22 °C (Fig. S5).
Consistently with the results from Huot et al. (2017), callose ac-
cumulation was almost blocked when the treatment with flg22
was performed under the heat conditions (37 °C; Fig. S5), but in
this case, the leaf discs were constantly subjected to high tem-
perature (24 h).

To summarize, our results show that temporary HS caused
the inhibition of the early flg22-triggered responses of plant im-
munity (ROS production and FLS2 transcription), as well as later
responses (transcriptional activation of genes of plant immunity
pathways and callose deposition).

As a final point, we wanted to determine if temporary HS
could also affect the resistance of A. thaliana to Pst DC3000.
The inhibitory effect of longer exposure (24 h or more) to
mildly elevated temperature on plant immunity, especially on
the SA-signalling pathway, had been shown. Mutants with el-
evated SA production, such as boni, cpr1 and sncl, are very
good examples. The dwarf phenotype of these mutants and SA
production was suppressed during constant growth at 28 °C
(Bowling et al., 1994; Felix et al, 1999; Hammoudi et al.,
2018; Ichimura et al., 2006; Janda and Ruelland, 2015; Yang
and Hua, 2004; Zhang et al., 2003). The exposure to mildly el-
evated temperature (28 °C-30 °C) also inhibits A. thaliana re-
sistance to Pst DC3000 (Huot et al., 2017; Menna et al., 2015;
Wang et al., 2009; Xin et al., 2018). It must be noted that in
those studies, the plants were exposed to elevated tempera-
ture also after the treatment with Pst DC3000. Therefore, it
is difficult to conclude that the higher susceptibility is caused
solely by HS because the bacteria were also affected by ele-
vated temperature.

Temporary heat stress suppresses plant immunity 5

In this study, we used a higher temperature for the temporary
exposure of plants (1 h at 42 °C and 2 h at 37 °C) before bacte-
rial treatment. After HS, the plants were kept in control condi-
tions (22 °C at 18 h), subsequently infiltrated with Pst DC3000
and maintained at 22 °C. As a result, in our experimental design
Pst DC3000 propagation was not affected by the high tempera-
ture and all the observed effects on PstDC3000 growth in planta
came from the changes in host metabolism. To overcome the im-
munity connected with stomata closure, which could be affected
by higher temperature, we infiltrated Pst DC3000 directly into
the apoplast. Indeed, we demonstrated that A. thaliana plants
exposed to 42 °C or 37 °C were more susceptible to Pst DC3000
comparing to the control (Fig. 3A). The bacterial growth in plants
at 42 °Cand 37 °C was fourfold higher than at 22 °C.

To determine if the effect of a long recovery from HS on re-
sistance exists at the level of ROS production, we treated whole
plants with HS (1 h at 42 °C; 2 h at 37 °C), cut the leaf discs and
left them at 22 °C for 18 h. In this case, the ROS production was
decreased to 50% at the plants treated with 42 °C and to 68%
at the plants treated with 37 °C (Fig. 3B). It means that tem-
porary HS led to the significant inhibition of flg22-induced ROS
production.

To address whether full recovery after HS is possible, we re-
turned plants after exposure to HS (2 h at 37 °C or 1h at 42 °C)
to the control conditions (22 °C) for 24 h, cut the leaf discs and
|eft them at 22 °C for 18 h. Indeed, we were able to detect the
full recovery for the 37 °C treated plants and 70% recovery for
the plants exposed to 42 °C (Fig. S6). We wondered whether the
general physiological parameters were affected in our HS con-
ditions. To study this, we measured ion leakage at 24 h after HS
using a COND70 conductivity meter (XS Instruments) (Prerostova
et al.,, 2018) and detected no difference between control and HS-
treated plants (Table S2). In addition 6 days after the HS expo-
sure (1 h at 42 °C) plants still looked like control plants (Fig. S7).
This indicates that used mild HS conditions did not cause severe
damage on plants.

It is possible, that the inhibition of PTI is one of the reasons
why plants are vulnerable to pathogen attack even 18 h after
the exposure to high temperature. Huot et al. (2017) showed
decreased resistance of A. thaliana after Pst DC3000 infection,
but only when the plants were maintained at 30 °C. However,
when plants were exposed to 30 °C for 2 days before infiltration
and subsequently subjected to 23 °C, there was no detectable
difference in the infection development comparing to the control
plants. It might seem that just temporary mild HS is not sufficient
to affect resistance. Alternatively, here we show that temporary
effect of higher temperatures (37 °C and 42 °C) decreased the
resistance of A. thaliana to Pst DC3000 without the influence of
temperature on the pathogen.

In conclusion, here we provide the evidence that the modu-
lation of plant metabolism by HS leads to higher susceptibility
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Fig.3 Resistance to Pst DC3000 and the oxidative burst triggered by
flg22 after temporary HS. (A) Four-week-old Arabidopsis thaliana plants
were kept at 42 °C for 1 h and at 37 °C for 2 h. The recovery phase took

18 h in control conditions before treatment with Pst DC3000. Control plants
were continuously cultivated at 22 °C. Leaf discs were harvested 3 days
after inoculation with Pst DC3000. The data represent the means + SE;

n = 4 from four biological experiments. (B) The plants were exposed to

42 °Cfor 1 hand 37 °C for 2 h. After HS, the leaf discs were cut and
returned to 22 °C for 18 h. ROS production (represented by the peak
luminescence) was measured after the addition of 100 nM flg22. The data
represent means + SE; n = 12 discs. The experiment was repeated three
times independently with similar results. The asterisks represent statistically
significant changes between the heat and control conditions (*P < 0.5,
**P<0.01, ***P < 0.001; two-tailed Student’s test). CFU, colony-forming
units; HS, heat stress; Pst, Pseudomonas syringae pv. tomato, ROS, reactive
oxygen species; SE, standard error.

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-
gest that these processes play an important role in the decreased
amount of FLS2 at the PM after HS. From those results, it could
be stated that HS significantly influences the PTI and resistance
to PstDC3000 in A. thaliana.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web site:

Fig. S1 Oxidative burst triggered by the combination of HS
and 100 nM flg22. The ROS production was measured by lu-
minol-dependent chemiluminescence counting in leaf discs
from 4-week-old A. thaliana. ROS production (represented
by the peak luminescence) was measured after the addition
of 100 nM flg22. The discs were pre-treated with HS (90 min
and 120 min at 37 °C, 60; 120 min and 360 min at 32 °C; and
60 min, 120 min and 360 min at 28 °C) or kept in control condi-
tions (0 h). The data represent the means +SE; n = 8 leaf discs
in one biological experiment. The experiment was repeated
two times independently with similar results. Asterisks indi-
cate that the mean value is significantly different from the con-
trol conditions without HS (two-tailed Student’s t-test, n= 8,
*P<0.05 ***P<0.001). HS, heat stress; ROS, reactive oxy-
gen species; SE, standard error.

Fig. S2 Oxidative burst triggered by the combination of HS and
100 nM elf18. The ROS production was measured using lumi-
nol-dependent chemiluminescence counting in leaf discs from
4-week-old A. thaliana. ROS production (represented by the
peak luminescence) was measured after the addition of 100 nM
elf18. The discs were pre-treated with HS (45 min at 42 °C or
120 min at 37 °C) or kept in control conditions. The production
of ROS was measurement immediately after HS (0 h), or the discs
were returned to the control conditions for 1 h or 2 h. The data
represent the means + SE; n = 8 leaf discs in one biological ex-
periment. The experiment was repeated twice independently
with similar results. Asterisks indicate that the mean value is
significantly different from the control conditions without HS
(two-tailed Student's ttest, n=8, **P<0.01, ***P < 0.001).
HS, heat stress; ROS, reactive oxygen species, SE, standard error.
Fig. S3 The level of FLOT2 at the PM after HS. Western blot anal-
ysis of the PM was performed. The PM was purified from leaf
of 4-week-old A. thaliana plants harbouring p35S::Flot2:GFP.
Amount of protein was 2.7 pg per lane. These plants were
treated with either HS (42 °C for 1 h) or kept in control condi-
tions. Immunoblotting analysis of FLOT2 with GFP tag was de-
tected using anti-GFP antibody. Loading controls of proteins on
membrane were visualized using Novex reversible membrane
protein stain. HS, heat stress; FLOT2, flotillin 2; GFP, green fluo-
rescent protein; PM, plasma membrane.

Fig. S4 In silico analysis of the transcription of genes involved in
plant immunity and HS. Transcription pattern of plant immunity re-
sponse genes in A. thaliana. Diagrams show that selected genes
responded differently to treatment by flg22 and HS. Experimental
data were performed using Genevestigator (http://www.genevesti-
gator.com). For list of genes see Table S1. HS, heat stress.

Fig. S5 Callose deposition triggered by the combination of HS and
flg22. Callose was stained with aniline blue and observed using
fluorescent microscopy. The graph displays the amount of callose
spots per 1 disc from 4-week old A. thaliana plants treated with
flg22 (100 nM, grey box) or without flg22 (black box) and with HS,
A) 1 hat42°CandB) 2 hat37°C; 24 h at 37 °C. Treatment with
flg22 took 24 h, and HS was applied either 1 h before the addition
of flg22 (in the case of 1h at 42 °C or 2 h at 37 °C treatment)
or simultaneously with the flg22 treatment (in the case of 24 h
at 37 °C). The data represent the means + SD; n =30 leaf discs.
One biological experiment was comprised of ten leaf discs. Values
with different letters differed significantly at P < 0.05 based on a
one-way analysis of variance (ANOVA) with a post-hoc Tukey HSD
test. HS, heat stress, SD, standard deviation.

Fig. S6 Oxidative burst triggered by flg22 after temporary HS.
Four-week-old A. thaliana plants were exposed to 42 °C for 1 h
and 37 °C for 2 h. After HS the plants were put back to the con-
trol conditions for 24 h. After that the leaf discs were cut and
returned to 22 °C for 18 h. ROS production (represented by the
peak luminescence) was measured after the addition of 100 nM
flg22. The data represent means + SE; n=12 discs. The ex-
periment was repeated three times independently with similar
results. The asterisks represent statistically significant changes
between the heat and control conditions (*P < 0.5; two-tailed
Student’s ttest). HS, heat stress; ROS, reactive oxygen species,
SE, standard error.

Fig. S7 The phenotype of A. thaliana after heat stress (HS). Four-
week-old A. thaliana plants were kept at 42 °C for 1 h and put
back to the control conditions; 6 days after HS the pictures were
taken.

Table S1 The phenotype of A. thaliana after heat stress (HS).
Four-week-old A. thaliana plants were kept at 42 °C for 1 h and
put back to the control conditions; 6 days after HS the pictures
were taken.

Table S2 lon leakage 24 h after heat stress (HS) measured with
a conductivity metre.

Table S3 Sequence of specific primers.

Methods S1 Experimental 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 (ECy,) 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 napus versus (fungus) Leptosphaeria maculans and Arabidopsis
thaliana versus (bacterium) Pseudomonas syringae pv tomato DC3000 (Pst DC3000).
We analyzed resistance assays, defense gene transcription, phytohormonal production,
and reactive oxygen species production. Aescin activated B. napus defense through
induction of the salicylic acid pathway and oxidative burst. This defense response led
finally to highly efficient plant protection against L. maculans that was comparable to
the effect of fungicides. Aescin also inhibited colonization of A. thaliana by 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 first 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, Leptosphaeria maculans, 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, affecting 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 agriculture (Fisher et al., 2018).
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Moreover, alternatives to fungicides are needed that are less
harmful to health and the environment. These might include
more intensive employment of biological control, greater crop
diversity (Zhu et al., 2000), or developing safer compounds with
new modes of action (Burketova et al., 2015). Higher plants
could constitute a great source of such compounds. Most plants
produce a wide variety of antimicrobial secondary metabolites,
including alkaloids, flavonoids, terpenes, organic acids, essential
oils, and saponins that are involved in plant defense responses
essential for plant protection against microbial or pest attack
(Osbourn, 1996; Field et al., 2006; da Cruz Cabral et al., 2013;
Matusinsky et al., 2015).

Saponins occur in a wide range of plant species (Price et al.,
1987; Moses et al., 2014). They comprise a structurally diverse
family of triterpenoids, steroids or steroidal glycoalkaloids
(Podolak et al., 2010; Moses et al., 2014). Saponins exhibit
amphiphilic properties that are due to the linkage of a lipophilic
triterpene derivative (sapogenin) to one or more hydrophilic
glycoside moieties. Historically, plant extracts from Saponaria
officinalis have been used for their soap properties (Hostettmann
and Marston, 1995). Saponins have a broad spectrum of activities
in living organisms. They are generally antimicrobial against
bacteria and fungi invading plants (Gruiz, 1996; Zablotowicz et
al., 1996; Papadopoulou et al., 1999; Barile et al., 2007; Hoagland,
2009; Moses et al., 2014), but they were also effectively applied
against microbes associated with animals (Yang et al., 2006; Saleem
et al,, 2010). Furthermore, saponins exert insecticidal (Nielsen et
al., 20105 Singh and Kaur, 2018), antiviral (Zhao et al., 2008), and
molluscicidal (Huang et al., 2003) activities, as well as allelopathic
activity towards other plant species (Waller et al., 1993).

Saponins are mainly considered to comprise a part of plants'
antimicrobial defense system. The underlying mechanisms
of their activity are understood to be based on their ability
to form complexes with sterols present in the membrane
of microorganisms and consequently to cause membrane
perturbation (Steel and Drysdale, 1988; Morrissey and Osbourn,
1999; Augustin et al., 2011; Sreij et al., 2019). The antifungal
activity of saponins has been known for decades (Turner, 1960;
Wolters, 1966; Gruiz, 1996) and their activity against fungal
plant pathogens of crops has been reported previously. For
example, minutoside saponins and sapogenins, alliogenin, and
neoagigenin, isolated from the bulbs of Allium minutiflorum
showed antimicrobial activity against various soil-borne and
air-borne fungal pathogens (Barile et al, 2007). Saponin
alliospiroside extracted from Allium cepa protected strawberry
plants against Colletotrichum gloeosporioides, thus indicating
a potential to control anthracnose of the plant (Teshima et al.,
2013). To date, however, only limited work has been reported
toward quantifying antifungal activity against phytopathogenic
fungi by establishing EC,, values (Saniewska et al., 2006; Porsche
et al,, 2018), and parallel comparisons with fungicides are often
lacking. Moreover, effects on plants have been tested only by
several studies (Hoagland et al., 1996; Hoagland, 2009). The
goal of the present study was to investigate the potential of plant
saponins as an alternative to fungicide treatment on crops.

We focus here mainly on the pathosystem of the crop Brassica
napus (oilseed rape) and its devastating fungal hemibiotrophic

pathogen Leptosphaeria maculans, an infectious agent of phoma
stem canker in oilseed rape. Plants face microbial infections
through an efficient immune system. Plant immunity is very
complex, consisting of pathogen recognition by plant immune
receptors, signaling events, such as reactive oxygen species (ROS)
production or MAP kinase activation, which ultimately triggers
such defense mechanisms as changes in gene transcription resulting
in expression of antimicrobial proteins, phytohormone production,
or callose accumulation (Dodds and Rathjen, 2010; Cook et al.,
2015; Trda et al, 2015). Signaling pathways of phytohormones,
such as salicylic acid (SA), jasmonic acid (JA) or ethylene (ET)
cross-communicate allowing the plant to finely regulate its immune
responses (Glazebrook, 2005; Pieterse et al., 2009). Immune
responses have been previously studied in B. napus (Sasek et al.,
2012a; Sasek et al., 2012b; Lloyd et al., 2014; Novakova et al., 2014).

Plant treatment with diverse agents, including microbe-
derived compounds, phytohormones and synthetic chemicals,
can induce resistance to subsequent pathogen invasion both
locally and systemically (Walters et al., 2013, Burketova et al.,
2015). Such resistance, called systemic acquired resistance
(SAR), is among others mediated and dependent on SA. SAR
was inhibited in nprI or icsI mutant plants (Kachroo and Robin,
2013). SAR-inducing chemicals are employed in pest control.
Benzothiadiazole (BTH) is a functional analog of salicylic
acid (SA) and a synthetic inducer of resistance to pathogens
(Friedrich et al., 1996; Walters et al., 2013). BTH activates the
B. napus immune system and provides protection against L.
maculans (Sasek et al., 2012a). We have previously shown that
the phytohormone salicylic acid (SA) plays an important role
upon L. maculans infection (Sagek et al,, 2012b). SA's role in
plant immunity is well established (Tsuda et al., 2013; Janda and
Ruelland, 2015). Although SA can be involved also in response to
some necrotrophic pathogens (Novakova et al., 2014), it is mostly
connected with defense against biotrophic microorganisms
(Glazebrook, 2005). Substantial knowledge about SA's role
in plant disease resistance comes from studies using a model
pathosystem involving A. thaliana and the bacteria Pseudomonas
syringae pv tomato DC3000 (Pst DC3000) (Katagiri et al., 2002;
Xin and He, 2013; Xin et al., 2018; Leontovycova et al., 2019).

Here, we present a comprehensive and comparative study of
antifungal activities against crop pathogens of three terpenoid
saponins in comparison to fungicides in commercial use. We
chose aescin as the best antifungal agent and further characterized
its activity in plants. We show that aescin triggers plant defense by
activating the SA pathway and oxidative burst, ultimately leading
to highly efficient resistance of B. napus against the fungus L.
maculans. The level of protection it provides is comparable to
that of fungicides. In A. thaliana, aescin induces SA-dependent
resistance to Pst DC3000. Therefore, we provide here evidence of
aescin's dual mode of action in plant defense.

MATERIAL AND METHODS

Fungal Isolates and Cultivation
Fungal isolates (with the exception of L. maculans JN2)
were acquired in the territory of the Czech Republic from
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symptomatic crop tissue in the field during the period 2002-
2015. Microdochium nivale (Mn177 and Mn30) and Oculimacula
yallundae (Oy19 and Oy221) were isolated from the stem bases
of wheat in 2013 (Matusinsky et al., 2017). Zymoseptoria tritici
(Zt88 and Zt96) was collected from the leaves of winter wheat
in 2013, and Fusarium culmorum strains (Fc107 and Fc289)
were collected from wheat grains after harvest in 2010 and 2002,
respectively (Matusinsky et al., 2015). Pyrenophora teres (Ptt52
and Ptt17) and Ramularia collo-cygni (Rccll and Rcc41) were
collected from leaves of spring barley in 2013. L. maculans
(Lm170, Lm1-Lm4) isolates were collected from leaves of oilseed
rape during 2014-2015.

Pyrenophora teres and R. collo-cygni conidia were transferred
from the symptomatic leaves to Petri dishes with potato dextrose
agar (PDA) media containing 50 pug-ml-! of ampicillin. Conidia
were spread over the surface of media and cultivated for 24-96
h at 18°C. Single-spore microcolonies were transferred into new
Petri dishes. In the case of L. maculans, a single pycnidium from
a symptomatic leaf was transferred to a droplet of sterile water on
a glass microscope slide. The pycnidium was crushed by a cover
glass and a part of the conidia was spread using a sterile needle
over a solid PDA medium. After 3 days at 18°C in darkness,
single microcolonies were transferred to new PDA plates. The
L. maculans isolate JN2, also referred to as v23.1.2 (Balesdent et
al., 2001; Sasek et al.,, 2012b), was used for most of the assays.
Conidia of isolates JN2 and JN2-sGFP (JN2 transformed using
a pCAMBgfp construct (Sasek et al., 2012a) were obtained from
sporulating mycelium 10 days old kept under a 14h/10h light/
dark regime (150 pE-m=2s7!, 22°C, 70% relative humidity) in a
cultivation chamber as described by Sasek et al. (2012b). Conidia
were stored in concentration 10% conidia-ml-! at —20°C for up
to 6 months.

Antifungal and Antibacterial Assays

The radial growth of fungal mycelium was analyzed on PDA
plates using the agar dilution method. Mycelial discs, 2 mm in
diameter, were cut from the margins of colonies 5 days old and
transferred to medium supplemented with streptomycin sulfate
(50 pg-ml) and saponins (0, 10, 25, 50, and 100 pg-ml™'). After
incubation at 18°C in darkness for 3 days in cases of rapidly
growing fungi (E culmorum, L. maculans, M. nivale, and P. teres)
and 14 days in case of slowly growing fungi (O. yallundae, R.
collo-cygni, and Z. tritici), the colony diameters were measured
and compared to control plates lacking a saponin. Each isolate
was analyzed in four technical replicates (four mycelial discs per
plate) and in three independent biological experiments.

The conidial growth of L. maculans JN2-GFP isolate was
analyzed in Gamborg B5 medium (Duchefa) supplemented with
0.3% (w/v) sucrose and 10 mM MES buffer (pH 6.8) at the final
concentration of 2500 conidia per well of black 96-well plate
(Nunc’). Aescin was used in the concentration range 0-100
pg-ml-!. Plates were incubated in darkness at 26°C for 4 days.
Fluorescence was measured in eight wells for each treatment
using a Tecan F200 fluorescence reader (Tecan, Minnedorf,
Switzerland) with 485/20 nm excitation filter and 535/25 nm
emission filter. For both assays, the final concentration of EtOH

in all treatments was 1% (v/v). Effective dose (EC,,) values were
calculated by probit analysis (Finney, 1971) using Biostat software
(AnalystSoft Inc., Walnut, CA, USA). For microscopic analysis,
the content of each well was transferred to a microscopic slide
and observed under a Leica DM 5000 B fluorescence microscope
(Leica, Germany).

To monitor antibacterial activity of aescin, a fresh bacterial
suspension (ODy,, of 0.005) in liquid LB medium was prepared
from Pst DC3000 culture grown overnight on LB agar plates.
Aescin (10 pg-ml™!) or EtOH (0.1%) was added to this suspension
and ODy,, was measured after 24 h, with three independent
samples being used for each treatment.

Fungal Treatment for Gene Expression

For gene expression, 107 conidia of JN2-GFP were grown in 100
ml of Gamborg B5 medium (Duchefa, G0210, Haarlem, The
Netherlands) supplemented with 3% (w/v) sucrose and 10 mM
MES (pH 6.8) in Erlenmeyer flasks. Cultures were kept at 26°C in
darkness and at constant shaking of 130 rpm in an orbital shaker
(JeioTech, Seoul, Korea). The culture at day 7 was treated in
sterile conditions with aescin, fungicide, or control (EtOH). The
concentration of EtOH solvent was identical in each treatment.
Samples were collected after 24 hours of treatment and processed
as described for plant samples.

Plant Cultivation and Treatment

Brassica napus plants of cultivar (cv.) Columbus were grown
in perlite nourished with Steiner's nutrient solution (Steiner,
1984) under a 14 h/10 h light/dark regime (25°C and 150
pE-m=2s71/22°C) and 30-50% relative humidity in a cultivation
room. In all assays, chemical treatment was applied to 10 days
old plants. Treatment was infiltrated into the abaxial side of
cotyledons using a 1 ml plastic needleless syringe. At least six
plants were used for each sample.

Arabidopsis thaliana Col-0 and NahG transgenic plants
(Delaney et al., 1994) were grown in soil. Surface-sterilized seeds
were sown in Jiffy 7 peat pellets and the plants cultivated under a
short-day photoperiod (10 h/14 h light/dark regime) at 100-130
HE-m=2s71, 22°C and 70% relative humidity. They were watered
with fertilizer-free distilled water as necessary. Plants 4 weeks
old were used for all assays. Treatment was applied to three fully
developed leaves from one plant, using a 1 ml needless syringe.
At least six plants were used for each sample.

Except from concentration dependent assays, aescin was used
at 25 ug-ml! and 10 pg-ml™! concentrations for B. napus and A.
thaliana, respectively. Treatment at these concentrations caused
no evident leaf chlorosis symptoms. As a control treatment,
EtOH at a corresponding concentration was used.

Plant Resistance Assays

For B. napus- L. maculans resistance assays, cotyledons were pre-
treated with diverse treatments 4 days prior to infection. Upon
infection, the pre-treated cotyledons of B. napus plants 14 days
old were infiltrated by an aqueous conidial suspension of L.
maculans JN2-GFP (10° conidia-ml!) as described by Sasek et al.
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(2012a) using a 1 ml needleless syringe. Prior to inoculation true
leaves were removed from plants to avoid cotyledon senescence.
At least 12 plants were used per condition. The cotyledons were
assessed 11 days after inoculation. The cotyledon areas and lesion
areas therein were measured by image analysis using APS Assess
2.0 software (American Phytopathological Society, St. Paul, MN,
USA). The relative lesion area was then calculated as the ratio
of lesion area to whole leaf area. The hyphal colonization of
cotyledons was assessed under a Leica DM5000 B fluorescence
microscope (Leica, Germany).

For A. thaliana - P. syringae pv. tomato DC3000 resistance
assays, leaves were pre-treated with aescin 24h prior to infection.
The bacteria Pst DC3000 was cultivated overnight on lysogeny
broth (LB) agar plates with rifampicin at 26°C, then resuspended
in 10 mM MgCl, to an ODy, of 0.005. The bacterial suspension
was infiltrated into three fully developed pre-treated leaves from
one plant, using a 1 ml needless syringe. After 3 days, cut leaf
discs (one disc per leaf, 0.6 cm in diameter) were collected from
infected tissue, with three leaves from a single plant representing
one sample. To determine bacterial content in leaves at 0 dpi,
samples were collected 1 h after bacterial infiltration. Tissue
was homogenized in tubes with silica beads using a FastPrep-24
instrument (MP Biomedicals, Santa Ana, CA, USA). The
resulting homogenate was serially diluted and transferred onto
LB agar plates with rifampicin. Grown bacterial colonies were
counted after 24 h of incubation at 26°C.

Reactive Oxygen Species Detection

Treated cotyledons were detached and infiltrated under
vacuum with diaminobenzidine tetrahydrochloride (DAB;
Sasek et al.,, 2012b) aqueous solution (10 mg-ml-!, Sigma-
Aldrich), with DAB being solubilized in dimethylformamide.
Cotyledons were kept in humid conditions in darkness at
room temperature until reddish-brown staining appeared.
Chlorophyll was removed using 96% EtOH, after which
cotyledons were rehydrated and scanned.

Analysis of Plant Hormones

Levels of plant hormones were determined 24 hours post
treatment in B. napus cotyledons. In each sample, 150 mg of
fresh material from plant tissue was pooled from eight different
plants, as previously described (Dobrev and Kaminek, 2002).
Briefly, samples were homogenized with extraction reagent
methanol/H,O/formic acid (15:4:1, v:v:v) supplemented with
stable isotope-labeled internal standards, each at 10 pmol per
sample. Clarified supernatants were subjected to solid-phase
extraction using Oasis MCX cartridges (Waters Co., Milford,
MA, USA), eluates were evaporated to dryness, and the generated
solids were dissolved in 30 uL of 15% (v/v) acetonitrile in water.
Quantification was done on an Ultimate 3000 high-performance
liquid chromatograph (HPLC; Dionex, Bannockburn, IL, USA)
coupled to a 3200 Q TRAP hybrid triple quadrupole/linear ion
trap mass spectrometer (MS; Applied Biosystems, Foster City,
CA, USA), as described by Djilianov et al. (2013). Metabolite
levels were expressed in pmol-g~! fresh weight.

Gene Expression Analysis

Samples (both plant and fungi) were collected 24 hours post
treatment. At least six plants were used for each sample for gene
expression. Total RNA was isolated from 100 mg of frozen plant
tissue or fungal mycelium using a Spectrum Plant Total RNA Kit
(Sigma-Aldrich, St. Louis, MO, USA). Next, 1 pg of RNA was
treated with a DNA-free Kit (Ambion, Austin, TX, USA) and
reverse transcribe to cDNA with M-MLV RNase H Minus Point
Mutant reverse transcriptase (Promega Corp., Fitchburg, WI,
USA) and anchored oligo dT,, primer (Metabion, Martinsried,
Germany). Gene transcription was quantified by q-PCR using
LightCycler 480 SYBR Green I Master kit and LightCycler 480
(Roche, Basel, Switzerland). The PCR conditions were: 95°C for
10 minutes, followed by 45 cycles of 95°C for 10 s, 55°C for 20 s,
and 72°C for 20 s, followed by a melting curve analysis. Relative
transcription was calculated with efficiency correction and
normalization to the corresponding housekeeping gene for each
organism. LmERG3 (Q8J207) and LmERG11 (Q8]1Y7) proteins
were retrieved from the Uniprot database and primers were
designed for the corresponding genes using PerlPrimer v1.1.21
(Marshall, 2004). Primers are listed in Supplementary Table 1.

Chemical Treatments

Saponins aescin (E1378), hederagenin (H3916), and soyasaponin
I (S9951), and fungicides metconazole, fluconazole, boscalid, and
fluopyram (all purchased from Sigma-Aldrich, St. Louis, MO,
USA) were dissolved in 99.8% ethanol (EtOH) as 10 mg-ml! stock
solution. Tebuconazole, in the form of the commercially formulated
product Horizon 250 EW (Bayer CropScience, Germany), was also
prepared as 10 mg-ml™' stock solution in EtOH. Ergosterol (Sigma,
St. Louis, MO, USA) was prepared as 5 mM stock solution in EtOH
and used at the final concentration of 25 ug-ml. Benzothiadiazole
(BTH) was used in the form of the commercially formulated product
Bion 50 WG (Syngenta, Switzerland) and prepared directly into the
working solutions. The commercial peptide flg22 (EZBiolab) was
diluted in Milli-Q water and used at the final concentration of 1 pM.
All stock solutions were stored at —20°C.

Statistical Analyses

If not stated otherwise, all experiments were repeated
independently three times, with at least three independent
samples (from independent biological material, cultivated
under the same conditions). Using Statistica 12 software,
statistical analyses were performed either by paired two-
tailed Student's t-test or by analysis of variance in conjunction
with Tukey's honestly significant difference multiple mean
comparison post hoc test (P < 0.05).

RESULTS

Aescin Has the Highest Antifungal Activity

Among Tested Saponins
Although saponins are well known to have antifungal activity
(Gruiz, 1996; Moses et al., 2014), only verylimited data is available
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quantifying saponin antifungal activity by establishing EC;,
values. We screened antifungal activity of the triterpenoid plant
saponins aescin (from Aesculus hippocastanum), soyasaponin
(from Glycine max), and hederagenin (from Hedera helix) against
important fungal pathogens (O. yallundae, M. nivale, Z. tritici, P.
teres, R. collo-cygni, F. culmorum, and L. maculans). These fungi
infect such crop plants as wheat, barley, or oilseed rape. Our
fungal collection consists of various naturally occurring isolates
for each pathogen. To calculate EC,, values, we assessed the
radial mycelial growth on solid media plates supplemented with
saponins. All tested saponins displayed significant antifungal
activity, with aescin's activity being the most efficient (Figure
1A). Differences in species sensitivity to saponins were observed
(Figure 1A). As further analyzed for aescin, the activity on
isolates varied among species but was mostly conserved within
a given fungal species (Figure 1B). The fungi most sensitive
to saponins were M. nivale, P. teres, and L. maculans, while O.
yallundae, R. collo-cygni, Z. tritici, and E. culmorum showed only
minor growth inhibition (Figures 1A, B; Table 1). Accordingly,
while aescin EC;, values for P. teres, M. nivale, and L. maculans
isolates occurred in the range of 11-21 pug-ml~!, 7-29 pg-ml-, and

25-33 pg-ml, respectively, EC;, values for more-resistant fungal
isolates exceeded 100 ug-ml-'and could notbe calculated precisely
due to concentration limitations caused by saponin solubility
(Table 1). It is noteworthy that fungal sensitivity (Figure 1B) did
not correlate with hyphal thickness (Supplementary Figure 1A).
Correlation between fungal growth rate and fungal sensitivity
was observed, however, with the slowly growing isolates being
the most resistant (Supplementary Figure 1B). In summary, all
tested saponins inhibited growth of phytopathogenic fungi in a
species-dependent manner, with the strongest growth inhibition
provided by aescin.

Aescin Antifungal Activity Is Lower Than
That of Commercial Fungicides
Thebiologicalactivity ofaescin was further studied on L. maculans,
which is a destructive pathogen of B. napus. The antifungal
activities (ECs, values) of aescin and synthetic fungicides were
first compared. Several fungicides of different classes were tested,
including triazolic sterol inhibitor tebuconazole, commonly
used for B. napus protection against phoma stem canker (Child
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FIGURE 1 | Saponins inhibit mycelial growth of crop pathogens in vitro in 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 100%. (A)
Growth on aescin (black bars), soyasaponin (dark gray bars), and hederagenin (light gray bars) at 100 pg-ml-', or on a control (without saponin; white bars). The
following fungal isolates were used: Mn177, Pt52, Lm1, and Oy19. (B) Growth on aescin at the 25 pg-ml-' rate compared to control-treated fungi. All data represent
means + SE from three independent experiments. Different letters above bars illustrate significant differences using ANOVA test in conjunction with Tukey's honestly
significant difference multiple mean comparison post 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 nivale; Oy, Oculimacula yallundae; Pt, Pyrenophora teres; Rcc, Ramularia collo-cygni; Zt,
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TABLE 1 | Effective dose (ECs) values of saponins against pathogenic fungi.

Fungal species Isolate ECs, [ug-ml]
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 2521 +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 7t88 >100.00 na na
Zt96 >100.00 na na
Ramularia collo cygni Rcc11 >100.00 na na
Rcc41 >100.00 na na
Oculimacula yallundae Oy19 >100.00 >100.00 >100.00
Oy221 >100.00 na na

EC;, values [ug-ml-'] 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 ECy, > 100.00 indicate that precise values above 100 ug ml-" could not be calculated.

na, not analyzed.

et al., 1993). For this purpose, fungal growth was measured as
GFP fluorescence of germinating conidia of the L. maculans
JN2 isolate expressing GFP (JN2-GFP) (Balesdent et al., 2001;
Sasek et al., 2012a). In this setup, aescin was fully fungitoxic to
the conidia at concentrations above 50 pg-ml (Figure 2A) and
demonstrated EC,, of 28.79 ug-ml-! (Figures 2A, B) that was in
agreement with EC,, obtained for the L. maculans field isolates
(Table 1). EC,, values for the fungicides were mostly in a range
from 0.018 pg-ml-! to 0.087 pug-ml-!, with metconazole being the
most efficient (Figure 2B). On the other hand, fluconazole, was
the least efficient (ECy, = 2.33 ug-ml'; Figure 2B). Overall, aescin
inhibits conidial and mycelial growth of L. maculans in vitro and
demonstrates antifungal activity 1 to 3 orders of magnitude lower
than that of fungicides.

Antifungal Activity of Aescin Against L.
Maculans Occurs Through Its Interaction
With Sterols

Aescin's antimicrobial effect occurs through interference
with membranes and interaction with sterols (Morrissey and
Osbourn, 1999; Sreij et al., 2019). Therefore, we tested aescin's
activity in the presence of ergosterol, a sterol naturally present
in fungal membranes. Ergosterol markedly restored the growth
of L. maculans JN2-GFP in the presence of aescin at all the
inhibiting concentrations (Figure 3A), which was confirmed also
by microscopic analysis of hyphae (Figure 3B) (Supplementary
Figure 2). Growth inhibition caused by metconazole could not
be reversed by the ergosterol supply (Figure 3C). Ergosterol
itself did not significantly affect fungal growth (concentration
0 of Figures 3A, C). Inasmuch as triazole fungicides block
biosynthesis of ergosterol (Sanati et al., 1997), transcription of
LmErg3 and LmErgl1 genes, identified as involved in ergosterol
biosynthesis in L. maculans (Griffiths and Howlett, 2002), was

assessed following aescin treatment of the fungus. The effect
of aescin or fungicides was observed in 7-day-old L. maculans
culture 24 h post treatment. While metconazole induced
transcription of LmErg3 and LmkErgll genes by 7 times and
27 times, respectively, in excess of the control, aescin did not
significantly upregulate transcription of these genes (Figure 3D).
The data show that aescin interfered with the fungal ergosterol
but not directly with its biosynthesis.

Aescin Pretreatment Confers Resistance
in B. napus Against L. maculans

Given the antifungal activity of aescin, we further investigated
whether pretreatment with aescin could efficiently protect B.
napus against L. maculans. Pretreatment of B. napus cotyledons
by leaf infiltration with aescin at rates of 25 ug-ml™ and 10
pg-ml™ 3 days prior to inoculation with L. maculans JN2-GFP
efficiently reduced the cotyledon area covered by necrotic lesions
(Figures 4A, B). The effect was comparable to those provided
both by the fungicide metconazole at rate 2 ug-ml-! and the plant
defense inducer benzothiadiazole (BTH) at rate 30 uM. BTH
activates the B. napus immune system and provides protection
against L. maculans (Sasek et al., 2012a). The protection provided
by aescin was even more efficient than was that induced by the
fungicide tebuconazole at rate 2 pg-ml-!. Aescin's protection was
concentration dependent, and no significant effect was observed
with aescin at the 2 ug-ml™! level. Microscopic analyses (Figure
4C) revealed only a few restricted GFP-fluorescent hyphal zones
in aescin- and metconazole-pretreated cotyledons, while the
control treatment displayed extensive hyphal network all over
the infected cotyledon and corresponding to the localization
of necroses. We also showed that foliar spray of aescin aqueous
solution is protective (Supplementary Figure 3), although
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 conidia in vitro in Gamborg
liquid medium supplemented with aescin, fungicides, or control medium
assessed as GFP fluorescence at 3 days. (A) The concentration-dependent
curve for growth in the presence of aescin. Data are mean + SE of absolute
fluorescence units out of three experiments. Asterisks indicate significant
differences between aescin treatment and control (0) using two-tailed
Student's t-test (P < 0.01; **P < 0.001). (B) Calculated ECs, values
[ug'ml-"] + SE at log,, base for aescin and different fungicides from sterol
inhibitor (tebuconazole, metconazole, and fluconazole) and succinate
dehydrogenase inhibitor (SHDI) classes (boscalid, fluopyram). Data are from

three independent experiments.

infiltration is used. Taken together, our data demonstrate that
aescin protects B. napus against L. maculans by inhibiting tissue
colonization by fungal hyphae and necrosis formation. It is
noteworthy that the treatment with aescin at concentration 25
pg-ml! decreased cotyledon growth to a similar extent as did 30
uM BTH (Supplementary Figure 4). At higher concentrations
(above 50 pg-ml~!), aescin caused chlorosis and necroses on leaves
(Supplementary Figure 4). Treatment with 10 ug-ml-! of aescin
caused no obvious effects on cotyledon fitness (Supplementary

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

Aescin Induces Defense Responses in L.
Maculans, Governed by SA Pathway and
Oxidative Burst
The 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.
Therefore, transcription of plant defense marker genes was
determined in cotyledons 6 h and 24 h after treatment with aescin
or BTH (Figure 5A). At both time points, aescin upregulated
transcription of BnPRI and SA-specific transcription factor
BnWRKY70 genes previously characterized as being marker
genes of activated SA pathway in B. napus (Sasek et al., 2012b).
At 24 h, the level of induction was similar to that of BTH, but
aescin and BTH induced defense genes with different kinetics.
In contrast to BTH, aescin also upregulated transcription of the
SA-biosynthetic gene for isochorismate synthase 1 (BnICSI).
Given the strong induction of BnICSI transcription, aescin's
capacity to stimulate SA production was tested and compared to
that of flg22, a well-characterized microbe-associated molecular
pattern (MAMP) activating SA pathway in A. thaliana (Tsuda
et al., 2008; Lloyd et al,, 2014). Aescin application at the 25
pg-ml! rate to cotyledons led to a massive increase in SA 24
h after treatment, with SA content reaching even higher levels
than those seen following treatment with 1 uM flg22 (Figure
5B). Other tested phytohormone metabolites were altered not
at all or only slightly by aescin (Figure 5C). Aescin caused mild
decrease in the cis-OPDA metabolite, the JA precursor (Dave and
Graham, 2012), 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-treated B.
napus cotyledons. 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 (Figure 5D). The accumulation was induced to a similar
extent as was that for the flg22 treatment and was concentration
dependent (Supplementary Figure 5). Accordingly, at 24 h post
treatment, aescin induced transcription of respiratory burst
oxidase homolog RbohD and RbohF genes coding NADPH
oxidases responsible for ROS production in plants after exposure
to MAMPs (Torres et al., 2005; Qi et al., 2017) (Figure 5E).
The fungicides tebuconazole and metconazole did not elicit
transcription of any defense genes, nor did they trigger oxidative
burst in B. napus cotyledons (Supplementary Figures 6A, B).

Aescin-Induced SA-Dependent Resistance
to Bacterial Pathogen in A. thaliana

To exclude that the phenomenon of aescin-activated immunity
is specific to the B. napus-L. maculans system, the activity of
aescin was investigated also in an A. thaliana model system
challenged by a hemibiotrophic bacterial pathogen, Pst DC3000.
After 24 h of treatment with aescin at the 10 ug-ml! level, there
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FIGURE 3 | Ergosterol reverts aescin-mediated growth inhibition of L. maculans. (A-C). Growth of L. maculans JN2-GFP conidia in vitro in Gamborg liquid medium
supplemented with aescin (A, B) or metconazole (C) in absence (gray bars) or presence (black bars) of ergosterol (25 ug-ml-7). (A, C) Data are expressed as
relative fluorescence units at 4 days of growth compared to control (0) without ergosterol, set as 100%. Data are expressed as means + SE from three independent
experiments. Asterisks indicate significant 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-ml-' rate at 5 days of growth in presence or
absence of ergosterol (25 pg-ml-'). Scale bar corresponds to 1 mm. (D) Relative transcription of ergosterol biosynthetic genes LmERG3 and LmERG11 at mycelium
7 days old and treated with aescin (100 pg-ml~') or metconazole (2 pg-ml-') for 24 h. Gene transcription was analyzed by gPCR, normalized to LmTubulin, then
compared to control treatment. Data represent mean + SE from one biological experiment (three biological replicates) representative of three. Different letters above
bars illustrate significant differences using ANOVA test in conjunction with Tukey's honestly significant difference multiple mean comparison post hoc test (P < 0.05).
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was upregulated transcription of AtPRI and AtICSI genes in A.
thaliana leaves (Figure 6A). Aescin pretreatment for 24 h also led
to induced resistance against bacterium Pst DC3000, observed
as substantial decrease of both disease symptoms and bacterial
titers in infected leaves (Figure 6B). For direct investigation
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 expression
of SA-hydroxylase (Delaney et al., 1994). In NahG plants, the
effect of aescin-induced resistance against Pst DC3000 was lost
(Figure 6B).

Aescin did not impact the growth of Pst DC3000 cultivated
in vitro (Supplementary Figure 7A). It also did not affect the
bacterial titers in aescin-pretreated leaves sampled 1 h after
infection with Pst DC3000 (Supplementary Figure 7B). In
addition, co-inoculation of A. thaliana plants simultaneously
with Pst DC3000 bacterium and aescin did not affect the bacterial
colonization in the infected leaves (Supplementary Figure 7C).

These data suggest that the bacterial resistance provided by
aescin in A. thaliana is not due to a direct antibacterial effect.
Together, these data show increased resistance of A. thaliana
against Pst DC3000 induced by aescin treatment, which possibly
acts through activating SA-dependent immune pathways.

DISCUSSION

Currently, field crops are protected from fungal pathogens
by such fungicide compounds as benzimidazoles, sterol
biosynthesis inhibitors, strobilurins, or succinate dehydrogenase
inhibitors. Because the occurrence of synthetic pesticide residues
is progressively degrading the health of living organisms and the
environment even as fungicide resistance is developing, there is
a clear need to discover "greener" antifungal agents. Our study
was focused on plant-derived saponins as hypothetical new plant
protectants.
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FIGURE 4 | Aescin pretreatment provides B. napus with efficient resistance
against L. maculans. Cotyledons of B. napus were infiltrated by aqueous
solutions of aescin (Ae; at 2, 10, and 25 pg-ml-'), tebuconazole, metconazole
(Teb and Met; both at 2 pg-ml-'), BTH (30 uM), or a control 3 days prior

to being infiltrated by conidial suspension of L. maculans JN2-GFP. The
outcome was assessed at 12 days. (A) Quantification of the relative lesion
area by image analysis is expressed as percentage. Control treatment was
set as 100%. Data represent means + SE from five independent experiments.
Different letters above bars illustrate significant differences using ANOVA

test in conjunction with Tukey's honestly significant difference multiple mean
comparison post hoc test (P 0.05). (B) Panel with representative infected
cotyledons. (C) Hyphal spread of JN2-GFP fungus in infected cotyledons.
Scale bar corresponds to 1 mm.

Aescin: A Potent Antifungal Saponin

The effect of saponins on fungi has been widely studied (Gruiz,
1996; Barile et al., 2007; Hoagland, 2009; Saha et al., 2010;
Teshima et al., 2013). Heretofore, however, there has been
only few comprehensive studies of saponin activity against
phytopathogens, including to determine EC,, values and compare
more deeply saponin efficiency with that of synthetic fungicides.

EC,, values in the ranges 181-678 pg-ml! and 230-455
pg-ml~! have been reported for the inhibitory activity of saponins
of Sapindus mukorossi and Diploknema butyracea, respectively,
on mycelial growth of phytopathogens Rhizoctonia sp. and
Sclerotinia sp. (Saha et al., 2010). Minutosides extracted from A.
minutiflorum have been shown to be highly inhibitory to spore
germination of soil- and air-borne fungi (Fusarium oxysporum,
E solani, Pythium ultimum, Rhizoctonia solani, Botrytis cinerea,
Alternaria alternata, A. porri, and Trichoderma harzianum) at
10-1000 pg-ml-!, depending upon the individual fungal species
and saponin (Barile et al., 2007). The antifungal activity of aescin,
a saponin from horse chestnut Aesculus hippocastanum, has been
characterized only poorly. Previous studies have reported both
antibacterial activity of 3-aescin towards soil Rhizobium bacteria
(Zablotowicz et al., 1996) and its antifungal activity against
Candida sp. (Franiczek et al., 2015). However, knowledge as to
aescin's activity against phytopathogens has not previously been
presented. Here, we tested the antifungal effect of aescin on seven
species of phytopathogenic fungi causing crop losses in cereals
and rapeseed. The activity was also tested in comparison to that
of soyasaponin, hederagenin, and synthetic fungicides.

We have shown here that aescin displayed strong inhibitory
effect against fungal growth, significantly impeding mycelial
growth in all tested fungal isolates (Figure 1A). Aescin was
highly active against M. nivale, P. teres, and L. maculans,
exhibiting EC,, values below 50 pg-ml™ (Table 1). Aescin also
exhibited greater antifungal activity than did the other two
saponins tested, soyasaponin and hederagenin (Figure 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. maculans conidia. Aescin's EC;, was from 1 to 3 orders of
magnitude greater in comparison to that of fungicides (Figure 2).
Co-treatment with ergosterol, which reverses the effect of aescin
but not the effect of fungicides, showed aescin to have a different
mode of action on membranes compared to that of fungicides
(Figures 3A, C).

We observed aescin activity to be variable in different fungal
species, while it was mostly conserved among isolates within
a given species (Figure 1B). Compared to other fungi, O.
yallundae isolates were the most resistant to aescin and the other
tested saponins (Figure 1, Table 1). This general resistance of O.
yallundae independent of saponin type (Figure 1A) may reflect
its different fungal morphology and physiology. A correlation
was observed between growth rate and fungal sensitivity, and
O. yallundae is a slowly growing fungus (Supplementary
Figure 1). Furthermore, saponin-resistant fungi may contain
membranes with low sterol content (Arneson and Durbin,
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derived hormones in control- or aescin-treated plants (C). The content of hormones in plant tissue expressed as pmol-g=' 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-isoleucine; cis-OPDA, cis-12-
oxo-phytodienoic acid; ABA, abscisic acid; ABA-GE, ABA-glucose ester; PA, phaseic acid; IAA, indole-3-acetic acid; OxIAA, oxo-IAA; OXIAA-GE, oxo-IAA-glucose
ester; IAN, indole-3-acetonitrile; PAA, phenylacetic acid. (D) Oxidative burst visualized by DAB staining at 24 h post treatment. Images are representative of three
experiments. (E) Transcription of respiratory burst oxidase homolog RbohD and RbohF genes following aescin treatment was analyzed at 6 or 24 h by gPCR,
normalized to BnActin 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. For (A) and (B), different letters above bars illustrate significant differences using ANOVA test in conjunction with Tukey's
honestly significant difference multiple mean comparison post hoc test (P 0.05). For (A), the statistical analyses were carried out separately within each time point.
For (C) and (E), asterisks indicate significant differences between control and a given treatment (P < 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 in A.
thaliana and resistance against bacteria Pseudomonas syringae pv. tomato
DC3000 (Pst DC3000). Leaves of Arabidopsis plants were infiltrated by
aqueous solutions of aescin (10 pg-mi-T) or a control treatment. (A) Gene
transcription of pathogenesis-related AtPR1 and isochorismate-synthase 1
AtICS1 was analyzed by gPCR after 24 h of treatment, normalized to AtTIP41,
then compared to the control. Data represent mean + SE from one biological
experiment (four biological replicates), representative of three. Asterisks
indicate significant 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. (upper) Bacterial titers within leaves. Data represent means
of colony forming units (CFU) per cm? + 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
significant difference multiple mean comparison post hoc test (P < 0.01).
(lower) A representative leaf for each treatment is shown.

1967; Barile et al., 2007) or fungal sterols with moieties bound
only weakly by saponins (Steel and Drysdale, 1988). In general,
fungi with defective sterol biosynthesis or in the presence of
sterol inhibitors are more resistant to saponins (Olsen, 1973;
Defago and Kern, 1983). Moreover, 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 saponins (Morrissey and Osbourn, 1999). For
instance, Gaeumannomyces graminis and Gibberella pulicaris
produce avenacinase and alpha-chaconinase, respectively, and
these detoxify their hosts' saponins (Bowyer et al., 1995; Becker
and Weltring, 1998). To sum up, our study characterizes the
fungistatic activity of aescin on different phytopathogenic fungi
and provides a parallel comparison to fungicides.

Aescin: A Potent Plant Disease
Control Agent
The role of saponins as plant-protecting compounds has been
shown. Namely, avenacin triterpene glycosides protect oat roots
against soil-borne fungal pathogens such as the Gaeumannomyces
graminis causing disease "take all" in cereals (Papadopoulou et
al., 1999). Saponin alliospiroside extracted from A. cepa protects
strawberry plants against C. gloeosporioides, the causal agent
of anthracnose (Teshima et al., 2013). Beta-amyrin-derived
triterpene glycosides confer resistance in Barbarea vulgaris
against flea beetle (Phyllotreta nemorum) (Nielsen et al., 2010).
Here, we showed that pretreatment of B. napus cotyledons with
aescin led to strong concentration-dependent plant protection
against infection by the hemibiotrophic fungus L. maculans
that causes phoma stem canker. This was demonstrated also by
the reduced hyphal spread and necrosis formation in infected
cotyledons pretreated with aescin (Figure 4).

Aescin induced transcription of SA-dependent genes in
B. napus. Namely, aescin led to increased transcription of the
SA biosynthetic gene BnICS1 (Figure 5A) and caused great
accumulation of SA (Figure 5B). Additionally, aescin triggered
oxidative burst, as demonstrated by ROS accumulation and
upregulated transcription of BnRbohD and BnRbohF genes
(Figure 5E). Both SA and oxidative stress have antimicrobial
properties (Lamb and Dixon, 1997). Aescin's dual mode of action
combining antifungal and induced plant immune responses led
to a very efficient inhibition of blackleg disease on B. napus.
Aescin treatment provided plant resistance to a similar extent
as did the fungicide metconazole or BTH (Figure 4A), a potent
plant immunity inducer (Zhou and Wang, 2018). The key role
played by triggering immunity in aescin-induced B. napus
protection is seen in the fact that metconazole is greater than
1000 times more effective in its antifungal activity against L.
maculans compared to aescin (Figures 2B and 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 adjuvants (Sun et al., 2009; Moses et al., 2014) because
they stimulate antibody production (Soltysik et al, 1995),
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production of cytotoxic T-lymphocytes or induce inflammasome
(Marty-Roix et al., 2016). To the best of our knowledge, we are the
first to show that saponins may induce plant immune responses.

SA Pathway: Target of Aescin-Triggered
Immunity

Our data show that aescin activates the plant immune system,
and specifically the SA pathway, in both B. napus and A. thaliana.
The SA pathway was shown to be the main defense route
activated in B. napus upon L. maculans infection (Potlakayala et
al., 2007; Sasek et al., 2012b). Various microorganisms evolved
strategies to disrupt SA-mediated defense (Qi et al., 2018). Some
L. maculans effectors, such as AvrLm4-7, may target this pathway
to weaken the host immune system (Novéakova et al., 2016). B.
napus plants transformed with the salicylate hydroxylase gene
nahG have been shown to have compromised systemic acquired
resistance against L. maculans and P. syringae pv. maculicola
(Potlakayala et al., 2007). In comparison with SA, other tested
phytohormone metabolites were not or much less affected in B.
napus. Slight decrease in cis-OPDA metabolite might be caused
by SA-mediated repression on JA pathways, as has been described
for A. thaliana (Pieterse et al., 2009; Dave and Graham, 2012).

The crucial role of SA in aescin-triggered plant resistance
against pathogens was shown using the A. thaliana-P. syringae
model pathosystem (Katagiri et al., 2002). Leaf pretreatment
with aescin strongly inhibited Pst DC3000 infection (Figure
6B). The protective effect of aescin relied on the active defense
mechanisms of A. thaliana inasmuch as aescin did not exhibit
direct antibacterial properties (Supplementary Figure 7B).
Accordingly, the treatment with aescin simultaneously with the
infection had no effect on Pst DC3000 infection (Supplementary
Figure 7A), thus suggesting some time is required to activate the
plant defense. Furthermore, NahG plants defective in SA pathway
showed no effect of aescin on the bacterial infection (Figure 6B),
thus demonstrating that a functional SA pathway is indispensable
for aescin-induced A. thaliana resistance against Pst DC3000.

In conclusion, we report here broad-spectrum antifungal
activity of aescin and the new finding that aescin elicits defense
responses in B. napus and A. thaliana by triggering the SA
pathway and oxidative burst. These responses lead ultimately
to highly efficient protection of B. napus against the fungus L.
maculans and of A. thaliana against the bacteria Pst DC3000. The
effect of aescin against L. maculans is of an extent comparable to
that provided by fungicide protection. Additionally, we showed
that aescin provides protective activity as a foliar spray. Taken
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Biophysical and proteomic analyses of Pseudomonas syringae pv.
tomato DC3000 extracellular vesicles suggest adaptive functions

during plant infection
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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 agent, Pseudomonas syringae pv. tomato (Pto) DC3000, as outer membrane
vesicle release. Mass spectrometry identified 369 proteins enriched in Pto DC3000 EVs.
The EV samples contained known immunomodulatory proteins and could induce plant
immune responses mediated by bacterial flagellin. Having identified two biomarkers for
EV detection, we provide evidence for Pto 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 mech-
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 syringae pv. 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.

KEYWORDS extracellular vesicles, EVs, Pto DC3000, proteomics, pattern-triggered
immunity, PTI, nanoparticle tracking analysis, NTA, Arabidopsis thaliana

S uccessful colonization of hosts depends on the ability of microbes to defend
themselves against host immune responses and acquire nutrients. Bacterial
pathogens use macromolecular translocation systems and deliver virulence proteins,
so-called effectors, to circumvent host immunity (1). Pseudomonas syringae pv. tomato
(Pto) DC3000 is the causal agent of bacterial speck, a common disease that affects
tomato production worldwide (2, 3). Pto DC3000 is a Gram-negative bacterium that
invades through openings in the plant surface and propagates in the apoplast, where
it takes up nutrients and proliferates (4-6). Plants respond rapidly to colonization by
microbes, activating interlinked innate defense strategies (7), which can broadly be
categorized into pattern-triggered immunity (PTI) activated by pathogen-associated
molecular patterns (PAMPs) and effector-triggered immunity induced upon recognition

Month XXXX Volume 0 Issue O

Invited Editor Hailing Jin, University of California
Berkeley, Berkeley, California, USA

Editor Regine Kahmann, Max Planck Institute for
Terrestrial Microbiology, Marburg, Germany

Address correspondence to Silke Robatzek,
robatzek@bio.Imu.de.

Katarzyna Rybak and Laura Krassini contributed
equally to this article.

The authors declare no conflict of interest.
See the funding table on p. 22.

Received 6 January 2023
Accepted 3 May 2023
Published 27 June 2023

Copyright © 2023 Janda et al. This is an open-access
article distributed under the terms of the Creative
Commons Attribution 4.0 International license.

10.1128/mbi0.03589-22 1

Downloaded from https://journals.asm.org/journal/mbio on 29 June 2023 by 160.217.205.235.


https://crossmark.crossref.org/dialog/?doi=10.1128/mBio03589-22&domain=pdf&date_stamp=2023-06-27
https://doi.org/10.1128/mbio.03589-22
https://creativecommons.org/licenses/by/4.0/

Research Article

of virulence factors or their actions (8, 9). Virulence of Pto DC3000 largely depends on the
type Il secretion system and its secreted effectors (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 (14). EVs are cytosol-containing membrane “nano” spheres that provide
selection, storage, and protection against degradation of enclosed cargoes in a highly
dynamic and environmental cue-responsive manner (14-16). EVs can differ in biophysi-
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 mem-
brane (OM), producing so-called outer membrane vesicles (OMVs) (17, 18). Outer-inner
membrane vesicles (OIMVs) have also been described, involving a different mode of
release such as endolysin-triggered cell lysis (19, 20). As insufficient biomarkers are
available to convincingly probe their origin, in particular for P. syringae, we will collec-
tively refer to these vesicles as EVs.

During infection, bacterial EVs can counteract the effect of antimicrobial peptides
(21). They also perform immunomodulatory functions by delivering virulence factors
to recipient cells resulting in immune suppression (22), despite having the capacity
to activate defenses due to their immunogenic cargoes (22-24). Elongation factor Tu
(EF-Tu) and lipopolysaccharides (LPS) are abundant components of EVs from P. syrin-
gae, Xanthomonas campestris, X. oryzae, and Xylella fastidiosa (25-28). 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 pathogenic Pto DC3000 and
the commensal P. fluorescens were shown to induce immunity, protecting plants against
Pto DC3000 infection (30). These studies hint at some contrasting roles that EVs from
bacterial phytopathogens could play during plant infection (23).

Here, we used biophysical and biochemical analysis to describe Pto DC3000 EVs and
to gain insights into their role during infection. Analysis of Pto DC3000 cellular, OM and
EV proteomes by mass spectrometry identified 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 EVs in planta by establishing OprF
and f-lactamase as EV biomarkers. These findings expand our understanding of the
functions of EVs in bacterial infection of plants.

RESULTS
Pto DC3000 bacteria vesiculate and produce EVs in culture

We first examined the morphology of Pto 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 nm (Fig. 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, supernatants of Pto DC3000
cultures were processed and examined before (fluid sample) and after centrifugation
(gradient-collected sample) (Fig. S1C). Density gradient centrifugation is used to separate
EVs from other extracellular materials (31). Gradient-collected vesicles were analyzed by
SEM, which revealed numerous spherical structures (Fig. 1B). Vesicle diameters ranged
between 25 and 170 nm with a median around 80 nm (Fig. S1D). Co-purifying filamen-
tous structures could also be detected (Fig. 1B). Transmission electron microscopy (TEM)
analysis-sectioned Pto DC3000 samples showed several structures reminiscent of
budding vesicles from the bacterial OM (Fig. 1C and D). This suggests that Pto DC3000
can produce EVs in the form of OMVs (17, 18).

Nanoparticle tracking analysis (NTA) was used to measure particle size (median
diameter and distribution), particle surface charge (mean C(-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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FIG 1 Pto DC3000 release extracellular vesicles in the form of OMVs. (A) Representative SEM micrographs of planktonic Pto
DC3000 grown in liquid culture 1.5-2 x 10° cfu/mL (SEM was done in three biological repeats and in all repeats EVs were
observed). (B) Representative SEM micrograph of gradient-enriched Pto DC3000 EVs purified from planktonic culture (1.5-2
x 10° cfu/mL); arrowheads point at filamentous structures co-purifying with the vesicles (SEM was done in three biological
repeats). For A and B scale bars = 200 nm. (C and D) Left panel shows representative transmission electron microscopy
(TEM) micrographs from planktonic Pto DC3000 cultures (1.5-2 x 10° cfu/mL). C, cytoplasm; CM, cytoplasmic membrane;
PP, periplasm; V, vesicle. For C and D scale bars = 500 nm. (C) A lot 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 cells. (D) Budding 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 samples. (E) Size profile of EVs from Pto DC3000 planktonic
cultures in fluid samples (3.75-5.5 x 10° cfu/mL); the values represent mean and standard deviations from 13 biologically
independent samples. (F) Size profile of gradient-collected EVs from planktonic Pto DC3000 cultures (1.5-2 x 10° cfu/mL); the
values represent mean and standard deviations from 20 biologically independent samples.
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median sizes of 100 and 115 nm for fluid samples and gradient-collected samples,
respectively (Fig. 1E and F). It is possible that conditions used for SEM and NTA differ 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 were quantified
from culture supernatants of Pto DC3000 over cultivation time, with increasing particle
numbers observed with bacterial density (Fig. 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 and (-potential of EVs were mostly
comparable across growth stages, yet differed slightly between the sample types (Fig.
S2C and D). 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 killing (Fig. S2E), which also
caused higher particle numbers (Fig. S2F). This is consistent with the observations from
TEM (Fig. 1Cand D).

EVs from cultured Pto DC3000 are enriched in 369 proteins

To gain insights into the biogenesis and functions of Pto DC3000 EVs, we characterized
the proteome of EVs using liquid chromatography-based tandem mass spectrometry
(LC-MS/MS). To this end, we cultivated Pto 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 infection (25, 33). The Pto DC3000 EV-associated
proteins were isolated from Pto 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 (n = 1,587), followed by the EV sample
(n =890) and 212 proteins in OM samples (Fig. 2A; Table S1). In total, 2,898 proteins were
identified over all samples, of which 1,899 proteins were identified 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-free quantification (LFQ) values were generated by MaxQuant, Fig. S3],
and the four replicate measurements per sample type fell into sample clusters on the first
and second principal components, suggesting a systematic difference in the proteomes
of these three sample types (Fig. 2B). By comparing the proteomes of EV and WC, we
identified 369 EV-enriched proteins, consisting of 162 proteins exclusively identified
in at least 3 replicates of EV sample (EV unique detected; Fig. 2C) and 207 proteins
significantly higher in the EV compared with WC (Fig. 2C; Table S1). Next, we analyzed
the proteomics data (i) using computational approaches (bioinformatics and database
searches) and (ii) building on current knowledge (EV biogenesis and immunomodulatory
activities).

Pto DC3000 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 were significantly
enriched [Fig. 3A through C; false discovery rate (FDR) <0.05; DAVID bioinformatics
resources] (36, 37). Eight terms were found in the category “biological process,’” out of
which, four terms were associated with “cellular processes” 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 “transport,” including
transmembrane transport, intracellular transmembrane transport, and protein transport
by the Sec complex (Fig. 3A; Table S2). This suggests a specific and/or selective mecha-
nism for the delivery of protein cargoes into EVs. Indeed, classification of the proteins
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FIG 2 Proteomic analysis identifies 369 proteins enriched in Pto DC3000 EVs. (A) Comparison of proteins detected in Pto
DC3000 WC lysate, OM, and EV. Proteomic analysis was done using four biologically independent samples. (B) Principal
component analysis of identified proteins. (C) Volcano plot comparing EV and WC proteomes. EV-enriched proteins were
defined in two categories: (i) fold change EV/WC >2 and false discovery rate < 0.05 (t-test); (i) 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
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enriched in EVs by putative subcellular localization revealed distinct localization profiles
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 (11%) (Fig. S3C). This is consistent with the
four terms found in the category “cellular component,” connected to the general
compartment “membrane,” including OM and plasma membrane (Fig. 3B). Combining
the data from proteomics and TEM, it may suggest that Pto DC3000 produces EVs in the
form of both OMVs and OIMVs, as previously described for the closely related species P.
aeruginosa (20). The category “molecular function” was enriched in eight terms, includ-
ing processes associated with peptidoglycan synthesis also found in the “biological
process” category, and siderophore transport (Fig. 3C). Siderophores are secondary
metabolites that can sequester iron. Bacteria secrete siderophores under iron-limiting
environments, improving iron uptake and thereby contributing to bacterial survival (39).
The enrichment of siderophore transport proteins in Pto DC3000 EVs suggests that the
release of EVs may contribute to the acquisition of iron.

EV yield and likely cargo composition are affected by the environment, in which
bacteria grow (25). Having identified proteins enriched in EVs collected from cultured Pto
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 bacteria in planta
and, thus, (ii) genes coding for EV-enriched proteins would be expressed in bacteria in
planta, and (ii) genes coding for EV-enriched proteins could respond to the plant’s
immune status. We, therefore, inspected available Pto DC3000 transcriptome data (33).

The expression patterns of genes coding for EV-enriched proteins differed mostly
between Pto DC3000 cultured in vitro (in both minimal and rich media), present in planta
(in both untreated and mock-treated plants), and present in flg22 immune-induced
plants (Fig. 3D). We found five clusters of gene expression patterns across these condi-
tions. Of note, genes in cluster Il were upregulated in bacteria in response to in planta
conditions but downregulated in bacteria from flg22-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 “siderophore uptake transmembrane transporter activity” (Fig. 3E; Table 1; Table
S2), EVs may play roles in iron acquisition (Fig. 2C, orange labeling).

Cluster Il contains genes that were similarly expressed in bacteria grown in vitro and
bacteria from flg22-induced plants but differed in their expression in response to in
planta conditions (Fig. 3D). This cluster is associated, e.g., with the GO term “bacterial-
type flagellum hook” (Fig. 3E), which has been described in the biogenesis of EVs (40).
Also, cluster Il is associated with the GO term “serine-type D-Ala-D-Ala carboxypeptidase
activity,” which has a cross-reference with the term “Penicillin-binding protein 2" in the
InterPro database of protein families. It is worth mentioning that genes PSPTO_3987 and
PSPTO_4977 both annotated with the “B-lactam resistance” function are also present in
cluster I, although not assigned in the above-mentioned GO term.

Purified Pto DC3000 EV samples have immunomodulatory activities

Given the presence of flagellin 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 thaliana leaves with Pto DC3000 EVs, which limited the growth of
subsequently infected Pto DC3000 bacteria in planta (Fig. 4A). Thus, the immunogenic
activity of Pto DC3000 EVs is sufficient to restrict bacterial colonization, consistent with
recent observations (30). In agreement, seedlings treated with purified EVs showed
induction of pFRK1::GUS expression, albeit lower when compared with treatments with
flg22 (Fig. 4B; Fig. S4A). We also tested whether treatment with Pto DC3000 EVs could
arrest seedling growth, a prototypic PTI response of plants to continual PAMP stimulation
(41). We observed no significant growth reduction in this experiment (Fig. 4C).
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FIG 3 Proteomic composition of Pto DC3000 EVs suggests functions in immunomodulation and host adaptation. (A through C) Enriched proteins in biological
processes (A), cellular localization (B), and molecular function (C). (D) 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 from reference (33).
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Six flagella-associated proteins were enriched in Pto DC3000 EVs, of which flagellin
was more than twofold enriched relative to the WC proteome (Table S1). Therefore, to
determine the pathway by which the Pto DC3000 EVs trigger immune responses, we
treated A. thaliana mutants of the FLAGELLIN SENSING 2 (FLS2) and EF-Tu receptor (EFR)

Month XXXX Volume 0 Issue 0 10.1128/mbio.03589-22 7

Downloaded from https://journals.asm.org/journal/mbio on 29 June 2023 by 160.217.205.235.


https://doi.org/10.1128/mbio.03589-22

Research Article

TABLE 1 Protein list of the genes present in cluster Il and their predicted localization

mBio

Locus tag Subcellular localization Product description® Other
PSPTO_0577 Unknown Phage tail sheath subtilisin-like domain-
containing protein
PSPTO_0753 Cytoplasmic membrane Multidrug efflux 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 “core”

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

immune receptors responsible for recognition of flg22 and elf18, respectively (42). The
Pto DC3000 EVs triggered FRKT gene expression in wild-type (WT) and efr-1 mutants to
similar levels (Fig. 4D). No FRKT induction was observed in fls2 mutants. Thus, the EV
samples isolated from Pto DC3000 cultures must contain bacterial flagellin as the
immunogenic molecule.

Notably, SEM analysis of gradient-collected EV samples showed the co-purification
of filament-like structures (Fig. 1B), which could represent detached bacterial flagellar
or pili. Since flagellin could not be detected in proteinase K-treated EVs and proteinase
K-treated EVs did not significantly induce pFRK1:GUS expression (Fig. 4E and F; Fig.
S4B), taken together, it is possible that flagellin is a co-purifying immunogenic molecule
present in Pto DC3000 EV samples and recognized in A. thaliana. This is consistent with
the observation that EVs purified from the Pto DC3000 AfliC mutant did not significantly
induce pFRK1::GUS expression (Fig. 4G; Fig. S4C). Considering co-purifying flagellin as
the major immunogenic molecule in Pto DC3000 EV samples, its amount might be
insufficient to repress seedling growth over time.

The EV-enriched proteome included proteins related to virulence (Fig. 2C; Table
S1), such as MucD (PSPTO_4221) (43), HopAJ2 (PSPTO_4817) (44), and HopAH2-2
(PSPTO_3293) (45, 46). A major function of virulence proteins is the suppression of PTI
(47). Recently, the integration of X. campestris pv. campestris OMVs into plant plasma
membranes was observed, which might suggest that vesicle cargoes such as virulence
proteins could be discharged into plant cells (48). To test whether Pto 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 peptides flg22
from bacterial flagellin and elf18 from EF-Tu. EV pretreatments neither significantly
reduced nor increased the PAMP-induced ROS production (Fig. 4H). This suggests
that under the tested conditions, Pto DC3000 EVs are not predominantly involved in
inhibiting and/or further enhancing the PAMP-induced ROS responses.

Pto DC3000 bacteria produce EVs in planta

The observation that EVs collected from Pto DC3000 cultures may not play major roles
in host immune modulation raises the question whether Pto DC3000 releases EVs during
plant infection. To address this, apoplastic fluids were recovered from Pto DC3000-infec-
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FIG 4

growth (cfu) after infection into leaves of A. thaliana without and with EV pretreatment (24 hours) at 3 dpi (control = 0.02 mM

Immunogenic activities of Pto DC3000 EVs are mostly dependent on flagellin-induced responses. (A) Pto DC3000

EDTA). Three biological repeats, each consisting of 12 independent samples were performed. The dots with the same color
represent independent samples from one biological repeat. (B) Quantification of pFRK1:GUS activity in seedlings incubated
without (n = 20) and with EVs (n = 20) or with 100 nM flg22 (n = 17) for 18 hours. The graph represents independent samples
from four biological repeats. (C) Fresh weight of seedlings grown without and with EVs for 8 days. For control n = 69; for
100 nM flg22 treatment n = 44, and EV treatment n = 39 of independent samples. The experiment was repeated in six
biological repeats with similar results. (D) Relative FRKT gene 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 =1.10'%/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 statistical significances
(two-tailed Welsch's t-test; P < 0.01) in A; different letters indicate significant differences (Welsch’s analysis of

(Continued on next page)
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FIG 4 (Continued)

variance with Dunnett’s T3 multiple comparisons post hoc test; P < 0.05) in B, C, and D. (E) Immunoblot of flagellin 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, evidently significantly reduced by
proteinase K treatment. (F) Quantification of pFRK1:GUS signals in seedlings incubated with gradient-collected Pto DC3000
EVs (concentration =1.10'%) without and with proteinase K treatment (PK+ PMSF [phenylmethylsulfonyl fluoride]), 100 nM
flg22, and particles (concentration =~1.10") of unconditioned KB medium for 24 hours. The seedling number n is shown in the
bars; the bars represent average, and error bars are SD. Asterisks indicate significant differences based on t-test analysis. The
experiment was repeated at least twice with similar results. (G) Quantification of pFRK1::GUS signals in seedlings (12 days old)
incubated with EVs (concentration ranging from 0.75 to 2.5 x 10"/ mL) from Pto DC3000 wild-type (WT) and AfliC mutants
medium for 18 hours. The bars represent mean, and error bars are SD from n = 10 independent samples. The experiment was
done in two biological repeats with similar results. (H) Quantification of PAMP-induced reactive oxygen species (ROS) in leaves
pre-treated without and with EVs (concentration =1.10") for 24 hours. The bars represent mean, and error bars are SD from n
=10 leaf discs. Asterisks indicate significant differences based on t-test analysis. ROS experiments were repeated at least twice

with similar results.

ted and control-treated A. thaliana leaf tissues at different time points and filtered to
remove bacteria.

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

The size of apoplastic fluid vesicle-like particles determined by both NTA and SEM
did not significantly differ between control and infected leaves (Fig. 5A; Fig. S5Q).
Particle abundance increased upon infection with Pto DC3000 (Fig. 5B), consistent
with previous findings (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 fluids of plants that were co-treated with 100 nM flg22 and
Pto DC3000. Particle numbers were lower than those recovered from Pto DC3000
infection only, consistent with induced plant resistance and not significantly different
from plants only stimulated with flg22 (Fig. 5C; Fig. S6C). Taken together, comparing
the particle profiles of fluids isolated from Pto DC3000-infected plants with flg22
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 (fluid sample) and A. thaliana (apoplastic fluid samples) EVs did
not significantly differ in diameter (Fig. 1E and 5A), we focused on the charge of EVs,
reflecting the different surface composition of bacterial (prokaryotic) and plant-
derived (eukaryotic) EVs. Evaluation of the mean (-potential identified significantly
less negatively charged EVs recovered from apoplastic fluids 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 C-potential profiles of EVs recovered from
apoplastic fluids of untreated, control-treated, and flg22-treated A. thaliana identified
major peaks around —32 mV (Fig. 5D; Fig. S6J). By contrast, the (-potential profile of
EVs recovered from apoplastic fluids of Pto DC3000-infected A. thaliana had 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 different (-potential profiles
revealed similarities of the major —32 mV peak across all plant samples, likely
representing a plant-derived EV pool. Notably, the shoulder around —10 mV detected
from apoplastic fluids of Pto DC3000-infected plant samples showed an overlay with
the C-potential profile of EV recovered from Pto DC3000 cultures (fluid 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 (-potential profiles of EVs recovered from
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FIG 5 Pto DC3000 release EVs in planta. Size, concentration, and charge measurements of apoplastic
fluids from A. thaliana plants (5-6 weeks old) infected with Pto DC3000. (A) Size of the particles. (B)
Particle concentration in apoplastic fluids. (C) {-Potential of the particles. For A-C, the variants represent:
n.t., nontreatment (n = 4); control, 10 mM MgCl5 (0 dpi, n = 5; 3 dpi, n = 8); Pto DC3000 (ODggo = 0.0006) (0
dpi, n=9; 3 dpi, n=10); 100 nM flg22 (3 dpi, n = 6). Experiments A-C were performed in three biological
repeats with similar results. (D-G) The profile of (-potential for particles detected in Arabidopsis apoplast
treated with MgCl, (control; D) for 3 days, with Pto DC3000 (Pto; ODggg = 0.0006; (E) for 3 days and with
EVs from Pto DC3000 grown in culture (fluid; 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.
Different letters indicate significant differences (one-way analysis of variance with Tukey post hoc test; P <
0.05). The green color is highlighting the particles from Pto DC3000-infected plants (3 dpi).

Month XXXX Volume 0 Issue O

mBio

10.1128/mbi0.03589-22 11

Downloaded from https://journals.asm.org/journal/mbio on 29 June 2023 by 160.217.205.235.


https://doi.org/10.1128/mbio.03589-22

Research Article

apoplastic fluids of flg22-treated A. thaliana did not differ between untreated and
control-treated leaves (Fig. S6J), we found no evidence that plant EVs modulate 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 markers for Pto
DC3000 EVs in planta. To this end, we addressed whether the protein composition of
EVs from Pto DC3000 and EVs from related bacteria shares similarities. We focused on
three published P. aeruginosa PAO1 EV proteomes since a number of EV proteomes have
been reported from P. aeruginosa (50-52). We found that 103 proteins were identified
in the EV proteomes across the three reports (50-52). Of the 103 shared EV proteins
from PAO1, we could identify 100 orthologous proteins encoded in the Pto DC3000
genome, and 44 proteins were enriched in Pto DC3000 EVs (Table 2; Table S1). We refer
to these as the EV “core!” These proteins were highly enriched in localization to the OM
(44%) and cytoplasmic membrane (26%) (Fig. 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 EVs (Table S1; Fig. 2C, blue
labeling). To gain insights into the expression of the EV “core” encoding genes during
infection, we searched available transcriptome data (33), which revealed two clusters of
generally lower or higher expression levels across the conditions (Fig. S7B). Of the genes
coding for EV “core” proteins, a majority encoding OM-localized and cytoplasmic proteins
were upregulated in planta (Table S1), which suggests their presence during bacterial
infection.

One of the predicted EV markers is OprF (Fig. 2C, black labeling), which we used for
immunodetection of Pto DC3000 EVs in planta and purified from Pto DC3000 cultures.
OprF is a porin integral to the OM and found in EVs of P. geruginosa (53). Using anti-OprF
antibodies, we identified specific bands in filtered apoplastic fluids of A. thaliana leaves
infected with Pto DC3000 at 2 and 3 dpi but not in control-treated plants (Fig. 6A). In
combination with using anti-TET8 (anti-TETRASPANIN 8) antibodies, we could confirm
that the apoplastic fluids of control and infected leaves contain both plant-derived and

TABLE 2 List of candidate EV marker proteins

mBio

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 Q88759 Outer membrane Iron(lll) 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 Q88358 Outer membrane Outer membrane lipoprotein Oprl

PSPTO_2299 Q883Q1 Outer membrane Outer membrane porin OprF

PSPTO_3229 Q880E1 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 HfIK protein

PSPTO_4977 Q87VGO Outer membrane Outer membrane efflux 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

Month XXXX Volume 0 Issue 0

10.1128/mbio0.03589-22 12

Downloaded from https://journals.asm.org/journal/mbio on 29 June 2023 by 160.217.205.235.


https://doi.org/10.1128/mbio.03589-22

Research Article

A AWF B AWF
mock — PO pro mock _Pfo
3dpi 1 2 3 Fjpl .EVs a-OprF -'—' 34 kDa
a-OprF - W= @ | 3,402 - -
e kDa o-TET8| ke e | 31kDa
o, — — —
cBB - 43 kDa ceel
- 34 kDa
w 4
g c Pto EVs _AfIiC EVs
Silver ' 55 kDa - -
. - 43 kDa
stain ~ |- 34 kDa a-OprF ’B - 34 kDa
= =
CBB
=
D Pto EVs F i %
ice + - - : " ¥ i ;' : g2 g ¥
37°c - + o+ ’ *@“* Q | !
PK - - + & 1" r‘ 6%5 "_», &
] —_— S a-ampC K T¥ . F o e « > b "
o-OprF | S — -34 kDa mock 4 / LA ‘ ? s
i ,' s " : : » #
CBB S
— ‘ el T
a—ampC ‘& —_— “- —-42 kDa : % F 4 “ .»-q" . £y 5 2 z
_ e L am g Fa P Tas o
CBB .o & ;S X ‘.
a-ampC a\, % : ' \
heat. | @ '3" Ae ;\ R ‘;/ !
E AWF treated § Ay sf‘”; et TN
mock Pto 5 wAT e ey
y F e Y ¥ ¥ -
a-OprF - - 34 kDa 2000m . 4 ¥ 2000m
CBB
a-ampC == - 42 kDa
CBB

FIG 6 Pto DC3000 EV-enriched proteins can be detected in EV samples from filtered apoplastic wash
fluids of infected plants. (A) OprF antibodies detect bands in apoplastic fluids (AWF) from A. 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 experiments. (B) OprF-positive Pto DC3000 EVs are detected
in apoplastic fluids containing TET8-positive EVs from infected A. thaliana. (C) Gradient-collected EVs
from Pto DC3000 WT and AfliC mutants show proteinase K (PK)-sensitive detection of OprF. (D and
E) B-Lactamase antibodies ampC detect bands in gradient-collected EVs independent of PK treatment
(D) and in apoplastic fluids from A. thaliana infected with Pto DC3000 at 3 dpi (E). Here, the blot was
incubated with a-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 experiments. (F)
Immunogold staining of gradient-collected Pto 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 EVs (Fig. 6B). OprF-positive EVs were also detected from the Pto DC3000 AfliC
mutant (Fig. 6C), confirming successful purification of EVs from this strain. However, OprF
could not be detected in proteinase K-treated EVs (Fig. 6C). In P. aeruginosa, OprF is a
general porin of the OM (54) and, consistently, we detected OprF also in the proteome of
the OM samples (Table S1). 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 (55), and it is possible that OprF might be part of the Pto DC3000 EV
corona.

We next aimed to identify an EV-enriched protein localized to the EV lumen
and explored available antibodies. For example, EVs of Stenotrophomonas maltophilia
contained B-lactamase (56). Given that two genes annotated with the “B-lactam
resistance” function were present in cluster Il and although not detected in our
proteome samples, we reasoned that B-lactamase could be present in Pto DC3000 EVs.
Using anti-B-lactamase antibodies, we identified a specific band in gradient-collected EV
samples of cultured Pto DC3000, which was also detected after proteinase K treatment
(Fig. 6D; Fig. S7C). In addition, a band could be revealed in apoplastic fluids collected
from Pto DC3000-infected leaves, suggesting the presence of B-lactamase-positive Pto
DC3000 EVs in these samples (Fig. 6E; Fig. S7C). We explored immuno-negative staining
to gain further insights into the localization of B-lactamase in Pto DC3000 EVs (Fig. 6F).
In mock samples, several intact vesicles were found yet without significant 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 with 3-lactamase present in the lumen of
Pto DC3000 EVs. Having identified two possible markers for Pto DC3000 EVs, membrane-
bound OprF and soluble B-lactamase located at the external side and the lumen of EVs,
respectively, these data provide additional evidence that Pto DC3000 releases EVs in
planta during infection.

DISCUSSION

A range of activities has been associated with bacterial EVs during infection. This
includes modulation of host immunity (PAMPs, effectors, and bacterial cell wall
remodeling), elimination of host defenses (antibiotic tolerance and decoys), and
acquisition of nutrients from the host (metal ions) (57). In this study, we used a proteo-
mics approach aiming to gain insights into the presence and role of Pto DC3000 EVs
during plant infection.

PTI responses to Pto DC3000 involve recognition by FLS2, EFR, and LIPO-OLIGO-
SACCHARIDE-SPECIFIC REDUCED ELICITATION (LORE), which detect immunogenic flg22,
elf18, and 3-OH-FAs, a fatty acid co-purifying with LPS (58). EVs from bacterial phytopath-
ogens are enriched in EF-Tu and LPS (25, 26, 28), suggesting the presence of elf18
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 from X. campestris pv. campestris
(25). We show that vesicle samples from Pto DC3000 elicit immune responses that are
dependent on FLS2 and the presence of flagellin in EV samples (Fig. 4 thorugh G).
Since flagella proteins such as FliC have a specific affinity for EVs and are involved in
EV production in Escherichia coli (40), they could be considered external EV cargoes.
However, filamentous structures were observed in SEM analysis (Fig. 1B). It is, therefore,
possible that flagella co-purify with the Pto DC3000 EV samples despite depleting
extracellular components from EV samples by density gradient centrifugation. Contami-
nation of flagella in EVs was reported to contribute to the detection of FliC in EVs from P.
aeruginosa (59).

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio0.03589-22 14

Downloaded from https://journals.asm.org/journal/mbio on 29 June 2023 by 160.217.205.235.


https://doi.org/10.1128/mbio.03589-22

Research Article

In contrast to our results, McMillan et al. reported significant seedling growth
repression in response to Pto DC3000 EVs (30). This disparity in results may be due
to several factors, including differences in the growth conditions of both the bacterial
cultures and the A. thaliana seedlings, the type of biochemical isolation of EVs and vesicle
dose, e.g., resulting in different amounts of co-purifying flagella. The stronger protective
immune response observed by McMillan et al. may also be due to such differences in
experimental procedures (30). Importantly, EVs purified from Pto DC3000 fliC mutant
bacteria did not significantly induce defense gene expression (Fig. 4G). This non-signifi-
cant immunogenicity of Pto DC3000 EVs would be congruous with Pto DC3000 releasing
EVs in favor of plant infection.

The plant’s apoplast, which is the niche colonized by Pto DC3000, represents an
environment where bacteria are challenged with plant defense molecules, competition
with members of the microbiome, and acquisition of nutrients (33). Bacteria respond to
environmental stress with the production of EVs, which allows for cell surface remodel-
ing, secretion of degraded and damaged cargo, and uptake of nutrients in bacterial
communities, e.g., by packaging transporters in EVs (14, 20, 60). The hypothesis that Pto
DC3000 may use EVs to adapt to the host environment is evidenced by our finding that
Pto DC3000 EVs contain B-lactamase (Fig. 6D). Several studies demonstrated that EVs
can improve bacterial survival during antibiotic exposure. S. maltophilia produced more
EVs upon treatment with the B-lactam antibiotic imipenem (56, 61). Its EVs contained
B-lactamase and increased S. maltophilia survival in the presence of antibiotics (56).
Plants defend infection by upregulation of many defense-related genes, including genes
coding for antimicrobial peptides (62). Likewise, the host microbiome protects plants
against infectious pathogens (63). It is possible that Pto DC3000 produces EVs to counter
the action of plant- and microbe-derived antimicrobial peptides, i.e., its EVs could
improve antimicrobial resistance of Pto DC3000 (64, 65).

Proteins involved in siderophore transport were enriched in the EVs from cultured
bacteria (Fig. 2C). Siderophores are important virulence factors of bacterial pathogens,
directly competing for iron with the host (66). Since the ability of Pto DC3000 for iron
acquisition is correlated with its growth in planta (33), siderophores and their transport
are likely to play roles in Pto DC3000 infection success. Interestingly, the expression of
genes coding for all siderophore transport proteins enriched in EVs was upregulated in
planta compared with in 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 of Pto 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 tuberculosis (67). In addition, the ability of siderophore
uptake into EVs may prevent activation of immunity as siderophores can trigger immune
responses (66). Taken together, we propose that Pto DC3000 produces EVs to improve
its growth ability both in culture and in planta. Having identified two markers for Pto
DC3000 EVs, membrane-bound OprF detected as external EV cargo and B-lactamase as
luminal EV cargo, future studies to determine the composition of EVs in planta and 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 pg/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 ODggg. Pto DC3000 AfliC was cultivated at 28°C in KB medium
containing 50 pg/mL rifampicin and 5 pg/mL chloramphenicol at 180 rpm (68).
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Plant material and growth conditions

A. thaliana ecotype Columbia (Col-0), pFRK1:GUS (69), fls2c (42), and efr-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. For B-glucuronidase (GUS) assays,
RT-qPCR (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 days stratification in the dark at 4°C), then transferred to 96-well plates
containing 150 pL 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 pE-m™2s™).

Extraction and purification of bacterial EVs

EVs were routinely isolated from planktonic cultures across growth phases (Fig. S8A).
The starting inoculum was ODggg = 0.01. Samples were taken according to incubation
time, evidently slightly differing in the then measured ODgqg, 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 of biofilm bacteria (grown on plates, collected, and resuspended), respectively,
were pelleted at 4,500 x g for 2 X 20 minutes, the supernatant was decanted and passed
through a 0.22-pum membrane (fluid samples; Fig. S1C). Particles were pelleted from the
cell-free supernatant at 100,000 x g 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 160,000 x g for 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 100,000 x g for 2 hours, and the pellets were each
resuspended in 0.16 mL T mM EDTA (gradient-collected samples; Fig. S1C). EV samples
were immediately frozen in liquid nitrogen. Since most EVs migrated to the 55% density
fraction (Fig. S8B), we then collected EVs across fractions 3-5, which were less variable in
(-potential, and size compared to fractions 1 and 2 (Fig. S8C and D).

Extraction of leaf apoplastic fluids

Apoplastic fluids were collected from leaves of 6-7-week-old plants (Col-0 WT, mock
treated, and infected with WT Pto DC3000). Rosettes of 22-29 plants were vacuum
infiltrated with particle-free 1 mM EDTA. After removing the excess buffer, infiltrated
leaves were placed into 20 mL syringes and centrifuged in 50 mL conical tubes at
900 x g for 20 minutes at 4°C. The resulting apoplastic wash was passed through a
0.22-um membrane (apoplastic fluid samples). To confirm the successful filtering of
apoplastic fluids, 5 yL was incubated on LB plates containing 50 pg/mL rifampicin. No
Pto DC3000 colonies were detected after 3 days. For SEM pictures and immunoblots
detecting B-lactamase and TET8, apoplastic fluids were additionally ultracentrifuged for
1 hour at 100,000x% g. The pellet was resuspended in 100 pL particle-free 1 mM EDTA.

EV quantification, size, charge measurements, and proteinase K treatment

EVs were quantified 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. Particle quantification 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 specific 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

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio0.03589-22 16

Downloaded from https://journals.asm.org/journal/mbio on 29 June 2023 by 160.217.205.235.


https://doi.org/10.1128/mbio.03589-22

Research Article

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 EDTA buffer and checked with NTA.
Unconditioned KB medium contained up to 1.4 x 10° particles (Fig. S2A). Pto DC3000
cultures contained increasing particle numbers with cultivation time: =2.8 x 10° particles
at 1.5-2 x 10° cfu/mL (50% of influence); =3.7 x 10° particles at 2.25-2.75 x 10° cfu/mL
(37% of influence), =7 x 10° particles at 3.75-4.5 cfu/mL (20% of influence), and =1.1 x
10" particles at 5-5.5 X 10° cfu/mL (13% of influence) (Fig. S2A). We, therefore, focused
our measurements on samples collected from ODggg >7.5, which shows lower than 20%
influence of particles from the medium. We calculated the colony-forming units per
milliliter from measured ODgqg values (71, 72).

For proteinase K treatment, EVs were incubated with 10 pg/mL proteinase K (NEB,
P8107S) or mock treated for 30 minutes at 37°C before boiling in Lammli buffer at 95°C
for 5 minutes.

Propidium iodide staining

The viability assay was done with some modifications according to reference (73). In
brief, Pto DC3000 cultures were grown until ODgpg = 1-2 and ODggg = 3-4. Propidium
iodide (PI) (Sigma-Aldrich) was added to a final concentration of 20 uM. After 10 minutes
incubation time, 5 pL 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 40x/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 Pl staining. Two technical replicates were performed for ODggg = 1-2 and ODggg =
3-4, respectively.

Scanning electron microscopy

Planktonic-grown bacteria at ODggg = 3-4 (1.5-2 x 10° cfu/mL), gradient-collected
EVs (0.5-1.5 x 10" particles), and apoplastic fluids passed through 0.2 pm filters
were used for SEM. The cells were chemically fixed using 2.5% glutaraldehyde in
50 mM cacodylate buffer (pH 7.0) containing 2 mM MgCl,. 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
fixation buffer again. After washing four times with buffer, post-fixation was carried
out with 1% 0OsO4 for 15 minutes. Two additional washing steps with buffer 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 Crossbeam workstation
at 2 kV (Zeiss, Oberkochen, Germany). The vesicle size was manually measured
across five randomly selected SEM micrographs using Fiji software (74).

Transmission electron microscopy

Planktonic-grown Pto DC3000 at ODggg = 3-4 (1.5-2 x 10° cfu/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 Microsys-
tems, Wetzlar, Germany) as described previously (75). 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, Miinster, Germany).
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For immuno-negative staining, freshly purified EVs from Pto DC3000 were used.
Herein, 15 pL 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 1x PBS. After this, the grids were incubated with the primary antibody (rabbit
anti-P. aeruginosa ampC polyclonal antibody, dilution 1:1,000 or 1:5,000 in 1x PBS) for
30 minutes. This was followed by washing six times for 5 minutes with 0.1% BSA in 1x
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 x 5 minutes with
0.1% BSA in 1x PBS, 2 x 5 minutes with 1x PBS, and 2 x 5 minutes with sterile water. After
blocking with a filter paper, the samples were negatively stained with 1% uranyl acetate
for 2 minutes, blotted again on a filter 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 pL 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 x 2k slow-speed CCD camera (TRS Trondle Restlichverstarker-Systeme, Moorenweis,
Germany).

Pto DC3000 infection assay

Overnight plate-grown Pto DC3000 cells were resuspended in 10 mM MgCl, and diluted
to ODgpg = 0.0006. Using a needle-less syringe, the bacterial suspension was infiltrated
into mature leaves of 5-6-week-old plants, three leaves per plant. For pretreatments,
gradient-collected EVs from planktonic Pto DC3000 (concentration =1.10'°) and 0.02 mM
EDTA as a negative control and 100 nM flg22 (EZbiolabs) as a positive control were
syringe infiltrated into leaves 24 hours prior to Pto 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 MgCls. Serial
dilutions were plated on LB medium with rifampicin (50 ug/mL), and bacterial colonies
were counted 1 day after incubation at 28°C. Statistical analysis was performed using a
two-tailed Welsch's t-test.

Histochemical GUS staining

The histochemical GUS assay was performed with 11-day-old seedlings. Seedlings were
treated with gradient-collected Pto DC3000 EVs (concentration =1.10'°), 100 nM flg22
(EZbiolabs), or as a control with 0.02 mM EDTA for 18 hours. Treated seedlings were
immersed in X-Gluc buffer [2 mM X-Gluc (Biosynth), 50 mM NaPQOy, pH 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 (76). The intensity of the GUS signals was quantified using Image)
software as described in reference (77).

Fluorimetric GUS assay

For fluorimetric GUS assays, 11-12-day-old seedlings were treated with gradient-collec-
ted Pto DC3000 EVs (concentration =1.10'°) or with 100 nM flg22 (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
buffer was added as described (78) [50 mM sodium phosphate (pH 7); 10 mM 2-mer-
captoethanol; 10mM NayEDTA; 0.1% Triton X-100; 0.1% sodium lauryl-sarcosine and
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PPIC (plant protease inhibitor cocktail)]. GUS activities were measured fluorimetrically
in reaction buffer (see below) using methylumbelliferyl-B-D-glucuronic acid dihydrate
(MUG) (Biosynth) as a substrate. Reaction buffer was the same solution as extraction
buffer with one modification: PPIC was replaced by 1 mM MUG. The fluorescence was
measured using TECAN fluorimeter 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-gPCR analysis

Gene transcription analysis was performed with 12-day-old seedlings. The seedlings
were treated with gradient-enriched EVs (concentration 1.10'°) and 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 ug of 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 transcription was
quantified 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 housekeep-
ing gene AtTIP41 (79). Primers were designed using PerlPrimer v1.1.21 (80). The primers
used are AtFRK1_FP, GCCAACGGAGACATTAGAG and AtFRK1_RP, CCATAACGACCTGACT-
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 pL of media either containing
0.02 mM EDTA as a control or gradient-collected Pto DC3000 EVs (concentration =1.10'%)
or with 100 nM flg22 (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). Briefly, leaves of 5-6-week-old A. thaliana plants were infiltrated with gradient-col-
lected EVs (concentration =1.10'°) or particles isolated from KB. After 2 hours, discs were
excised from the infiltrated leaves and 24 hours incubated in ddH20 at 22°C. Then, the
leaf discs were treated with water as mock and with 100 nM flg22 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 from Pto DC3000 WC lysates and OM and EVs as
described previously (51, 82) and above, respectively. WC, OM, and EVs were isolated
from Pto DC3000 liquid cultures (ODgpg = 3-4 (1.5-2 x 10° cfu/mL). The cells were
pelleted via centrifugation (12,000 X g for 10 minutes).

Briefly, for WC, the pellet was resuspended in T mL of 20 mM Tris-HCl (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 6,000 x g for 10 minutes at 4°C, and
supernatants were collected and frozen in liquid nitrogen.

For OM preparations, the pellet was resuspended in T mL 20 mM Tris-HCI (pH 8.0),
sucrose (20%), followed by adding 5 pL lysozyme (15 mg/mL) and 10 pL 0.5 M EDTA,
incubation for 40 minutes on ice, and adding 20 pL 0.5 M MgCl,. After centrifugation
at 9,500 x g 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 x g 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
final concentration 0.5%. The samples were then centrifuged at 40,000 x g for 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. S1C). The protein concentration in the samples was measured using Bio-Rad Protein
Assay which is based on Bradford method (83).

For proteomics, the samples were denatured by addition of 1x SDS loading buffer.
In-gel trypsin digestion was performed according to standard procedures (84). Briefly,
2 pg of EV and OM samples and 20 pug of WC samples were loaded on a NUPAGE 4%-12%
Bis-Tris Protein gels (Thermofisher Scientific, 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 Fisher Scientific) equipped with an Ultimate
3000 RSLCnano system. Peptides were delivered to a trap column (ReproSil-pur C18-AQ,
5 um, Dr Maisch, 20 mm x 75 um, self-packed) at a flow rate of 5 pL/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, 3um, Dr Maisch, 400mm x 75
pm, 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) DMSQ] at 300nL/minute flow 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 of 4e® and
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 of 5e* and 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 P-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 (n = 207). In
addition, we selected proteins that were exclusively identified in at least three (out
of four) replicates of EV (n = 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 tool (36, 37). Cluster maps were generated
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using the SEABORN python library (https://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 tool (36, 37).

Database searches

Peptide identification and quantification were performed using MaxQuant (version
1.6.3.4) with its built-in search engine Andromeda (85, 86). MS2 spectra were searched
against a Pto 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 carbamidome-
thylation of cysteine as a fixed modification and oxidation of methionine and N-terminal
protein acetylation as variable modifications. Trypsin/P was specified 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 was defined as seven amino acids, and the
“match-between-run” function was not enabled. Each sample type (EV, OM, WC) was
analyzed in biological quadruplicates (Table S1).

We used available localization prediction data from the Pseudomonas genome
database (pseudomonas.com) (87). 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 (https://david.ncifcrf.gov/) for GO term and KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathway analysis, and the adjusted P-value cutoff was set to 0.05 (36,
37). We compared the EV-enriched proteins from Pto DC3000 with EV proteomes from
planktonic-grown P. aeruginosa PAO1 (51, 52, 82). We focused on the proteins that
were identified in OMVs from P. aeruginosa PAO1 across all three studies and identified
their gene orthologs in Pto DC3000 using the Pseudomonas genome database (pseudo-
monas.com) (87). This set of proteins was compared with the Pto DC3000 EV-enriched
proteins to predict EV biomarkers. The EV-enriched proteins were also compared with
available in planta Pto DC3000 transcriptome and proteome datasets (11, 33).

Immunoblot analysis

Immunoblot analysis was performed according to Sambrook and Russel (1989)
(88). And 10% SDS-PAGE gels were blotted onto PVDF Immobilon-P membranes
(Millipore). Pto DC3000 OprF was detected using 1:2,000 diluted rabbit pol-
yclonal antibody against OprF from P aeruginosa (Cusabio Biotech Co. CSB-
PA318417LA01EZX); flagellin was detected using 1:300 diluted antibody (68);
B-lactamase was detected using 1:2,000 diluted rabbit polyclonal antibody against
ampC from P. aeruginosa (Cusabio Biotech Co.; CSB-PA326492HA01EZX); and 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 Scientific),
according to the manufacturer’s instructions, and the images were captured using
Vilber Lourmat Peglab FUSION SL Gel Chemiluminescence Documentation 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 staining buffer 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

Student t-test, Welsch's t-test, one-way ANOVA followed by Tukey multiple comparisons
test, and Welsch’'s 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, USA, www.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 filament 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
PATHOGENESIS RELATED proteins (PR). In this study we show that pharmacological actin depolymeriza-
tion leads to the specific induction of genes in salicylic acid pathway but not that involved in jasmonic
acid signaling. Life imaging of leafs of Arabidopsis thaliana with GFP-tagged fimbrin (GFP-fABD2) treated
with 1 mM salicylic acid revealed rapid disruption of actin filaments resembling the pattern viewed after
treatment with 200 nM latrunculin B. The effect of salicylic acid on actin filament 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 filament dynamics is also presented.
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1. Introduction

During coevolution with their natural enemies, plants evolved
very complex and multilevel mechanisms to defend themselves,
resulting in relatively very low success rate 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

* Corresponding author. Tel.: +420 220445102; fax: +420 220445167.
E-mail address: olga.valentova@vscht.cz (O. Valentova).
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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
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 (PATHOGENESIS RELATED, PR) [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]. JA responsive gene PDF1.2 is 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 WRKY62 were shown to be induced by SA[10,11].

The actin cytoskeleton is a complex and dynamic filamentous
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-
nificant roles of cytoskeleton during defense responses of plant
cells after pathogen recognition. Actin filaments (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 microfilament 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 as well as products 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. Li et al. [15] observed an increased density of
actin filaments in the cortical array of Arabidopsis hypocotyl epi-
dermal cells following exogenous PA treatments. This is due to the
interaction of PA with capping protein (CP) which binds with high
affinity to the barbed ends of actin filaments blocking actin assem-
bly and disassembly. PA negatively regulates binding of CP and this
leads to the uncapping of actin filament ends, and thereby allowing
assembly of new F-actin [16].

In the presented study we demonstrate that actin cytoskeleton
dynamics undergoes significant 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 SA on actin dynamics. Treatment of Arabidopsis
seedlings with cytoskeleton disrupting drugs leads to the induction
of SA responsive genes but not that of JA signaling pathway.

2. Materials and methods
2.1. Plant material

Surface sterilized seeds of Arabidopsis thaliana, ecotype
Columbia-0 with tagged fimbrin: 35S::GFP-fABD2 [17] were cul-
tivated in Petri dishes in MS medium modified according to Illes
[18,19] and solidified with 1.2% agar. Petri dishes were positioned
vertically into a growing chamber for 7-10 days and plants were
grown in conditions: 22°C/20°C, 8/16h day/night cycle, light
110-150 wmolm~2 s~1. All 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 L of MS liquid medium [20]
for 10 days in a cycle of 10h day (130 nEm~2s~1,22°C) and 14h
night (22 °C) at 70% relative humidity. On the 7th day, the medium
in wells was changed for a fresh 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 final concentrations.
Aqueous stock solution of sodium salicylate (SA, Sigma-Aldrich)
was diluted with liquid growing medium to final 1 mM concentra-
tion.

10 uM 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 final
300 wM concentration.

Seedlings for microscopic analyses were positioned onto an
inverted platform (with a cover slip at the bottom) and submerged
into a drop 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 wM cytochalasin E or 20 uM oryzalin
solved in DMSO and diluted as described above.

2.3. Gene expression analysis

Whole seedlings from three independent wells were immedi-
ately frozen in liquid nitrogen. Tissue was homogenized in tubes
with 1 g of 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 ug of RNA was converted into
cDNA with M-MLV RNase H— Point Mutant reverse transcriptase
(Promega Corp.) and anchored oligo dT21 primer (Metabion, Mar-
tinsried, Germany). An equivalent of 6.25 ng of RNA was loaded into
a 10 L reaction with a qPCR mastermix EvaLine-E1LC (GeneOn,
Ludwigshafen am Rhein, Germany). All reactions were performed
in polycarbonate capillaries (Genaxxon, Ulm, Germany) and Light-
Cycler 1.5 (Roche). The following PCR program was used for all PCR
assays: 95°C for 10 min; followed by 45 cycles of 95°C for 10s,
55°C for 10, and 72 °C for 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 efficiency correction and normalization to SAND [21].
Primers were designed using PerlPrimer v1.1.17 [22]. Following A.
thaliana genes with corresponding accession numbers and primers
were used: SAND, AT2G28390, FP: 5" CTG TCT TCT CAT CTC TTG TC
3’, RP: 5 TCT TGC AAT ATG GTT CCT G 3, PR-1, AT2G14610, FP: 5/
AGTTGT TTG GAG AAA GTC AG 3/,RP: 5' GTT CAC ATA ATT CCCACG
A3/, LOX2, AT3G45140, FP: 5" ATC CCA CCT CACTCATTA CT 3, RP:
5" ATC CAA CAC GAA CAA TCT CT 3/, PR-2, AT3G57260, FP: 5’ TAT
AGC CAC TGA CAC CAC 3/, RP: 5’ GCC AAG AAA CCT ATC ACT G 3/,
WRKY38, AT5G22570, FP: 5" GCC CCT CCA AGA AAA GAA AG 3/, RP:
5 CCT CCA AAG ATA CCC GTC GT 3/, AOS, AT5G42650, FP: 5" GGT
CAT CAA GTT CAT AAC CG 3/, RP: 5/ TTT CTC AAT CGC TCC CAT 3/,
VSP2, AT5G24770, FP: 5" CCA AAC AGT ACC AAT ACG AC 3/, RP: 5/
CTT CTC TGT TCC GTATCC AT 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 a droplet of cultivation medium. Abaxial surface of the first true
leaf was set toward the cover slip. The slide with seedling was pos-
itioned onto an inverted platform (with a cover 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 6 h and 24 h with (A) 200 nM latrunculin B (Lat B), (B) 10 wM cytochalasin E (Cyt E) and (C) 20 wM oryzaline (Ory) and the expression of
salicylic acid marker genes (PR-1, PR-2 and 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, VSP2 and 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-NIR water 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 505-550 nm band-pass filter.

Images of GFP - tagged actin filaments 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 flattened cells which helped to capture bigger
leaf area in a single 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 LUCIA image analysis
software (laboratory Imaging, Prague, Czech Republic), Image ] free
software and Adobe Photoshop software (Mountain View, CA, USA).

2.5. Image analysis

For the analysis of the lengths of actin filaments (AF) the follow-
ing method was used. For each experiment one fluorescence 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
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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 uM BTH (benzothiadiazole). Approximately 4 wm 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 SA and five repetitions for BTH. Bars represent 10 pm.

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 Image], Perl and Gnuplot. The images were
filtered using FFT and custom Low Pass filters with specific 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 filaments 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 filaments correlates with the induction of hypersensitive
response-like cell death and with the increased transcription of
acidic PR-1 and PR-2 defense genes. Both effects are the hallmark
of SA signaling pathway. This effect was significantly 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 filaments, latrunculin,
another cytoskeletal drug, severely influencing actin dynamics, is
binding to the G-actin (monomer) and thus prevents the formation
of new filaments. 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 SA marker
genes PR-1, PR-2 and WRKY38 was observed already 6 h after treat-
ment followed by massive induction after 24 h, more than 1000
times in case of acidic PR-1 and 100 times for PR-2 and WRKY38
(Fig. 1A). The similar effect was observed when plants were treated
with 10 wM 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, AOS and LOX2 [23] (Fig. 1D). These results indicate that
the disruption of actin filaments is specific for SA signaling pathway.

Furthermore it seems that the SA pathway is more specifically
connected with actin cytoskeleton dynamics than with the dynam-
ics of microtubules (MT). We treated plants for 6 h and 24 h with
20 wM 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 causes the disruption of actin filaments

Results of the gene expression pattern in response to cytoskele-
tal drug treatment led us to the question whether SA itself 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 filament arrays in the leaves of Arabidopsis
plants by confocal microscopy. Actin filaments were imaged in sev-
eral time points after submerging the plants in the medium with SA
directly on microscopic plates. Surprisingly, actin filaments 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 a few stable thicker bundles of actin filaments after
approximately 20 min of the treatment. The decrease of filament
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 filaments
in the interval between 10 and 20 min rose almost back to initial
values, but it started to decrease later again. Tiny filaments frag-
mented into dots or short fibers (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 SA in comparison to the effect of cytoskeletal drugs. 7-10-days-old
Arabidopsis 35S::GFP-fABD2 were treated with (A) 1 mM salicylic acid, (B) 200 nM latrunculin B and (C) 10 uM cytochalasin E. Approximately 4 wm 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 five

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

rapidly increased. This is due to the significantly augmented quan-
tity of short, perished filaments with the length below 5.7 pm,
while number of longer filaments decreased (Table 1). Treatment
of plants with 300 wM 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)

as SA. No specific influence of pH changes on actin cytoskeleton
was observed (data not shown).

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

Table 1

Distribution of actin filament (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 AF 0-5.7 wm [%] 56.5+ 0.9 473 £ 5.7 421+ 3.8 1203 £ 16.1
Number of AF >5.7 m [%] 435 + 0.9 397 +£1.2 348 £33 28.5 £ 2.56
Sum [%] 100 +£ 0 87 + 6.4 76.9 £ 6.7 148.8 + 18
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Fig. 4. Effect SA on 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 10s. Images represent results of typical experiment from three repeats. Bar represents 10 pm.

but the time course was slightly different. Ten minutes after treat-
ment with latrunculin B many actin filaments disappeared but
unlike in salicylate treatment, fragmentation of fibers 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 SA on the actin
filaments

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

Phosphatidic acid is a product of phospholipase D (PLD) reaction
and as we observed earlier, SA treatment 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 filaments disruption. Arabidopsis seedlings were treated with
10 wM PA, 11-18 min before 1 mM SA addition. This pretreatment
totally revoked decrease of actin fiber number, the typical effect
caused by SA and moreover bundles or fragmentation did not
emerge afterwards (Fig. 5B) and the increase of actin filament
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 influence system-
atically actin filaments, 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 fluctuations of number
of actin filaments 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 changes in actin dynamics

Eighty parallel experiments after the treatment with 1 mM sal-
icylic acid were performed. In sixty-seven cases depolymerization
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 quantified 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 filament dynamics in Arabidopsis thaliana epidermal leaf cells. 7-10 days old Arabidopsis 35S::GFP-fABD2
were treated with (A) 10 wM 1,2-dioctanoyl-sn-glycerol 3-phosphate sodium salt (PA) and (B) pretreated 11 min with 10 wM PA followed by 1 mM salicylic acid application.
Approximately 4 wm 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 fifteen repeats. Bars represent 10 pum.

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 filaments 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 defined time points before and after treatment.
The changes of particle numbers in time were characterized by
fitting the data by linear function using least squares method for
all parallel experiments. Image evaluation of parallel experiments
showed in Fig. 6B confirmed rising population of actin filaments
observed up to 25 min after treatment with 10 uM 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 12-18 min SA treatment of plants tends to
increase during the time (Fig. 6C).

4. Discussion

4.1. Disruption of actin filaments leads to the changes in defense
genes transcripts

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 influencing the actin cytoskeleton dynam-
ics [12]. Actin filament 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 filaments 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 wM). In accordance with this finding 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 SA pathway marker genes
PR1, PR2 and WRKY38 was considerably induced by nanomolar con-
centrations of latrunculin B already 6 h after treatment and the
induction steeply increased up to 24 h. Thus we can assume that the
disruption of actin filaments in cortical layer triggers pathway lead-
ing to defense response. Interestingly we did not see any effect on
JAresponsive genes AOS, LOX2 and VSP2. SA marker 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 findings led us to the suggestion that actin
cytoskeleton dynamics is specifically connected with SA signaling
pathway. Kobayashi and Kobayashi [14] also showed on tobacco
leaves PR-1 and PR-2 induction after depolymerization of actin fila-
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 genes in the nucleus
[27,28].

4.2. Salicylic acid is diminishing number of actin filaments

Levels of salicylic acid in plants are significantly 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 5 min to the plant cell
as it was verified by the uptake of radiolabelled salicylic acid into
the maize suspension cells (Skdpa P. and Dobrev P., unpublished
results).

Basal level of SA in A. thaliana is 250-1000ngg-! 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 firstly used
250 wM concentration of SA for 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.7-10 days old Arabidopsis 35S::GFP-
fABD2 were treated with (A) 1 mM salicylic acid (SA), (B) 10 wM 1,2-dioctanoyl-sn-
glycerol 3-phosphate sodium salt (PA) and (C) 10 wM PA 11-18 min before 1 mM 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. Coefficient of determination R? for each experiment is calculated.

nevertheless changes in actin filament 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 filaments within
40 min. In our experiments, three different dynamic patterns of
actin depolymerization caused by SA were observed. Nevertheless
most often actin filaments fragmented into short fibers or dots and
this pattern was similar to the mode of depolymerization caused
by latrunculin B rather than the one after cytochalasin E treatment,
which we used as a reference. So these changes in actin dynamics
after SA treatment might be explained by the mechanism shared
with latrunculin B, it means lower assembly rate of G actin units
[32]. Different actin filament pattern observed after treatment with
latrunculin B or cytochalasin E was also noticed in animal cells [33].

Commonly observed oscillation of actin filament density, called
stochastic dynamics [34] is determined by fast growth of tiny
filaments, whilst their disassembly is proceeded with a slower
rate, balance between growth and shrinkage is then achieved by
simultaneous severing of filaments into shorter fibers. 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, specific dynamic balance
could be shifted to the increased polymerization, disassembly or
bundling of filaments, etc.

Both of principal reactions in actin network dynamics - poly-
merization and depolymerization of actin filaments were described
after biotic stress and both lead to the induction of the expression
of PR-1 protein, marker of SA signaling 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 filaments 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] as well as depolymerization of actin filaments 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]. So transient increas-
ing and also decreasing of actin filament 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-1 expression appears 24 h after plant inoculation with
bacteria [39], whereas exogenously applied SA triggers expression
of the same marker gene up to 6 h after treatment. Interestingly,
while Henty-Ridilla and coworkers [26] assumed higher actin fila-
ments density as a way to perform plant defense response to PAMP,
they also showed lower AFs density comparing to the control after
18 h after P. syringae DC 3000 treatment, which could correlate to
SA level 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 flow of cellu-
lar energy from growth and development into rescue operations
[40], SA for instance inhibits auxin response in plants [41]. During
stress-free periods AFs serve 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 filaments. This is in accor-
dance with finding of Steiger’s group showing that PA promotes the
growth of actin filaments by binding to the capping protein [24,26]
and thus releasing barbed plus ends. F actin prepared in vitro acti-
vates very significantly one of the isoforms of NtPLD (Nt PLD[3), an
enzyme producing phosphatidic acid [16]. The activity increased
nearly eight times which is much more pronounced activation that
was observed for SA itself. The distribution of the filament length
formed by in vitro polymerization of G-actin is exponential and
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the majority of the filament length is within the range from 0.5
to 10 wm [42]. Disruption of actin filaments after SA treatment
led to the formation of shorter fragments (Table 1), size of which
corresponds to filaments formed in vitro. Thus we can speculate
that SA can also, in later phases, initiate the process leading to the
regeneration of actin network needed for successful defense.
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The integrity of the actin cytoskeleton is essential for plantimmune signalling. Consequently, it
is generally assumed that actin disruption reduces plant resistance to pathogen attack. Here, we

: demonstrate that actin depolymerization induced a dramatic increase in salicylic acid (SA) levels in

. Arabidopsis thaliana. Transcriptomic analysis showed that the SA pathway was activated due to the action

. ofisochorismate synthase (ICS). The effect was also confirmed in Brassica napus. This raises the question
of whether actin depolymerization could, under particular conditions, lead to increased resistance
to pathogens. Thus, we explored the effect of pretreatment with actin-depolymerizing drugs on the
resistance of Arabidopsis thaliana to the bacterial pathogen Pseudomonas syringae, and on the resistance
of an important crop Brassica napus to its natural fungal pathogen Leptosphaeria maculans. In both
pathosystems, actin depolymerization activated the SA pathway, leading to increased plant resistance. To
our best knowledge, we herein provide the first 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.

The actin cytoskeleton plays a key role in plant immunity'?, both by providing a physical barrier and by its
involvement in the transport of callose, antimicrobial compounds and cell wall components to an infection site>.
Additionally, actin filament reorganization is a very fast response to treatment with conserved microbial com-
pounds, MAMPs (microbe-associated molecular patterns), such as flg22, elf26 and chitin. The recognition of
MAMPs triggers a specific set of immune responses, including cytoskeleton reorganization. It underpins the
important role of actin cytoskeleton in plant defense®’. Several studies have shown that when drugs, such as
cytochalasins or latrunculin B, depolymerize the actin cytoskeleton, different plant species become more sus-
ceptible to pathogens. For example, treatment of A. thaliana with latrunculin B resulted in higher susceptibility
to infection by Pseudomonas syringae®™’. In plants, actin depolymerizing factors serve to sever filamentous actin.
The adf4 (Actin Depolymerizing Factor 4) A. thaliana knock out mutant had reduced resistance to Pseudomonas
syringae pv tomato DC 3000 (Pst DC3000) expressing the AvrPphB effector®. This is because ADF4 is neces-
sary for the expression of RPS5, the resistance protein that recognises AvrPphB’. However, in the intact adf4
mutant, the density and skewness of actin filaments were the same as in control plants, implying that the actin
cytoskeleton is not modified before infection!®. ADF4 plays an indispensable role in the actin reorganisation
upon elf26, but not in response to chitin®. The importance of actin cytoskeleton is also highlighted by the fact
that Pst DC3000 secretes at least two effectors modulating actin cytoskeleton. The effector HopW1 disrupts the
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actin cytoskeleton®’. Another effector, HopG1, was shown to affect the remodelling of the actin cytoskeleton in
Pst DC3000-infected A. thaliana''. Furthermore, treatment with cytochalasin E increased the penetration of A.
thaliana plants by Colletotrichum species'? and the rate of entry to barley by Blumeria graminis . sp. hordei®.
Non-host resistance to Erysiphe pisi decreased after treatment with cytochalasins in barley, wheat, cucumber
and tobacoo'®, as did resistance to Blumeria graminis f. sp. tritici after cytochalasin E treatment of A. thaliana.
Moreover, treatment with cytochalasin E in the absence of EDS1 (enhanced diseased resistance 1), an upstream
component of the salicylic acid (SA) signalling pathway, strongly enhanced the inhibitory effect on non-host
resistance'>. 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 Erysiphe
cichoracearum?®. Furthermore, both cytochalasin E and latrunculin B induced the transcription of several SA
marker genes (AtPR-1, AtPR-2 and AtWRKY38) in A. thaliana seedlings’. This suggests that while such drugs do
indeed cause actin depolymerization, the effects of such depolymerization may not always be adverse. Could it
be that drug-induced actin depolymerization actually triggers processes that induce the SA pathway and thereby
increase plant resistance to pathogens?

Results
Actin depolymerization induce salicylic acid biosynthesis via ICS1 dependent pathway. To
establish that SA levels can increase upon actin depolymerization, we measured phytohormone content in A.
thaliana seedlings treated with just 200 nM latrunculin B. Such a low concentration of latrunculin B proved suf-
ficient to depolymerize actin filaments in the seedlings within 24 h (Fig. S1). Additionally, we showed that 24h
treatment with latrunculin B does not induce plant cell death (Fig. S2). Significantly, by that time there was a sev-
enfold increase in the free SA level of the treated seedlings compared with the control ones. The 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 unaltered (Fig. 1a; Table S1).
Having shown this dramatic rise in SA level in A. thaliana, 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 isoforms!®. Analysis of the transcription of all AtPAL and AtICS
genes in the seedlings revealed that only the AtICS genes were induced by latruculin B (Fig. 1b). This shows
that drug-induced actin depolymerization activates the ICS-dependent pathway and that this pathway alone is
responsible for SA biosynthesis under these conditions.

Actin depolymerization leads to induced resistance of A. thaliana against Pst DC3000. Given
that increased resistance to pathogens in A. thaliana is associated with SA biosynthesis through the ICS path-
way'?%, 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 Ishiga et al.?! protocol as a basis for performing two
in vitro A. thaliana-Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) flood-inoculation assays in liq-
uid and solid media®!. We treated the seedlings with latrunculin B 24 h before inoculation with Pst DC3000.
Remarkably, under both conditions, the latrunculin B-pretreated seedlings were more resistant than the control
ones (Fig. 1c,d,e).

To ensure that this phenomenon is not just associated with in vitro conditions, we also performed experiments
using four-week-old A. thaliana plants cultivated in soil, such plants typically being used for studies of A. thaliana
resistance to Pst DC300022. Unlike in the seedlings, 24 h treatment with 200 nM latrunculin B did not activate the
SA pathway in the adult plants and, thus, no increased resistance was observed (Fig. 2a,b). However, the tran-
scription of SA marker genes (AtPR-1, AtICS1) was induced after 24 h treatment with 1 uM latrunculin B (Fig. 2a),
leading to increased resistance to Pst DC3000 (Fig. 2b). This suggests that plant resistance is strongly dependent
on latrunculin B concentration, probably due to differences between the efficiency 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 resistance to Pst DC3000
(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 effect of latrunculin B because Pst DC3000 grew in
vitro in the presence of latrunculin B at a similar rate as in the control medium (Fig. S5).

The induced resistance caused by actin depolymerization is dependent on salicylic acid. To
further demonstrate the dependence of such resistance on the SA pathway, we performed assays using mutants
known to have an impaired SA pathway and thus be more susceptible to Pst DC3000: nahG, which induces low
endogenous SA levels through the expression of SA-hydroxylase?, and sid2, a knock-out mutant of the AtICS1
gene?!. As expected, latrunculin B did not induce resistance in the nahG plants (Fig. 2d,e). Sid2 plants treated
with latrunculin B were more resistant compared to sid2 controls. However, latrunculin B treated sid2 plants were
still more susceptible than WT controls (Fig. 2e). The SA level is not induced in sid2 plants (Fig. 2f) which cor-
relates with the fact that none of SA biosynthetic genes does have induced transcription (Fig. S6b). Contrarily in
seedlings, ICS2 transcription is induced by latB (Fig. S6a). Altogether these results clearly confirm the crucial role
of SA for actin depolymerization-induced resistance. However, increased resistance of latB treated sid2 mutants
uncover a new possible unknown SA independent mechanism triggering immunity.

Actin depolymerization induce SA pathway in B. napus and enhance its resistance against L.
maculans. To show that this phenomenon is neither species-specific nor pathogen-specific, we investigated
the effect of latrunculin B on an important crop, oilseed rape (Brassica napus). As in the case of A. thaliana in B.
napus, latrunculin B upregulated the transcription of SA marker genes (BnPR-1, BnICSI) (Fig. 3a). Furthermore,
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Figure 1. Seedlings of A. thaliana: Latrunculin B triggers SA biosynthesis and resistance to Pst DC3000.
Seedlings were grown in vitro in liquid MS medium (a—c) and seedlings were grown in vitro in solid MS/2
medium (d,e). (a) Phytohormone analysis. Seedlings were treated for 24 h with 200 nM latrunculin B (latB)

or 0.01% DMSO (control). For abbreviations of analyzed phytohormones, see Table S1. (b) Transcription of
SA biosynthetic genes ICSI, ICS2, PAL1, PAL2, PAL3 and PAL4. Seedlings were treated for 24 h with 200nM
latB or 0.01% DMSO. The transcription level was normalized to the reference gene, SAND. (c) Bacterial titres
(liquid medium). Seedlings were pretreated for 24 h with 200 nM latB or 0.01% DMSO before inoculation with
Pst DC3000. Tissue was harvested 1 day after inoculation with bacteria. (d) Bacterial titres (solid medium).
Seedlings were pretreated for 24 h with 200 nM latB or 0.01% DMSO before inoculation with Pst DC3000.
Tissue was harvested 1 and 2 days after inoculation with bacteria. (e) Representative photographs of seedlings
grown on solid medium 2 days after inoculation with Pst DC3000. The values represent mean and error bars
(SEM) from four (a,c), three to four (b) and five (d) independent samples. The asterisks represent statistically
significant changes in latB-treated samples compared with controls (¥*P < 0.05; **P < 0.01; ***P < 0.001; two
tailed Student’s t-test).
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Figure 2. Four-week-old A. thaliana: Latruculin B-triggered SA pathway is necessary for higher resistance to
Pst DC3000 (a). Transcription of SA marker genes PR-1 and ICS1 in four-week-old A. thaliana plants. Plants
were treated for 24 h with 200 nM or 1 uM latrunculin B (latB). The transcription level was normalized to the
reference gene, TIP41. (b,c) Bacterial titres in four-week-old plants. (b) Plants were pretreated with 200 nM

or 1 uM latB for 24 h before inoculation with Pst DC3000. Control plants were pretreated with 0.01 or 0.05%
DMSO. (c) Plants were treated with 1 uM latB or 0.05% DMSO, each in a solution containing Pst DC3000. (d)
Bacterial titres in four-week-old plants. (e) Representative photographs of adult A. thaliana leaves infected with
Pst DC3000 3 days after inoculation. (f) Salicylic acid (SA) concentration after 24h 1 uM latB treatment. Plants
were treated for 24 h with 1 uM latB or 0.05% DMSO before inoculation with Pst DC3000. A. thaliana WT
plants (col-0) and mutants with impaired SA pathways (nahG and sid2) were used (d, e, f). Tissue was harvested
3 days after inoculation with Pst DC3000. The values represent mean and error bars (SEM) from four (a,f) and
six (b,c,e) independent samples. The asterisks represent statistically significant changes in latB-treated samples
compared with controls (**P < 0.01; two tailed Student’s t-test) and statistical differences between the samples
(d,f) were assessed using a one-way ANOVA, with a Tukey honestly significant difference (HSD) multiple mean
comparison post hoc test. Different letters indicate a significant difference, Tukey HSD, P < 0.01, n=6.
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Figure 3. B. napus cotyledons: Latrunculin B triggers SA pathway and resistance to L. maculans (a).
Transcription of SA marker genes BnPR-1 and BnICS1 in B. napus cotyledons. Cotyledons were treated for

24h with infiltrations of 0.2, 1 or 10 uM latrunculin B (latB). Control cotyledons were treated for 24 h with a
corresponding concentration of DMSO (0.01, 0.05 or 0.5%). The transcription level was normalized to the
reference gene, BnTIP41. (b) B. napus susceptibility to L. maculans was evaluated as the relative lesion area (ratio
of lesion area to whole leaf area) on the cotyledons. Cotyledons were treated with latrunculin B (latB; 1 uM or

10 uM) or DMSO control (0.05 or 0.5%), either 3 days before inoculation or simultaneously to inoculation by L.
maculans. Lesions of DMSO controls in each treatment conditions were set as 100%. (c) Representative images
of L. maculans-infected cotyledons. (d) Representative microscopy images of L. maculans hyphae proliferation
in B. napus cotyledons in response to 10 uM latB or 0.5% DMSO. The bars correspond to 500 uM. The values
represent mean and error bars (SEM) from three to four (a) and 60 -142 (b) independent samples. The asterisks
represent statistically significant changes in latB-treated samples compared with controls (*P < 0.05; **P < 0.01;
#k%P < (0.001; two tailed Student’s t-test).

as with adult A. thaliana, the effect of latrunculin B on B. napus was concentration dependent (Fig. 3a). The
increased transcription of BnPR-1 also occurred 72 h after latrunculin B treatment. On the other hand, BnICSI
was not induced, indicating a transient effect of actin depolymerisation on BnICSI transcription (Fig. S7). The
treatment of B. napus with 10 uM latrunculin B 3 days before inoculation with a hemibiotrophic fungal path-
ogen, L. maculans, efficiently inhibited hyphal colonisation and necrosis formation in the infected cotyledons
(Fig. 3b,c,d). Treatment with 1 pM latrunculin B led to much weaker and variable resistance against L. maculans
(Fig. 3b), corresponding to the weaker transcription of defence-related genes (Fig. 3a). These data are in accord-
ance with our previous study characterizing the importance of SA in the defence of B. napus against L. maculans®.
In addition, we observed significant cytochalasin E-induced resistance to L. maculans in B. napus (Fig. S8), which
suggests that the effect is not compound-specific. Furthermore, neither latrunculin B nor cytochalasin E displayed
antifungal activity on L. maculans growth in vitro (Fig. S9). Interestingly, the co-inoculation of B. napus cotyle-
dons with a joint solution of 1 and 10 uM latrunculin B and L. maculans conidia also induced resistance (Fig. 3b).

Discussion

Ourresultsindicate that depolymerized actin cantriggerresistance to bacterial orfungal pathogens.
Thus, 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 specific, pathogen-type specific or drug-type
specific. These findings 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) The 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) The 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
pa}}lﬁogens. latB =latrunculin B; cytE = cytochalasin E; SA = salicylic acid; ICS1 =isochorismate synthase

1;'¥ =fungi; » =bacteria.

with cytoskeletal drugs to pathogens®7!21315_ Rather, they reveal that the plant disease resistance is strongly
dependent on whether the plant has sufficient time to activate SA-mediated immunity (Fig. 4). This was clearly
shown by our experiments with Pst DC3000, in which pre-infection treatment with cytoskeletal drugs resulted
in resistance whilst co-inoculation did not (Fig. 2b,c,e). The co-inoculation of cytochalasin D and Pst DC3000
also had no effect on resistance according to Shimono et al.!'. Other previous studies using actin-depolymerizing
drugs showed higher susceptibility to Pst DC3000 when co-inoculation was used>~(Fig. 4). It is also important to
mention that actin filaments response to plant immunity is strongly dependent on conditions used in the study. A
good example are effects of different MAMPs (flg22 and elf26) on actin reorganization. Using 24 day-old plants
infiltrated with MAMPs, Henty-Ridilla et al.®> showed that treatment with flg22 induces actin reorganization,
while elf26 does not®. Contradictorily to that, in epidermal cells of hypocotyl grown in the dark, Henty-Ridilla
et al.* showed that elf26 induces reorganisation and flg22 does not* (an explanation could be that under these
conditions, FLS2 receptor of flg22 is not expressed). In this study, we excluded the effect of different conditions
on induced resistance of A. thaliana against Pst DC3000 by testing three different setups (Figs 1c,d and 2b,e). The
result was in all cases similar, whereby pretreatment with latrunculin B induced resistance of A. thaliana against
Pst DC3000.

Interestingly, treatment with latrunculin B resulted in increased resistance in both L. maculans setups: pre-
treatment (Fig. 3b) and co-inoculation (Fig. 3b). This suggests that the rapidity of pathogen growth is a crucial
factor. In contrast to Pst DC3000, which strongly damaged the inoculated leaves within three days, almost no
multiplication of L. maculans occurred during the same period®. Thus, it appears that the slow growth of L.
maculans enabled B. napus to establish the SA pathway, which was induced within 24 hours of cytoskeletal drug
treatment (Fig. 3a). Overall then, while it is true that plant resistance to pathogens is decreased by a disrupted
actin cytoskeleton, our results show that, given sufficient time, plants are able to trigger SA-based defence mech-
anisms to overcome such threats. This could be due to SA antimicrobial activity, accompanied by the SA-induced
production of antimicrobial compounds. These powerful SA properties have been nicely demonstrated in rela-
tionship to so-called age-related resistance?®-?. Our study shows that SA pathway, specifically 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 effect of depolymerization of actin cytoskeleton on
plant immunity. Kobayashi and Kobayashi'® showed that treatment with cytochalins induce NtPRI transcription
in tobacco. Additionally, cytochalasin E primed tobacco cells to induce HR-like cell death in presence of Erysiphe
cichoracearum. We can speculate that it could lead to higher resistance against this biotrophic pathogen but it was
not explicitly tested!®. We confirmed the induction of AtPR-1 gene upon treatment with cytoskeletal depolym-
erizing drugs in A. thaliana'"*. Recently it was shown that overexpression of AfPRF3, which leads to depolym-
erization of actin filaments, increased ROS production upon flg22 treatment®. However to our best knowledge,
we herein provide the first 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 a
new and important direction for further research. Is the influence of the actin cytoskeleton on vesicle trafficking
involved in SA biosynthesis? For example, when PRRs (pattern recognising receptors) on the plasma membrane
recognize MAMPs, it triggers PRRs endocytosis which, in turn, might activate the SA pathway*"*2. A well char-
acterised example is the internalization of FLS2, which is dependent on the actin-myosin complex®*. Thus, could
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-kinase 31 and
B2 (pi4k31/32), which has been shown to alter vesicle trafficking and constitutively increase SA concentration®*.
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-specific immune responses. However, as yet, we are not able to determine if
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 be
focused on deciphering the specific mechanism by which actin depolymerization triggers SA biosynthesis and the
ensuing increased plant resistance to pathogens.

Materials and Methods
Plant material. For the A. thaliana experiments, the following genotypes were used: Columbia-0 (WT);
sid2-3 (SALK_042603)*%; nahG* and pUBC::Lifeact-GFP*. A. thaliana seedlings were grown either in liquid MS
medium or on solid MS/2 medium. Per litre, the liquid MS medium contained the following: 4.41 g Murashige
and Skoog medium including vitamins (Duchefa, Netherlands), 5g sucrose, 5g MES monohydrate (Duchefa,
Netherlands). Per litre, the solid MS/2 medium contained 2.2 g Murashige and Skoog medium (Duchefa,
Netherlands) with 10 g sucrose and 8 g Plant agar (Duchefa, Netherlands). Both media were adjusted to pH 5.7
using 1 M KOH. For cultivation in the liquid, surface-sterilized seeds were sown in 24-well plates containing
400 L of liquid MS medium per well. The plants were cultivated for 10 days under a short-day photoperiod
(10h/14h light/dark regime) at 100-130 pE m~2 s~! and 22 C. 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 (16 h/8 h light/dark regime) at 100-130 pE m~2s™! and 22 °C. For A. thaliana
plants grown for 4 weeks in soil, surface-sterilized seeds were sown in Jiffy 7 peat pellets and the plants culti-
vated under a short-day photoperiod (10h/14h light/dark regime) at 100-130 pE m=2s~!, 22°C and 70% relative
humidity. They were watered with fertilizer-free distilled water as necessary

For the B. napus experiments, plants of the Eurol cultivar were grown hydroponically in perlite in Steiner’s
nutrient solution (Steiner, 1984) under a 14h/10h light/dark regime (25°C/22°C) at 150 pbE m~2 s™! and 30-50%
relative humidity. True leaves were removed from 14-day-old plantlets to avoid cotyledon senescence.

Treatment with chemical compounds.  Asactin depolymerizing drugs, latrunculin B (Sigma-Aldrich,
USA) and cytochalasin E (Sigma-Aldrich, USA) were used. Latrunculin B and cytochalasin E were both dissolved
in DMSO; the concentration of the stock solutions were 2 mM and 4 mM, respectively.

For the Pst DC3000 resistance assay, the seedlings grown in 24-well plates were treated by replacing the pure
liquid MS medium in the plate wells with medium containing 200 nM latrunculin B or 0.01% DMSO control. The
seedlings cultivated on the solid medium were treated 24 h by flooding with 10 mL of MS/2 medium containing
200nM latrunculin B or 0.01% DMSO control. Fully-developed leaves from four-week-old A. thaliana grown
in soil were infiltrated either with 200nM or 1 uM latrunculin B (0.01% or 0.05% DMSO as respective controls)
or with 1 uM or 10 uM cytochalasin E (0.025% or 0.25% DMSO as respective controls) 24 h before Pst DC3000
infection using a needleless syringe.

For the transcriptomic assay, the seedlings of A. thaliana grown in 24-well plates were treated 24 h with 200nM
latrunculin B (0.01% DMSO control) or 10 uM cytochalasin E (0.25% DMSO control). Four-week old A. thaliana
were infiltrated with 200nM (0.01% DMSO) or 1M latrunculin B (0.05% DMSO) for 24 h. The 10-day-old cot-
yledons of B. napus were infiltrated either with 1 uM or 10 uM latrunculin B or with 10 uM cytochalasin E (in all
cases with corresponding DMSO controls) using a needleless syringe. For infection assay 3 days before infection
with L. maculans, for transcriptomic assay 24 and 72 h before harvesting tissue.

Inoculation of A. thaliana seedlings with Pst DC3000. After the A. thaliana seedlings 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 for 24 h. On day 11, the medium was replaced with a
bacterial suspension of Pst DC3000 in 10 mM MgCl, (ODg,=0.01). The seedlings were incubated in this bacte-
rial suspension for 1 min. After 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. The seedlings
were then homogenized in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24 instrument (MP Biomedicals,
USA). The resulting homogenate was serially diluted and pipetted onto King B plates. The colonies were counted
after 1-2 days of incubation at 28 °C.
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The seedlings cultivated on solid medium were flooded with 200 nM 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 Pst DC3000 (ODg,=0.01) containing 0.025% Silwet. Samples were har-
vested at 0, 1 and 2 dpi, with each sample containing the plants from five plates. The seedlings were homogenized
in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24 instrument (MP Biomedicals, USA). The resulting
homogenate was serially diluted and pipetted onto LB plates containing rifampicin. The colonies were counted
after 1-2 days of incubation at 28 °C.

Inoculation of four-week-old A. thaliana with Pst DC3000. Pst DC3000 was grown overnight on
King B agar plates at 28 °C, resuspended in 10 mM MgCl,, and diluted to an ODgy, of 0.001. Using a needleless
syringe, the bacterial suspension was infiltrated into three fully-developed leaves from one plant. After 3 days, the
infected tissue was collected as cut leaf discs (one disc per leaf, 0.6-cm diameter); three leaf discs from one plant
represent one sample. The discs were homogenized in tubes with 1 g of 1.3 mm silica beads using a FastPrep-24
instrument (MP Biomedicals, USA). The resulting homogenate was serially diluted and pipetted onto King B
plates. The colonies were counted after 1-2 days of incubation at 28 °C.

Inoculation of B. napus with L. maculans. L. maculans isolate v23.1.3*>%7 was used to inoculate B. napus.
After harvesting, conidia obtained according to Sasek et al.?> were washed once with distilled water, diluted to
108 spores/ml, and stored at —20 °C for up to 6 months. The cotyledons of 14-day-old plants were infiltrated by
conidial suspension (10° conidia/ml), with at least 12 plants being used for each inoculation. The leaves were
assessed for lesions 10 days after inoculation. The leaf area and the lesion areas therein were measured by image
analysis using APS Assess 2.0 software (American Phytopathological Society, USA). The relative lesion area was
then calculated as the ratio of lesion area to whole leaf area. For the microscopy studies, the cotyledons infected
with GFP-tagged v23.1.3 isolate were observed at 10 dpi using a Leica DM5000 B microscope.

Gene expression analysis. The whole seedlings from three independent wells were immediately frozen in
liquid nitrogen. The tissue was homogenized in tubes with 1 g of 1.3 mm 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). Subsequently, 1 pg of 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 quantified by q-PCR using a LightCycler 480 SYBR Green I Master
kit and LightCycler 480 (Roche, Switzerland). The PCR conditions were 95 °C for 10 min followed by 45 cycles of
95°C for 10s, 55°C for 205, and 72 °C for 20 s. Melting curve analysis was then conducted. Relative expression was
normalized to the housekeeping genes AtSAND and BnTIP41. Primers were designed using PerlPrimer v1.1.21%.
A list of the analysed genes and primers is available in Table S2.

Phytohormonal analysis. Hormone analysis was carried out on four samples, each of which contained all
seedlings from six of the 24 wells or from the four-week-old A. thaliana three leaf discs from every single plant
were sampled, three individual plants were sampled as one sample. Plant hormone levels were determined as
described by*’. Briefly, samples were homogenized in tubes with 1.3 mm silica beads using a FastPrep-24 instru-
ment (MP Biomedicals, USA). The samples were then extracted with a methanol/H,O/formic 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 purification and validate the quantification. The clarified supernatants
were subjected to solid phase extraction using Oasis MCX cartridges (Waters Co., USA). The eluates were evapo-
rated to dryness and the generated solids dissolved in 30 ul of 15% (v/v) acetonitrile in water. Quantification 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 described by*'.
Metabolite levels were expressed in pmol/g fresh weight (FW).

Confocal microscopy of actin filaments. For in vivo microscopy, a Zeiss LSM 880 inverted confocal
laser scanning microscope (Carl Zeiss AG, Germany) was used with either a 40x C-Apochromat objective
(NA=1.2W) or a 20x Plan-Apochromat objective (NA =0.8). GFP fluorescence (excitation 488 nm, emission
489-540nm) was acquired in z-stacks (20-25 um thickness). The maximum intensity projections obtained from
the z-stacks were created using Zeiss ZEN Black software. Actin filaments density analysis was calculated by Fiji
software (https:/fiji.sc/)* as the percent occupancy of GFP signal in each Maximum intensity projection. Image
threshold was set to include all actin filaments and area fraction was measured. We analysed 7-11 cutouts from
6-7 plants for each variant. Representative images were selected from photos from at least 6 independent plants.

Growth of Pst DC3000 and L. maculans in vitro in presence of latrunculin B or cytochalasin E.
Pst DC3000 grew overnight on solid LB medium containing rifampicin. From this, a fresh bacterial suspension
was prepared (ODyy, = 0.01) in liquid LB or liquid MS medium. To this suspension, latrunculin B (200 nM or
1uM) or DMSO (0.05% or 0.01%) was added. The ODy,, was measured 6 and 24 h after suspension preparation.
Four independent samples were prepared for each type of treatment.

Conidia of the GFP-tagged v23.1.3 isolate of L. maculans®® were grown in vitro in Gamborg B5 medium
(Duchefa, Netherlands) supplemented with 0.3% (w/v) sucrose and 10 mM MES monohydrate, and adjusted to
pH 6.8. This medium contained latrunculin B (1, 10 uM), cytochalasin E (1, 10 uM) or DMSO control (0.5%), and
had a final concentration of 2500 conidia per well. The plates (black 96-well plate, Nunc R), covered with lids and
sealed with Parafilm®, were incubated in darkness at 26 °C. On day 4, fluorescence was measured using a Tecan
F200 fluorescence reader (Tecan, Switzerland) equipped with a 485/20 nm excitation filter and 535/25nm emis-
sion filter. Eight wells were measured for each treatment.
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Trypan blue staining. Detached leaves were immersed to the staining solution (10 mL lactic acid (85%,
w:w), 10mL phenol, 10 mL glycerol, 10 mL dH,0, 40 mg trypan blue (final concentration 10 mg.mL™!) for 30 min
due to Fernandez-Bautista ef al.**. Solution 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.

Statistical analyses. All experiments were repeated at least three times, except Fig. 3B where we put
together data from 3-7 biological repetitions. All statistical analyses were performed with Microsoft Excel 2013.
The P values were calculated using a two-tailed Student’s t-test or one-way ANOVA followed with Tukey honestly
significant difference (HSD) p < 0,01 using software Statistica® v.11 or SigmaPlot11°.
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Introduction

Plants synthesize molecules that trigger adaptive and/or defensive
responses when subjected to abiotic or biotic stresses. Salicylic acid
(SA) is one of these molecules. This phenolic phytohormone has
been much studied because of its role in plant resistance to patho-
gens. SA is induced in basal defence against pathogens and during
responses mediated by R-genes. Two subsets of R-genes act via
pathways that involve EDS1 or NDRI, proteins that regulate SA
biosynthesis (Vlot ez al., 2009). It is now well established that SA
has a role in plant responses to abiotic stresses, such as drought,
chilling, heavy metal toxicity, heat, and osmotic stress (Vicente &
Plasencia, 2011). SA also regulates developmental and physiologi-
cal processes such as seed germination (Rajjou eral, 2006; Lee
eral., 2010), vegetative growth (Scott eral, 2004), senescence
(Vogelmann etal, 2012) and stomatal closure (Khokon eral.,

2011; Kalachova ez al., 2013).

© 2014 The Authors
New Phytologist © 2014 New Phytologist Trust

Summary

e Phospholipids have recently been found to be integral elements of hormone signalling path-
ways. An Arabidopsis thaliana double mutant in two type 11l phosphatidylinositol-4-kinases
(PI4Ks), pi4klll1(2, displays a stunted rosette growth. The causal link between PI4K 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 the pi4kill 152 phenotype.

e The pi4kill 312 mutant accumulated a high concentration of salicylic acid (SA), constitu-
tively expressed SA marker genes including PR-7, and was more resistant to Pseudomonas
syringae. pi4kill 12 was crossed with SA signalling mutants eds7 and npr1 and SA biosyn-
thesis mutant sid2 and NahG. The dwarf phenotype of pi4kill 312 rosettes was suppressed in
all four triple mutants. Whereas eds7 pi4kill152, sid2 pi4klll152 and NahG pi4kili1[2
had similar amounts of SA as the wild-type (WT), npripi4kill;152 had more SA than
pi4klll 152 despite being less dwarfed. This indicates that PI4KIlIf1 and PI4KIlIf2 are geneti-
cally upstream of EDS7 and need functional SA biosynthesis and perception through NPR1 to
express the dwarf phenotype. The slow root growth phenotype of pi4kllif152 was not
suppressed in any of the triple mutants.

e The pi4klll3132 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
converted into isochorismate by isochorismate synthase (ICS). In
the other pathway, phenylalanine, derived from chorismate, is
converted to cinnamate by phenylalanine ammonia-lyase (PAL).
Both isochorismate and cinnamate are converted into SA in mul-
tistep reactions (Vlot ez al., 2009). In Arabidopsis, ICS and PAL
enzymes are encoded by two and four genes, respectively. The
ics] mutant has 90% less SA than the wild-type (WT) in induc-
ing conditions, showing that the ICS pathway plays a major role
in SA biosynthesis in Arabidopsis. The remaining portion of SA
is synthesized by ICS2 and probably all four PAL gene products
(Garcion et al., 2008; Huang ez al., 2010).

Exogenous SA treatment of plants induces a signalling pathway
leading to changes in gene expression (Krinke eral, 2007; van
Leeuwen ez al., 2007; Ee etal., 2013). Transcription of the vast
majority of  SA-regulated

genes is  dependent on
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NONEXPRESSOR OF PR GENESI (NPR1) (Wang eral,
2006). The NPR1 protein is located in the cytosol in its oxidized
oligomeric form. When SA is added and the cell redox status
changes, NPR1 oligomers are reduced and monomers translocate
into the nucleus. There, NPR1 interacts with TGA transcription
factors, thus permitting gene expression (Durrant & Dong, 2004).

Lipid signalling has recently been discovered to be a central
mechanism in hormone signal transduction, including for SA
(Janda ez al., 2013). We previously showed that phosphatidylino-
sitol-4-kinases (PI4Ks) are activated when Arabidopsis thaliana
suspension cells respond to SA (Krinke ez al., 2007). PI4K cataly-
ses the phosphorylation of phosphatidylinositol (PI) at the D4
position of its inositol ring to form phosphatidylinositol 4-phos-
phate (PI4P). While PI is a major component of eukaryotic
membranes, the amount of PI4P and phosphatidylinositol-4,5-
bisphosphate (PI4,5P,) together is <3% of the total amount of
PI (Mosblech eral., 2008). Despite their low abundance, PI4P
and PI4,5P, participate in a plethora of fundamental cellular pro-
cesses, such as membrane trafficking, cytoskeleton remodelling
and signal transduction pathways (Michell, 2008; Ischebeck
etal., 2010; Munnik & Nielsen, 2011). Thus PI4K action is a
potential central regulation point for signalling events involving
these lipids (Delage ez al., 2012b). There are two types of PI4Ks,
according to their primary sequences and pharmacological sensi-
tivities. Type II PI4Ks are inhibited by adenosine while type IIT
PI4Ks are inhibited by micromolar concentrations of wortman-
nin, a steroid metabolite produced by the fungi Penicillium
Sfuniculosum (Delage et al., 2012a). By crossing and characterizing
two Arabidopsis mutant lines, Preuss ezal (2006) produced
pi4kIIIB1B2, a double mutant that carries T-DNA insertions in
two type III PI4Ks. We recently showed that this double mutant
still has 60% of WT PI4K in vitro activity that is sensitive to
wortmanin. This remaining activity can be attributed to the
PI4Koal isoform, the only other type III PI4K in Arabidopsis. In
doing these experiments, we noted the severe growth defects and
yellowing of pi4klIIf1$2 plants, as already observed by Preuss
etal. (20006).

Here, we investigate the mechanisms responsible for the phe-
notype of Arabidopsis double mutant that is defective in the two
PI4K genes, PI4KIIIf1 and PI4KIIIB2. We show that
pi4kIIIP 182 has constitutively high PR-1 expression and SA con-
centrations. When the pi4klIIf 12 was crossed with plants
altered in SA signalling or biosynthesis, all the resulting triple
mutants showed nearly WT phenotype of the rosettes grown in
soil but short-root phenotype of in vitro grown pidkIIIf 12 was
not reverted in the triple mutants. Therefore the dwarf phenotype
of pi4klIIf1B2 is a complex trait involving SA signalling in
shoots but not in roots.

Materials and Methods

Plant material, growth conditions and pharmacological
treatments

Plants of WT Arabidopsis thaliana Col-0 and pidkIIIf 12
(SALK_040479 x SALK_098069) were cultivated in Jiffy 7 peat
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pellets at 22°C  with daily cycles of 16h of light
(130 umol m™?s™ ") and 8 h of dark at 70% relative humidity
and were watered without fertilizers.

For microarray analysis, plants were grown on 0.5 X Murashi-
ge and Skoog (MS) medium basal salt, pH 5.7 (Duchefa,
Haarlem, the Netherlands), supplemented with 0.5 grl 2-(N-
morpholino) ethanesulphonic acid (MES), 10 grl sucrose and
8gl™" agar. Seeds were stratified for 3d at 4°C. Plates were
placed horizontally in continuous light (100 pmol m™s™") at
22°C. RNA samples were prepared from 15-d-old seedlings.

For root assays, plants were grown in square plates on 0.5 x MS
basal salt medium, pH 5.7 (Duchefa), supplemented with
0.5g1™" MES and 8 gl1™" agar. Seeds were sterilized with 1.5%
sodium hypochlorite and stratified for 3 d at 4°C. Plates were
placed vertically under continuous light (100 pmol m ?s™") at
22°C for 3 d and then seedlings were transferred to new plates to
assess root growth. Positions of root tips were marked 2, 4 and 7 d
after transfer. Primary root length was measured manually using
Image] software (Schneider ez al., 2012).

Quantitative reverse transcription polymerase chain
reaction (RT-gPCR) analysis

Plant tissue was homogenized in 2 ml screw-cap tubes containing
1 g of 1.3-mm-diameter silica beads using a FastPrep-24 instru-
ment (MP Biomedicals, Santa Ana, CA, USA). RNA isolation,
reverse transcription and qPCR were performed as previously
described by Sasek eral (2012). Relative expression was calcu-
lated with efficiency correction and normalization to SAND
expression (Czechowski ez al., 2005). The list of qPCR primers is
shown in Supporting Information, Table S1.

Transcriptome studies

Microarray analysis was carried out at the Unité de Recherche en
Génomique Végétale (Evry, France) using CATMA arrays
(Crowe et al., 2003; Hilson et al., 2004). Two independent bio-
logical replicates were made. Newly generated microarray data
were deposited at Gene Expression Omnibus (http://www.ncbi.
nlm.nih.gov/geo/; accession no. GSE36624) and at CATdb
(http://urgv.evry.inra.fr/CATdb/; AU10-10_Froid)
according to the ‘Minimum information about a microarray
experiment standards.

Projects,

Lipid extraction and analysis

Total lipids were extracted as described by Rainteau ez al. (2012).
Phosphoglycerolipids and galactolipids were analysed by mass
spectrometry in the multple reaction mode as previously
described (Rainteau ez al., 2012; Djafi et al., 2013).

Analysis of plant hormones

Plant hormones were extracted from 100 mg of frozen tissue and
the concentrations determined as previously described (Dobrev
& Kaminek, 2002; Dobrev & Vankova, 2012) after the addition
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of appropriate internal standards. Hormones were quantified
with Ultimate 3000 high-performance liquid chromatography
equipment (Dionex, Bannockburn, IL, USA) coupled to a 3200
Q TRAP hybrid triple quadrupole/linear ion trap mass spectrom-
eter (Applied Biosystems, Foster City, CA, USA).

Pseudomonas infection assay

Plants for infection assays were grown for 4 wk in soil as indi-
cated earlier, but with daily cycles of 10h of light
(230 pmol m %5~ ') and 14 h of darkness. Pseudomonas syringae
pv. maculicola ES4326 were grown on King B agar plates at
28°C overnight, resuspended in 10 mM MgCl, and diluted to
an ODyggp of 0.5. Silwet L77 was added to the bacterial suspen-
sion to give a final concentration of 0.02% and plants were
sprayed until runoff. Plants were enclosed in a transparent air-
tight container for 24h to maintain high relative humidity.
Approximately 50 mg of 0.6-mm-diameter leaf discs were
homogenized with plastic pestles in 1.5 ml microcentrifuge
tubes and the resulting homogenate was serially diluted and
loaded on to King B plates. Colonies were counted after 2 d of
incubation at 28°C.

Quantification of reactive oxygen species

Plants were grown in soil under standard conditions for 4 wk.
Leaf discs (6 mm diameter) were incubated in separate wells of
a white 96-well plate containing 50 mM Tris-HCI (pH 8.5)
for 1 h. To prepare reaction solution, 7 mg of luminol (Fluka,
Switzerland) was dissolved in 100 pl of 1 M NaOH and mixed
with 100 ml of 50 mM Tris-HCl (pH 8.5) containing 4 mg
horseradish peroxidase (Sigma-Aldrich). The buffer in each
well was replaced with 100 pl of reaction solution and the
plate was immediately inserted into an Infinite F200 plate
reader (Tecan, Minnedorf, Switzerland). Chemiluminescence
was continuously measured at 26°C for 50 min with a 5s inte-
gration time per well. Luminescence values measured 10 min
after initiating reactions were used to calculate relative lumines-
cence.

Light microscopy and scanning electron microscopy

For light microscopy, whole roots excised from seedlings were
directly observed under differential interference contrast illumi-
nation using ApoTome apparatus and AxioVision software
(Zeiss, Oberkochen, Germany). For scanning electron micros-
copy, 10-d-old soil-grown plants were used. Whole young leaves
(rank 7 — 3) and old leaves (rank 7 — 7) were excised and fixed in
4% glutaraldehyde and 1.5% formaldehyde in PBS buffer for 4 h
at 4°C. Leaves were then rinsed with PBS buffer, dehydrated in
successive baths of 50, 70, 95 and 100% ethanol for 30 min each,
and then dried with liquid CO, with a CDP7501 critical point
dryer (Quorum Technologies Ltd). Samples were sputter-coated
with gold and observed with a $260 Cambridge scanning elec-
tron microscope at the Service de Microscopie Electronique of
Paris 6 University (France).
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Transmission electron microscopy

Sample preparation and observation were performed as described
by Sasek ez al. (2012). Micrographs were taken with a Mega View
III camera with analySIS Pro 3.2 software (Soft Imaging System
GmbH, Miinster, Germany). For morphometry, 30 micrographs
of plastids and unit areas of plastids (3.7 pm” at x50 000 magni-
fication) from two embedded tissue blocks of three independent
samples of WT and mutants were measured. For each plastid
image, the length, width, total area and starch area were measured
with analySIS software. Granum and stroma thylakoid length
were measured with a curvometer. From these data, granum and
stroma thylakoid ratio were calculated. Granum number, granum
height and starch grain number were determined from micro-
graphs.

Generation of triple mutants

pi4kIIB1B2 double mutants were crossed to each of edsi-2,
nprl-1, NahG and sid2-5. Homozygous plants were identified in
the F3 generation using PCR or restriction analysis. T-DNA
insertions characteristic of pi4kIIIf 132 plants were detected
using the following primers flanking the insertion: for
SALK_ 040479, 5'-AGGACGTAACCAGAGGGGTAG-3' and
5'-CGTTGTGACCCGTCATTAATC-3'; and for SALK_098
069, 5'-ATGAACGAAATTGGGTTCTCC-3' and 5'-AAA
CCTCCTTATCTTCCGCTG-3" together with the LBbl.3
primer (5-ATTTTGCCGATTTCGGAAC-3') aligning to the
left border of the insertion. The T-DNA insertion in sid2-3
SALK_042603 described by Gross e al. (2006) was detected with
5-ACCCTAATTTGGATTTGGTGC-3' and 5-AGCTCTA
GGCCTAGTTGCAGC-3' together with the LBbl.3 primer.
Plants carrying the edsI/-2 mutation (Falk eral, 1999) were
detected with primers flanking a deletion in the mutant, 5'-
CCAAATGTTTACCTTGAGCCTCGT-3' and 5-ATCCAT
TCTCCAAGCATCCCTTCT-3". The PCR product from WT
is 1493 bp, whereas the edsI-2 product is 578 bp. However plants
heterozygous for eds1-2 often lacked the WT product, so an addi-
tional set of primers was used to confirm homozygosity, 5'-
AACAACTCGGACGCCATTCTTCA-3' and 5'-GCAATC
ATTCCGTTTGGCTTCAGT-3'. These primers amplify an
878 bp product from the WT but no product from eds/-2. Plants
carrying the npril-1 mutation (Cao eral, 1997) were detected
with primers flanking a point mutation, 5'-CGTGTGCTCTTC
ATTTCGCTGT-3' and 5'-GTGCGGTTCTACCTTCCAAA
GTT-3'. These primers give a PCR product of 209 bp that, if
from the WT, can be cleaved with Nlalll/Hin1II but not if from
npri-1 (New England Biolabs, Ipswich, MA, USA). Plants
expressing the bacterial salicylate hydroxylase NahG (Delaney
etal, 1994) were detected with the primers 5'-GAC-
GCCCTAGTAACTCACC-3’ and 5-TGATGATGCCGCC
ATTCC-3/, which give a PCR product of 370 bp. In the F2 pop-
ulation we identified a NzhG triple mutant that did not segregate
for NahG in the F3 generation. Homozygosity of all lines was
verified in the two following generations. As a control, sibling
pi4kIIIB 1B2 lines were selected in the F3 of each cross to confirm

New Phytologist (2014) 203: 805-816
www.newphytologist.com



808 Research

that the differences in triple mutant phenotypes were not a result
of other genetic elements.

Results

The pi4klll 312 double mutant has a dwarf phenotype
The pidklIIf1$2 plants (SALK_040479 and SALK_098069)

were previously identified and characterized by Preuss ez al.
(2006). In their study and in our previous work (Delage eral.,
2012a), these plants were shown to display a stunted rosette
growth and short root when grown in vitro. Here we investigate
this phenotype in more detail. When grown in soil, no major dif-
ference between the single pi44f2 mutant and the WT plants was
detected. Rosettes of pi4kf I plants were smaller than the WT and
occasionally showed leaf yellowing. The pi4klIIf1$2 double
mutant had a strong dwarf phenotype and frequent yellowing of
older leaves (Fig. 1a). The inflorescence of pidkIIIf 132 was less
than half as tall as the WT (Fig. Sla). The dwarfism of
pi4kIIIB IB2 is not a result of a delay in development, because the
double mutant and WT had the same number of leaves at any time
assayed (Fig. S1b). To assess the dwarf phenotype at the cellular
level, young (rank 7 — 3) and old (rank 7 — 7) leaves of 10-d-old
plants grown in soil were excised and fixed and the epidermal cells
were observed by scanning electron microscopy (Fig. 1b). Epider-
mal cells of both young and old pi4kllIf 12 leaves were ¢. 30%
smaller than the WT controls (Fig. 1c). The WT had about half as
many stomata per unit area of leaf surface as the mutant (Fig. 1d).
This indicates that the small size of pi4kIIIf 132 mutant leaves was
a result of having fewer and smaller cells.

Root length was assayed in 77 vitro cultured plants. Roots of 8-
d-old 77 vitro grown seedlings were visualized by light microscopy
(Fig. 1e). As described by Preuss eral. (20006), the pidklIIf 152
mutant has shorter roots than the WT (Fig. 1f). As already
described by Kang ezal. (2011), the pi4kIIIf 12 double mutant
roots have irregular-shaped cortical cells. They also had abnormal
root hairs (Fig. le). The length of the meristematic zone was
17% shorter in the double mutant (Fig. 1g). In addition, the
length of cortical cells in the differentiated zone of the primary
root was 40% shorter in pi4kIIIf 12 than in the WT (Fig. 1h).
These results indicate that the double mutant has shorter primary
roots, because it has fewer and shorter cells partly as a result of
reduced cell cycling in the mutant.

Genome-wide analysis reveals that SA-responsive genes
are constitutively altered in the pi4klli312 mutant

Transcripts were extracted from 2-wk-old seedlings grown in
vitro, and the pi4kIIIf 132 transcriptome was compared with the
WT transcriptome (Table S2). We found that 133 genes were
down-regulated in the double mutant compared with the WT,
while 29 genes were up-regulated. These 29 up-regulated genes
and the 29 most down-regulated genes are listed in Table 1.
Several well-characterized SA-induced genes are amongst the
genes that are overexpressed in the pi4kIIIf 132 double mutant,
such as the PR-1, ORGI (OBP3-RESPONSIVE PROTEIN 1),
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Fig. 1 Morphometric analysis of Arabidopsis pi4kllIfi1/2 plants grown in
soil (a—d) and in vitro (e-h). (a) Photographs of typical wild-type (WT),
pi4killp1, pi4killf2 and pi4kill 142 plants. (b) Scanning electron
micrographs of young rank n — 3 (top) and old rank n — 7 (bottom) leaves
from WT and pi4kill1 /2 plants. Bars, 2 mm. (c) Epidermal cell area. (d)
Frequency of stomata per leaf surface area. (e) Photomicrographs of in
vitro grown roots of WT (left) and pi4klll 12 (right); bars, 0.5 mm. (f)
Root length of in vitro grown seedlings. (g) Meristematic zone length. (h)
Length of cortical cells. (c, d, f-h) WT, closed bars; pi4kllIf31$2, open bars.
All graphical data are presented as means + SE. Statistically significant
differences compared with WT plants: **, P<0.01, Student's ¢-test.

ORG2 and ORG3 genes (Kang eral, 2003). Ar2¢44240,
Atlg21190 and Atl1g14880 were also induced by SA in Arabidop-
sis suspension cells (Krinke ezal, 2007). Among the 29 most
repressed genes, 22 are encoded in chloroplasts. One of the few
nucleus-encoded genes repressed in the double mutant was

PDF1.2 (PLANT DEFENSIN 1.24), a gene positively regulated
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Table 1 The 29 upregulated and 29 most downregulated genes in Arabidopsis pi4klllf31[2 in vitro grown seedlings compared with wild type (WT)

Log, ratio Log, ratio
Locus Name Microarray” RT-qPCR? Locus Name Microarray” RT-gPCR?
At1g47400 Unknown protein 1.40 2.14 At5g64070 Pl14K -1.72
At3g56970 ORG2 1.36 2.58 Atcg00480 Unknown protein —1.63 —1.05
At1g47395 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
At2g14610 PR-1 1.17 11.63 Atcg00150 Unknown protein —1.42
At2g41240 bHLH100 1.13 3.73 Atcg00340 Unknown protein —1.40
At3g18290 EMB2454 1.12 At5g44420 PDF1.2 -1.38 -2.10
At1g18860 WRKY61 1.09 6.07 Atmg00280 Unknown protein -1.36
At3g56980 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
At4g19690 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 At5g51720 Unknown protein -1.25
At2g44240 Unknown protein 0.65 Atcg00490 Unknown protein -1.24
At3g816660 Unknown protein 0.65 Atcg00140 Unknown protein -1.23
At5g67330 ATNRAMP4 0.65 —0.02 Atcg00530 Unknown protein -1.20
At3g20470 Pseudogene 0.64 Atcg01040 Unknown protein -1.20
At2g23170 GH3.3 0.62 -1.52 Atcg00130 Unknown protein -1.20
At2g26695 Binding 0.62 At5g01600 ATFER1 -1.14
At5g67370 Unknown protein 0.61 Atcg00280 Unknown protein -1.13

"The expression levels are given as the log, of the ratio of the intensity in the pi4kil/152 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 pathway
(Spoel ez al., 2003).

The expression of certain genes was analysed in soil-grown
adult plants using RT-qPCR. Out of 13 genes up-regulated in
in vitro pidkIIIB 152 seedlings, 12 were also induced in the soil-
grown adult plants (Table 1). Generally, the expression of these
genes was much stronger in the adult soil-grown plants than in
the 77 vitro grown seedlings. We also analysed the expression of
the two most suppressed chloroplast and nuclear genes. All four
were suppressed in the adult plants of pi4kIIIf 12 in a similar
way as in 7z vitro seedlings.

To understand the difference in intensity in gene expression
between seedlings grown iz vitro and soil-grown plants, we moni-
tored PR-1 expression and rosette FW in soil-grown plants for
the first 29d. We found that, as plants age, more PR-1 is
expressed in the pi4kIIIf 152 double mutant (Fig. 2b). The dwarf

phenotype was also more pronounced in older plants (Fig. 2a).

pi4killf12 plants have constitutively high concentrations
of SA

The constitutively high expression of SA-induced genes in
pi4kIIIP 162 plants made us wonder whether SA metabolism was
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also altered. The major phytohormones were analysed in
soil-grown adult plants and in all cases the double mutant had
different concentrations than the WT. While the fold differences
in ABA, TAA, JA, trans-zeatin (tZ) and cis-zeatin (cZ) ranged
from 0.4 for ABA to 3.6 for JA, the SA concentration was 14-fold
greater in the double mutant than in WT plants (Fig. 3a).

We analysed the expression of genes encoding enzymes
thought to be involved in SA biosynthesis in pidklIIf 152
mutants. While the expression of PALI, PAL2, PAL3 and PAL4
genes was not different from that in the WT (data not shown),
expression of /CSI was significantly induced in pidkIIIB1$2
(Fig. 3b). By contrast, /CS2 was strongly repressed in the double
mutant. Transcription of /CS1 is regulated by two transcription
factors, SARDI (SAR DEFICIENT 1) and CBP60g (CALMOD-
ULIN BINDING PROTEIN 60g) (Zhang etal., 2010). Expres-
sion of these genes was induced in the double mutant. Recently,
Zhang et al. (2013) described SA-3-hydroxylase (S3H) as a major
enzyme involved in SA degradation. This gene was also induced
in pidkIIIB1[2.

Isochorismate synthase-dependent biosynthesis of SA occurs in
chloroplasts and most of the genes down-regulated in
pidkIIIB132 are chloroplast-encoded (Table 1). This prompted

us to investigate the ultrastructure of chloroplasts using
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Fig. 2 Kinetics of growth and PR-17 expression in wild-type (WT) and
pi4klllp1/2 Arabidopsis thaliana. Plants were grown in soil for 4 wk and
sampled 11, 20 and 29 d later. (a) Weight ratio between WT and

pi4klll 12 plants showing increasing differences with time. (b)
Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
analysis of PR-7 expression in WT (red bars) and pi4klli152 (yellow bars)
plants. Values are means + SE of four biological replicates. Statistically
significant differences between WT and pi4kilI1/2 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 thylak-
oids were shorter, the grana were smaller and there were more
grana in pi4kIIIf I1f2. The number and total area (on electron
micrographs) of starch grains were higher in the mutant (Table

S3).

pi4klll 12 plants have constitutively high ROS concentra-
tions and enhanced basal resistance to Pseudomonas

Typically, mutants that accumulate excess SA also produce more
reactive oxygen species (ROS) (Mateo et al., 2006) and are more
resistant to biotrophic and hemibiotrophic pathogens (Vlot ez al.,
2009). The ROS concentration was more than seven times higher
in pi4kIIIf 152 plants than in WT plants (Fig. 4a). Resistance to
pathogens was assessed in the double mutant. Plants were spray-
inoculated with P. syringae pv. maculicola ES4326, thus avoiding
potential differences in amount of inoculum as a result of the
altered morphology of mutant plants. Three days later, WT
plants exhibited leaf necrosis and large zones of yellowing. These
symptoms were almost absent in the double mutant (Fig. 4b),
except for characteristic yellowing present before inoculation
(Figs la, 5). The bacterial titres collected 3 d after inoculation
from pidklIIf 152 leaves were 10 times lower than those collected
from WT leaves (Fig. 4c). The equal amounts of inoculum on
both genotypes was confirmed by bacteria enumeration just after
infection (Fig. 4¢).
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Fig. 3 Effect of pi4kill1 and pi4kill ;2 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 biosynthesis (/CS7, ICS2), its
regulation (SARD1, CBP60g) and degradation (S3H). Values are

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

The lipidomes of pi4klll$12 and ssi2 plants have some
similar features

The phenotype of the pi4kIIIf 12 double mutant is in part rem-
iniscent of the 572 mutant phenotype: enhanced resistance to
P. syringae, constitutive accumulation of elevated SA concentra-
tion and expression of the PR-I gene (Shah ezal., 2001). s522 is
deficient in stearoyl-acyl carrier protein desaturase, and its fatty
acid composition is altered (Kachroo ez al., 2001). Using multiple
reaction monitoring mass spectrometry, the molecular species
were analysed. The most apparent changes in 572 were increases
in the relative contents of 18:0/18:1-, 18:0/18:2-, 18:0/18:3-
molecular species in PI, PE, PC, PG, and of 18:0/18:3- in
MGDG and DGDG and decreases in the relative contents of
16:0/18:2- molecular species in PI, PE and PC, and of 16:0/
18:1- in PG (Fig. S3) (PI, phosphatidylinositol; PE,
phosphatidylethanolamine; PC, phosphatidylcholine; PG,
phosphatidylglycerol; MGDG, monogalactosyldiacylglycerol;
DGDG, digalactosyldiacylglycerol). None of these differences
were detected in pidkllIf152. However, some altered profiles
were found in both 22 and pi4klIIf 132. These mutants both
contained relatively less 18:1/18:2-, 18:1/18:3-, 18:2/18:2-, and
18:2/18:3- species of PI, 18:1/18:2- species of PC and 16:1/18:3-
species of PG, but more 16:0/18:3- species of PG. However, the
latter differences were marginal compared with those observed in
ssi2 alone, so overall the molecular species profile of pidkIIIf 152
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Fig.4 (a) Reactive oxygen species (ROS) production in Arabidopsis
pi4kill 142 in leaf discs from 4-wk-old soil-grown plants detected with
luminol. Values are averages of eight samples per genotype and error
bars, + SE. Statistically significant difference from wild-type (WT): **

P <0.01, Student's t-test. (b) Symptoms of WT and pi4klllf1/2 plants 3 d
after infection with Pseudomonas syringae pv. maculicola ES4326. Four-
week-old plants were spray-inoculated with bacterial suspension at ODggo
of 0.5. (c) Bacterial titres in the leaves collected at O and 3 d postinfection
(dpi) from Col-0 (closed bars) and pi4klllf12 (open bars). Values are
averages of five samples per genotype and error bars, & SE. Statistically
significant difference from WT: ** P <0.01, Student's ¢-test.

does not strongly resemble that of ss722. The most significant
molecular species change in pidk/IIp1$2 was that 16:0/18:3-
species were increased in PI, PC, PE, PG but not in MGDG and
DGDG. In MGDG, but not in DGDG, 18:2/18:3- species were
increased in pi4kIIIf 152 (Fig. S3).

Elevated SA concentrations stunt pi4kill f1 2 rosette
growth via an NPR1-dependent pathway

The action of type III PI4K was investigated genetically. NahG
plants overexpress a bacterial SA-hydroxylase and so have less SA
than the WT (Delaney etal., 1994). The sid2-3 mutant has a T-
DNA insert in the biosynthetic /CS1/SID2 gene (Gross etal.,
20006), and EDSI (Falk eral., 1999) encodes a protein upstream
of SA biosynthesis so that both mutants accumulate less SA in
response to biotic elicitation. NPR1 is the major transcription
cofactor that controls the expression of PR-I and most other
SA-responsive genes (Durrant & Dong, 2004), and so nprl
mutants have limited SA signalling. The pi4kIIIf 152 double
mutant was crossed with these mutants affected in SA biosynthe-
sis, SA accumulation or SA sensitivity. Rosette FW, SA content
and PR-I expression were determined in the resulting triple
mutants.

The only triple mutant with a conspicuously different pheno-
type was nprlpi4klIIf 12. When the plants started to bolt, com-
pact chlorosis appeared in the central part of the rosette (Fig 5a).
All the triple mutants were much less dwarfed than the
pi4kIII 132 double mutant. Furthermore, the edsipidkIIIf 152,
sid2pidkIIIf 152 and NahGpi4kIIIf 12 rosette weights were not
significantly different from WT rosette weights (Fig. 5a). We cal-
culated the effect of introducing the pi4kI[If 152 double muta-
tion into WT and single mutant genetic backgrounds. The
double mutation introduced into the WT background led to a
77% decrease in weight. When introduced into nprl, sid2 and
nahG backgrounds, the decrease was only 2, 14 and 32%, respec-
tively (Table 2). When introduced into eds, the double mutation
led to a 20% increase in rosette weight.

© 2014 The Authors
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Fig.5 Analysis of Arabidopsis triple mutant plants grown in soil for 4 wk.
(a) Representative images of rosettes of all genotypes analysed in the
experiment. (b) Average rosette FW. (c) Salicylic acid (SA) concentration
determined by LC-MS. (d) Relative expression of PR-17. Values are
means =+ SE of 12 plants (b) or four biological replicates (c, d). Statistically
significant differences compared with the parental single mutants:

*, P<0.05; **, P<0.01, Student's t-test.

While the pi4kIIIf 132 plants had significantly more SA con-
stitutively than WT plants, the amounts of SA in the single eds!
and 7prI mutants were not different from that in the WT. As
expected, the SA concentrations were significantly lower in the
sid2 and NahG plants. The edslpidkIIIB152, sid2pidkIIIB152
and NahGpi4IlTkf1B2 triple mutants had significantly less SA
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Table 2 Reduction of shoot weight and root length induced by
pi4klll 12 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 pidklllp152
eds1 20.5 —46.0 eds1 pi4klll 152
npr1 2.4 —62.9 npri pi4klll 12
sid2 —14.2 —44.7 sid2 pi4klll 152
nahG —-32.2 —53.1 nahG pi4klll 12

than pi4kIIIf 132. The SA concentration in the eds! pidkIIIf 12
and NahGpi4kIIIf 12 triple mutants was not different from that
in the WT and was even lower in sid2pi4kIIIf} 1f2. By contrast,
the npripi4kIIIf 12 triple mutant had fourfold more SA than
the pi4kIIIf 142 double mutant (Fig. 5b).

PR-1 expression correlated well with SA concentration in each
triple mutant, except for npripidkIlIfi1f2. Although PR-I
expression is dependent on NPR1, the npripi4kIIIf 152 mutant
still had a relatively high PR-1 expression, indicating the existence
of an NPR1-independent transduction pathway in this mutant
(Fig. 5¢). When comparing SA concentration and rosette mass, it
appeared that when SA concentration was diminished, the rosette
weight was increased. However, the npripidkIIIf1f2 triple
mutant was bigger than pi4kIIIf 152 despite its high SA content.

High endogenous SA is a minor regulator of pi4klll1 32
root length growth in vitro

The primary root length of the triple mutants grown iz vitro in
vertical plates was measured and compared with those of
pi4kIIIB1B2 and the corresponding single mutants (Fig. 6). As
already described (Fig. 1g), the pi4kllIf 152 double mutant roots
were shorter than the WT roots. None of the triple mutants had
roots as long as the WT or any of the single mutants. In fact, tri-
ple mutant roots were only slightly longer than pi4kIIIf 152 roots
or, in the case of nprl pi4kIIIf 12, were the same length. As for
the shoot size, we calculated the effect of introducing the
pi4kIII 132 mutations into different genotypes (Table 2). The
pi4kIIIB 132 double mutation led to a 72% decrease in root
length in a WT background. When introduced into edsl, nprl,
sid2 and nahG, the decrease in root length was 46, 63, 45 and
53%, respectively. This means that the single mutations either
did not affect or only pardally affected the reduction in root
length caused by the double mutation.

Discussion

The pi4kIIIf 1f2 mutation causes stunted rosette growth (Fig. 1),
accumulation of excess SA (Fig. 3) and constitutive expression of
SA-induced genes (Table1, Fig.2). The growth defect and
changes in gene expression are more pronounced in adult plants
(Fig. 2, Table 1), indicating a link between the phenotype and
plant development. Like other SA-overaccumulating plants,
pi4kIII 132 plants are more resistant to P. syringae and produce

New Phytologist (2014) 203: 805-816
www.newphytologist.com

Phytologist
N o 2
@ g 2 g S
o g S5 Q S
Q = = =
= 3 3 3 3
= = = 3 o
T % EG Y§ §
3 @ g @ < =

\.
be

—ta

7}\\}3% npri1
T /\?‘//Jg‘ sid2

-

b S
! ’%M eds1

—.

35
30 -
25 1 i
20 1 1

15
10 -
5..
0-.

*

*
*
*

Root length (mm) T
*
*

wTt

pidkllB1B2
sid2

npr1
sid2 pi4kiliB1B2

npr1 pidkiliB182
nahG

eds1
nahG pidklliB1B2

eds1 pidkllB182

Fig. 6 Analysis of Arabidopsis triple mutant plants grown in vitro on
vertical plates. (a) Representative image of plantlets of all genotypes
analysed in the experiment. Coloured marks indicate the position of root
tips at O (blue), 2 (pink), 4 (green) and 7 d (red) after transfer to testing
plates. (b) Average primary root length determined 4 d after transfer.
Values represent means =+ SE of 15 plants. Statistically significant
differences compared with the parental single mutant plants: **, P<0.01,
Student’s t-test.

more ROS (Fig. 4). It is important to understand why SA should
accumulate in a mutant with less PI4K. SA may accumulate if
more is produced and/or less is catabolized. The high concentra-
tion of SA was correlated with strong expression of the /CSI gene
(Fig. 3), recognized as a major biosynthetic gene involved in pro-
ducing pathogen-induced SA (Wildermuth eral, 2001). As
expected with high /CSI expression, its two major transcriptional
regulators, SARDI and CBP60g, were also induced (Fig. 3).
Interestingly, the expression of S3H, a gene involved in SA degra-
dation, was also induced (Fig. 3). However, it is not known if this
high expression is correlated with higher amounts of protein and/
or activity levels. Most probably, the high expression of S3H is
the mechanism induced to deal with high SA concentrations.

© 2014 The Authors
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Many mutants that accumulate high concentrations of SA have
been identified, all of which exhibit stunted growth or dwarfism
(Bowling eral., 1994, 1997; Yu etal., 1998; Shah eral., 1999;
Kachroo etal, 2000; Shirano etal, 2002). To prove that the
dwarfism of pi4klIIf1B2 is caused by high SA synthesis, we
crossed the double mutant with four different mutants in SA sig-
nalling and biosynthesis. The rosette size of all triple mutants was
similar to WT, clearly showing that excess SA is responsible for
the dwarf phenotype. Combined analysis of shoot size, SA con-
centration and PR-I expression in these mutants allowed us to
create a genetic model of PI4Kp 1/52 action in the SA signalling
pathway (Fig. 7). This model also explains the unusual character-
istics of some triple mutants. In WT plants, PI4Kf 1, and to a
lesser extent PI4KP2, is a negative regulator of the SA signalling
pathway acting upstream of EDSI (Fig7a). In pidkIIIf152
plants, the signalling upstream of EDS1 is de-repressed and thus
ICS1 expression and subsequently SA biosynthesis increase. This
causes NPRI-mediated transcriptional reprogramming, which
results in stunted rosettes. In these plants, signalling upstream of
ICS1 is negatively regulated through NPRI. However, this nega-
tive feedback loop is not sufficient to suppress SA to its basal con-
centration (Fig. 7b). When the eds/ mutation is introduced into
pi4kIIIB 162 plants, the ICSI expression and SA concentrations
are normal and therefore edsl pidklIIf1B2 grows normally
(Fig. 7¢). Mutation in /CSI (sid2) or introduction of salicylate
hydroxylase (7ahG) keeps SA at a basal concentration and thus
plant growth remains normal, even though the signalling down-
stream of EDSI is activated (Fig.7d and 7e). In mprl
pi4kIIIB 162 plants, the /CSI expression and SA concentration
are very high, because the negative feedback loop does not func-
tion. The SA signal does not lead to transcriptional reprogram-
ming and the rosette size remains normal (Fig.7f). The
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characteristic bleaching of nprl pi4kIIIf 132 is probably caused
by the high SA concentration and has previously been observed

in ¢pr5 nprl plants or when nprl plants were supplemented with
SA (Bowling et al., 1997).

The positioning of pi4klIIf1B2 upstream of edsl in this
genetic model is not surprising. Other mutations causing SA
overaccumulation, such as ¢prl, ¢pr6, bonl or bapl, were also
placed upstream of eds! in genetic models (Clarke ezal., 2001;
Yang et al., 2007). Interestingly, EDS1 and its interacting part-
ners, PAD4 and SAG101, are putative lipases, although it is not
known whether they bind lipids (Wiermer ezal, 2005). The
lipid-binding domains of EDS1, PAD4 and SAG101 are indis-
pensable for heterodimer formation of these proteins (Wagner
etal., 2013). One can easily imagine that these interactions could
be regulated by a lipid molecule.

The characteristic short roots and aberrant root hairs of
pi4kIIIf1F2 grown in vitro (Fig.1) have been previously
described by Preuss eral. (2006). Kang eral. (2011) proposed
that the phenotype of roots is caused by changes in early and late
trans Golgi network morphology and loss of control over secre-
tory vesicle size. We wanted to know whether SA is responsible
for the in vitro root phenotype. Interestingly, the root lengths of
the triple mutants did not significantly revert to WT lengths
(Fig 6). The PR-1 gene was not induced in pi4klIIf 132 seedlings
grown under the conditions used for root assays (Fig. S4). These
data indicate that in the conditions used for 7z vitro root assays,
SA signalling is not activated so would not affect the plant pheno-
type. Taken together, our results show that the mechanisms
responsible for small rosettes of adult plants and short roots
in wvitro are different, even though both are caused by
pi4kIIIP 1$2 mutations. Such aberrant roots might be expected
to affect shoot growth, but the roots were not investigated in

a b c d) j e f
( )WT ( )pi4kIIIB1BZ ( ) eds1 ( ) sid2 ( )_ nahG (). npr1
pidklliB1B82  pidklliB1B2  pidklliB1B2 pidkllip1p2
PI4KIIIB1 PrKIIBE1 PHKIIR1 PHKIIR1T PRKIIBE1 PHKIIIR1
PI4KIIIB2 PI4KITTBR Pl4KIB PI4KIB2 PI4KITBR. Pl4KITIR2
1
EDS1 EDS1 EDS1 EDS1 EDS1 EDS1
o R i e o | Al
ICS1 ICS1 ICS1 Ics4 ICS1 ICS1
SA basal SA high SA basal SA basal SA basal ——nahG SA very high
NPR1 NPR1 NPR1 NPR1 NPR1 NPR1

Fig. 7 Genetic model for salicylic acid (SA) signalling pathway in Arabidopsis thaliana wild-type (WT), pi4kill31$2 and all triple mutants. (a) In the WT,

PI4KIlIB7 and, to a lesser extent, PI4KIIIf2 repress SA signalling upstream of EDS7. (b) In pi4kill 312 plants, signalling upstream of EDS7 is de-repressed,
which leads to stronger transcription of the SA biosynthetic gene /CS7 and thus to high concentrations of SA. This increase stunts rosette growth through
NPR1-mediated transcriptional reprogramming. (c) In eds7 pi4klll$152 plants, the absence of EDST means that /CS7 transcription is not induced, and so

SAis not in excess and growth is normal. (d, e) In sid2 pi4kllI142 (d) and nahG

pi4killp152 (e) plants, SA biosynthesis is abolished and SA is catabolized,

respectively. Thus these plants display normal growth. (f) In npr1 pi4kliip1[2, the absence of the NPR7-dependent negative feedback loop leads to even
higher ICS7 transcription and SA concentrations. However, the high SA concentration is not transformed to transcriptional reprogramming and the growth

remains normal.
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adult plants grown in soil. Other mutants with severely defective
root hairs do not exhibit other morphological abnormalities
(Schiefelbein & Somerville, 1990) and the length of roots does
not necessarily determine shoot size (Dhondt et /., 2010).

Using a lipidomic approach, we compared the distribution of
fatty acid residues in pi4kIIIf 12 and ssi2, a mutant deficient in
stearoyl-acyl carrier protein desaturase and which resembles the
pi4kIIIB 132 phenotype (Shah eral, 2001). The most obvious
characteristic of 572 is high content of 18:0- molecular species
(Fig. S3), but this is not true of pi4klIIf1f2. However, the
increase in 18:0 species does not contribute to a constitutively
high SA concentration in ss72 (Kachroo ez al., 2003). The pheno-
type of ssi2 is, rather, a result of low oleic acid (Kachroo ezal.,
2004). We also found decreased relative content of 18:1 (oleic
acid) in all phosphoglycerolipids of ssi2. There was a decrease of
28% in 18:1 in PC in pi4kIIIf 12, compared with a decrease of
65% in ssi2 (Fig. S5). We cannot rule out the possibility that this
decrease in 18:1 contributes to the high SA concentration of
pi4kIIIB132. On the other hand, unlike in pi4kIIIf 152, the phe-
notype of ssi2 does not revert by crossing with eds! (Venugopal
etal., 2009). This indicates that the mechanism triggering high
SA is different in each mutant.

In pi4kIIIf 132, we did not observe any obvious change in the
profile of molecular species of the lipids assessed. The most char-
acteristic change for pidkIIIf 152 was 16:0/18:3- species that
were increased in PI, PC, PE and PG (Fig. S3). The pattern of
16:0/18:3 can be directly related to JA, because 18:3 (linolenic
acid) is a precursor in JA biosynthesis (Turner eral., 2002). The
concentration of JA was increased almost fourfold in the
pi4kIIIP 182 compared with the WT.

We had previously shown that PI4K activity was stimulated
when A. thaliana suspension cells were treated with exogenous
SA. Inhibition of PI4K activity with 30 pM wortmannin inhib-
ited PR-I expression (Krinke et al., 2007), suggesting that a type
III PI4K is active in the SA signalling pathway downstream of SA
biosynthesis. Here we show that PI4Kf1 and PI4KB2 operate
upstream of SA biosynthesis. Although we cannot exclude the
possibility that wortmannin targeted another enzyme activity,
PI4K is stll the strongest candidate. Besides P/4Kf1 and
PI4KP2, there are two other type III PI4Ks in Arabidopsis,
AtPI4KIIIo ] and AtPI4KIIn2. The latter is most probably a
pseudogene, as we and others have not been able to detect its
transcript (Mueller-Roeber & Pical, 2002). The microsomes
extracted from pidklIIf 152 still retain 60% of the total PI4K
activity as a result of AtPI4KIIIo] (Delage et al., 2012a). There-
fore, AtPI4KIIIo 1 might be the positive downstream regulator of
SA signalling. Unfortunately, we were unable to isolate homozy-
gous plants from three different T-DNA lines of AsPI4KIITn 1,
which suggests that these mutations cause male or female sterility
or homozygous lethality (Delage et al., 2012a).

The pi4kIIIf 1$2 double mutant is a constitutive overaccumu-
lator of SA. The excess SA concentrations stunt the growth of the
mutant. SA is the main factor contributing to this trait in rosettes
of soil-grown plants, but not to inhibiting root growth of plants
in vitro. PI4KB 1 and PI4KpB2 suppress SA bioysnthesis through
an EDS1-dependent pathway.
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Supplementary Figure S1. Rosette size and salicylic acid (SA) content of plants cultivated under
short-day conditions. (A) Representative images of 4 week old plants cultivated at SD conditions: 22
°C, 10 h light/14 h dark. (B) Rosette size. “Immune-related” mutants presented in blue boxes;
“phospholipids-related” in red; callose synthase pmr4 in pink; “reverted” double/triple mutants in
yellow and SA-deficient in green. Data are from three biological replicates, n > 70.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.
Values outside this range are shown as outliers. Data are from three biological replicates, n > 70. (C)
SA content in the leaves. n = 4. Asterisks indicate variants that are different from WT, one-way
ANOVA with Tukey’s HSD post hoc test, * p <0.05, ** p < 0.01.
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Supplementary Figure S2. Effect of cultivation conditions on rosette size of the pi4kf1p2 and
sid2pi4kB1B2 mutants. (A) Conditions of plant cultivation: LD (long day), SD (short day) and GH
(greenhouse). (B) Representative images of 5 week old plants cultivated in different setups, bar 1 cm.
(C) Rosette size of the studied mutants grown under different conditions. Different letters indicate
variants that were significantly different in every growing condition; one-way ANOVA with Tukey’s
HSD post hoc test, p <0.05. Data are from three biological replicates, n > 12. 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 S4. Photosynthetic parameters of the studied mutants. Four week old plants
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Supplemental Table S1. Primers.

Gene Accession Forward Primer Reverse Primer

T11P4 AT4G34270 GTGAAAACTGTTGGAGAGAAGCAA TCAACTGGATACCCTITTCGCA
PR-1 AT2G14610 AGTTGTTTGGAGAAAGTCAG GTTCACATAATTCCCACGA
ICS1 AT1G74710 GCAAGAATCATGTTCCTACC AATTATCCTGCTGTTACGAG

Supplemental Table S2. SA content (ng/g FW) of the soil-grown plants.



Int. ]. Mol. Sci. 2019, 20, x FOR PEER REVIEW

Short day Long day
WT 251,380 + 15,930 514,591 + 180,327
NahG 225,75 + 17,78 260,36 + 90,84
sid2 741,55 t 24,01 215,81 + 50,57
pmrd 1275,86 t 50,99 994,22 + 107,14
pidkp152 23851,29 + 1950,85 9410,93 + 982,55
NahGpidkp162 4458,48 + 659,26 455,29 + 130,99
sid2pi4k1p2 567,54 t 31,92 172,26 + 28,88
crp5 25511,32 t 800,46 2911868 +  17116,81
bonl-1 18437,73 t 964,35 3283149 +  19690,02
bonl-1snc1-11 2504,99 + 264,97 612,13 + 141,04
edr2-6 8375,98 + 3633,38 2439,16 + 605,55
edr2-6nahG 422,06 t 124,73 1872,03 + 1091,57
fahl1fah2 33314,76 t 4732,62 6428930 + = 4215894
exo70B1-1 7137,93 + 1340,52 1312,63 + 292,41
acd6 80154,83 + 10881,94 6187590  + 7018,37

6 of 6



Annals of Botany 125: 775-784, 2020

doi: 10.1093/aob/mcz112, available online at www.academic.oup.com/aob

ANNALS OF
BOTANY

Founded 1887

PART OF THE FOCUS ISSUE ON PLANT DEFENCE AND STRESS REPSONSE
Identification of salicylic acid-independent responses in an Arabidopsis
phosphatidylinositol 4-kinase beta double mutant

Tetiana Kalachovas", Martin Janda'?, Vladimir Sasek!, Jitka Ortmannova', Pavla Novakova'?,
L. Petre Dobrev!, Volodymyr Kravets®, Anne Guivarc’h?, Deborah Moura’, Lenka Burketova!, Olga Valentova?
and Eric Ruelland***

!Institute of Experimental Botany, The Czech Academy of Sciences, Prague 160 000, Czech Republic, ?University of Chemistry
and Technology, Department of Biochemistry and Microbiology, Prague 166 28, Czech Republic, 3Institute of Bioorganic
Chemistry and Petrochemistry, National Academy of Sciences of Ukraine, 02094 Kiev, Ukraine, “*CNRS, Institut d’Ecologie et
des Sciences de I’Environnement de Paris, UMR 7618, Créteil, France and >Université Paris-Est, UPEC, Institut d’Ecologie et
des Sciences de I’Environnement de Paris, Créteil, France
" Equal first authors.

# Present address: Department of Plant Biology, Swedish University of Agricultural Sciences, SE-750 07 Uppsala, SWEDEN

* For correspondence. E-mail eric.ruelland@upmc.fr

Received: 4 February 2019  Returned for revision: 13 May 2019  Editorial decision: 23 June 2019  Accepted: 27 June 2019
Published electronically 28 June 2019

e Background and Aims We have recently shown that an Arabidopsis thaliana double mutant of type III
phosphatidylinositol-4-kinases (PI4Ks), pi4kf31f32, constitutively accumulated a high level of salicylic acid
(SA). By crossing this pi4kf3132 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 dwarfism
phenotype of the double mutant. Here we aimed to distinguish between the SA-dependent and SA-independent

effects triggered by the deficiency in PI4Kf3] and PI4K[32.

* Methods To achieve this we used the sid2pi4kf31[32 triple mutant. High-throughput analyses of phytohormones
were performed on this mutant together with pi4kf12 and sid2 mutants and wild-type plants. Responses to patho-
gens, namely Hyaloperonospora arabidopsidis, Pseudomonas syringae and Botrytis cinerea, and also to the non-
host fungus Blumeria graminis, were also determined. Callose accumulation was monitored in response to flagellin.
* Key Results We show here the prominent role of high SA levels in influencing 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 pi4kf31/32 plants to the host
pathogens H. arabidopsidis, P. syringae pv. tomato DC3000 and Bothrytis cinerea is dependent on accumulation
of high SA levels. In contrast, accumulation of callose in pi4kf31(32 after flagellin treatment was independent
of SA. Concerning the response to Blumeria graminis, both callose accumulation and fungal penetration were
enhanced in the pi4kf3132 double mutant compared to wild-type plants. Both of these processes occurred in an

SA-independent manner.

* Conclusions Our data extensively illustrate the influence of SA on other phytohormone levels. The sid2pi4kf312
triple mutant revealed the role of PI4KB1/B2 per se, thus showing the importance of these enzymes in plant de-

fence responses.

Keywords: pi4k132/PI4Ks, callose, salicylic acid, phytohormones, isochorismate synthase 1, biotic stress,

pathogens, Arabidopsis thaliana.

INTRODUCTION

Salicylic acid (SA) is a phytohormone that has a role in many
plant physiological processes, although this has mainly been
documented in plant responses to biotic stress when SA accu-
mulates within tissues, both at the site of attack and in a systemic
manner (Vlot et al., 2009; Janda and Ruelland, 2015). In plants,
SA is biosynthesized via two pathways. One is dependent on
phenylalanine ammonia-lyase (PAL; EC 4.3.1.24), which
catalyses the conversion of phenylalanine to trans-cinnamic
acid. In the other pathway, the key enzyme is isochorismate

synthase (ICS; EC 5.4.4.2), which catalyses the isomerization
of chorismate to isochorismate (Dempsey et al., 2011). The
ICS-dependent pathway was shown to be responsible for
most SA accumulation upon pathogen attack. In Arabidopsis
thaliana, two ICS isoforms exist, but the major role in SA bio-
synthesis is played by ICS1. The /CS/ mutant is known as sid?2
for salicylic acid induction deficient 2 (Wildermuth et al., 2001;
Wagner et al., 2013; Cui et al., 2017). When SA levels increase,
downstream signalling events are triggered, and the best de-
scribed molecular pathway is dependent on NONEXPRESSOR

© 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,
homo-oligomeric NPR1 protein undergoes dissociation by
reduction and the resulting monomers move into the nucleus
where they interact with TGA-transcription factors to induce
the expression of SA responsive genes. An NPR1-independent
pathway also exists in response to SA (Janda and Ruelland,
2015). The activation of SA signalling pathways leads to robust
changes in the plant transcriptome, including defence-related
genes (Seyfferth and Tsuda, 2014). Among the immune re-
sponses affected by changes in SA levels or by SA treatments
is the accumulation of callose (Kohler et al., 2002; Dong et al.,
2008; Antignani et al., 2015), a (1,3)-f-glucan occurring in
plant cell walls.

The signalling pathways triggered by SA remain the subject
of current research. We have shown that phosphoinositides, the
phosphorylated derivatives of phosphatidylinositol (PI), are in-
volved in SA transduction. Indeed, PI can be phosphorylated
at the D4 position of the inositol ring by phosphatidylinositol-
4-kinases (PI4Ks) thus leading to phosphatidylinositol
4-phosphate (PI4P), which can be phosphorylated further to
phosphatidylinositol-4,5-bisphosphate (PI-4,5-P,). There are
two types of PI4Ks according to their primary sequences and
pharmacological sensitivities. Type II PI4Ks are inhibited by
adenosine while type III PI4Ks are inhibited by micromolar
concentrations of wortmannin, a steroid metabolite produced
by the fungus Penicillium funiculosum (Nakanishi et al., 1995;
Balla, 2007; Krinke et al., 2007). From the A. thaliana genome,
12 putative PI4K isoforms have been identified. Eight belong
to type II (AtPI4Ky1-8) and four belong to type III (AtPI4Kal
and a2, AtPI4Kf1 and 2) (Delage et al., 2012; Janda et al.,
2014). We have shown that type III PI4Ks are activated when
A. thaliana suspension cells respond to SA, thus leading to an
increase in PI4P and PI-4,5-P2 (Krinke et al., 2007). PI-4,5-P2
can act as a cofactor to some phospholipase Ds (Pappan et al.,
1998). Interestingly, there is overlap between SA-responsive
genes controlled by PI4Ks and those controlled by phospho-
lipase Ds, leading to the working model that in response to
SA, PI4P and PI-4,5-P, are produced with PI-4,5-P, acting
as a cofactor for a phospholipase D, whose product, PA, will
trigger a signalling cascade (Krinke et al., 2009; Kalachova
etal., 2016).

To better characterize the role of PI4Ks in the response to
SA, we have used A. thaliana mutants altered in type III PI4Ks.
We previously worked on a double mutant defective in the two
PI4Kp genes. Surprisingly, pi4kf3152 exhibited a constitu-
tively high SA level that resulted in constitutive high transcrip-
tion of SA-responsive genes such as PR-I (PATHOGENESIS
RELATED 1). Therefore, PI4Ks are not only involved in
SA transduction but they can also impact SA concentration.
Furthermore, this double mutant exhibited dwarfism and was
more resistant to the bacterial pathogen Pseudomonas syringae
pv. maculicola ES4326 (Sasek et al., 2014). The pi4kf 132 plant
was crossed with mutants impaired in components of SA syn-
thesis (sid2, impaired in ICSI expression; edsl), SA transduc-
tion (nprl) or a mutant expressing bacterial SA-hydroxylase
(NahG) that degrades SA to catechol. The resulting triple
mutants allowed us to conclude that the dwarf phenotype of
pi4kp1B2 plants was dependent on SA accumulation and its
transduction via the NPR1 pathway (Janda et al., 2014; Sasek
etal.,2014).

In the present study, our aim was to identify amongst the
cellular and physiological processes affected by the defi-
ciency of PI4KB1p2 those that were either SA-dependent or
SA-independent. To achieve this, we used the sid2pidkf31(32
triple mutant that does not accumulate SA and exhibits wild-
type-sized rosettes (Sasek et al., 2014). In this mutant, the ef-
fects of PI4K17 and PI4K2 mutations would not be masked by
high SA levels. We showed that hormonal levels and pathogen
resistance were mainly dependent on SA. However, we could
show that sid2pi4kf3 152 plants accumulated higher amounts of
callose in response to flg22 and wounding. Interestingly, this
SA-independent callose accumulation was also observed during
early stages of interactions with Blumeria graminis when pene-
tration was observed. Our data suggest that PI4Ks are involved
in plant immune responses not only through SA accumulation
but also via SA-independent processes.

MATERIALS AND METHODS

Plant material, growth conditions

In this study, we used the following genotypes of A. thaliana:
Columbia-0 (WT), sid2-3 (Gross et al., 2006), npri-I
(Cao et al., 1997), NahG (Delaney et al., 1994), pidkp1[32
(SALK_040479/SALK_09069; Preuss et al, 20006),
sid2pi4kp152, NahGpidkpB1p2 and nprlpi4k3132 mutants pre-
viously described (Sasek er al., 2014).

All plants were cultivated in Jiffy 7 peat pellets at 22 °C
with 70 % relative humidity. All plants were watered without
additional fertilizers. Plants were routinely cultivated in daily
cycles of 10 h light (100-130 uE m= s7') and 14 h dark. Plants
that would be used for hormonal analysis or transcription ana-
lysis were cultivated under 16 h light (130-150 pE m= s7!) and
8 h dark.

Pathogen inoculation

Two-week-old plants grown at high density in one pot were
sprayed with Hyaloperonospora arabidopsidis NoCo2 spores
(~100 spores pL™). The infected plants were cultivated in
closed transparent plastic boxes at high humidity for 6 d under
16 h light/8 h dark (100-130 uE m=2 s7!) at 19 °C. For ana-
lysis, leaves collected from one pot were considered as one
sample (for each genotype, 11 samples were analysed). Spores
were counted under a microscope using a Biirker chamber and
expressed as relative spore number (%), where relative spore
number for a given control genotype (WT or sid2) was set to
100 %. The spores were counted as spores per milligram of
tissue fresh weight. The experiments (WT vs. pi4k132 and
sid2 vs. sid2pidkf3132) were conducted independently.

Inoculation with P. syringae was performed according to
Katagiri er al. (2002) with modifications. Bacteria were cul-
tivated overnight on King’s B medium plates containing ri-
fampicin (50 pg pL™). P. syringae pv. tomato DC3000 (Pst
DC3000) and P. syringae pv. tomato DC3000 AvrRpt2 (Pst
DC3000 AvrRpt2) were taken from the respective plate and re-
suspended in 10 mm MgCl, to give an OD,, of 0.001. Four-

600
week-old plants were infiltrated with this suspension.
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One disc (6 mm) from one leaf, three leaves at a similar devel-
opmental stage from one plant and three plants were collected
as one sample of one genotype at O days post-inoculation (dpi)
and 3 dpi (3 dpi only for Pst DC3000; 2 dpi for Pst DC3000
AvrRpt2). Leaf discs were ground in 10 mm MgCl, and decimal
dilutions were made. Colony forming units were counted.

Four-week-old A. thaliana plants were treated with 6 pL
drops containing Botryfis cinerea BMM spores (5 x 10* spores
mL™) by applying a single drop to each leaf, with three leaves
at a similar developmental stage inoculated for each plant.
Treated plants were placed into closed plastic boxes and kept
in low light (16 h light/8 h dark, 21 °C; 10-pnE m=s7!) for 56 h
post-inoculation (hpi).

Blumeria graminis f. sp. hordei (Bgh) was cultivated con-
tinuously on fresh barley (‘Golden promise’) grown under short
day conditions (19 °C, 10/14 h, 50 % humidity, at a light inten-
sity of 70 pmol m~2 s71). Plants, ~4 weeks old, were inoculated
by spreading spores from infected barley onto the adaxial side
of their leaves (from leaf to leaf). The 5th—6th leaves were cut
off at selected times hours post-inoculation (hpi) and cleared
with 96 % ethanol or chloral hydrate. For penetration rate,
fungal structures were stained with 250 mg mL™! trypan blue
in a lactophenol/ethanol solution (Vogel and Somerville, 2000).
Stained leaves were observed by classical epifluorescence mi-
croscopy or bright-field microscopy using a Zeiss Axiolmager
ApoTome?2 (objective 100x).

Callose deposition

Four-week-old A. thaliana plants were treated for 24 h with
100 nm fig22 or infiltrated with Pst DC3000. Distilled water
infiltration was used as a control (mock) treatment. Infiltrated
leaves were decoloured in ethanol/glacial acetic acid (3:1, v/v).
The leaves were then rehydrated in successive baths of 70 %
ethanol (at least 1 h), 50 % ethanol (at least 1 h), 30 % ethanol
(atleast 1 h) and water (at least 2 h). Leaves were stained for 4 h
with 0.01 % aniline blue in 150 mm K, HPO,, pH 9.5. Callose
deposition was observed by fluorescence microscopy using a
Zeiss Axiolmager ApoTome2 (objective 10x). In Bgh infection
analysis, we calculated only callose spots using the high cir-
cularity function of the measurement settings at an interval of
0.5-1 which allowed us to distinguish only the cells with the
size exclusion limit for spots corresponding to either encased
haustoria or enormous papilla. Images were processed with
Imagel software. At least four leaves from three independent
plants were analysed for each variant.

RNA extraction and gPCR analysis

Plant tissues were homogenized in 2-mL screw-cap tubes con-
taining 1 g of 1.3-mm-diameter silica beads using a FastPrep-24
instrument (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). Subsequently,
1 pg of RNA was converted to cDNA with M-MLV RNase H-
Point Mutant reverse transcriptase (Promega Corp., USA) and
an anchored oligo dT21 primer (Metabion, Germany). Gene
transcription was quantified by qPCR using a LightCycler
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480 SYBR Green I Master kit and a LightCycler 480 (Roche,
Switzerland). The PCR conditions employed were 95 °C for
10 min followed by 45 cycles of 95 °C for 10 s, 55 °C for 20 s
and 72 °C for 20 s. Melting curve analyses were then carried
out. Relative transcription was normalized to the housekeeping
genes SAND or TIP41 (Czechowski et al., 2005). Primers were
designed using PerlPrimer v1.1.21 (Marshall, 2004). The pri-
mers used were CalS1_FP, AAGAGCGGAGGGTCACTTTG;

CalS1_RP, GGCGACACGAATAGACGGAT; CalS12_
FP, TTCACTCCGTTTTCCCGAGG; and CalS12_RP,
GGAGAGAGACGCATCTGAGC.

Analysis of plant hormones

Plant hormones were extracted from 100 mg of frozen tis-
sues and their concentrations were determined as previously
described (Dobrev and Vankova, 2012; Dobrev and Kaminek,
2002) after the addition of appropriate internal standards.
Hormone analysis was carried out on four samples, each taken
from three plants. Briefly, samples were homogenized in tubes
with 1.3-mm silica beads using a FastPrep-24 instrument (MP
Biomedicals). Samples were then extracted with a methanol/
H,O/formic acid (15:4:1, by vol.) mixture, which was supple-
mented with stable isotope-labelled phytohormone internal
standards (10 pmol per sample) in order to check recovery
during purification and to validate the quantification. The clari-
fied supernatants were subjected to solid phase extraction using
Oasis MCX cartridges (Waters Co., USA). The eluates were
evaporated to dryness and the generated solids were dissolved
in 30 pL of 15 % (v/v) acetonitrile in water. Hormones were
separated and quantified by Ultimate 3000 high-performance
liquid chromatography (Dionex, USA) coupled to a 3200
Q TRAP hybrid triple quadrupole/linear ion trap mass spec-
trometer (Applied Biosystems, USA) as described by Dobrev
et al. (2017). Metabolite levels were expressed in pmol/g fresh
weight (f. wt).

Statistical analysis

At least three independent biological replicates were per-
formed for all experiments. Statistical analysis was conducted
by paired #-test or ANOVA with Tukey honestly significant dif-
ference (HSD) multiple mean comparison post hoc test. The
number of analysed samples was specified for each condition.
The correlation matrix for hormonal levels was prepared using
R-software Hmisc and corrplot packages based on the Pearson
correlation (R Core Team, 2014).

RESULTS

The pidkP1P2 double mutant has altered phytohormonal levels

Our goal was to identify SA-dependent and SA-independent
processes triggered by the double pi4kf3132 mutation. To do
so, we used a sid2pi4kf3152 triple mutant. If a process trig-
gered by the double pi4kf312 mutation is SA-dependent, then
it should disappear in the sid2pi4k3132 triple mutant. On the
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other hand, if a process triggered by the double pi4kf31[32 mu-
tation is SA-independent, then it should still be observed in the
sid2pidk3152 triple mutant.

Because the main effect of the double pi4kfI152 mutation
was on the level of SA, we decided to quantify a broad spec-
trum of phytohormones in the sid2pi4kf312 triple mutant. The
hormone levels obtained were compared to those of pi4¢k 132,
sid2 and WT plants. A first look allowed us to establish that
the pi4k 12 double mutation does not impact only SA levels.
Many hormone-related metabolites showed significantly dif-
ferent levels in pi4k 132 plants when compared to WT plants
while most of them remained at WT levels in sid2pi4k3132

tZR ....

(Supplementary Data Table S1). In our previous study, we cre-
ated an additional triple mutant by crossing pi4kf3132 with an
NahG mutant impaired in SA accumulation: NahGpi4kf31[32
(Sasek et al., 2014). To confirm and to strengthen the results
obtained with sid2pi4kf 132, we also quantified phytohormones
in NahGpi4k(1B2, together with their corresponding single
mutants (Table S1). From these data, we built a correlation ma-
trix (Fig. 1). Many hormone levels were correlated to higher
SA levels (Pearson correlation >0.7) as seen for the abscisic
acid (ABA) derivatives such as 9-hydroxy-ABA (9OH-ABA),
phaseic acid (PA) and dihydrophaseic acid (DPA). However, the
high levels of DPA, PA and 9OH-ABA observed in pi4kp12
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Fic. 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, sid2, NahG, pi4kf31[32, sid2pi4k[3132 and NahGpi4kf1[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 coefficients. 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 SA;
therefore, these metabolite levels were controlled by SA in the
pi4kp 132 double mutant (Fig. S1A).

Because the main genetic pathway of the SA response is con-
trolled by NPR1, we investigated whether the hormonal control
of SA was NPR1-dependent. This was achieved using a pre-
viously generated npripi4kfIf2 triple mutant where the SA
level was 30-fold that of the WT and 4-fold that of pi4k31[32.
Interestingly, levels of DPA, PA and 9OH-ABA were still high
in npripi4kpIp2, showing that the effect of SA on these metab-
olites was only partially NPR 1-dependent. Note that ABA levels
did not correlate with SA (Pearson correlation 0.3), indicating
that the action of SA on ABA derivatives is probably not directly
connected to the biosynthesis of ABA, but with its metabolism.

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
pid4kpB1B2 was no longer observed in the triple mutants with
low SA. However, it was still visible in the npripi4kf1p2
triple mutant, suggesting that this metabolite is controlled by
SA but it is only partially NPR1-independent (Supplementary
Data Fig. S1B). The pattern of IAA was different from that of
Asp-TIAA, suggesting that SA control of Asp-IAA is on aspar-
tate conjugation. As for cytokinins, the increase in cis-zeatin
(cZ), cis-zeatin-riboside (cZR), cis-zeatin-7-N-glucoside
(cZ7G), cis-zeatin-riboside-O-glucoside (cZROG) and trans-
zeatin-O-glucoside (tZOG) and the decrease in frans-zeatin-7-
N-glucoside (tZ7G) and trans-zeatin-9-N-glucoside (tZ9G) in
the pi4kf3132 double mutant were SA-driven. In contrast to the
other hormones tested, SA’s action on tZROG appeared to be
partially independent of NPR1 (Fig. S1C).

We identified one hormone for which its level was al-
tered in pi4k(152 plants independently of SA: the increase in
oxIAA-GE observed in pi4kf3152 was still visible in the triple
mutants with low SA. Note that oxIAA did not follow the same
pattern (Supplementary Data Fig. S2).

Pathogen resistance, of pi4kB1P2 plants is SA-dependent

At the hormonal level, our data show that the major change in-
duced by the pi4kf3132 double mutation was an increase in SA,
with this change determining the levels of many other hormones.
Because a major role of SA is related to biotic stress responses,
we reasoned that processes related to biotic stress, dependent or
not on SA, might also be altered in the double mutant.

Whether the PI4K double mutation per se was accom-
panied by an enhanced resistance to pathogens was investi-
gated. Comparing resistance in sid2pi4k BIB2 plants to that
in pi4k B1P2 or sid2 would allow us to distinguish between
the effectiveness of SA-dependent and SA-independent re-
sponses. Therefore, different pathogens with different life-
styles (biotrophs, hemibiotrophs and necrotrophs) were tested
(Glazebrook, 2005). The pi4kf3132 double mutant plants were
more resistant to the biotroph H. arabidopsidis NoCo2 com-
pared to WT. However, sid2pi4kf31[32 resistance was similar
to that of sid2 plants (Fig. 2A). We then studied resistance to
the hemibiotroph P. syringae pv. tomato DC3000 in its wild
type (Pst DC3000) or AvrRpt2-expressing form (Pst DC3000
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AvrRpt2). Pst DC3000 AvrRpt2 leads to a strong effector-
triggered immunity (ETI) response compared to Pst DC3000.
With both forms, pathogen development was reduced in pi4k
B1p2 plants compared to the WT while sid2pi4kf3 132 resistance
was comparable to that of sid2 and lower than WT plants (Fig.
2B, Supplementary Data Fig. S3). Unexpectedly, the double
mutant also showed an increased resistance to the necrotroph
Botrytis cinerea which was also SA-dependent as sid2pi4kf3132
resistance was similar to that of sid2 and WT plants (Fig. 2C).
For each pathogenic assay, triple mutant resistance was similar
to sid2, indicating that SA-dependent pathways were dominant
in the immune response. Putative mechanisms regulated by
PI4K activity alone were not sufficient to establish pathogen
resistance.
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FiG. 2. Resistance to biotic stresses of pi4kfIf2 and sid2pi4kf3132 mu-
tants. (A) Resistance to the biotroph Hyaloperonospora arabidopsidis. (B)
Resistance to the hemibiotroph Pseudomonas syringae pv. syringae DC3000.
Infiltration treatment of 4-week-old-plants, with six independent samples. (C)
Resistance to the necrotroph Botrytis cinerea. Four- to 5-week-old A. thaliana
were inoculated with a 6-pL drop containing spores of Botrytis cinerea (50 000
spores mL™), 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,
with a Tukey honestly significant difference (HSD) multiple mean comparison
post hoc test. Different letters indicate a significant difference, Tukey HSD, P <
0.05, n = 10 for A, n = 7 for B and n = 27 for C. ***Indicate difference from
WT, r-test, P < 0.001.
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The enhanced level of basal callose deposition in pidkB1p2 is
mainly SA-dependent, while stress-induced callose accumulation
is not

SA levels modulate numerous processes associated with im-
mune responses, including the strengthening of leaf tissues and
particularly cell walls around the infection site by lignification
and callose accumulation (Voigt, 2014). Interestingly, SA pre-
treatment also has a positive effect on flagellin-induced callose
accumulation (Yi et al., 2014). We therefore studied callose
levels, accumulated in leaf tissues in response to treatment with
the flagellin epitope (flg22). We first studied callose accumula-
tion in the absence of flg22 treatment (control; Fig. 3A). The
pi4kp132 double mutant exhibited a constitutively high level
of callose deposition, as previously shown (Antignani et al.,
2015). We were able to show that a spatial pattern in callose
accumulation existed, as the examination of different regions of
interest (ROI) indicated a higher accumulation in the upper part
of the leaf edges (Fig. 3B).

Callose accumulation was then assessed in either mock-
infiltrated or fig22-treated plants (Fig. 4). In this case, callose
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FiG. 3. Pattern of callose accumulation in pi4kf31f32 leaves. (A) Aniline blue

staining, and fluorescence microscopy. Scale bar = 500 pm. (B) Callose par-

ticles accumulated in different ROI. The squares represent the ROI. Data are

presented as means *s.e.m. Statistical differences were assessed using a two-

way ANOVA, with a Tukey honestly significant difference (HSD) multiple

mean comparison post hoc test. Different letters indicate a significant differ-
ence, Tukey HSD, P < 0.05. n=11.

accumulation was much higher in pi4k(3132 when compared
to WT plants (Fig. 4). The sid2pi4kf3132 triple mutant was
used to investigate whether high callose deposition in the
double mutant depended on its high SA level. For mock treat-
ments, callose deposition was much lower in sid2pi4kp1p2
compared to pi4kf3 132 plants. This provides arguments for an
SA-dependent higher basal callose deposition. This was con-
firmed by the response to fig22. In WT plants, flg22 induced
20 times more callose compared to control mock infiltrations.
Again, the callose level in pi4kf3132 was higher (two-fold) com-
pared to WT plants. This increase was reduced when the sid2
mutation was introduced into the pi4kf312 double mutant as
the level in the triple mutant was about two-fold lower than in
the double mutant and in the same range as the WT level. This
indicated that SA was a major inducer of callose accumulation
in the pi4kf31[32 genotype context. Yet, the sid2pi4kf 12 triple
mutant exhibited a higher callose deposition than sid2 plants.
Therefore, the pi4kf3132 double mutation per se had a role in
the high callose accumulation observed in the pi4k3132 double
mutant.

We also studied callose accumulation in leaf tissues in re-
sponse to mechanical wounding (Supplementary Data Fig. S4).
Again, in response to wounding, the PI4K double mutation en-
hanced callose accumulation via an SA-dependent pathway.

wT pidkB1p2 sid2 sid2pidkB1p2

mock

flg22

B OWT B pi4kp1p2 O sid2 W sid2pi4kB1p2
d

Mean callose spots mm—2
[}
-

mock flg22

FiG. 4. Callose deposition in response to flagellin. (A) Representative images
of callose accumulated in leaves of 4-week-old A. thaliana plants by aniline
blue staining, 24 h after infiltration with 0.1 pm fig22 or mock infiltration. Scale
bar = lcm. (B) Quantification of callose particles. Values represent an average
of five ROI. Data are presented as means +s.d. For each treatment, statistical
differences between the genotypes were assessed using a one-way ANOVA,
with a Tukey honestly significant difference (HSD) multiple mean comparison
post hoc test. Different letters indicate a significant difference, Tukey HSD,
P <001, n=4.
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Whether callose overaccumulation correlated with the tran-
scription of callose synthases (CalSs) was then investigated.
Among 12 callose synthases, CalSI and CalS12 have been
shown to be related to SA and/or biotic stresses (Dong et al.,
2008). The transcript levels of CalSI and CalSI12 were tested
by qPCR in WT, pi4kf31f32, sid2 and sid2pi4kf31B2 plants
treated or not with flg22. No correlation was observed between
CalS1 and CalS12 transcript levels and callose accumulation
(Supplementary Data Fig. S5).

pi4kP1P2 has altered non-host resistance that is SA-independent

The establishment of non-host resistance is based on dif-
ferent mechanisms, involving vesicular secretion as well as
callose accumulation (Collins et al., 2003; Assaad et al., 2004,
Takemoto et al., 2006; Bohlenius et al., 2010; Lee et al.,
2017). To study the role of PI4K in such responses, we tested
penetration success and callose production in response to the
non-host pathogen Blumeria graminis f. sp. hordei (Bgh). In
Bgh/A. thaliana interactions, callose accumulates in defen-
sive papillae and haustorial encasements or around dead cells
(Jacobs et al., 2003; Assaad et al., 2004; Ellinger et al., 2014).
The enhanced number of plant cells with developed haustoria

No interaction
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i
—

Haustorium

781

or dead cells reflects the penetration success of fungal hyphae
(Fig. 5A). In our experiments a higher penetration correlated
with greater callose accumulation in the plant tissue. In par-
ticular, the pi4kf3132 double mutant showed an enhanced suc-
cessful penetration of Bgh 24 hpi, as seen by the enhanced
number of haustoria and dead cells. A similar defect in pene-
tration resistance was seen in sid2/pi4kf1f32, indicating the
SA-independent character of this phenomenon (Fig. 5B). Both
pi4kp132 and sid2/pi4kf3132 accumulated more callose (Fig.
5C) and over larger areas compared to WT plants (Fig. 5C, D).
Thus, the lower penetration resistance accompanied by callose
accumulation in pi4kf3132 was independent of the SA pathway.

DISCUSSION

The aim of this study was to investigate SA-dependent and
SA-independent processes caused by the pi4k 3132 double
mutation. As previously shown (Sasek et al., 2014), this mu-
tant accumulates a constitutively high level of SA. In pi4k
B1B2, SA biosynthesis is dependent on ICS1, as demonstrated
by an absence of SA accumulation in the sid2pi4kf31[32 triple
mutant with impaired /CS/ transcription (Sasek et al., 2014).
This was confirmed with the hormone analysis described in
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F1G. 5. Resistance of pi4kf31(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 bar = 5 pm. (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 spot per mm? at 24 hpi after interaction with Bgh spores. (D) Data
showing mean area of a callose spot per mm? at 24 hpi after interaction with Bgh spores. Data for B, C and D were processed by ANOVA, with a Tukey honestly
significant difference (HSD) multiple mean comparison post hoc test, the data represent one independent experiment, and the experiment was repeated four times.
Letters indicate a significant difference, Tukey HSD, P < 0.01. (E) Pictures demonstrating callose staining with aniline blue 24 hpi with Bgh. Scale bar = 100 pm.
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the present study. The sid2pi4kf3132 triple mutant lacking high
SA was used as a tool to distinguish between SA-dependent
and SA-independent effects caused by the double mutation in
pidkp1p2.

We first measured phytohormonal levels in fully developed
leaves of 4-week-old A. thaliana W'T, pi4kf152, sid2 and
sid2pidkf3152 plants. To our knowledge, this is the broadest
phytohormonal study carried out with an SA over-accumulating
mutant (in our case pi4kf3132) and its comparison with a plant
having the same background but with an impaired SA pathway
(sid2pi4k152). The level of 15 hormone derivatives (excluding
SA) was altered in pi4k f12 compared to WT leaves. For 13
of these, this was SA-dependent. We identified two metabol-
ites, cis-zeatin-riboside-5’-monophosphate and glucosylesters
of oxindole-3-acetic acid, for which the pi4k (132 double
mutation effect was SA-independent. The same conclusions
were also reached with another triple mutant, NahGpi4kp1p2.
Amongst the hormones controlled by SA were ABA deriva-
tives such as DPA, PA and 9OH-ABA. As ABA levels did not
correlate with SA, the action of SA on ABA derivatives did
not appear to act on ABA biosynthesis but on its metabolism.
Such an effect of SA on ABA catabolism is poorly described.
A slight induction of ABA 8’-hydroxylase expression was ob-
served after 24 h of SA treatment of rice seedlings (Mega et al.,
2015). In an A. thaliana cpr22 mutant (constitutive expressor of
PR genes 22), the increase of SA and ABA levels due to a high
to low humidity shift was also followed by the SA-dependent
expression of genes encoding ABA-metabolizing enzymes
(Mosher et al., 2010).

Other hormones displaying a high correlation to SA were
Asp-IAA and some cytokinins (SA positively controlled
¢ZROG and tZOG and negatively controlled tZ7G and tZ9G).
The pattern of IAA was different from that of Asp-IAA, sug-
gesting that SA control of Asp-IAA was on aspartate conju-
gation. Aspartate conjugation is catalysed by GH3.2-GH3.6
(Normanly, 2010), with our transcriptome data obtained with in
vitro grown pi4kf31532 seedlings (Sasek et al., 2014) indicating
that GH3.3 (At2g23170) was overexpressed in the double mu-
tant. It would be interesting to investigate whether it was respon-
sible for the Asp-IAA /SA correlation in our double mutant.

Our results demonstrate the major role of hormonal cross-
talk between SA and other hormones but only a minor role of
impairment of PI4KfB1/32 per se. Because a major role of SA
is related to responses to biotic stresses, we reasoned that other
processes related to biotic stress, whether SA-dependent or
not, could also be altered in the double mutant. We tested the
resistance of WT, pi4kp1p2, sid2 and sid2pi4k3132 plants to
representative biotrophic (oomycete H. arabidopsidis NoCo2),
hemibiotrophic (bacteria Pst DC3000) and necrotrophic
(fungus Botrytis cinerea) pathogens. The results clearly showed
that resistance to these pathogens was dependent on a high
SA content. Resistance to H. arabidopsidis NoCo2 and Pst
DC3000 was perhaps not surprising as resistance to such patho-
gens is generally associated with SA signalling (Glazebrook,
2005). On the other hand, the role of SA in regulating resist-
ance to necrotrophs is rather uncommon. Indeed, plant defence
against necrotrophs is commonly associated with jasmonic acid
signalling (Ferrari et al., 2003; Glazebrook, 2005). However,
Ferrari et al. (2003) showed that resistance to B. cinerea
could be dependent on high SA levels, in accordance with our

observations. A similar finding was reported for defence re-
sponse to the necrotroph Sclerotinia sclerotiorum (Novakova
et al., 2014). Moreover, we tested A. thaliana ETI by using
a bacterial strain highly expressing the AvrRpt2 effector (Pst
DC3000 AvrRpt2). An ETI response can induce the expression
of genes commonly associated with SA, such as PR-1, in an
SA-independent manner in A. thaliana (Tsuda et al., 2013).
Yet, we found that the higher resistance of pi4kf31[32 plants to
Pst DC3000 AvrRpt2 was SA-dependent. In conclusion, the
higher resistance of the pi4k3132 mutant to all the host patho-
gens assayed was strongly SA-dependent.

Non-host resistance, efficient against non-adapted patho-
gens, does not rely fully on the SA pathway. Here we show that
pi4kp1p2 exhibited an SA-independent defective resistance to-
wards penetration of the non-host pathogen Bgh.

Callose is a linear polysaccharide (1,3-f-glucan) occurring
in plant cells where it is important for many plant physiological
processes such as cytokinesis (Chen and Kim, 2009). Callose
accumulation is triggered in response to pathogens and is used
as a common test of pathogen-triggered immunity upon treat-
ment with typical pathogen-associated molecular patterns such
as flg22, the epitope of flagellin (Luna er al., 2011). In mock
inoculated pi4k P12, callose deposition was greater than in
WT leaves, thus confirming the findings of Antignani et al.
(2015). Interestingly, this was also true for the sid2pi4k31[32
triple mutant when compared to sid2 plants, thus indicating
an SA-independent phenomenon. Following inoculation with
flg22, an increase in callose deposition was observed in all
genotypes tested, but this was still higher in pi4kf12 com-
pared to WT leaves, and callose deposition was higher in
sid2pi4k3132 with respect to sid2 plants. Therefore, it seems
that the pi4kf3132 double mutation per se enabled higher callose
deposition under biotic stress conditions.

The biosynthesis of callose occurs outside of the cell
(Ellinger and Voigt, 2014). Accumulation can be regulated at
different levels: transcriptional, translational, or during enzyme
transport to the plasma membrane and out of the cell via ves-
icular trafficking. Phosphorylation and direct translocation of
callose synthase is crucial in the regulation of biosynthesis,
whereas transcriptional control might have only a minor role
(Ellinger and Voigt, 2014). Our data on the transcription levels
of CALSI and CALSI2 indicate that in pi4kf1f2 a transcrip-
tional effect is not involved in the observed over-accumulation
of callose. So how is it possible to explain the action on callose
of the pi4kf31[32 double mutation per se? A number of reports
indicate that PI4Ks can impact trafficking. In A. thaliana,
PI4KfB1 was shown to be recruited by the GTP-bound Rab4b
GTPAse. Both RabA4b and PI4Kf3/ localize to budding secre-
tory vesicles in the trans-Golgi network (TGN) and to secre-
tory vesicles en route to the cell surface. A pi4kf3132 double
mutant produces secretory vesicles of highly variable sizes
(Preuss et al., 2006; Kang et al., 2011; Antignani et al., 2015).
The product of PI4K activity, PI4P massively accumulates at
the plasma membrane and at early endosomes/TGN and Golgi
(Platre and Jaillais, 2016; Noack and Jaillais, 2017). Therefore,
PI4Kp1/B2 are important in vesicle trafficking. Interestingly,
inhibiting PI4K with phenylarsine oxide (PAO) suppressed the
salt-induced endocytosis of plasma membrane intrinsic protein
2;1 (Ueda et al., 2016). Similarly, inhibiting PI4K led to the in-
ternalization of CELLULOSE SYNTHASES3 from the plasma
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F1G. 6. Schematic representation of the effects of the pi4kf31/32 double muta-
tion on Arabidopsis plants.

membrane (Fujimoto et al., 2015). Can the impact of PI4K
betas on trafficking explain the increased callose accumula-
tion? Callose biosynthesis and accumulation have been shown
to be affected by vesicle trafficking (Ellinger and Voigt, 2014).
PI4Ks have been shown to play an important role in cytokinesis
(Lin et al., 2019), especially in the correct organization of the
vesicles at the cell division pla 5/2ne and further formation of
a cell plate. During phragmoplast formation, PI4K{31 probably
interacts with MPK4, a member of the MAP65 protein family
that regulates microtubule organization (Lin et al.,, 2019).
Callose is also essential for cytokinesis (Thiele et al., 2009).
We can therefore only speculate whether the effects of PI4Ks
on callose, cytokinesis and trafficking are interconnected.
Interestingly, the role of SA in these processes has not been
tested. Because PI4Kf1/52 can impact the secretory pathway,
they could also impact the translocation of callose synthases.
Furthermore, PMR4 (CALS12) binds to small RabA4c GTPase
at the TGN and PI4K{1 binds to RabA4b GTPase, the most
similar small GTPase to RabA4c, at the TGN (Bohlenius et al.,
2010). Note that the impact of PI4K betas on trafficking could
also explain our non-host resistance data. The syp/2] mutant
altered in a SNARE protein involved in trafficking has been
reported to accumulate SA and also display defective non-host
resistance (Collins et al.,, 2003).

In conclusion (Fig. 6), the pi4kf3132 double mutant consti-
tutively accumulated a high SA level via ICS1/SID2 and this
had considerable impact on other hormone levels and was as-
sociated with an increased resistance to several plant pathogens
(P. syringae, H. arabidopsidis, Botrytis cinerea). The pidkf3132
double mutation also affected pathogen-related processes
in a high SA-independent manner as seen by differences in
callose accumulation in response to flg22, to Bgh infection, to
wounding, and the higher penetration success of Bgh. The iden-
tification of such processes directly affected by the mutation on
PI4Ks will now allow us to better investigate the role of these
enzymes, in relation to signalling or trafficking events.
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levels in 4-week-old plants. Fig. S1: Levels of hormones controlled

783

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
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