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Úvod do interakcí rostlin s patogeny: souboje na život a na smrt 
„Alea iacta est“ 

Při psaní tohoto textu jsem si již od počátku uvědomil (patrné i z tohoto úvodu), že často porovnávám a připodobňuji 
situaci u rostlin situacím, se kterými se setkáváme u nás, u lidí. Ač se to úplně neshoduje s klasickým vědeckým 
přístupem, rozhodl jsem se tato připodobnění v relativně hojné míře v textu využít, protože, kromě populárně 
naučných textů, nenalézám lepší příležitost, kde takovéto své myšlenky rozvést a „hodit“ na papír. Klasický vědecký 
přístup v rámci mé habilitační práce představují publikované články, zatímco tento shrnující text by měl být přístupný 
i pro širší čtenářské publikum.* 

Na rostliny, my lidé, nahlížíme všelijak. Dělají nám radost svou krásou a vůní, čehož 

využíváme, pokud chceme potěšit druhé. Pro mnohé z nás jsou zdrojem tolik potřebného 

chladu a svěžesti v letních měsících. Nebo, když je vidíme, si pomyslíme (s ohledem na 

probíhající klimatickou změnu), kolik asi pro nás nyní vyrábí kyslíku a kolik zabudovávají oxidu 

uhličitého. Ale především jsou pro všechny z nás zdrojem potravy, a to i kdybychom se cítili 

být „stoprocentními masožrouty“. Kolonizace souše rostlinami umožnila to, že si můžeme naši 

planetu užívat i my, lidé.  

Málokdo jistě na rostliny nahlíží jako na nemilosrdná „monstra“, která jsou schopna 

v rámci svého přežití obětovat takřka cokoliv a neštítí se využít jakéhokoliv triku, sebevíce 

podlého a zákeřného k tomu aby se ubránila napadení. Máme spíše pocit, že je musíme 

opečovávat, protože jak by jinak mohli přežít v našem „nehostinném“ světě. Po celou dobu své 

výzkumné (ale i pedagogické) kariéry jsem se věnoval tématu interakcí rostlin s patogeny a 

zjistil jsem, že bychom se nemohli více mýlit.  

Rostliny nemohou z boje utéci, a i proto si ke svému přežití vyvinuly důmyslné obranné 

strategie, kterými odrazují, ale i ničí své případné protivníky. Mezi ně se řadí i mikroskopičtí 

patogeni z řad bakterií, hub či řasovek (oomycet). Tito, často neviditelní, tvorové také nejsou 

žádná „neviňátka“. Na rostliny útočí ve velkých množstvích, rychle se množí a jejich „zbraňové 

systémy“ se tak neustále zdokonalují a adaptují. Klíčem úspěchu rostliny jsou nejen 

neprostupné fyzické bariéry, jakými jsou kutikula, lignin, celulóza, či rozmanité všudypřítomné 

toxické chemikálie, jako nikotin, tekutina v žahavých trichomech či glukosinoláty, ale i 

sofistikovaný imunitní systém. Klíčem k obraně jsou důmyslné detekční mechanismy, které 

následně spouští signalizaci (zde hraje významnou roli fytohormon kyselina salicylová), která 

má za následek produkci nových obranných látek. Aktivace imunitního systému vede 

v buňkách k přeskupení „vojsk“, kterým může být i pohyb celých organel, jako jsou 

chloroplasty. A může nezřídka končit i řízeným sebezničením buněk v okolí patogena s cílem 

zabránit jeho dalšímu šíření (Walters, 2017). Moderní výzkum ukázal, že rostliny s patogeny 

(mikroorganismy) vzájemně velmi intenzivně komunikují a vyměňují si mezi sebou molekuly, 

a to i cíleně. To může být klíčové v rozlišení přátel od nepřátel. Čím dál tím více se ukazuje, 

že v komunikaci mezi rostlinou a patogenem hrají roli malé RNA umožňující ovlivňovat expresi 

cílových genů u druhého organismu. V tomto dialogu mají nezastupitelnou roli mimobuněčné 

váčky sloužící k dopravě materiálu, které molekulám mohou poskytovat ochranu a přesné 

doručení (Huang, 2019). 
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Studium interakcí rostlin s patogeny není jen intelektuálním rozmarem hnaným lidskou 

touhou po poznání. Má to i svůj velmi praktický význam. S příchodem zemědělství, 

domestikací, šlechtěním kulturních plodin a výsevem monolitických velkých ploch jsme 

některým patogenům usnadnili práci, neboť vyšlechtěné rostliny mohou být za takových 

podmínek velmi zranitelné. V lidské historii způsobil neviditelný mikroorganismus nejednou 

fatální škody, které stály životy milionů lidí. Za příklad mohou sloužit římské slavnosti 

Robigalie, kdy Římané obětovali psa, aby bůh ochránil jejich úrodu před nemocemi, konkrétně 

většinou před rzí. Ve středověku bylo postrachem onemocnění zvané „oheň svatého 

Antonína“, za kterým nestál nikdo jiný než houbový patogen paličkovice nachová (Claviceps 

purpurea) napadající obilí. V devatenáctém století způsobila oomyceta Phytophtora infestans 

fatální neúrodu brambor v Irsku. To vedlo k tomu, že se irská populace čítající skoro 8 milionů 

obyvatel snížila přibližně až na polovinu. Ve čtyřicátých letech dvacátého století probíhal 

bengálský hladomor, za který mohla, mimo jiné, houba Cochliobolus miyabeanus  způsobující 

hnědou skvrnitost rýže. V současnosti, především u nás v Evropě, nevnímáme nedostatek 

potravin jako hrozbu a patogenů na polích se děsí maximálně zemědělci. Za to vděčíme 

z velké části i intenzivnímu používání fungicidů a pesticidů, jejichž množství bychom velmi rádi 

viděli co nejnižší. Jenže, pokud je přestaneme používat a současně nevyvineme alternativu, 

čím je nahradit, mohou nás čekat, i z hlediska potravinové bezpečnosti, „zajímavé časy“. Už 

samotný probíhající konflikt na Ukrajině nám ukázal, že některé stabilní zdroje potravin nemusí 

být zdaleka tak stabilní, jak by se mohlo zdát. 

Studium interakcí rostlin s patogeny a pochopení rostlinné imunity v součinnosti 

s novými biotechnologiemi, jako je dostupné sekvenování, tvorba syntetických mikrobiomů, či 

genomové editace, by nás mělo do budoucna posunout k udržitelnějšímu zemědělství. 

Například díky novinkám v genomových editacích můžeme naše znalosti o fungování rostlinné 

imunity rychle vyzkoušet v praxi a rostlinu rychle a efektivně vylepšit (způsob moderního 

šlechtění, který je v tuto chvíli zatím v EU na „černé listině“). Můžeme také hledat nové 

alternativní technologie, jakými může být například postřikem indukované umlčování genů 

(SIGS; spray-induced gene silencing) (Qiao, 2021). 

V této práci se věnuji především dvěma aspektům interakcí rostlin s mikroorganismy, 

neboť ty byly hlavními tématy mého odborného zájmu a přiložených publikovaných studií: 

jevům týkajícím se více či méně signální dráhy fytohormonu kyseliny salicylové a vlastnostem 

mimobuněčných váčků produkovaných bakteriemi kolonizujícími rostliny, především 

patogenními. V následujícím textu jsem se snažil tato dvě témata zakomponovat do příběhu 

týkajícího se schopností rostlin bránit se napadení patogeny a naopak schopností patogenů 

být v infekci úspěšnými. 

*Text je složen ze tří různých typů textu: hlavní text; poznámky (žluté rámečky) – doprovodné informace rozvádějící 
či komentující hlavní text. Přečtení hlavního textu je samonosné i bez přečtení poznámek; příspěvky (zelené 
rámečky) – odkazují na mou výzkumnou práci a rozvádějí hlavní text v kontextu mého výzkumu.  
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1. Závod ve zbrojení 

Stalo se již pravidlem, že se pojednání o rostlinné imunitě, či obecněji o interakcích rostlin 

s mikroorganismy, resp. patogeny, začíná tím, že rostliny nemohou z místa před útočníkem 

utéct. Díky diskusi se svými kolegy jsem si uvědomil, že to z hlediska obrany proti patogenům 

není až tak zásadní nevýhoda, neboť patogeny jsou malé (tj. nevidíme je) a kvůli své velikosti 

jsou v podstatě „všude“. Útěk by byl pro rostliny pravděpodobně veleúspěšnou strategií 

především v obraně proti živočišným škůdcům a býložravcům. Ať je to tak či onak, nic to 

nemění na tom, že se rostlina musí spolehnout na své obranné schopnosti a „zbraně“. Ty má 

po ruce buď neustále, nebo si je umí na počkání vyrobit.  

Souboj mezi rostlinou a patogenem prochází evolucí od počátku jejich setkání před stovkami 

milionů let. Rostliny se vyvíjí. Bleskurychle se však adaptují také patogeni. Zároveň se na 

stanovištích, kde rostlina roste, mohou objevovat úplně noví vetřelci (to se s globalizací a 

změnou klimatu děje a bude dít stále častěji). Tento neustále se vyvíjející „souboj“ mezi 

rostlinou a patogenem se velmi často v literatuře nazývá termínem „závod ve zbrojení“ (arms 

race). Jak rostlina, tak patogen se snaží vybavit lepšími a lepšími „zbraňovými systémy“, které 

jí umožní lépe a efektivněji se bránit a jemu naopak překonávat stále se zlepšující obranu 

rostliny a současně přežít její 

protiútokypoznámka 1.  

Stejně jako se vyvíjí vztah mezi rostlinou a 

patogenem, dozrává i náš pohled na tyto 

interakcepříspěvek Živa 1/2020, strama 10. 

Pravděpodobně nejvlivnějším modelem 

znázorňujícím „závod ve zbrojení“ je tzv. 

„zig-zag“ model (Obr. 1), který zavedli ve 

svém přehledném článku pánové Jonathan 

Jones z The Sainsbury Laboratory 

v Norwichi v Anglii a Jeffery Dangl z Duke 

University v USA (Jones, 2006). „Zig-zag“ 

model popisuje typy imunitní reakce rostliny 

na patogena, které jsou rozděleny podle 

molekul, jež jsou rostlinou rozpoznávány. 

Mohou jimi být konzervované molekuly typu 

PAMPs (molekulární vzory spojené 

s patogenem; pathogen-associated molecular patterns), či patogenem sekretované efektory. 

„Zig-zag“ model dále popisuje míru imunitní reakce a také to, jakým způsobem patogen tyto 
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reakce obchází a jak na to následně reaguje rostlina. Zmíněný přehledový článek nese 

jednoduchý, ale v jistém smyslu komplikovaný název „Imunitní systém rostlin“ (Jones, 2006). 

Proč by to mělo být komplikované? Je nutné si uvědomit, že termín „imunita rostlin“ (plant 

immunity) nebyl všemi přijímán vřele (zejména imunology zabývajícími se živočichy). Nikdo již 

nezpochybňoval, že se rostlina napadením brání (a to velmi aktivně). Nicméně nazývat tuto 

obranu imunitou bylo 

pro některé kolegy 

příliš. Rostliny totiž 

nedisponují 

specializovanými 

imunitními buňkami 

či protilátkami. Tedy 

adaptivní imunitou 

tak, jak ji známe u 

živočichů (Ausubel, 

2005). Ovšem stejně 

jako živočichové 

mají vrozenou 

(přirozenou) imunitu 

(Ausubel, 2005). A 

tu mají velmi 

propracovanou, 

protože na ní 

doslova závisí jejich život. Právě výše zmíněný článek od Jonese a Dangla (vydaný v časopise 

Nature) s jednoduchým názvem „The Plant Immune System“ (Jones, 2006) výrazně přispěl 

k tomu, že je termín rostlinná imunita již široce akceptován napříč obory a že i my v současné 

době můžeme na její studium získávat zajímavé finanční prostředky.  

V rámci „ziz-zag“ modelu je imunitní reakce na napadení patogenem rozdělena v podstatě na 

dva typy. První se nazývá „vzory vyvolaná imunita“ (PTI; Pattern Triggered Immunity), slovo 

vzory se někdy nahrazuje termínem PAMPs. Tyto vzory reprezentují části proteinů, 

polysacharidů či lipidů, ale mohou to být i nízkomolekulární látky jako ATP. Druhým typem je 

imunita spuštěná efektory (ETI; Effector Triggered Immunity). Ač se z modelu může zdát, že 

tyto dva typy imunitní reakce jsou vzájemně nezávislé a oddělené, není to pravdou. Objevuje 

se čím dál více důkazů o jejich propojenosti (Zhai, 2022), jejichž objevení vede ke snahám 

klasický „zig-zag“ model modifikovat tak, aby lépe reflektoval současné pokroky v poznání 

imunity rostlin (Cook, 2015; Lu, 2021). V rámci PTI jsou patogeni rozpoznáváni receptory 
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(PRRs; Pattern Recognizing Receptors) nalézajícími se většinou na plasmatické membráně 

rostlinné buňky. Tyto receptory rozpoznávají PAMPs, což jsou molekuly, bez nichž se patogen 

není schopen jednoduše obejít. Takovými molekulami jsou například flagelin, nenahraditelná 

součást bičíku (Zipfel, 2004), elongační faktor (Zipfel, 2006), klíčový pro translaci proteinů, či 

chitin (Miya, 2007), základní stavební kámen buněčných stěn hub. Výzkum zaměřený na 

nalezení nových „PAMPs“ a jejich receptorů je velmi intenzivní, což dokládá skoro 

exponenciální růst takto popsaných dvojic mezi lety 2012–2017 (Boutrot, 2017; Monaghan, 

2012). Molekul PAMPs se patogen jen velice těžko zbavuje a je tedy nucen čelit jejich 

rozpoznání jinak. Čelí tomu tak, že syntetizuje a vypouští dovnitř buněk molekuly zvané 

efektory, které mají, mimo jiné, za úkol potlačovat reakce vyvolané při spuštění PTI. A právě 

rozpoznání takovýchto efektorů uvnitř buňky vede ke spuštění ETI (Obr. 1). To ukazuje, že 

rostliny mají receptory rozpoznávající patogeny i uvnitř buněk, tj. v cytosolu. Tyto receptory 

jsou nazývány R-proteiny a v obrázku 1 jsou označeny písmenem R.  

Jestli v posledních letech nějaká událost „rozvířila vody“ na poli studia molekulárních interakcí 

rostlin s mikroorganismy, tak to byly dva články společně publikované v časopise Science 

v roce 2019, kde byl v řešitelských týmech stěžení postavou Jijie Chai (Wang, 2019a; Wang, 

2019b). V článcích byl poprvé, za použití kryoelektronové mikroskopie, popsán detailní 

mechanismus rozpoznání efektoru R-proteinem s navržením následných buněčných dějů.  

Ovšem závod ve zbrojení neprobíhá pouze jako součást rostlinné imunity. Vyvíjí se i, na první 

pohled, daleko zjevnější věci. Proti býložravcům například rostlina investuje do tvorby trnů a 

mnohých toxických, či zpevňujících látek, jakými jsou alkaloidy či lignin. Je například známo, 

že akácie tvoří trny pouze do výšky, kam dosáhnou žirafy. Výše se jim prostě nevyplatí do 

tvorby trnů investovat energii. Současně bylo prokázáno, že pokud akácie rostou na území, 

kde tito býložravci nejsou, tak do tvorby trnů neinvestují prakticky vůbec. Kopřivy vytvářejí více 

žahavých trichomů na území, kde jsou pravidelně spásány kravami (Walters, 2017). 

V tomto textu se však zaměřím pouze na interakce („závod ve zbrojení“) mezi rostlinami a 

mikroby, resp. patogeny. Dalším útočníkům neustále dotírajícím na rostliny, jako jsou háďátka, 

hmyz, býložravci, jiné rostliny a samozřejmě lidé, se v tomto textu věnovat nebudu.  

2. Hlavní aktéři „závodu ve zbrojení“ 

„Kdo je kdo“ 

Ač jsem svým výzkumným zaměřením spíše rostlinný biolog než mikrobiolog a tato práce je součástí mé aspirace 
být habilitován v oboru Fyziologie rostlin, budu se snažit nenadržovat v popisu onoho fascinujícího „závodu“ ani 
jedné ze stran konfliktu. I když srdce velí stavět se na stranu bránícího, v tomto případě tedy většinou na stranu 
rostliny. A pokud se čtenáři bude zdát, že nadržuji, věřte, že to není cílené, ale pramení to z mých limitovaných 
znalostí.  
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Ve své výzkumné práci jsem se zabýval jak rostlinnou signalizací (výzkum týkající se 

fytohormonu kyseliny salicylové), tak patogenními „zbraněmi“, mimobuněčnými váčky.  

Na jedné straně jsou rostliny, velmi rozmanitá říše, většinou mnohobuněčných, převážně 

fotosyntetizujících eukaryotických organismů, jichž je v současné době známo více než 

300 000 druhů (CHRISTENHUSZ, 2016). Na přežití rostlin záleží i přežití nás živočichů, neboť 

rostliny ať už přímo nebo nepřímo představují esenciální zdroj potravy pro nás pro všechny. 

To je dáno jejich autotrofním způsobem života, kdy jsou schopny z anorganického oxidu 

uhličitého za využití světla a vody  vytvářet organické molekuly, sacharidy. Proto je důležité 

znát co nejlépe, jak to rostliny dělají, že jsou schopné úspěšně čelit nepřízni prostředí, ve 

kterém se nacházejí. Nejvíce znalostí o průběhu „závodu ve zbrojení“ z hlediska rostliny 

známe díky výzkumu využívajícímu modelovou rostlinu Arabidopsis thaliana (huseníček rolní). 

Týká se to především znalostí procesů na buněčné úrovni. I já jsem v drtivé většině svých 

prací využíval huseníček. A. thaliana je hospodářsky i esteticky nevýznamná rostlina, ovšem 

jakožto modelový organismus s malým prostudovaným genomem a velmi dobře zavedenými 

molekulárními technikami je pro výzkum rostlin nepostradatelným společníkem (více o A. 

thaliana a historii jejího výzkumu v (Meyerowitz, 2001)). 

Na straně druhé jsou patogenní mikroorganismy, patogeni, mezi které řadíme bakterie, 

oomycety, houby, ale i viry. Patogeny můžeme rozdělovat mnoha rozličnými způsoby, např. 

na prokaryotní a eukaryotní. Nebo jak již bylo zmíněno podle říše: na bakterie, houby, 

oomycety. Ale také například podle toho, jaký druh potravy patogen preferuje: živé pletivo 

rostliny (biotrofové), nebo mrtvé pletivo (nekrotrofové). Jsou ale i tací, kteří se v průběhu 

životního cyklu změní z biotrofů na nekrotrofy (hemibiotrofové) (Glazebrook, 2005). Všechna 

dělení dohromady slučují organismy s některými podobnými vlastnostmi. Na tom, jaké 

vlastnosti má patogen napadající rostlinu, závisí obrana dané rostliny. Jako příklad slouží 

imunita závislá na signalizaci zprostředkovávanou kyselinou salicylovou (SA), která je velmi 

efektivní v reakci na biotrofní patogeny, zatímco obrana závislá na signalizaci 

zprostředkovávanou kyselinou jasmonovou (JA) je účinná při napadení nekrotrofními patogeny 

(Glazebrook, 2005) a obráceně podle toho, na jakou rostlinu (skupinu rostlin) se patogen 

specializuje, bude i on vykazovat specifické vlastnosti.  

Rostliny a patogeni jsou spolu v nepřetržitém kontaktu a jejich vzájemný vztah se neustále 

vyvíjí. Jak ale rostlina rozpozná, že ji právě napadl patogen? 
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3. Rozpoznání útočníka 

„Pokyn k obraně“ 

Klíčovou událostí v případě obrany rostlin při napadení patogeny je jejich rozpoznání. Rostliny 

věnují svým rozpoznávacím systémům speciální pozornost a péči. Receptory rozpoznávající 

patogeny se nacházejí jak na povrchu (plasmatická membrána), tak uvnitř (cytosol) buněk. 

 3.1. Plasmatická membrána 

„Hranice okupovaného území s rozmístěným mocným radarovým systémem“ 

Na plasmatické membráně se nalézají PRRs, které typicky rozpoznávají molekulární vzory 

útočníka, tj. PAMPs. Klasickou, dalo by se říci modelovou, dvojici PRR-PAMP představuje 

FLS2-Flg22. Jedná se o receptor rozpoznávající 22 aminokyselinový peptid 

(QRLSTGSRINSAKDDAAGLQIA) pocházející z flagelinu Pseudomonas aeruginosa (Trdá, 

2014). Tato dvojice byla nejlépe prostudována u A. thaliana. První důkaz, že rostliny 

rozpoznávají flagelin podal Georg Felix v roce 1999 (Felix, 1999). Od té doby se stal flagelin 

pionýrem ve studiu molekulárních interakcí mezi PAMP a receptorem. Tým vedený prof. 

Thomasem Bollerem z Universität Basel ve Švýcarsku popsal, že rozpoznávaným epitopem 

flagelinu je výše zmíněný 22 aminokyselinový zbytek (Gómez-Gómez, 1999). Dále, že tento 

peptid je rozpoznáván receptorem FLS2 nacházejícím se v ekotypu A. thaliana Columbia 0, 

přičemž FLS2 se však přirozeně nenachází v ekotypu A. thaliana Wassilevskija (Zipfel, 2004). 

Tým okolo prof. Bollera dále prokázal, že ošetření flg22 před infekcí vede k vybuzení imunitní 

reakce a následné vyšší rezistenci rostlin (Zipfel, 2004). Experimenty prof. Robatzek 

demonstrovaly, že receptor FLS2 se nachází na plasmatické membráně a že po předání 

signálu o tom, že je přítomna bakterie, je FLS2 endocytován, tj. probíhá jeho recyklace na 

plasmatické membráně (Robatzek, 2006). FLS2 k následné signalizaci potřebuje při navázání 

flg22 navázat ještě koreceptor BAK1, který se váže současně k FLS2, ale i k části flg22 (Sun, 

2013). BAK1 je mimochodem i koreceptorem pro receptor BRI1 detekující brassinosteroidy. 

Dlouho se mělo za to, že by mohl být klíčovou molekulou hrající roli v dialogu (kompromisu) 

rostliny mezi růstem a obranou (Li, 2002). (O tomto fenoménu blíže v kapitole 5). Nicméně 

experimenty prokázaly, že tomu tak není (Schwessinger, 2011). Zajímavostí je, že peptid flg22 

se nachází ukryt uvnitř struktury flagelinu a není tudíž pro receptor přístupný. Trvalo bezmála 

20 let, než se podařilo popsat mechanismus toho, jak je možné, že k tomuto peptidu má 

receptor v rostlině přístup (Buscaill, 2019)příspěvek Vesmír 99, 12, 2020/1. V naší práci jsme flg22 také 

často využívali pro simulaci napadení rostliny bakteriálním patogenem (Janda, 2023; 

Kalachova, 2020; Janda, 2019; Kalachova, 2019). Tento přístup se postupně stal základním 

(ne-li prvním) krokem ve studiu těchto interakcí. V našem výzkumu (Janda, 2019) jsme 

prokázali, že receptor FLS2 je u A. thaliana pravděpodobně rychleji endocytován za zvýšené 
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teploty, resp. že za zvýšené teploty se ho nachází na plasmatické membráně méně, což vede 

k tomu, že rostlina se po působení vyšší teploty hůře brání napadení bakteriálním 

patogenempříspěvek 1.  

Nejen PAMPs jsou 

rozpoznávány na plasmatické 

membráně. Když se patogen 

snaží dostat dovnitř rostliny 

skrze kutikulu a buněčnou 

stěnu, nebo když produkcí 

toxinů zničí buňku ve svém 

okolí, ocitnou se 

v mezibuněčném prostoru 

molekuly, které by tam za 

normálních okolností neměly 

být. Tyto molekuly se nazývají 

molekulární vzory spojené 

s nebezpečím (DAMPs, 

„Danger-Associated Molecular 

Patterns“). Mezi DAMPs se řadí 

oligomery kutinu z poškozené 

kutikuly, oligogalacturonidy 

z poškozené buněčné stěny, 

ATP, resp. eATP (extracelulární 

ATP) a další (Kanyuka, 2022). 

Rozpoznání PAMPs i DAMPs 

spouští velmi podobnou 

signalizaci, která je součástí 

aktivované imunitní odpovědi 

rostlin, ale o té podrobněji 

v kapitole 4příspěvek 2. Protože 

jsou PAMPs i DAMPs relativně 

obecné molekuly, vede jejich rozpoznání ze své podstaty k univerzální a širokospektrální 

imunitní odpovědi, která se souhrnně nazývá PTI. Ovšem existuje i další, specifičtější, způsob 

rozpoznání napadení patogenů.  
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3.2. Cytosol  

„Týl, velín. Tedy cíl“ 

Jedná se o rozpoznání, které probíhá uvnitř 

buňky, v cytosolu. I zde, možná překvapivě, 

dochází k rozpoznání napadení patogeny. 

Výše v textu jsem se zmiňoval, že patogeni 

s cílem zvýšit svou virulenci a úspěšnost 

infekce vypouštějí do rostlinných buněk 

molekuly nazývající se efektory.  

  3.2.1 Efektory 

„Řízené střely patogenů“ 

Historie studia efektorů, jejich vlivu na rostlinu 

a obecně pohled na ně je fascinujícím, 

dynamickým příběhem obsahujícím zajímavé 

myšlenkové konstrukce, vynikající 

experimenty, nepřesnou a stále se vyvíjející 

nomenklaturu a překvapivé zvratypoznámka 2. 

Současně je studium efektorů, mechanismu 

jejich účinku a jejich rozpoznání, 

jednoznačně téma přímo se dotýkající 

možných aplikací v rámci ochrany plodin 

proti patogenům. Potenciál se ještě více 

projevuje především v kombinaci se současným pokrokem v genovém inženýrství (Van de 

Wouw, 2019).  

Dříve byly efektory definovány jako molekuly potlačující imunitní (obrannou) odpověď rostliny, 

především PTI. Za příklad mohou sloužit tyto dobře charakterizované efektory z bakterie 

Pseudomonas syringae pv tomato DC3000 (Pst DC3000): AvrPto či AvrPtoB potlačující 

rozpoznání PAMPs PRR receptory, ale také komplex obsahující protein RIN4 regulující 

obranné reakce (Xin, 2013).  

Nedávno se však ukázalo, že efektory nemusí nutně potlačovat imunitu, ale mohou pomáhat 

vytvořit příznivější prostředí k přežití a množení patogena. Za příklad slouží studie publikovaná 

v časopise Nature, která ukázala, že efektor HopM1 z Pst DC3000 pomáhá patogenovi zajistit 

více vody v cytosolu (Xin, 2016)příspěvek Vesmír 96, 67, 2017/2. Od té doby jsou efektory definovány 

šířeji jako molekuly pomáhající patogenům k infekci (virulenci) (El Kasmi, 2018)poznámka 3. Jiným 
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zajímavým aspektem souboje o vlídnější 

vnitřní prostředí pro život patogena je 

regulace obsahu glukosy v mezibuněčném 

prostoru. Rostlinný glukosový transportér 

STP13 se ukazuje být zásadním ve 

snižování koncentrace glukosy v apoplastu. 

Současně se prokázalo, že množství glukózy 

ovlivňuje produkci a sekreci efektorů a že 

pokud gen STP13 chybí, je rostlina 

náchylnější k napadení patogenem 

(Yamada, 2016)příspěvek Vesmír 96, 126, 2017/3. Tyto 

práce dobře ilustrují, že „závod ve zbrojení“ 

se netýká jen vlastního arzenálu, ale cílí i na 

dostupnost živin.  

 3.2.1.1 Přenos efektorů do buněk 

rostlin 

Jakým způsobem jsou efektory dopravovány 

do buněk? Různými způsoby, především 

v závislosti na druhu patogena, a zdaleka ne 

všechny teorie jsou uspokojivě prokázány 

experimentálně. Nejlépe prostudovaným 

způsobem dopravování bakteriálních 

efektorů je ten skrze sekreční systém třetího 

typu (T3SS) (Xin, 2018). U bakterií bylo 

popsáno šest sekrečních systémů (Green, 

2016), z nichž právě T3SS je specialistou na 

transport efektorů do rostlinné buňky. Tento 

způsob transportu efektorů je u bakterií 

dominantní, pokud tedy daná bakterie 

disponuje T3SS. T3SS by se dal připodobnit 

k dlouhé jehle vyrůstající z bakteriální buňky procházející skrze plasmatickou membránu 

rostlinné buňky a ústící v cytosolu, kam dopravuje efektory (Cunnac, 2009). Houby a oomycety 

takovýmto útvarem, pokud je mi známo, nedisponují. Ty vytvářejí buněčnou strukturu zvanou 

haustorium. To se vchlipuje do plasmatické membrány rostlinné buňky (neproniká 

membránou) tak, aby byl co největší povrch haustoriav kontaktu s plasmatickou membránou. 

Plasmatická membrána rostliny obklopující haustorium se nazývá extrahaustoriální membrána 
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(Mach, 2013). To, jakým způsobem jsou efektory dopravovány z haustoria přes membránu 

houby (či oomycety) a přes plasmatickou membránu rostlinné buňky (extrahaustoriální 

membránu), zatím není zcela jasné (Petre, 2014). Jeden z navržených mechanismů je 

transport díky mimobuněčným váčkům obsahujícím efektory (U. Stotz, 2022). Tyto váčky 

mohou splynout s plasmatickou membránou rostlinné buňky a tak vylít svůj obsah do cytosolu. 

Nicméně přesný mechanismus, jakým váčky, které jsou produkované patogeny mohou do 

rostliny dopravovat svůj náklad, není doposud zcela objasněn.  

Využiji zmínky o mimobuněčných váčcích (EVs, „extracellular vesicles“) a popíši je blíže, neboť 

bakteriální mimobuněčné váčky jsou významnou součástí mého 

výzkumupříspěvek Vesmír 97, 554, 2018/10 (Janda, 2022; Janda, 2023).  

S pokrokem v mikroskopických a molekulárních technikách se ukázalo, že pozorované váčky, 

které byly identifikovány již v polovině 20. století, nejsou artefaktem, ale i velmi aktivně 

produkovanými strukturami. Tvorba EVs byla od té doby popsána v podstatě u všech tříd 

organismů, od bakterií po savce. O EVs, jakožto o reálných (ne artificiálních) strukturách 

majících enzymatický a funkční potenciál, se začalo mluvit v 80. a 90. letech 20. století (Couch, 

2021). U bakterií asociovaných s rostlinami (fytobakterií) byly EVs poprvé pozorovány u 

Erwinia amylovora v roce 1987 (Laurent, 1987). EVs jsou fosfolipidovou membránou 

ohraničené sférické struktury obsahující náklad pocházející z periplasmatického prostoru, ale 

i z cytosolu, poskytující přenášenému obsahu ochranu před vnějším prostředím, např. 

degradačními enzymy, jako jsou různé proteázy (McMillan, 2021a). Studium EVs se 

v posledních letech těší poměrně velkému zájmu, který je spojen s vysokými očekáváními 

jejich různorodých funkcí v rámci komunikace mezi organismy i v rámci jednoho 

mnohobuněčného organismu, a současně se pojící se zajímavým aplikačním potenciálem. 

Tento „boom“ souvisí i se snahou výzkum EVs co nejvíce standardizovat (Théry, 2018), 

protože studium EVs je velmi často spojeno s výzvami spojenými s jejich izolací a identifikací, 

či nedostatkem vlastního biologického materiálu, kdy se nezřídka v rámci pozorování nemusí 

jednat přímo o EVs, ale o artefakty (Théry, 2018). Navíc existují různé typy EVs a je vhodné 

udržovat správnou nomenklaturu, která je závislá na míře znalostí o daném typu pozorovaných 

EVs (Théry, 2018). Medicinální výzkum je v tomto ohledu oproti rostlinnému výzkumu o mnoho 

napřed, ale i tak již bylo jen u fytobakterií publikováno nejméně 29 studií věnujících se tématu 

EVs (Janda, 2022). V rámci výzkumu EVs se věnujeme různým tématům, jejich biogenezi 

(EVs mohou být produkovány aktivně, či být vedlejším produktem buněčné smrti), stabilitě 

(ukazuje se, že EVs dokáží odolávat i velmi nepříznivým podmínkám a mohou být stabilnější, 

než bychom od nich očekávali), obsahu (víme, že EVs mohou obsahovat proteiny, nukleotidy 

včetně siRNA, toxiny, lipidy), efektu na cílový organismus (např. potlačení či indukce 
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imunitních reakcí, potlačení růstu a vývoje) (Janda, 2022; Cai, 2021; Van Niel, 2018). Je 

zřejmé, že očekávání, 

 které ohledně EVs máme, je poměrně vysoké, nicméně i kvůli jejich relativně náročnému 

studiu, je stále u EVs co objevovat. Při popisování efektů EVs je nutno experimenty pečlivě 

opakovat a navrhovat a i tak se ne vždy zbavíme nejistoty, zda se nakonec nejedná o artefakt. 

My jsme se zaměřili na studium EVs 

produkovaných fytopatogenní bakterií Pst 

DC3000, jejichž studiu se paralelně věnovala 

i skupina z Duke University v USA pod 

vedením prof. Kuehn, kteří publikovali jejich 

imunogenní efekt na rostliny v podstatě ve 

stejnou dobu, v jakou jsme my náš výzkum 

„vypustili do světa“ v preprint verzi (McMillan, 

2021b; Janda, 2023). My jsme v našem 

výzkumu, nezávisle na americké skupině, 

dospěli k podobným výsledkům, ale 

současně ukazujeme některé rozdílnosti, 

které je nutno dále vysvětlit (Janda, 2023). 

V našem přístupu jsme se více zaměřili na 

biofyzikální vlastnosti váčků, jejich obsah a 

produkci přímo v rostliněpříspěvek 3.  

Již dříve byl navržen možný přenos 

bakteriálních efektorů pomocí EVs i u 

fytobakterií. Tato hypotéza je podporována 

provedenými proteomickými studiemi 

zabývajícími se obsahem bakteriálních EVs. 

V těchto studiích byly uvnitř EVs 

identifikovány i efektory (Janda, 

2022)příspěvek 3.  
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3.2.2. Rozpoznání efektorů – R proteiny 

„Protiraketový detekční systém“ 

Jak jsem popsal v předchozí kapitole, účinek efektorů může rozhodovat o „životě a smrti“ 

rostliny i patogena. Pokud má například bakterie Pst DC3000 zablokovanou tvorbu nebo 

dopravu svých T3SS efektorů, tak je v podstatě neschopná infikovat A. thaliana. S funkčním 

efektorovým repertoárem je tato bakterie pro A. thaliana smrtelným nebezpečím (Xin, 2013; 

Xin, 2018). Patogeni se tak velmi často na sekreci efektorů spoléhají. Toho využívají rostliny 

a snaží se vytvořit detekční systémy monitorující přítomnost efektorůpoznámka 4. Efektory 

rozpoznávají většinou receptory nalézající se uvnitř buňky, v cytosolu. Jedná se o proteiny 

obsahující vazebnou doménu pro nukleotidy s částí obohacenou o leucin („Nucleotide-binding 

domain and leucin-rich repeat proteins“; NLRs). Toto rozpoznání vede ke spuštění tzv. ETI 

(obr. 1)poznámka 5.  

Je zajímavé, že jak PTI, tak ETI spouští podobné signalizační dráhy, které vedou k imunitní 

odpovědi (více v kapitole 4). Nicméně rozpoznání přítomnosti efektorů často vede k silnější 

odpovědi, která nezřídka ústí v hypersenzitivní odpověď (HR; „hypersensitivity response“), kdy 

rostlina lokálně usmrtí buňky s cílem zamezit dalšímu šíření patogena. Pochopení 

mechanismu, jak rostlina spouští tento typ buněčné smrti, bylo věnováno v posledních třiceti 

letech nemálo úsilí. Byly popsány důležité 

součásti signalizace, které přispívají 

k úspěšnému spuštění HR (Balint‐Kurti, 

2019). Významnou roli hraje produkce 

reaktivních forem kyslíku (ROS) (Zurbriggen, 

2014) či funkční signalizace SA (Raffaele, 

2006; Radojičić, 2018). Ovšem v roce 2019 

došlo na tomto poli k zásadnímu objevu. 

S využitím kryoelektronové mikroskopie byl 

popsán přesný molekulární mechanismus 

rozpoznání efektoru. V tomto případě bylo 

popsáno rozpoznání zprostředkované 

proteinem ZAR1, řadícím se mezi NLR 

proteiny. ZAR1 nerozpoznává efektor 

přímopoznámka 4, hlídá, zda není uridynilován 

protein PBL2. Uridynilaci PBL2 má totiž na 

svědomí efektor AvrRC. Ve chvíli, kdy AvrRC 

přidá uridynilový zbytek k PBL2, ZAR1 to 

detekuje, dochází k oligomerizaci ZAR1 a 
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tvorbě tzv. resistosomu (Bi, 2021). Takto vzniklý resistosom tvoří uprostřed strukturu podobnou 

děravému hrotu, pro kterou byla navržena schopnost vytvářet póry v plasmatické membráně 

a tím přivodit buněčnou smrt (Förderer, 2022; Wang, 2019a; Wang, 2019b)poznámka 6. Takovýto 

mechanismus by k buněčné smrti teoreticky 

nepotřeboval ani SA, ani ROS. Toto zjištění 

vedlo a vede k celé řadě otázek, kdy jednou 

z nich je, jak naložit s jasnými důkazy, že SA 

a ROS v aktivaci HR roli mají. Jako 

vysvětlení se nabízí možnost, že 

spouštěčem vedoucím k HR je rozpoznání 

efektoru a následná přímá smrt dané buňky. 

Dále následuje „vylití“ obsahu této mrtvé 

buňky do apoplastu, kde jsou molekuly 

z vnitřku buňky rozpoznány, což vede dále 

k aktivaci a zesílení imunitní odpovědi (de 

facto rozpoznání DAMPs a tedy následná PTI) v přilehlých buňkách. Taková odpověď již 

vyžaduje funkční SA a ROS. Víme, že PTI sama o sobě HR často nevyvolává. Ovšem poslední 

navržené modely, které PTI a ETI významně propojují, než aby je škatulkovaly a oddělovaly 

od sebe, ukazují, že to nelze tak jednoznačně tvrdit (Cook, 2015; Lu, 2021). A nejde jen o 

modely. V roce 2021 byl v časopisu Nature publikován článek ukazující, že PRRs jsou nutné 

pro imunitu zprostředkovanou NLR (tedy přímé propojení klasicky definovaných PTI a ETI). 

Autoři současně prokázali, že signalizace spuštěná NLRs rychle posiluje expresi klíčových 

složek PTI. Jako jeden ze spojujících článků mezi PTI a ETI demonstrovali tvorbu ROS skrze 

NADPH oxidázu RbohD (Yuan, 2021). To bylo potvrzeno a rozvedeno následnou prací (Zhai, 

2022). Propojení mezi PTI a ETI vysvětluje, že v kombinaci s rozpoznáním efektoru je reakce 

na DAMPs (i PAMPs) tak silná, že dochází k HR.  

 

4. Buněčná signalizace  

„Spojařina v obraně rostlin“ 

V předchozím textu jsem představil možnosti detekce napadení patogeny. V této kapitole se 

zaměřím na následnou buněčnou signalizaci. Imunitní odpověď, ať už spuštěná rozpoznáním 

PAMPs, nebo efektorů, obsahuje typické události, které se dají rozdělit z hlediska jejich 

časoprostorového uspořádání (hezké schéma pro takové časoprostorové rozdělení reakcí 

v rámci PTI poskytuje přehledový článek (Ben Khaled, 2015)). Z hlediska „závodu ve zbrojení“ 
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je znalost imunitní signalizace důležitá i proto, že účinek efektorů cílí v podstatě na všechny 

součásti této signalizace. 

Po rozpoznání PAMPs na plasmatické 

membráně dochází k navázání receptoru 

s PAMP na koreceptor, což má za následek 

následnou fosforylaci cílových proteinů. 

Imunitní odpověď se snaží postupně v rámci 

signalizace snížit její komplexitu. Od velmi 

různorodých PRRs (jichž se může v buňce 

nalézat poměrně vysoký počet) po 

fytohormonální signalizaci, či MAPK 

kaskádupoznámka 7. Prvním krokem ke 

zjednodušení je právě využití koreceptorů. 

Tyto koreceptory jsou funkční pro více PRRs. 

Typickým příkladem je koreceptor BAK1, 

který je zásadní pro spuštění signalizace po 

rozpoznání flg22, ale je současně koreceptorem pro EFR1 a další PRRs, které se specializují 

na rozpoznání PAMPs proteinové povahy (Yasuda, 2017). Na plasmatické membráně dochází 

během jednotek minut k otevření kanálů umožňujících příliv vápenatých iontů (Ca2+) do 

cytosolu. Signál na stres se může šířit celou rostlinou, přičemž sledování koncentrace Ca2+ 

iontů umožňuje monitoring signalizace. Např. při poranění byl prokázán glutamát, coby 

zprostředkovatel signálu do dalších částí rostliny při odpovědi na poranění. Glutamát je 

rozpoznán receptory na povrchu buněk a to spouští zvýšení koncentrace Ca2+ iontů uvnitř 

cytosolu. Takový signál prochází rostlinou během několika minut, přičemž rostlina koncentraci 

Ca2+ iontů v cytosolu velmi aktivně hlídá a jejich zvýšení je tak pouze dočasné (Toyota, 2018).  

Zvýšení koncentrace vápenatých iontů aktivuje (nebo minimálně přispívá k aktivaci) následné 

procesy. Jedním z nich je zvýšená produkce ROS v apoplastu, která probíhá přibližně po 

deseti minutách po detekci patogena. U A. thaliana za tuto událost odpovídají NADPH oxidázy 

lokalizované na plasmatické membráně. Konkrétně se jedná o RbohD a RbohF oxidázy 

(NADPH/Respirátory burst oxidase protein D (nebo F)). Tyto oxidázy produkují do apoplastu 

superoxidový radikál, který je velmi reaktivní a v apoplastu se za přítomnosti superoxid 

dismutázy přeměňuje na peroxid vodíku. Tyto ROS mohou mít jak signalizační funkci, tak 

mohou samy o sobě působit antimikrobiálně (Qi, 2017). Pro nás výzkumníky je tato událost 

užitečná analyticky, protože byla vyvinuta technika stanovující apoplastický H2O2 na základě 

luminiscence s využitím roztoku luminolu (Smith, 2014). Tato technika je velmi rychlá a levná 

a kvalitativně velmi vypovídající. Slouží dobře  prvnímu screeningu, zda je či není spuštěná 
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imunitní odpověď. Tuto analýzu ve svých experimentech velmi rád používám, např. (Janda, 

2019). V současnosti jsme například díky této metodě provedli u nás v laboratoři screening 

různých druhů rostlin na reakci na flagelinpříspěvek 4 a hodláme s tím pokračovat, např. u vodních 

masožravých rostlin ve spolupráci s dr. Lubomírem Adamcem (Botanický ústav AV ČR, 

Třeboň). V případě pozitivní reakce těchto rostlin na flg22 budeme mít náhle v ruce světově 

unikátní modelový systém pro studium imunity u vodních rostlin, což je pole v našem oboru 

neprobádané. Produkce ROS není závislá pouze na Ca2+ iontech. Po navázání koreceptoru, 

jako příklad opět uveďme BAK1, k PRR receptoru dochází k fosforylaci RbohD a tím její 

aktivaci (Kadota, 2014; Lee, 2020). V podobném čase jako je tvorba ROS v apoplastu je 

pozorovatelná také jeho alkalizace (Felix, 1999).  

V průběhu desítek minut po rozpoznání patogena dochází k další významné buněčné události, 

reorganizaci aktinového cytoskeletu (Henty-Ridilla, 2013). Aktinový cytoskelet hraje v rostlinné 

buňce zásadní roli v cíleném dopravování molekul a tzv. váčkovém transportu („vesicle 

traficking"). Je již relativně dlouho známo, že v případě napadení rostliny houbovým 

patogenem je aktinová síť v okolí haustoria, resp. extrahaustoriální membrány, zhuštěna a 

aktinová vlákna jsou nasměrována tak, aby bylo možno dopravit co nejvíce materiálu do místa 

napadení (Li, 2019). Aktinový cytoskelet tak hraje roli jako fyzická bariéra, ale i jako „dopravní 

síť“, která umožňuje zásobovat místo napadení komponenty potřebnými pro tvorbu kalózy či 

jinými, s obranou souvisejícími, látkami, jako je PEN3 protein, hrající klíčovou roli 

v nehostitelské odolnosti rostlin (non-host resistance) (Wang, 2022). Experimenty využívající 

jak farmakologického přístupu (ošetření chemikáliemi depolymerizující aktinová vlákna), tak 

genetického přístupu (mutantní rostliny A. thaliana), prokázaly, že rostliny s ovlivněnou funkcí 

aktinového cytoskeletu jsou více náchylné na napadení patogeny (Henty-Ridilla, 2013; Wang, 

2022; Porter, 2016; Sun, 2018).  

V průběhu řešení své dizertační práce jsem se účastnil výzkumu, který ukázal, že při rozrušení 

aktinových vláken s využitím chemikálií latrunculin B a cytochalasin E dochází u A. thaliana 

k zajímavé události, a sice ke zvýšené transkripci genů souvisejících s imunitou, a to 

především se signální drahou SA (Matoušková, 2014; Janda, 2014). Tento objev nás vedl 

k testování hypotézy, že rostlinná buňka hlídá integritu svých aktinových vláken, a pokud je 

tato integrita narušena, tak buňka má za to, že je napadena patogenem a spouští imunitní 

odpověď. K této hypotéze nás také vedl fakt, že u bakterie Pst DC3000 byl identifikován efektor 

(HopW1), který depolymerizaci aktinového cytoskeletu zapříčiňuje (Jelenska, 2015). Situace 

v našich myslích velmi připomínala možný způsob detekce patogena pomocí NLR hlídajícího 

funkční aktinový cytoskelet. Skutečně jsme ukázali, že depolymerizace aktinového cytoskeletu 

může vést ke zvýšení rezistence vůči patogenům (ne striktně jen k vyšší náchylnosti, jak bylo 
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doposud uváděno) a že za touto indukovanou rezistencí stojí aktivace signální dráhy SA 

(Leontovyčová, 2019; Leontovyčová, 2020). 

Klíčovou roli ve výsledku pozorovaného 

efektu, tedy náchylnost vs. rezistence, hraje 

časpříspěvek 5. 

S dopravou materiálu a reorganizací 

cytoskeletu může souviset obohacení PRRs 

v rámci mikrodomén na plasmatické 

membráně (Bücherl, 2017; Gronnier, 2022). 

V rámci imunitní signalizace jsou následně 

PRRs endocytovány a degradovány (Beck, 

2012) (Frescatada-Rosa, 2015). Aktinový 

cytoskelet hraje důležitou roli v uzavírání 

průduchů a plasmodesmat, k čemuž také 

dochází po rozpoznání patogena (Zou, 

2021). 

V průběhu 15–60 minut od detekce patogena 

je aktivována MAP-kinázová kaskáda. Jedná 

se o velmi konzervovaný způsob signalizace 

závislý na fosforylaci a defosforylaci MAP-

kináz (MAPK). Tuto signalizaci využívají i 

živočichové a není specifická jen pro reakci 

na biotický stres. MAPK hrají roli i v reakcích 

na abiotické stresy. To, co se liší, jsou 

jednotlivé konkrétní MAPK, které za daného 

stresu podléhají fosforylaci (Sun, 2022). 

Jedná se o úspěšný způsob signalizace i 

z toho pohledu, že je relativně snadno 

regulovatelný a dá se díky němu signál napadení efektivně amplifikovat a cílit (Zhang, 2022). 

Ve svém výzkumu jsem se ale MAPK signalizaci nikdy nevěnoval. 

V průběhu prvních hodin po rozpoznání patogena dochází ke dvěma událostem, které hrály (a 

hrají) v mém výzkumu významnou roli: zvýšení akumulace kalózy (kap. 4.1) a spuštění 

fytohormonálních drah, především signální dráhy SA (kap. 4.2).  
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4.1 Kalóza 

„obranný val“ 

Kalóza je polysacharid skládající se stejně jako celulóza z monomerů glukózy. Ovšem 

v celulóze se jedná o β-1,4-glukan, zatímco kalóza je β-1,3-glukan. Akumulace kalózy je při 

napadení patogenem výrazně zvýšená, a to především v místech  kde k napadení došlo. 

V případě napadení houbovým patogenem vzniká tzv. papila, což je útvar, ve kterém je kalóza 

nabohacena. Papila slouží k zabránění penetrace houbového patogena s cílem zabránit 

vytvoření haustoria (Hückelhoven, 2014). Kalóza také hraje důležitou roli v uzavírání 

plasmodesmat, což hraje například významnou roli v zabránění šíření virové infekce rostlinou 

(Liu, 2021). Současně je detekce akumulace kalózy využívána jako jedna ze screeningových 

metod aktivované imunity, neboť i ošetření flg22 (a jinými PAMPs) vede k významné akumulaci 

kalózy (Luna, 2011). Takto jsme 

ji ve svých experimentech 

využívali i my, např. (Kalachova, 

2019; Kalachova, 2020), avšak 

to se změnilo ve chvíli, kdy jsme 

zjistili vyšší akumulaci kalózy 

také u námi studovaného 

dvojnásobného mutanta A. 

thaliana s vyřazenými geny 

kódujícími isoformy β1 a β2 

fosfatidyl inositol-4-kinázy 

(pi4kβ1β2). U tohoto mutanta  

jsme dále popsali vyšší 

koncentraci SA, trpasličí vzrůst, 

vyšší rezistenci vůči bakteriální 

infekci a zvýšenou akumulaci 

ROS (Šašek, 2014). Za 

nestresových podmínek je 

akumulace kalózy u pi4kβ1β2 

závislá na zvýšené koncentraci 

SA. Avšak při působení 

patogena Blumeria graminis, pro 

nějž není A. thaliana hostitelskou 

rostlinou, se ukázalo, že kalóza 

akumulovaná v papilách je na 
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SA nezávislápříspěvek 6. Na akumulaci kalózy jsme se zaměřili blíže. V A. thaliana je kalóza 

syntáza kódována dvanácti isoformami (Chen, 2014). Nicméně je známo, že za akumulaci 

kalózy v reakci na biotický stres je zodpovědná kalóza syntáza 12, která byla původně nazvána 

PMR4 (powdery mildew resistence 4) a pod tímto označením je doposud převážně 

označována ve studiích zabývajících se 

interakcemi rostlin s mikroorganismy 

(Ellinger, 2013; Nishimura, 2003; Vogel, 

2000)poznámka 8. Zkřížili jsme pi4kβ1β2 

s mutantní rostlinou pmr4-1, která má 

zablokovanou tvorbu PMR4 s cílem zjistit, 

zda je akumulace kalózy u pi4kβ1β2 závislá 

na této isoformě kalóza syntázy. K našemu 

překvapení se ukázalo, že homozygotní linie 

pmr4/pi4kβ1β2 jsou výrazně zakrslého růstu  

(prakticky nerostou, data neukázána). Je 

stále zatím otázkou, co za daný efekt na růst a vývoj u tohoto trojnásobného mutanta může. 

Současně se ukázalo, že kombinace mutací v PMR4, v PI4Kβ1 a v PI4Kβ2 způsobuje 

nemendelovské štěpné poměry pro pmr4/pi4kβ1β2. Na tomto tématu v současnosti 

spolupracujeme s Dr. Tetianou Kalachovou z Ústavu experimentální botaniky AV ČR, která je 

vedoucí tohoto směru výzkumu.  

4.2. Fytohormonální dráhy v imunitě rostlin – zaostřeno na kyselinu salicylovou 

„Dobrý sluha, zlý pán“ 

Fytohormony, dříve nazývané růstové regulátory rostlin, hrají v signalizačních procesech 

rostlin zásadní roli. Nejlépe probádanými a známými fytohormony jsou pravděpodobně auxiny 

a cytokininy. Těmi se ale v této práci nechci zabývat, protože hlavní roli v signalizaci při 

biotickém stresu, tj. při napadení patogenem, hraje „triumvirát“ fytohormonů: kyselina 

salicylová (SA), kyselina jasmonová (JA) a etylén (ET). Je zajímavé, že rostliny rozlišují, kterou 

signalizaci (který fytohormon) upřednostní na základě toho, jaký patogen rostlinu napadl. 

Tradičně se udává (a je na to téma 

publikováno mnoho studií), že při napadení 

biotrofními patogeny je spuštěna signální 

dráha SA, zatímco při napadení 

nekrotrofními patogeny se spouští signální 

dráhy JA a ET, přičemž mezi SA a JA byl 

prokázán antagonistický vztah, tj. pokud je 
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jedna z drah aktivována, tak inhibuje druhou dráhu (pro zájemce doporučuji ke čtení vynikající 

přehledové články na toto téma (Glazebrook, 2005) (Pieterse, 2009; Aerts, 2021))poznámka 9. 

Toto rozdělení podporuje i to, že signální dráha SA hraje významnou roli při spuštění buněčné 

smrti (hypersensitivní odpovědi) (Radojičić, 2018) a bylo by tedy pro rostlinu krajně 

nebezpečné aktivovat tuto dráhu proti nekrotrofům, kteří by ze spuštěné HR profitovali. Ovšem 

nic není černobílé a existují studie, které ukazují, že i rostliny se zvýšenou SA byli rezistentnější 

vůči nekrotrofním patogenům (Ferrari, 2003; Nováková, 2014), což jsme ukázali i v naší studii 

(Kalachova, 2020). Více světla do studia zapojení fytohormonálních drah při interakcích rostlin 

s patogeny vnesl článek s relativně jednoduchou myšlenkou – sledovat akumulaci SA a JA 

v čase a prostoru v rámci listu. Autoři využili jako nástroj k pozorování akumulace SA a JA 

dostupné transgenní linie A. thaliana, které měly vneseny geny reagující na koncentraci SA 

(PR1) a JA (VSP1) spojené s fluorescenční značkou. Tyto transgenní rostliny autoři infikovali 

patogenní bakterií a pozorovali v čase průběh infekce a intenzitu fluorescence, která 

odpovídala indukci zmíněných genů a tedy, velmi pravděpodobně, i produkci SA a JA. 

Výsledek byl poměrně překvapivý, i když ne nelogický. Ukázalo se, že v rámci listu byla 

zvýšena akumulace obou fytohormonů, ale akumulace SA a JA byla od sebe lokalizačně 

oddělena. Koncentrace SA se zvyšovala v těsné blízkosti napadení. JA se hromadila za 

hranicí akumulace SA a ve zbytku listu (Betsuyaku, 2018). Výsledky tedy opět poukázaly na 

antagonismus obou drah, ale současně nás upozornily na fakt, že bychom měli být velmi 

obezřetní v tom, jaké části rostliny, či dokonce listu analyzujeme. Jako vysvětlení, proč rostlina 

reaguje na napadení bakterií aktivací obou fytohormonálních drah, se jeví, že v blízkosti 

patogena rostlina sází na to, že to bude biotrof, kdo ji infikuje, a tedy indukuje SA, protože 

buněčná smrt, na které by se SA podílela, by proliferaci biotrofního patogena jistě zastavila. 

Pro případ, že by se ale jednalo o nekrotrofa a SA by nebyla účinná, se rostlina připravuje tak, 

že v dalších částech listu aktivuje dráhu JA, která je proti nekrotrofům 

účinnápříspěvek Vesmír 97, 126, 2018/3. 

Pro studium zapojení zmíněných fytohormonálních drah (SA, JA, ET) v rostlinné imunitě byl, 

dle mého názoru, stěžejní článek z roku 2009 od Kenichi Tsudy (Tsuda, 2009). V rámci práce 

na tomto článku byli vytvořeni čtverní mutanti A. thaliana (a všechny kombinace 

dvojnásobných a trojnásobných mutantů) se zablokovanými geny důležitými pro biosyntézu či 

odpověď na SA (sid2; mutant se zablokovanou isochorismát syntázou 1 – klíčový protein 

v biosyntéze SA, (Wildermuth, 2001)), JA (dde2, mutant se zablokovaným AOS tj. „allene 

oxide synthase“ – klíčový protein v biosyntéze JA, (Von Malek, 2002)); ET (ein2; mutant se 

zablokovaným „ethylene insensitive protein 2“  – protein klíčový v signalizaci v odpovědi na 

etylén (Alonso, 1999)) a pad4, což je také významný protein v rostlinné imunitě zčásti se 

překrývající se signální drahou SA (Jirage, 1999). V článku mimo jiné prokázali, že zmíněné 
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(zablokované) čtyři součásti rostlinné imunity 

odpovídají zhruba za 85 % intenzity imunitní 

odpovědi spuštěné flg22 (což aproximovali 

obecně ke spuštěné PTI) stejně jako při 

rozpoznání AvrRpt2 efektoru (což 

aproximovali obecně ke spuštěné ETI). 

Tento článek tak také poukázal na významný 

překryv v signalizaci PTI a ETI. Současně je 

vytvořená kolekce mutantů vynikajícím 

nástrojem pro další výzkum, což se prokázalo v následných pracích Kenichi Tsudy (ORCID: 

0000-0001-7074-0731). I my jsme v našem výzkumu tuto kolekci využili. Shodou okolností 

jsme pozorovali, že infekce klíčních rostlin A. thaliana rostoucích za sterilních podmínek na 

pevném médiu bakterií Pst DC3000 vede k tomu, že se zvýší a prodlouží růst kořenových 

vlásků. Chtěli jsme vědět, zda v tom hrají roli fytohormony, a proto jsme daný jev analyzovali 

u kolekce „deps“ mutantů (dde2/ein2/pad4/sid2). Ukázalo se, že zásadní roli pro tvorbu 

kořenových vlásků má ET (Pečenková, 2017). Role ET byla již známa i bez spojitosti 

s biotickým stresem (Růžička, 2007; Qin, 2019). Je otázkou, zda je to skutečně ET, co je 

aktivováno po rozpoznání infekce kořeny.  

Ve svém výzkumu jsem se již od bakalářské práce věnoval více či méně procesům v rostlinách 

týkajících se SApříspěvek Vesmír 98, 454, 2019/7. Biosyntéza SA probíhá v rostlinách dvěma drahami 

(Dempsey, 2011). První je závislá na fenylalanin amonium lyáze (PAL). druhá je závislá na 

enzymu isochorismát syntáze 1 (ICS1) a část této biosyntetické dráhy probíhá 

v chloroplastech. Biosyntetická dráha závislá 

na ICS1 je odpovědná za přibližně 90 % nově 

syntetizované SA po napadení bakteriálním 

patogenem (Wildermuth, 2001)poznámka 10. Po 

rozpoznání napadení patogenem je spuštěna 

dimerizace proteinů PAD4 a EDS1, která 

vede k tomu, že je aktivována dráha 

využívající ICS1, což vede k vyšší 

koncentraci SApříspěvek 7. SA se váže na 

proteiny NPR („nonexpressor of 

pathogenesis-related genes“), které byly 

identifikovány jako receptory pro SA. 

Prostřednictvím NPR je zprostředkován účinek SA na změnu transkriptomu v rostlině (Wang, 

2020a; Spoel, 2009; Kumar, 2022). Zvýšená koncentrace SA má za následek, že oligomerní 
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protein NPR1 je monomerizován a následně 

přechází do jádra, kde ovlivňuje transkripci 

(Kumar, 2022; Mou, 2003). Ve své 

dizertační práci jsem popsal možné zapojení 

fosfolipázy D v této signalizaci. Ukázali 

jsme, že ošetření n-butanolem, inhibitorem 

fosfolipázy D, inhibuje tvorbu NPR1 

monomeru a jeho akumulaci v jádře 

rostlinné buňky (Janda, 2015a).  

SA, přesnější by bylo mluvit o signální dráze závislé na SA, je mocná zbraň. Jak bylo zmíněno 

výše, je důležitou molekulou v ustanovení hypersensitivní odpovědi a tedy v obraně proti 

biotrofním patogenům. Dále je nepostradatelnou součástí tzv. systémově získané rezistence 

(SAR)poznámka 11, což je událost, kdy napadení jednoho listu rostliny patogenem vyšle signál do 

dalších částí rostliny, které tím připraví na případný následující útok patogena. Tato vzdálená, 

doposud nenapadená pletiva jsou tak lépe připravena na napadení a při něm spouští 

intenzivnější a rychlejší obrannou odpověď (Kachroo, 2020). Právě popsání zapojení SA 

v SAR v roce 1990 (Métraux, 1990; Malamy, 1990) bylo spouštěčem zvýšeného zájmu o SA 

jakožto součásti obrany rostlin při napadení patogeny (Gaffney, 1993). Současně všechny 

doposud popsané mutantní rostliny A. thaliana vykazující zvýšenou koncentraci SA mají vyšší 

rezistenci k testovaným patogenům (Janda, 

2015b). Ovšem vysoký obsah SA má i svou 

stinnou stránku, všechny tyto mutantní 

rostliny jsou trpasličího vzrůstu (více v kap. 

5)příspěvek 8.  

 

5. Všeho moc škodí aneb Kompromis 

mezi obranou a růstem rostliny 

„2 % HDP“ 

Vyspělé státy si hlídají své výdaje na obranu a v rámci 
NATO mají jasně definovaný mandatorní výdaj na 
obranu v % HDP. Uvědomují si, že je na obranu třeba 
dávat tolik, aby to co nejvíce snížilo možnost napadení 
a v případě napadení zvýšilo pravděpodobnost 
úspěšné obrany a současně aby tyto výdaje neohrozily 
hospodářské fungování státu.  Je zde vždy kompromis 
mezi tím, kolik investovat do ministerstva obrany a kolik 
např. do školství či kultury. A míra kompromisu je silně 
závislá na podmínkách, za jakých je rozpočet tvořen. 
Stejně tak to mají, pravděpodobně, i rostliny.  
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Rostlina se musí umět rozhodnout, zda investovat do obrany či do růstu, přičemž se ukazuje, 

že se snaží v rámci kompromisu investovat co nejúčinněji do obojího a být schopna 

upřednostnit růst nebo obranu jen v případech, kdy je to nutné (He, 2022). O tom, že 

aktivovaná imunitní odpověď potlačuje růst, se ví již od 90. let 20. století a důkazy o tomto jevu 

přinesly studie zabývající se různými aspekty rostlinné imunity.  

Obligátním důkazem, že aktivace imunity inhibuje vzrůst, je klasický test inhibice růstu klíčních 

rostlin po ošetření některým PAMPs, typicky flg22. Takto ošetřené klíční rostliny A. thaliana po 

týdnu dosahují zpravidla 20–40 % hmotnosti neošetřených rostlin v závislosti na koncentraci 

PAMP (Gómez-Gómez, 1999). Takový test jsme využili i v naší studii týkající se efektu 

bakteriálních váčků na rostlinu (Janda, 2023). V naší současné práci se věnujeme reakcím 

máku setého (Papaver somniferum) na flagelin a ukazuje se, že ošetření máku flagelinem 

taktéž vede k inhibici růstu (data neukázána). Ačkoliv se o fenoménu kompromisu mezi růstem 

a obranou (growth–defense tradeoff) napsalo již mnoho, o přesném mechanismu, který za ním 

stojí, víme zatím relativně málo. A to i přes nemalé úsilí jej objasnit. Je velmi pravděpodobné, 

že za tento kompromis bude zodpovědných více jevů naráz. Velmi významným přispěvatelem 

je bezpochyby komunikace mezi fytohormony a vzájemné ovlivnění jejich drah (Huot, 2014). 

V naší laboratoři se tomuto fenoménu také nadále věnujeme, a to především ve spojitosti s SA, 

protože jsme prokázali u dvojnásobných mutantních rostlin A. thaliana s nefunkčními fosfatidyl 

inositol-4-kinázami β1 a β2 (pi4kβ1β2), že jejich výrazná inhibice růstu je způsobena 

nadměrnou koncentrací SA, resp. funkční signální dráhou SA a aktivovanou imunitou (Šašek, 

2014)příspěvek 8. 

Klasickou odpovědí, proč rostliny s aktivovanou imunitou jsou nižšího vzrůstu, je, že mají 

omezené zdroje energie, a pokud je tedy rostlina využívá k obraně, nemůže je plně využít 

k růstu (Huot, 2014). Logická a jistě do značné míry pravdivá odpověď. Nicméně my jsme se 

rozhodli, že prostudujeme jeden mírně opomíjený fenomén, a sice že zvýšená koncentrace 

SA vede k uzavření průduchů (Wang, 2020b), což by podle nás mohlo souviset nejen 

s přesměrováním využití dostupných zdrojů, ale současně i k nižší dostupnosti zdrojů (CO2), 

což by také přispívalo k nižšímu růstu. U mutantů se zvýšenou akumulací SA jsme měřili jejich 

uzavřenost průduchů a asimilaci CO2 a zjistili jsme, že je u nich  dostupnost CO2  skutečně 

významně omezena (data neukázána).  



 

24 

 

6. Závěr: minulost, současnost a budoucnost 

„Závod ve zbrojení“ mezi rostlinami a patogeny nikdy nekončí. Má ale bezpochyby svá pravidla 

a vymezené bitevní pole. Vzhledem k výzvám, které na nás klade klimatická změna a zvyšující 

se světová populace, je více než žádoucí „pravidlům závodu“ co nejvíce porozumět a využít 

naše poznatky v zemědělství k ochraně plodin proti patogenům. Zlepšení ochrany by mělo 

zvýšit výnosy a udržitelnost zemědělství. Prostor k výzkumu je stále veliký a s novými 

možnostmi, jakými je např. editování genomů (především s využitím technologie na základě 

CRISPR-Cas), se jeví možné aplikace využívající znalostí základního výzkumu ještě více na 

dosah ruky. 

Ve svém výzkumu jsem se doposud věnoval především dvěma dílčím tématům souvisejícím 

se „závodem ve zbrojení“ mezi rostlinou a patogenem:  
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1) Roli kyseliny salicylové v signalizaci rostlin (tj. součásti rostlinného „zbraňového 

systému“)  

 Věnovali jsme se propojení fosfolipidového signálního systému se signalizací SA, kde 

jsme prokázali souvislost s fosfolipázou D, nespecifickou fosfolipázou C2 a 

fosfatidylinositol-4-kinázami β1 a β2 (Janda, 2015a; Šašek, 2014; Kalachova, 2020; 

Kalachova, 2019; Janda, 2013; Krčková, 2018; Junková, 2021).  

 Přišli jsme na dva nové stimuly vedoucí k nadprodukci SA: ošetření saponinem 

aescinem (Trdá, 2019) a latrunculinem B (depolymerizace aktinového cytoskeletu) 

(Leontovyčová, 2019; Matoušková, 2014).  

 Ve výzkumu aktinového cytoskeletu jsme jako první popsali, že rozrušení aktinových 

vláken nemusí nutně vést k větší náchylnosti plodin, ale naopak může zvýšit rezistenci 

(Leontovyčová, 2020; Leontovyčová, 2019) a naznačili jsme spojení s fosfoinositidy 

(Kalachova, 2019). 

 Prokázali jsme, že krátkodobé vystavení A. thaliana vyšší teplotě potlačuje imunitní 

reakce související s SA a navíc vede ke snížení přítomnosti receptoru FLS2 na 

plasmatické membráně. To vše má za následek vyšší náchylnost rostlin vystavených 

teplotnímu stresu vůči Pst DC3000 (Janda, 2019). 

 Vytvořili jsme kolekci mutantních rostlin A. thaliana se změněnou koncentrací SA, 

jakožto nástroj pro další výzkum signalizace SA (Pluhařová, 2019). Tuto kolekci 

v současnosti v laboratoři intenzivně využíváme. 

2) Bakteriálním mimobuněčným váčkům, jejich obsahu a vlivu na rostlinu a její imunitu 

(tj. součásti „zbraňového systému“ patogena). 

 Popsali jsme biofyzikální vlastnosti izolovaných váčků produkovaných patogenní 

bakterií Pst DC3000, přičemž jsme jejich produkci potvrdili jak in vitro, tak v průběhu 

infekce v rostlině (Janda, 2023). 

 Provedli jsme proteomickou analýzu váčků Pst DC3000 a porovnali naše výsledky 

s dostupnými proteomickými analýzami jiných mimobuněčných váčků produkovaných 

jinými bakteriemi (Janda, 2022). Tyto výsledky ukázaly možnost využití váčků při 

získávání železa z apoplastu (Janda, 2023). 

 Prokázali jsme imunogenní efekt váčků na rostlinu, který je závislý na receptoru FLS2, 

tj. na přítomnosti flagelinu. Zde z mého pohledu stále panuje nejistota, zda se jedná 

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

V současnosti se u nás v laboratoři věnujeme vlivu SA na růst rostlin, kdy se zaměřujeme 

především na možnost snížené dostupnosti CO2 v důsledku vyšší koncentrace SA. Dále jsme, 

v souvislosti s SA, rozšířili naši pozornost na ovlivnění kutikuly v případě aktivované imunity. 
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K oběma těmto tématům mě přivedl tradiční výzkum prováděný na Katedře experimentální 

biologie rostlin na PřF JU, který se týká průduchů, fotosyntézy a kutikuly. Mým cílem je jeho 

propojení s mou expertizou v rámci rostlinné imunity. V tématech souvisejících s SA blízce 

spolupracujeme s Ústavem experimentální botaniky AV ČR. 

Při zavádění pěstebních metod v naší laboratoři jsme shodou okolností přišli na to, že 

vysoká koncentrace SA inhibuje tvorbu antokyanů. Tento fenomén se v současnosti snažíme 

popsat a poslat k publikaci (příloha 2).  

Díky obdrženému MSCA stipendiu pokračujeme ve výzkumu mimobuněčných 

bakteriálních váčků, kde se zaměřujeme především na podmínky ovlivňující intenzitu produkce 

váčků u bakterií kolonizujících rostliny. Zde blízce spolupracujeme s laboratoří prof. Silke 

Robatzek z LMU v Mnichově. 

Významným rozšířením našeho vědeckého zájmu je zacílení na jinou rostlinu, než je 

modelový huseníček. Předmětem našeho zájmu je především zemědělská plodina mák setý 

(Papaver somniferum), kde blízce spolupracujeme s laboratoří prof. Vladislava Čurna 

z Fakulty zemědělské a technologické na JU a rozvíjíme spolupráci s Výzkumným ústavem 

olejnin v Opavě (OSEVA PRO s.r.o). Cílem tohoto výzkumu je komplexně se zaměřit na 

molekulární interakce máku s patogeny, tj. na „závod ve zbrojení“ mezi mákem a jeho 

patogeny. Dlouhodobo naší vizí spojenou s výzkumem máku je vyvinutí nového (nových) 

přístupu(ů) k jeho ochraně proti patogenům a škůdcům. K tomu bychom chtěli využít tři 

přístupy: genové editace; ošetření s využitím exRNA v liposomech; rychlou diagnostiku 

patogenů na polích. V souvislosti s naším zájmem o mák předpokládám, že do budoucna se 

zaměření laboratoře více přiblíží aplikovanému typu výzkumu (lépe řečeno výzkumu na 

rozhraní základního a aplikovaného výzkumu). Nejnovějším malým projektem naší laboratoře 

je spolupráce s dr. Lubomírem Adamcem z Botanického ústavu AV ČR v Třeboni, kdy máme 

v plánu, hned jak to kultivační podmínky dovolí, se zaměřit na imunitní reakce vodních 

masožravých rostlin. 

Věřím, že náš výzkum (ať už jakákoliv jeho část) v budoucnosti přinese zlepšení 

ochrany plodin na našich polích, ať už díky lepší znalosti signální dráhy kyseliny salicylové, 

mimobuněčných váčků, či detailním znalostem imunitních reakcí máku a jeho interakcí 

s patogeny a škůdci. 
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Slovníček klíčových zkratek pojmů 

A. thaliana Huseníček rolní, také chudina rolní, je drobná dvouděložná efemérní 
plevelná rostlina z čeledi brukvovitých, která se používá jako modelový 
organismus v molekulární genetice rostlin [1]. 

  

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

  

Biotrof Organismus, který žije a rozmnožuje se výhradně v jiném živém 
organismu. Jeho výživa je zcela závislá na hostiteli. Příkladem mohou 
být houby způsobující rostlinné choroby padlí a rez [2]. 

  

DAMPs Molekulární vzory spojené s nebezpečím (poraněním) (Danger 
(damage)-associated molecular patterns). DAMPs jsou molekuly 
pocházející z rostliny, ale jsou rozpoznávány receptory na plasmatické 
membráně a spouští imunitní odpověď (podobně jako PAMPs). Příklady 
takových molekul jsou extracelulární ATP, oligogalakturonidy (z buněčné 
stěny) či monomery kutinu.  

  

deps dde2/ein2/pad4/sid2 -Čtverný mutant A. thaliana vytvořený Dr Kenichi 
Tsudou se zablokovanými geny kódujícími enzymy nutné pro imunitní 
reakce. Konkrétně pro dráhu kyseliny salicylové (sid2; zablokovaný 
ICS1), kyseliny jasmonové (dde2; zablokovaný AOS), etylénu (ein2; 
zablokovaný EIN2), a imunitního sektoru závislého na PAD4 (pad4).  

  

EDS1/PAD4 Proteiny, které v případě spuštění imunitní odpovědi tvoří heterodimery 
a jsou zodpovědné za předání signálu pro zvýšení koncentrace kyseliny 
salicylové (ENHANCED DISEASE SUSCEPTIBILITY 1 / 
PHYTOALEXIN DEFICIENT 4). 

  

Efektor Molekula, kterou využívá rostlinný patogen při infekci určitého druhu 
rostliny. Pomocí takové molekuly mohou patogeny účinně potlačovat 
imunitní odpověď infikované rostliny [2]. 

  

EIN2 Klíčový protein pro přenos signálu zprostředkovávaný etylénem 
(ETHYLENE INSENSITIVE 2). 

  

Elongační faktor (EF-Tu) Elongační faktory jsou proteiny, které v průběhu translace pomáhají a 
řídí elongaci peptidového řetězce. 

  

ET Etylén. Plynný fytohormon mající významnou roli v obranných reakcích 
rostlin při napadení patogeny. 

  

ETI Efektory spuštěná imunita (effector triggered immunity). Tento typ 
imunitní reakce je spuštěn rozpoznáním efektoru R proteinem (NLR 
receptorem) v cytosolu rostlinné buňky. 

  

EVs Mimobuněčné váčky (extracellular vesicles) 
  

Flg22 QRLSTGSRINSAKDDAAGLQIA; Strukturní protein, který je hlavní 
součástí bakteriálního bičíku. Rozeznává ho imunitní systém rostliny a 
hraje roli účinného elicitoru imunitní odpovědi [2]. 

  

FLS2 Receptor rozpoznávající flg22 (FLAGELLIN-SENSITIVE 2) 
  

Fytobakterie Bakterie kolonizující rostliny  
  

Hemibiotrof Obvykle houbový patogen, který začíná životní cyklus jako biotrof a 
následně se přepne do životního stylu nekrotrofa. Během biotrofické 
fáze patogen poškodí hostitelskou rostlinu jen minimálně. Po přepnutí 
do nekrotrofické fáze ničí buňky i pletiva rostliny [2]. 
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HR Hypersenzitivní odpověď (hypersensitive response). Událost, kdy 
rostlina v reakci na napadení patogenem vyvolá kontrolovanou 
buněčnou smrt u buněk vyskytujících se v okolí napadení patogenem. 

  

ICS ISOCHORISMÁT SYNTÁZA (ISOCHORISMATE SYNTHASE), enzym 
klíčový pro biosyntézu kyseliny salicylové v reakci na napadení 
patogenem.  

  

JA Kyselina jasmonová (jasmonic acid). Důležitý fytohormon v obranných 
reakcích rostlin při napadení patogeny. JA je účinná především v obraně 
proti nekrotrofům a herbivorům. 

  

MAPK Kinázy aktivované mitogenem (mitogen-activated protein kinase). 
Typická součást signalizačních kaskád jak u rostlin, tak u živočichů. 

  

Nehostitelská rezistence Fenomenologická definice: schopnost všech genotypů rostlinného 
druhu poskytnout odolnost vůči všem genotypům druhu patogenu, 
přičemž odolnost často znamená neschopnost patogenu dokončit svůj 
asexuální nebo sexuální životní cyklus na daném rostlinném druhu [3]. 
Pokud vás více zajímají molekulární aspekty tohoto druhu rezistence, 
doporučuji přehledový článek Panstruga a Moscou (2020) [4]. (Nonhost 
resistance) 

  

Nekrotrof Parazitický organismus, jako je houba nebo bakterie, který likviduje 
buňky a tělo hostitele, například pletiva rostliny, protože se živí mrtvým 
materiálem. Příkladem nekrotrofa je plíseň šedá (Botrytis cinerea) [2]. 

  

NLRs Receptory s doménou vázající nukleotidy a doménou bohatou na leucin. 
(nucleotide-binding oligomerization domain-like receptors, nebo NOD-
like receptors). Jsou to receptory nalézající se v cytosolu a 
rozpoznávající efektory. V literatuře je často používán jako synonymum 
termín R protein. 

  

NPR Proteiny klíčové ve zprostředkování signalizace závislé na kyselině 
salicylové (NONEXPRESSOR OF PR GENES). 

  
PAL FENYLALANIN AMONIAK LYÁZA (PHENYLALANIN AMMONIA-

LYASE; EC 4.3.1.24). Klíčový enzym pro biosyntézu kyseliny salicylové 
u dráhy, která je nezávislá na ICS. U brukvovitých není tato dráha tolik 
významná při napadení patogeny, zatímco u jiných čeledí se zdá, že je 
její role významnější. 

  

PAMPs Molekulární vzory spojené s patogeny (pathogen-associated molecular 
patterns), někdy také uváděny jako MAMPs (molekulární vzory spojené 
s mikroby). PAMPs jsou molekuly z patogena, které jsou rozpoznávány 
receptory (PRRs) na plasmatické membráně. Jedná se o molekuly, 
kterých se patogen nemůže jednoduše zbavit (jsou pro jeho život 
esenciální). Příkladem PAMPs jsou flg22, elf18 či oligomery chitinu. 

  

patogen Biologický faktor, jako je například bakterie, virus, oomycenta nebo 
houba, který může narušit život hostitele a vyvolat onemocnění [2]. 

  

patosystém Subsystém ekosystému zahrnující parazitické vztahy mezi organismy. 
V případě, že se jedná o rostlinný patosystém, tak je hostitelským 
organismem  rostlina. 

  

PRRs Receptory rozpoznávající vzory (pattern recognizing receptors), někdy 
také receptory rozpoznávající PAMPs, neboť slovo vzory v názvu PRRs 
značí, že tyto receptory rozpoznávají molekuly, jako jsou PAMPs, 
MAMPs či DAMPs. Většinou se tyto receptory nacházejí na plasmatické 
membráně. 
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Pst DC3000 Bakterie Pseudomonas syringae pv tomato DC3000. Modelový 
bakteriální patogen schopný infikovat A. thaliana. Současně významný 
patogen rajčete.  

  

PTI Imunita spuštěná vzory (někdy také nazývána imunita spuštěná PAMPs; 
pattern (PAMP) triggered immunity). Tento typ imunitní reakce proběhne 
po rozpoznání molekulárního vzory pomocí PRRs na plasmatické 
membráně.  

  

R proteiny Viz NLRs 
  

RbohD(F) NADPH oxidáza. (Respiratory burst oxidase homolog protein D (or F)). 
Enzym nalézající se na plasmatické membráně odpovědný za produkci 
superoxidového radikálu po spuštění imunitní odpovědi, např. po 
rozpoznání flg22 pomocí receptoru FLS2.  

  

Rezistence Schopnost rostliny omezit růst a vývoj patogenu. Na rozdíl od imunity 
není rezistence „všechno, nebo nic“, ale může představovat celou škálu 
odpovědí rostliny. Například účinná rezistence může vést k tomu, že 
rozvoj nemoci nedoprovázejí žádné nápadné symptomy. Naopak u 
rostlin se slabou rezistencí si patogen může dělat, co chce, a v takovém 
případě obvykle dochází k rozvoji symptomů onemocnění [2]. 

  

Rezistozom Struktura, o níž se předpokládá, že rostlinám propůjčuje odolnost vůči 
chorobám. Tento termín byl zaveden v souvislosti s popsáním 
mechanismu, jakým R protein ZAR1 reaguje na rozpoznání efektoru, 
kdy ZAR1 vytvoří oligomer uspořádaný do struktury umožňující narušit 
plasmatickou membránu. 

  

ROS Reaktivní formy kyslíku (reactive oxygen species). Typickými ROS jsou 
H2O2 či 02

-. 
  

SA Kyselina salicylová (salicylic acid). Kyselina 2-hydroxybenzoová. 
Fytohormon mající významnou roli v obraně rostlin proti patogenům, 
především biotrofům.  

  

SAR Systémově získaná rezistence (systemic acquired resistence). Událost, 
kdy je informace o napadení v jednom listu rostliny přenesena do jiného 
nenapadeného listu, čímž dojde k aktivaci (budoucímu zesílení) imunitní 
odpovědi v těchto nenapadených částech rostliny, a pokud je takováto 
část rostliny následně napadena patogenem,  je rostlina vůči němu více 
rezistentní. Významnou roli v SAR hraje SA. 

  

Symbióza Těsný a často dlouhodobý vztah mezi organismy různých druhů. Existují 
různé typy symbiotických vztahů, včetně mutualismu, který je přínosný 
pro oba partnery, komensalismu, kdy jeden z partnerů profituje a druhý 
není vztahem příliš ovlivněn, a parazitismu, kdy se jeden z partnerů 
přiživuje na úkor druhého [2]. 

  

T3SS Bakteriální sekreční systém typ 3 (type 3 secretion system). Jedná se o 
strukturu, díky níž bakterie dopravují efektory dovnitř rostlinné buňky. 
Struktura připomíná jehlu, která projde plasmatickou membránou a 
umožní tak dopravovat do cytosolu efektory. 

  

Virulentní Pojem vyjadřující schopnost patogenu vyvolat infekci, často závažnou 
[2]. 

  

Vnímavost Pojem užívaný v souvislosti s rezistencí při popisu schopnosti 
organismu omezit růst a vývoj útočníka. Pro každý stupeň rezistence 
existuje odpovídající stupeň vnímavosti. Například rostlinu, která 
vykazuje nízkou úroveň rezistence vůči určitému patogenu a umožňuje 
mu tak, aby kolonizoval její pletiva a dokončil svůj životní cyklus, je 
možné označit za vysoce vnímavou [2]. 
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ZAR1 R-protein, na němž byl poprvé popsán molekulární mechanismus 
rozpoznání efektoru pomocí NLR (ZYGOTIC ARREST 1). 

  

„Zig-zag“ model Model průběhu imunitní reakce představený pány Jonathanem 
Jonesem a Jeffem Danglem v roce 2006. Tento model zjednodušeně 
popisuje PTI a ETI. 

 

[1] https://cs.wikipedia.org/wiki/Hlavn%C3%AD_strana; [2] Český překlad knihy Rostlina jako pevnost od Dale 
Walterse. Na překladu jsem se podílel 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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PŘÍLOHY 

 

Příloha 1. Reakce rostlin z různých čeledí na flg22. Screening prováděný pomocí metody 

analyzující tvorbu apoplastických ROS (Smith, 2014). Červeně jsou znázorněny rostliny, které 

na ošetření flg22 nereagovali. Zeleně jsou znázorněny rostliny, které na ošetření flg22 

reagovali opakovatelně a jednoznačně. Žlutě jsou znázorněny rostliny, u nichž v rámci 

opakování došlo k rozporuplným výsledkům. Tyto výsledky získala doktorandka Tereza 

Kalistová z mé skupiny (doposud nepublikováno).  
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Příloha 2 Vysoká koncentrace kyseliny salicylové (SA) inhibuje tvorbu antokyanů. 

Genotypy WT, NahG, NahG/pi4kβ1β2 a bon1/snc1-11 mají normální nebo nižší koncentraci 

SA. Genotypy fah1/fah2, pi4kβ1β2 a bon1 mají vysokou koncentraci SA (doposud 

nepublikováno). 
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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 

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; Velásquez et al., 2018).

A typical response to pathogen attack is the activation of 
plant immunity. 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). 
Elf18-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 PTI-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 
et al., 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:GFP, another PM protein (Daněk et al., 
2016; Junková 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 PTI-induced genes 
were inhibited by the temporary HS. We analysed the transcrip-
tion of two genes (FRK1 and ICS1) 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 FRK1 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, FRK1 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 immune components upon 
HS. ICS1 is one of the crucial components of the SA biosynthetic 
pathway (Wildermuth et al., 2001). ICS1 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 ICS1 decreased at a later time during 
the recovery phase after HS (42 °C at 45 min) (Fig. 2E). This is 
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Fig. 1 Oxidative burst triggered by the combination of HS and 100 nM flg22. The ROS production was measured by luminol-dependent chemiluminescence 
counting in leaf discs from 4-week-old Arabidopsis thaliana. A) The ROS production kinetics monitored over 45 min after 100 nM flg22 (white triangle), after 
HS (42 °C at 45 min; white circle), after HS with a follow-up treatment with flg22 (black triangle) and in control conditions (black circle). B) ROS production 
(represented by the peak luminescence) was measured after the addition of 100 nM flg22. The discs were pre-treated with HS (15 min, 30 min and 45 min at 
42 °C) or kept in control conditions (0 h). C) Recovery of the ROS production (represented by the peak luminescence) was measured after the addition of 100 nM 
flg22. The discs were pre-treated with HS (45 min at 42 °C) or kept in control conditions. ROS production was measured immediately after HS (0 h), or the discs 
were returned to the control conditions for 1 h or 2 h and then measured. D) ROS production (represented by the peak luminescence) was measured after the 
addition of 100 nM flg22. The discs were pre-treated with HS (120 min at 37 °C, 360 min at 32 °C and 360 min at 28 °C) or kept in control conditions (0 h). 
The data represent the means + SE; n = 8 leaf discs in 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 without HS (two-tailed Student’s t-test, n = 8, ***P < 0.001). HS, heat 
stress; ROS, reactive oxygen species; SE, standard error.
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consistent with the slower transcriptional reaction of this gene in 
comparison to FRK1 (Denoux et al., 2008; Hunter et al., 2013). To 
study whether the PTI-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, BAK1 

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 

Fig. 2 Analysis of FLS2, FRK1 and ICS1 transcription and the level of FLS2 at the PM after HS. Discs of 4-week-old Arabidopsis thaliana leaves were subjected to 
HS and transcript levels of the FLS2 (A, B), FRK1 and ICS1 (D, E) were measured by quantitative real-time PCR. (A, D) Leaf discs were stressed for 15 min, 30 min 
and 45 min at 42 °C; 120 min at 37 °C and 360 min at 32 °C. (B, E) Leaf discs were stressed for 45 min at 42 °C and were returned to the control conditions 
for 2 h, 4 h, 6 h and 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.
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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, EDS1, 
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 bon1, cpr1 and snc1, 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.

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 Pst DC3000 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 °C and 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 
left 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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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 Pst DC3000 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 t-test, 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 μg 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 h at 42 °C and B) 2 h at 37 °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 1 h 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 t-test). 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 Ion 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 (EC50) 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, EC50

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 (Burketová 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; 
Matušinský 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., 2010; 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 EC50 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; Trdá 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 (Šašek et al., 
2012a; Šašek et al., 2012b; Lloyd et al., 2014; Nováková 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, Burketová et al., 
2015). Such resistance, called systemic acquired resistance 
(SAR), is among others mediated and dependent on SA. SAR 
was inhibited in npr1 or ics1 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 (Šašek et al., 2012a). We have previously shown that 
the phytohormone salicylic acid (SA) plays an important role 
upon L. maculans infection (Šašek 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 (Nováková 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; Leontovyčová 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 (Matušinský 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 (Matušinský et al., 2015). Pyrenophora teres (Ptt52 
and Ptt17) and Ramularia collo-cygni (Rcc11 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 µg·ml−1 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; Šašek et al., 2012b), was used for most of the assays. 
Conidia of isolates JN2 and JN2-sGFP (JN2 transformed using 
a pCAMBgfp construct (Šašek et al., 2012a) were obtained from 
sporulating mycelium 10 days old kept under a 14h/10h light/
dark regime (150 μE·m−2·s−1, 22°C, 70% relative humidity) in a 
cultivation chamber as described by Šašek et al. (2012b). Conidia 
were stored in concentration 108 conidia·ml−1 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 µg·ml−1) and saponins (0, 10, 25, 50, and 100 µg·ml−1). After 
incubation at 18°C in darkness for 3 days in cases of rapidly 
growing fungi (F. 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 
µg·ml−1. 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, Männedorf, 
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 (EC50) 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 (OD600 of 0.005) in liquid LB medium was prepared 
from Pst DC3000 culture grown overnight on LB agar plates. 
Aescin (10 µg·ml−1) or EtOH (0.1%) was added to this suspension 
and OD600 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 
μE·m−2·s−1/22°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 
μE·m−2·s−1, 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 µg·ml−1 and 10 µg·ml−1 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 (105 conidia·ml−1) as described by Šašek 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 MgCl2 to an OD600 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; 
Šašek et al., 2012b) aqueous solution (10 mg·ml−1, 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/H2O/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 μL 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−1 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 μg 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 dT21 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 (Q8J1Y7) 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−1 stock 
solution. Tebuconazole, in the form of the commercially formulated 
product Horizon 250 EW (Bayer CropScience, Germany), was also 
prepared as 10 mg·ml−1 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 µg·ml−1. 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 µM. 
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 very limited data is available 
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quantifying saponin antifungal activity by establishing EC50 
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 EC50 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 F. culmorum showed only 
minor growth inhibition (Figures 1A, B; Table 1). Accordingly, 
while aescin EC50 values for P. teres, M. nivale, and L. maculans 
isolates occurred in the range of 11–21 μg·ml−1, 7–29 μg·ml−1, and 

25–33 μg·ml−1, respectively, EC50 values for more-resistant fungal 
isolates exceeded 100 μg·ml−1 and could not be 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
The biological activity of aescin was further studied on L. maculans, 
which is a destructive pathogen of B. napus. The antifungal 
activities (EC50 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 

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 µg·ml−1, 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 µg·ml−1 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, 
Zymoseptoria tritici).
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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; 
Šašek et al., 2012a). In this setup, aescin was fully fungitoxic to 
the conidia at concentrations above 50 µg·ml−1 (Figure 2A) and 
demonstrated EC50 of 28.79 µg·ml−1 (Figures 2A, B) that was in 
agreement with EC50 obtained for the L. maculans field isolates 
(Table 1). EC50 values for the fungicides were mostly in a range 
from 0.018 µg·ml−1 to 0.087 µg·ml−1, with metconazole being the 
most efficient (Figure 2B). On the other hand, fluconazole, was 
the least efficient (EC50 = 2.33 µg·ml−1; 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 LmErg11 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 LmErg11 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 µg·ml−1 and 10 
µg·ml−1 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 µg·ml−1 and the plant 
defense inducer benzothiadiazole (BTH) at rate 30 µM. BTH 
activates the B. napus immune system and provides protection 
against L. maculans (Šašek et al., 2012a). The protection provided 
by aescin was even more efficient than was that induced by the 
fungicide tebuconazole at rate 2 µg·ml−1. Aescin's protection was 
concentration dependent, and no significant effect was observed 
with aescin at the 2 µg·ml−1 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 

TABlE 1 | Effective dose (EC50) values of saponins against pathogenic fungi.

Fungal species Isolate EC50 [µg·ml-1]

Aescin Soyasaponin hederagenin

Microdochium nivale Mn30 29.40 ± 6.01 na na
Mn177 6.74 ± 0.84 >100.00 >100.00

Pyrenophora teres Pt17 11.40 ± 9.51 na na
Pt52 20.79 ± 5.14 97.61 ± 8.83 > 100.00

Leptosphaeria maculans Lm170 31.71 ± 3.29 na na
Lm1 28.62 ± 10.03 >100.00 >100.00
Lm2 25.21 ± 3.25 na na
Lm3 33.11 ± 6.49 na na
Lm4 25.52 ± 0.88 na na

Fusarium culmorum Fc107 >100.00 na na
Fc289 >100.00 na na

Zymoseptoria tritici Zt88 >100.00 na na
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

EC50 values [µg·ml−1] 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 EC50 > 100.00 indicate that precise values above 100 µg ml−1 could not be calculated. 
na, not analyzed.
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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 
µg·ml−1 decreased cotyledon growth to a similar extent as did 30 
µM BTH (Supplementary Figure 4). At higher concentrations 
(above 50 µg·ml−1), aescin caused chlorosis and necroses on leaves 
(Supplementary Figure 4). Treatment with 10 µg·ml−1 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 BnPR1 and SA-specific transcription factor 
BnWRKY70 genes previously characterized as being marker 
genes of activated SA pathway in B. napus (Šašek 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 (BnICS1). 
Given the strong induction of BnICS1 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 
µg·ml−1 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 µM 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 µg·ml−1 level, there 

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 EC50 values 
[µg·ml−1] ± SE at log10 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.
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was upregulated transcription of AtPR1 and AtICS1 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.

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 µg·ml−1). (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 µg·ml−1 rate at 5 days of growth in presence or 
absence of ergosterol (25 µg·ml−1). 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 µg·ml−1) or metconazole (2 µg·ml−1) for 24 h. Gene transcription was analyzed by qPCR, 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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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 EC50 values and compare 
more deeply saponin efficiency with that of synthetic fungicides.

EC50 values in the ranges 181–678 µg·ml−1 and 230–455 
µg·ml−1 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, 
F. solani, Pythium ultimum, Rhizoctonia solani, Botrytis cinerea, 
Alternaria alternata, A. porri, and Trichoderma harzianum) at 
10–1000 μg·ml−1, 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 β-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 EC50 values below 50 μg·ml−1 (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 EC50 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, 

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 µg·ml−1), tebuconazole, metconazole 
(Teb and Met; both at 2 µg·ml−1), BTH (30 µM), 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.
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FIgURE 5 | Aescin treatment triggers defense responses in B. napus. Cotyledons of B. napus were infiltrated by aqueous solutions of aescin (25 µg·ml−1), BTH (30 
µM), flg22 (1 µM), or a control treatment. (A) Gene transcription of pathogenesis-related BnPR1, BnWRKY70, and isochorismate-synthase 1 BnICS1 was analyzed 
by qPCR after 6 and 24 h of treatment, normalized to BnActin and BnTIP41, and compared to the corresponding control at 6 or 24 h (set as 1). Data represent 
mean ± SE from one biological experiment (four biological replicates), representative of three. (B, C) Content of salicylic acid (SA; B) and SA, JA, ABA- and auxin-
derived hormones in control- or aescin-treated plants (C). The content of hormones in plant tissue expressed as pmol·g−1 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-Ile, 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 qPCR, 
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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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), 

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 µg·ml−1) or a control treatment. (A) Gene 
transcription of pathogenesis-related AtPR1 and isochorismate-synthase 1 
AtICS1 was analyzed by qPCR 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 cm2 ± 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.
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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; Šašek 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 (Nováková 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 

together, our results suggest that aescin may constitute an 
attractive bioactive molecule with dual mode of action that could 
be found suitable for field application.
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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 
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of virulence factors or their actions (8, 9). Virulence of Pto DC3000 largely depends on the 
type III 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 β-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 ζ-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 × 109 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 

× 109 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 × 109 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 × 109 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 × 109 cfu/mL); the 

values represent mean and standard deviations from 20 biologically independent samples.

Research Article mBio

Month XXXX  Volume 0  Issue 0 10.1128/mbio.03589-22 3

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
Ju

ne
 2

02
3 

by
 1

60
.2

17
.2

05
.2

35
.

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


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 ζ-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. 1C and 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); (ii) measured in three replicates in 

EV but not in WC. In addition, the mean intensity in EV protein needs to be in the top 50% of all proteins, so only high-intensity 

proteins in EV are selected. Four types of proteins enriched or unique detected in EVs were highlighted: proteins related to 

virulence; proteins related to siderophore transport; candidate EV biomarkers; and proteins highly enriched in EVs compared 

with WC.

Research Article mBio

Month XXXX  Volume 0  Issue 0 10.1128/mbio.03589-22 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

9 
Ju

ne
 2

02
3 

by
 1

60
.2

17
.2

05
.2

35
.

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


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 II 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 II are also present at EVs produced by 
Pto DC3000 in untreated and mock-treated plants. Since cluster II 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 III 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 III 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 “β-lactam resistance” function are also present in 
cluster III, 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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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) 

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). 

(E) GO terms associated with clusters.
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immune receptors responsible for recognition of flg22 and elf18, respectively (42). The 
Pto DC3000 EVs triggered FRK1 gene expression in wild-type (WT) and efr-1 mutants to 
similar levels (Fig. 4D). No FRK1 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 ΔfliC 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

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

Locus tag Subcellular localization Product descriptiona 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 F0F1 ATP synthase subunit B EV “core”
aMFS = Major Facilitator Superfamily; PQQ = pyrroloquinoline quinone; ABC = ATP-binding cassette.
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FIG 4 Immunogenic activities of Pto DC3000 EVs are mostly dependent on flagellin-induced responses. (A) Pto DC3000 

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

EDTA). Three biological repeats, each consisting of 12 independent samples were performed. The dots with the same color 

represent independent samples from one biological 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 FRK1 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 ≈1.1010/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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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. S5C). 
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 ζ-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 ζ-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 ζ-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 ζ-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 ζ-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 ζ-potential profiles of EVs recovered from 

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 ≈1.1010) without and with proteinase K treatment (PK+ PMSF [phenylmethylsulfonyl fluoride]), 100 nM 

flg22, and particles (concentration ≈1.1010) 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 × 1010/ mL) from Pto DC3000 wild-type (WT) and ΔfliC 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 ≈1.1010) 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.
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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) ζ-Potential of the particles. For A–C, the variants represent: 

n.t., nontreatment (n = 4); control, 10 mM MgCl2 (0 dpi, n = 5; 3 dpi, n = 8); Pto DC3000 (OD600 = 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 ζ-potential for particles detected in Arabidopsis apoplast 

treated with MgCl2 (control; D) for 3 days, with Pto DC3000 (Pto; OD600 = 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).
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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. aeruginosa (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

Locus tag UniProt ID Subcellular localization Name Other

PSPTO_0554 Q88A43 Outer membrane Organic solvent tolerance protein
PSPTO_0569 Q88A28 Outer membrane Autotransporting lipase, GDSL family EV unique detected
PSPTO_1207 Q887S9 Outer membrane Iron(III) dicitrate transport protein fecA Siderophore transport
PSPTO_1296 Q887J6 Outer membrane Porin B
PSPTO_1437 Q886Y7 Outer membrane Lysyl-tRNA synthetase
PSPTO_1542 Q886N5 Outer membrane Outer membrane protein
PSPTO_1720 Q885W1 Outer membrane Outer membrane protein
PSPTO_2272 Q883S8 Outer membrane Outer membrane lipoprotein OprI
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 HflK protein
PSPTO_4977 Q87VG0 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
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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 ΔfliC mutants show proteinase K (PK)-sensitive detection of OprF. (D and 

E) β-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 α-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 ΔfliC 
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 β-lactamase (56). Given that two genes annotated with the “β-lactam 
resistance” function were present in cluster III and although not detected in our 
proteome samples, we reasoned that β-lactamase could be present in Pto DC3000 EVs. 
Using anti-β-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 β-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 β-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 β-lactamase was more accessible to ampC immunogold 
labeling when EVs were disrupted, consistent with β-lactamase present in the lumen of 
Pto DC3000 EVs. Having identified two possible markers for Pto DC3000 EVs, membrane-
bound OprF and soluble β-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).
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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 β-lactamase (Fig. 6D). Several studies demonstrated that EVs 
can improve bacterial survival during antibiotic exposure. S. maltophilia produced more 
EVs upon treatment with the β-lactam antibiotic imipenem (56, 61). Its EVs contained 
β-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 β-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 µg/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 OD600. Pto DC3000 ΔfliC was cultivated at 28°C in KB medium 
containing 50 µg/mL rifampicin and 5 µg/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 β-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 µL 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 μE·m−2·s−1).

Extraction and purification of bacterial EVs

EVs were routinely isolated from planktonic cultures across growth phases (Fig. S8A). 
The starting inoculum was OD600 = 0.01. Samples were taken according to incubation 
time, evidently slightly differing in the then measured OD600, 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 × g for 2 × 20 minutes, the supernatant was decanted and passed 
through a 0.22-µm membrane (fluid samples; Fig. S1C). Particles were pelleted from the 
cell-free supernatant at 100,000 × 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 × 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 × g for 2 hours, and the pellets were each 
resuspended in 0.16 mL 1 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 
ζ-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 × g for 20 minutes at 4°C. The resulting apoplastic wash was passed through a 
0.22-µm membrane (apoplastic fluid samples). To confirm the successful filtering of 
apoplastic fluids, 5 µL was incubated on LB plates containing 50 µg/mL rifampicin. No 
Pto DC3000 colonies were detected after 3 days. For SEM pictures and immunoblots 
detecting ß-lactamase and TET8, apoplastic fluids were additionally ultracentrifuged for 
1 hour at 100,000× g. The pellet was resuspended in 100 µL 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 
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analysis of variance (ANOVA) with Tukey post hoc test or Welsch’s ANOVA with Dunnett’s 
T3 multiple comparisons post hoc test.

All samples were diluted in particle-free 1 mM EDTA buffer and checked with NTA. 
Unconditioned KB medium contained up to 1.4 × 109 particles (Fig. S2A). Pto DC3000 
cultures contained increasing particle numbers with cultivation time: ≈2.8 × 109 particles 
at 1.5–2 × 109 cfu/mL (50% of influence); ≈3.7 × 109 particles at 2.25–2.75 × 109 cfu/mL 
(37% of influence), ≈7 × 109 particles at 3.75–4.5 cfu/mL (20% of influence), and ≈1.1 × 
1010 particles at 5–5.5 × 109 cfu/mL (13% of influence) (Fig. S2A). We, therefore, focused 
our measurements on samples collected from OD600 >7.5, which shows lower than 20% 
influence of particles from the medium. We calculated the colony-forming units per 
milliliter from measured OD600 values (71, 72).

For proteinase K treatment, EVs were incubated with 10 µg/mL proteinase K (NEB, 
P8107S) or mock treated for 30 minutes at 37°C before boiling in Lämmli 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 OD600 = 1–2 and OD600 = 3–4. Propidium 
iodide (PI) (Sigma-Aldrich) was added to a final concentration of 20 µM. After 10 minutes 
incubation time, 5 µL 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 40×/0.60 dry objective. PI was excited at 642 nm, and the emission range 
was 100%. As a negative control, bacteria were boiled in a microwave for several minutes 
before PI staining. Two technical replicates were performed for OD600 = 1–2 and OD600 = 
3–4, respectively.

Scanning electron microscopy

Planktonic-grown  bacteria  at  OD600  =  3–4  (1.5–2  ×  109  cfu/mL),  gradient-collected 
EVs  (0.5–1.5  ×  1010  particles),  and  apoplastic  fluids  passed  through  0.2  µm  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  MgCl2.  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%  OsO4  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 OD600 = 3–4 (1.5–2 × 109 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, Münster, Germany).
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For immuno-negative staining, freshly purified EVs from Pto DC3000 were used. 
Herein, 15 µL 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 1× 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 1× PBS) for 
30 minutes. This was followed by washing six times for 5 minutes with 0.1% BSA in 1× 
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 × 5 minutes with 
0.1% BSA in 1× PBS, 2 × 5 minutes with 1× PBS, and 2 × 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 µL 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 × 2k slow-speed CCD camera (TRS Tröndle Restlichverstärker-Systeme, Moorenweis, 
Germany).

Pto DC3000 infection assay

Overnight plate-grown Pto DC3000 cells were resuspended in 10  mM MgCl2 and diluted 
to OD600 = 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 ≈1.1010) 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 MgCl2. Serial 
dilutions were plated on LB medium with rifampicin (50 µg/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 ≈1.1010), 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 NaPO4, 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 ImageJ 
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 ≈1.1010) 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 Na2EDTA; 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-β-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-qPCR analysis

Gene transcription analysis was performed with 12-day-old seedlings. The seedlings 
were treated with gradient-enriched EVs (concentration 1.1010) 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 µg 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 qPCR using a LightCycler 480 SYBR Green I 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 µL of media either containing 
0.02 mM EDTA as a control or gradient-collected Pto DC3000 EVs (concentration ≈1.1010) 
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 ≈1.1010) or particles isolated from KB. After 2 hours, discs were 
excised from the infiltrated leaves and 24 hours incubated in ddH2O 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 (OD600 = 3–4 (1.5–2 × 109 cfu/mL). The cells were 
pelleted via centrifugation (12,000 × g for 10 minutes).

Briefly, for WC, the pellet was resuspended in 1 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 × g for 10 minutes at 4°C, and 
supernatants were collected and frozen in liquid nitrogen.

For OM preparations, the pellet was resuspended in 1 mL 20 mM Tris-HCl (pH 8.0), 
sucrose (20%), followed by adding 5 µL lysozyme (15 mg/mL) and 10 µL 0.5 M EDTA, 
incubation for 40 minutes on ice, and adding 20 µL 0.5 M MgCl2. After centrifugation 
at 9,500 × g for 20 minutes at 4°C, the pellet was resuspended in 1 mL ice-cold 10 mM 
Tris-HCl (pH 8.0) followed by sonication three times for 10 minutes on ice. The samples 
were then centrifuged at 8,000 × g for 5 minutes at 4°C, washed with cold 10 mM Tris-HCl 
(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 × g for 90 minutes 
at 4°C, the pellet was resuspended in ice-cold 10 mM Tris-HCl (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 1× SDS loading buffer. 
In-gel trypsin digestion was performed according to standard procedures (84). Briefly, 
2 µg of EV and OM samples and 20 µg 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 µm, Dr Maisch, 20 mm × 75 μm, self-packed) at a flow rate of 5 µL/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, 3µm, Dr Maisch, 400mm × 75 
μm, self-packed) and separated using a 50-minute gradient from 4% to 32% of solvent B 
[0.1% FA in acetonitrile and 5% (vol/vol) DMSO] at 300nL/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 4e5 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 5e4 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); 
β-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  Peqlab  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
R genes
hosphatidic acid

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.
. Introduction

During coevolution with their natural enemies, plants evolved
ery complex and multilevel mechanisms to defend themselves,
esulting in relatively very low success rate of invaders. Besides the
onstitutively based defense such as production of antimicrobial
etabolites or structural barriers, plants are endowed with wide

ange of inducible mechanisms leading to the immune response
o the invader. These processes are triggered by the recognition
f pathogen common structures; pathogen or microbe associated
olecular patterns (PAMPs or MAMPs). These structural deter-
inants are perceived by pattern recognition receptors (PRRs)
hich in turn initiate downstream early events leading to immune
esponse called PAMP-triggered immunity (PTI). Pathogens are
ble to overcome PTI by introducing effector molecules into the
lant cell promoting the virulence of the pathogen. Plants in turn
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ttp://dx.doi.org/10.1016/j.plantsci.2014.03.002
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©  2014 Elsevier  Ireland  Ltd.  All  rights  reserved.

produce R proteins (resistance proteins) capable to eliminate the
effect of effectors [1]. These early events triggered by pathogen
attack are followed by the activation of signaling cascades which
are regulated by plant hormones; key players in these processes are
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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umerous vitally important physiological processes but it has been
hown many times that cytoskeleton undergoes structural changes
n plant responses to the internal and external cues. Recent live
ell imaging techniques have revealed dynamic features and sig-
ificant roles of cytoskeleton during defense responses of plant
ells after pathogen recognition. Actin filaments (AFs) are focus-
ng at the site of infection and function as tracks for the polar
ransport of antimicrobial materials [12]. A few pieces of evidence
ere also given showing the involvement of actin cytoskeleton

earrangement in the signaling pathways involved in the induced
esistance. Actin-depolymerizing factor (AtADF4) mediates defense
ignal in Arabidopsis triggered by Pseudomonas syringae DC3000
13]. Reduced and delayed salicylic acid (SA) pathway marker gene
R-1 induction was observed within 12 hpi in plants silenced in
tADF4. Depolymerization of actin by cytochalasin E, the inhibitor
f actin microfilament polymerization, led to the increase of HR-
ike cell death and PR-1 expression in tobacco leaf discs and this
ncrease correlated with actin polymerization index [14].

Phospholipid signaling is obviously involved in early events trig-
ered by infection or chemicals which mimic  invasion of pathogen.
ey players of this signaling system comprise phospholipid metab-
lizing enzymes as well as products of their action. One of the latter
s phosphatidic acid, which can be produced by phospholipase D
r diacylglycerol kinase. PA notably plays a role in plant stress
ignaling and is now considered to be one of the principal second
essengers in plants. Li et al. [15] observed an increased density of

ctin filaments in the cortical array of Arabidopsis hypocotyl epi-
ermal cells following exogenous PA treatments. This is due to the

nteraction of PA with capping protein (CP) which binds with high
ffinity to the barbed ends of actin filaments blocking actin assem-
ly and disassembly. PA negatively regulates binding of CP and this

eads to the uncapping of actin filament ends, and thereby allowing
ssembly of new F-actin [16].

In the presented study we demonstrate that actin cytoskeleton
ynamics undergoes significant changes after exogenous treat-
ent of Arabidopsis plant with salicylic acid mimicking pathogen

ttack. We  also show that pretreatment of plants with PA abol-
shes the effect of SA on actin dynamics. Treatment of Arabidopsis
eedlings with cytoskeleton disrupting drugs leads to the induction
f SA responsive genes but not that of JA signaling pathway.

. Materials and methods

.1. Plant material

Surface sterilized seeds of Arabidopsis thaliana, ecotype
olumbia-0 with tagged fimbrin: 35S::GFP-fABD2 [17] were cul-
ivated in Petri dishes in MS  medium modified according to Illes
18,19] and solidified with 1.2% agar. Petri dishes were positioned
ertically into a growing chamber for 7–10 days and plants were
rown in conditions: 22 ◦C/20 ◦C, 8/16 h day/night cycle, light
10–150 �mol  m−2 s−1. All solutions were prepared with Milli-Q
ater.

For transcriptional analysis seedlings of A. thaliana ecotype Col-
 were grown in 24-well plates in 400 �L of MS  liquid medium [20]
or 10 days in a cycle of 10 h day (130 �E m−2 s−1, 22 ◦C) and 14 h
ight (22 ◦C) at 70% relative humidity. On the 7th day, the medium

n wells was changed for a fresh one.

.2. Plant treatment
For microscopy analyses Arabidopsis seedlings were treated
ith 10 �M cytochalasin E (Sigma–Aldrich) and 200 nM latrunculin

 (Sigma–Aldrich). Drugs were solved in DMSO (Sigma–Aldrich)
o prepare 1000x concentrated stock solutions which were then
ence 223 (2014) 36–44 37

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

Bion®50WG (Syngenta) pellets containing 50% of active com-
pound – BTH (1,2,3-benzothiadiazole-7-carbothioic acid S-methyl
ester) were dissolved in distilled water to obtain 1000x concen-
trated stock solution. Suspension was centrifuged 1 min at 5000 × g
and supernatant was  diluted by growing medium to the final
300 �M 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 �M cytochalasin E or 20 �M 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 �g 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 10 s,
55 ◦C for 10 s, and 72 ◦C for 10 s; 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′

AGT TGT TTG GAG AAA GTC AG 3′, RP: 5′ GTT CAC ATA ATT CCC ACG
A 3′, LOX2, AT3G45140, FP: 5′ ATC CCA CCT CAC TCA TTA 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 GTA TCC 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



38 J. Matoušková et al. / Plant Science 223 (2014) 36–44

0,1

1,0

10,0

100,0

1 000,0

re
la

tiv
e 

ex
pr

es
si

on

A

0,1

1,0

10,0

100,0

1 000,0

re
la

tiv
e 

ex
pr

es
si

on

B

0,1

1,0

10,0

100,0

1 000,0

re
la

tiv
e 

ex
pr

es
si

on

C

Ctrl LatB Ctrl LatB

6h 24h

PR-1

Ctrl Cyt E Ctr l CytE

6h 24h

PR-1

Ctrl Or y Ctr l Ory

6h 24h

PR-1

Ctrl Lat B Ctr l LatB

6h 24h

VSP2

PR-2

Ctrl LatB Ctrl LatB

6h 24h

PR-2

Ctrl Cyt E Ctr l CytE

6h 24h

PR-2

Ctrl Or y Ctr l Ory

6h 24h

AOS

Ctrl Lat B Ctr l LatB

6h 24h

WRKY38

Ctrl LatB Ctrl LatB

6h 24h

WRKY38

Ctrl Cyt E Ctr l CytE

6h 24h

WRKY38

Ctrl Or y Ctr l Ory

6h 24h

LOX2

Ctrl Lat B Ctr l LatB

6h 24h

0,1

1,0

10,0

100,0

1 000,0

re
la

tiv
e 

ex
pr

es
si

on

D

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 �M cytochalasin E (Cyt E) and (C) 20 �M 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
m ated w
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U
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arker  genes (LOX2, VSP2 and AOS) was measured by qPCR. Control plants were tre
rom  three (LatB, Ory) and four (CytE) biological replicates.

V–VIS–NIR water corrected objective or x63 (Plan-Apochromat
3x/1,40 Oil DIC) objective with 477 nm or 488 nm excitation with
rgon laser. Emitted light was captured using HFT488 beam splitter
nd a 505–550 nm band-pass filter.

Images of GFP – tagged actin filaments in epidermal cells were
aken before the treatment and in approximately 10 min  intervals
fter the treatment.

The images were usually taken from the tip of leaves in the
egion with perfectly flattened cells which helped to capture bigger

eaf area in a single optical section.

Cytoplasmic streaming in hypocotyls of A. thaliana seedlings,
as observed by Nomarski differential interference contrast
icroscopy using Nikon Eclipse E600 microscope (Nikon, Japan)
ith DMSO diluted with liquid growth medium (Ctrl). Values represent means ± SE

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 J 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
t ately 
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reated with (A) 1 mM salicylic acid, (B) 300 �M BTH (benzothiadiazole). Approxim
eaf  cells on abaxial side was  observed with confocal scanning microscope LSM 5 D
f  the same position and represent typical results from thirty repetitions for treatm

ictures were processed using Zeiss LSM Image Browser to choose
ccurate Z-plane and Adobe Photoshop software (Mountain View,
A, USA) to crop images to gain comparable areas in the sequences
f images. After recording, images were processed automatically
y scripts based on ImageJ, Perl and Gnuplot. The images were
ltered using FFT and custom Low Pass filters with specific ori-
ntation (step 10◦) and individual particles were recognized using
utomatic threshold. In this way the binary model of all individ-
al AFs (or bundles) with different orientation was generated. After
isual control of processed data, the length histograms (with 1 pixel
in size) were calculated. Detailed description of image processing

s in Supplemental Method and Figures S1–S6.

. Results

.1. Disruption of actin filaments leads to the induction of SA
athway

Kobayashi and Kobayashi [14] showed on tobacco leaf sec-
ions treated 48 h with cytochalasin E that the depolymerization
f actin filaments correlates with the induction of hypersensitive
esponse-like cell death and with the increased transcription of
cidic PR-1 and PR-2 defense genes. Both effects are the hallmark
f SA signaling pathway. This effect was significantly dependent
n the type of cytochalasin used and correlated with the degree
r probably the mechanism of depolymerization. While cytocha-
asins bind to the growing plus ends of actin filaments, latrunculin,
nother cytoskeletal drug, severely influencing actin dynamics, is
inding to the G-actin (monomer) and thus prevents the formation
f new filaments. We  were interested in the effect of latrunculin B
n the activation of early defense responses in Arabidopsis plants.
en days old seedlings grown in liquid MS  medium were treated
ith 200 nM latrunculin B. The increased expression of SA marker

enes PR-1, PR-2 and WRKY38 was observed already 6 h after treat-

ent followed by massive induction after 24 h, more than 1000

imes 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
ith 10 �M cytochalasin E (Fig. 1B). The level of the expression of
4 �m of cortical layer beneath the plasma membrane (400 nm steps) of epidermal
eiss) before and up to 40 min after treatment. Pictures show single optical sections
ith SA and five repetitions for BTH. Bars represent 10 �m.

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 �M oryzalin, drug which binds to plant tubulin and depolymer-
izes MT.  We  observed some effect on the expression of the SA
marker genes only 24 h after treatment. The relative expression
was 100 times lower when compared with the level of expression
in plants treated with latrunculin B and cytochalasin E (Fig. 1C).

3.2. Salicylic acid 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 �M cytochalasin E. Approximately 4 �m of cortical layer beneath
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r
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he  plasma membrane (400 nm steps) of epidermal leaf cells on abaxial side was  o
fter  treatment. Pictures show single optical sections of the same position and re
epetitions for treatment with latrunculin B and cytochalasin E. Bars represent 10 �

apidly increased. This is due to the significantly augmented quan-
ity of short, perished filaments with the length below 5.7 �m,
hile number of longer filaments decreased (Table 1). Treatment

f plants with 300 �M benzothiodiazole (BTH), functional analog

f SA, gave similar results to the effect of salicylic acid (Fig. 2B).
o exclude the effect of pH changes caused by SA, we  did the
xperiment with equal concentration of 4-hydroxybenzoic acid, the
nactive analog of SA, with similar acid dissociation constant (pKa)

able 1
istribution of actin filament (AF) length after treatment with 1 mM salicylic acid (SA) ± S

Time after SA [min] 0 1–

Number of AF 0–5.7 �m [%] 56.5 ± 0.9 4
Number  of AF >5.7 �m [%] 43.5 ± 0.9 3
Sum  [%] 100 ± 0 
ed with confocal scanning microscope LSM 5 DUO (Zeiss) before and up to 20 min
t typical results from thirty repetitions for treatment with salicylic acid and five

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 �M cytochalasin E, mimics more frequently process
induced by salicylic acid regarding the fragmentation of actin fibers

D (n = 3–7).

20 21–40 41–60

7.3 ± 5.7 42.1 ± 3.8 120.3 ± 16.1
9.7 ± 1.2 34.8 ± 3.3 28.5 ± 2.56
87 ± 6.4 76.9 ± 6.7 148.8 ± 18
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ig. 4. Effect SA on the cytoplasmic streaming. 7-days-old Arabidopsis 35S::GFP-fA
ere  captured 10 s by differential interference contrast (DIC) microscopy before tre

ach  row represents tracking of chosen particle movement during 10 s. Images repr

ut the time course was slightly different. Ten minutes after treat-
ent with latrunculin B many actin filaments disappeared but

nlike in salicylate treatment, fragmentation of fibers began ear-
ier, already after 5 min. Formation of thick bundles started also
arlier after latrunculin B compared to salicylic acid (Fig. 3).

Dynamics of actin cytoskeleton is tightly connected with cyto-
lasmic streaming. We  therefore measured velocity of cytoplasmic
treaming during 40 min  after 1 mM SA treatment in anisotropic
ypocotyl cells, where streaming is more obvious than in epider-
al  leaf cells. Movement of the tracked particle in the cytoplasm
as nine times faster in the control cell than in treated cells (Fig. 4).

n addition, SA caused disappearing of many particles in the cyto-
lasm. Cytoplasmic strands kept moving for entire experiment
eriod, but speed of motion decreased.

.3. Phosphatidic acid prevents the effect of SA on the actin
laments

Phosphatidic acid (PA) binds to the capping protein (CP) and
his interaction leads to the release of this protein from barbed
nds of actin filaments resulting in an increased density of fila-
ent arrays [15,24]. In accordance with these findings we observed

he increased number of fibers in Arabidopsis leaf epidermal cells

pproximately 20 min  after addition of water soluble 10 �M dioc-
anoyl PA (Fig. 5A). This effect was followed by extensive filament
undling, which was demonstrated by relative decrease of the
umber of filaments.
eedlings were treated with 1 mM salicylic acid. Image sequences of hypocotyl cells
t (A), 10 min  (B) and 40 min  (C) after 1 mM salicylic acid treatment. Last picture in

 results of typical experiment from three repeats. Bar represents 10 �m.

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 �M 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 �M 1,2-dioctanoyl-sn-glycerol 3-phosphate sodium salt (PA) and (B) pretreated 11 min  with 10 �M PA followed by 1 mM salicylic acid application.
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pproximately 4 �m of cortical layer beneath the plasma membrane (400 nm steps
SM  5 DUO (Zeiss) before and up to 40 min  after treatment. Pictures show single
xperiment from fifteen repeats. Bars represent 10 �m.

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

alculated.
Discrete values in the plots represent normalized number of

ctin particles at defined time points before and after treatment.
he changes of particle numbers in time were characterized by
tting the data by linear function using least squares method for
ll parallel experiments. Image evaluation of parallel experiments
howed in Fig. 6B confirmed rising population of actin filaments
bserved up to 25 min  after treatment with 10 �M PA.

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

. Discussion

.1. Disruption of actin filaments leads to the changes in defense
enes transcripts

Vast majority of the research focused on the role of actin
ytoskeleton in the processes by which plants respond to the
athogen attack was based on the pharmacological attitude using
ytochalasins as drugs influencing the actin cytoskeleton dynam-
cs [12]. Actin filament disruption by these drugs typically led
o the higher susceptibility mostly toward oomycetes and fungal
athogens. This is probably caused by an inhibitory effect of these
rugs on cytoplasmic streaming by the disruption of subcortical

ctin filaments within 1 h of the treatment [25]. Conversely, latrun-
ulins A and B caused cessation of streaming only after much longer
reatment period, over 1 day, and at relatively very high concentra-
ions (200 �M).  In accordance with this finding Henty-Ridilla et al.
idermal leaf cells on abaxial side was  observed with confocal scanning microscope
al sections of the same position. Each set of images represents results of typical

[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
JA responsive 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 (Skůpa P. and Dobrev P., unpublished
results).

Basal level of SA in A. thaliana is 250–1000 ng g−1 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 �M 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 �M 1,2-dioctanoyl-sn-
glycerol 3-phosphate sodium salt (PA) and (C) 10 �M PA 11–18 min  before 1 mM SA
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as  added. In all series taken to the evaluation (six to eight in each experiment) the
umber of particles was  set to 100% in the time zero. Different symbols represent
ach experiment. Coefficient of determination R2 for each experiment is calculated.

evertheless changes in actin filament network were too feeble
data not shown). Cellular responses to the pathogen, instead of
eing diffused in the cell, tend to be localized in focused regions
here the defense molecules are accumulated [31]. Thus we

ssumed that SA concentration could be also locally elevated and
ndeed when 1 mM SA was used for the treatment of leaves, we
bserved shrinkage and fragmentation of actin filaments within
0 min. In our experiments, three different dynamic patterns of
ctin depolymerization caused by SA were observed. Nevertheless
ost often actin filaments fragmented into short fibers or dots and

his pattern was similar to the mode of depolymerization caused
y latrunculin B rather than the one after cytochalasin E treatment,
hich we used as a reference. So these changes in actin dynamics
fter SA treatment might be explained by the mechanism shared
ith latrunculin B, it means lower assembly rate of G actin units

32]. Different actin filament pattern observed after treatment with
atrunculin B or cytochalasin E was also noticed in animal cells [33].
ence 223 (2014) 36–44 43

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�), 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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he majority of the filament length is within the range from 0.5
o 10 �m [42]. Disruption of actin filaments after SA treatment
ed to the formation of shorter fragments (Table 1), size of which
orresponds to filaments formed in vitro. Thus we  can speculate
hat SA can also, in later phases, initiate the process leading to the
egeneration of actin network needed for successful defense.
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Actin depolymerization is able to 
increase plant resistance against 
pathogens via activation of salicylic 
acid signalling pathway
Hana Leontovyčová1,2,4, Tetiana Kalachova  2, Lucie Trdá  2, Romana pospíchalová2, 
Lucie Lamparová1,2, Petre I. Dobrev  3, Kateřina Malínská  3, Lenka Burketová  2, 
olga Valentová1 & Martin Janda  1,2,5

The integrity of the actin cytoskeleton is essential for plant immune 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 
of isochorismate 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 immunity1,2, both by providing a physical barrier and by its 
involvement in the transport of callose, antimicrobial compounds and cell wall components to an infection site3. 
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 defense4,5. 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 syringae5–7. 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 effector8. This is because ADF4 is neces-
sary for the expression of RPS5, the resistance protein that recognises AvrPphB9. 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 infection10. ADF4 plays an indispensable role in the actin reorganisation 
upon elf26, but not in response to chitin4. 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 cytoskeleton6,7. Another effector, HopG1, was shown to affect the remodelling of the actin cytoskeleton in 
Pst DC3000-infected A. thaliana11. Furthermore, treatment with cytochalasin E increased the penetration of A. 
thaliana plants by Colletotrichum species12 and the rate of entry to barley by Blumeria graminis f. sp. hordei13. 
Non-host resistance to Erysiphe pisi decreased after treatment with cytochalasins in barley, wheat, cucumber 
and tobacoo14, 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 
resistance15. 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 
cichoracearum16. Furthermore, both cytochalasin E and latrunculin B induced the transcription of several SA 
marker genes (AtPR-1, AtPR-2 and AtWRKY38) in A. thaliana seedlings17. 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 24 h 
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 isoforms18. 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-
way19,20, 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.21 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 media21. 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 µM 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-hydroxylase23, and sid2, a knock-out mutant of the AtICS1 
gene24. 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, BnICS1) (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 ICS1, ICS2, PAL1, PAL2, PAL3 and PAL4. Seedlings were treated for 24 h with 200 nM 
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 µM 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 µM 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 µM 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 24 h 1 µM latB treatment. Plants 
were treated for 24 h with 1 µM 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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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, BnICS1 
was not induced, indicating a transient effect of actin depolymerisation on BnICS1 transcription (Fig. S7). The 
treatment of B. napus with 10 µM 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 µM 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. maculans25. 
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 µM latrunculin B and L. maculans conidia also induced resistance (Fig. 3b).

Discussion
Our results indicate that depolymerized actin can trigger resistance to bacterial or fungal 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 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 
24 h with infiltrations of 0.2, 1 or 10 µM 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 µM or 
10 µM) 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 µM latB or 0.5% DMSO. The bars correspond to 500 µM. 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; 
***P < 0.001; two tailed Student’s t-test).
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with cytoskeletal drugs to pathogens5–7,12,13,15. 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.11. Other previous studies using actin-depolymerizing 
drugs showed higher susceptibility to Pst DC3000 when co-inoculation was used5–7(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.5 showed that treatment with flg22 induces actin reorganization, 
while elf26 does not5. Contradictorily to that, in epidermal cells of hypocotyl grown in the dark, Henty-Ridilla 
et al.4 showed that elf26 induces reorganisation and flg22 does not4 (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 period25. 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 resistance26–28. Our study shows that SA pathway, specifically induced by actin 
depolymerization, is more powerful despite the missing actin dynamics.

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 
pathogens. latB = latrunculin B; cytE = cytochalasin E; SA = salicylic acid; ICS1 = isochorismate synthase 
1;  = fungi;  = bacteria.
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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 Kobayashi16 showed that treatment with cytochalins induce NtPR1 transcription 
in tobacco. Additionally, cytochalasin E primed tobacco cells to induce HR-like cell death in presence of Erysiphe 
cichoracearum. We can speculate that it could lead to higher resistance against this biotrophic pathogen but it was 
not explicitly tested16. We confirmed the induction of AtPR-1 gene upon treatment with cytoskeletal depolym-
erizing drugs in A. thaliana17,29. Recently it was shown that overexpression of AtPRF3, which leads to depolym-
erization of actin filaments, increased ROS production upon flg22 treatment30. 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 pathway31,32. A well char-
acterised example is the internalization of FLS2, which is dependent on the actin-myosin complex33. 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 β1 and 
β2 (pi4kβ1β2), which has been shown to alter vesicle trafficking and constitutively increase SA concentration34,35. 
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)24; nahG23 and pUBC::Lifeact-GFP36. 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), 5 g sucrose, 5 g 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 μL of liquid MS medium per well. The plants were cultivated for 10 days under a short-day photoperiod 
(10 h/14 h light/dark regime) at 100–130 μE m−2 s−1 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 μE m−2 s−1 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 (10 h/14 h light/dark regime) at 100–130 μE m−2 s−1, 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 14 h/10 h light/dark regime (25 °C/22 °C) at 150 μE m–2 s–1 and 30–50% 
relative humidity. True leaves were removed from 14-day-old plantlets to avoid cotyledon senescence.

Treatment with chemical compounds. As actin 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 
200 nM latrunculin B or 0.01% DMSO control. Fully-developed leaves from four-week-old A. thaliana grown 
in soil were infiltrated either with 200 nM or 1 µM latrunculin B (0.01% or 0.05% DMSO as respective controls) 
or with 1 µM or 10 µM 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 200 nM 
latrunculin B (0.01% DMSO control) or 10 µM cytochalasin E (0.25% DMSO control). Four-week old A. thaliana 
were infiltrated with 200 nM (0.01% DMSO) or 1 µM latrunculin B (0.05% DMSO) for 24 h. The 10-day-old cot-
yledons of B. napus were infiltrated either with 1 µM or 10 µM latrunculin B or with 10 µM 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 MgCl2 (OD600 = 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 (OD600 = 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 MgCl2, and diluted to an OD600 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 v23.1.325,37 was used to inoculate B. napus. 
After harvesting, conidia obtained according to Šašek et al.25 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 (105 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 isolate38 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 μg 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 10 s, 55 °C for 20 s, 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 v1.1.2139. 
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 by40. 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/H2O/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 μl 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 by41. 
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 40× C-Apochromat objective 
(NA = 1.2 W) or a 20x Plan-Apochromat objective (NA = 0.8). GFP fluorescence (excitation 488 nm, emission 
489–540 nm) was acquired in z-stacks (20–25 µm 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/)42 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 (OD600 = 0.01) in liquid LB or liquid MS medium. To this suspension, latrunculin B (200 nM or 
1 µM) or DMSO (0.05% or 0.01%) was added. The OD600 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. maculans38 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 µM), cytochalasin E (1, 10 µM) 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 535/25 nm 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), 10 mL phenol, 10 mL glycerol, 10 mL dH20, 40 mg trypan blue (final concentration 10 mg.mL−1) for 30 min 
due to Fernández-Bautista et al.43. 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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Summary

� Phospholipids have recently been found to be integral elements of hormone signalling path-

ways. An Arabidopsis thaliana double mutant in two type III phosphatidylinositol-4-kinases

(PI4Ks), pi4kIIIb1b2, 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-

qPCR) and multiple phytohormone analysis by LC-MS we investigated the mechanism

responsible for the pi4kIIIb1b2 phenotype.
� The pi4kIIIb1b2 mutant accumulated a high concentration of salicylic acid (SA), constitu-

tively expressed SA marker genes including PR-1, and was more resistant to Pseudomonas

syringae. pi4kIIIb1b2 was crossed with SA signalling mutants eds1 and npr1 and SA biosyn-

thesis mutant sid2 and NahG. The dwarf phenotype of pi4kIIIb1b2 rosettes was suppressed in

all four triple mutants. Whereas eds1 pi4kIIIb1b2, sid2 pi4kIIIb1b2 and NahG pi4kIIIb1b2
had similar amounts of SA as the wild-type (WT), npr1pi4kIIIb1b2 had more SA than

pi4kIIIb1b2 despite being less dwarfed. This indicates that PI4KIIIb1 and PI4KIIIb2 are geneti-

cally upstream of EDS1 and need functional SA biosynthesis and perception through NPR1 to

express the dwarf phenotype. The slow root growth phenotype of pi4kIIIb1b2 was not

suppressed in any of the triple mutants.
� The pi4kIIIb1b2 mutations together cause constitutive activation of SA signalling that is

responsible for the dwarf rosette phenotype but not for the short root phenotype.

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 NDR1, proteins that regulate SA
biosynthesis (Vlot et 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 et al., 2006; Lee
et al., 2010), vegetative growth (Scott et al., 2004), senescence
(Vogelmann et al., 2012) and stomatal closure (Khokon et al.,
2011; Kalachova et al., 2013).

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 et al., 2009). In Arabidopsis, ICS and PAL
enzymes are encoded by two and four genes, respectively. The
ics1 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 et al., 2010).

Exogenous SA treatment of plants induces a signalling pathway
leading to changes in gene expression (Krinke et al., 2007; van
Leeuwen et al., 2007; Ee et al., 2013). Transcription of the vast
majority of SA-regulated genes is dependent on
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NONEXPRESSOR OF PR GENES1 (NPR1) (Wang et al.,
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 et al., 2013). We previously showed that phosphatidylino-
sitol-4-kinases (PI4Ks) are activated when Arabidopsis thaliana
suspension cells respond to SA (Krinke et 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 (PI4,5P2) together is < 3% of the total amount of
PI (Mosblech et al., 2008). Despite their low abundance, PI4P
and PI4,5P2 participate in a plethora of fundamental cellular pro-
cesses, such as membrane trafficking, cytoskeleton remodelling
and signal transduction pathways (Michell, 2008; Ischebeck
et al., 2010; Munnik & Nielsen, 2011). Thus PI4K action is a
potential central regulation point for signalling events involving
these lipids (Delage et 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 III
PI4Ks are inhibited by micromolar concentrations of wortman-
nin, a steroid metabolite produced by the fungi Penicillium
funiculosum (Delage et al., 2012a). By crossing and characterizing
two Arabidopsis mutant lines, Preuss et al. (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
PI4Ka1 isoform, the only other type III PI4K in Arabidopsis. In
doing these experiments, we noted the severe growth defects and
yellowing of pi4kIIIb1b2 plants, as already observed by Preuss
et al. (2006).

Here, we investigate the mechanisms responsible for the phe-
notype of Arabidopsis double mutant that is defective in the two
PI4K genes, PI4KIIIb1 and PI4KIIIb2. We show that
pi4kIIIb1b2 has constitutively high PR-1 expression and SA con-
centrations. When the pi4kIIIb1b2 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 pi4kIIIb1b2 was
not reverted in the triple mutants. Therefore the dwarf phenotype
of pi4kIIIb1b2 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 pi4kIIIb1b2
(SALK_0404799 SALK_098069) were cultivated in Jiffy 7 peat

pellets at 22°C with daily cycles of 16 h of light
(130 lmol m�2 s�1) and 8 h of dark at 70% relative humidity
and were watered without fertilizers.

For microarray analysis, plants were grown on 0.59Murashi-
ge and Skoog (MS) medium basal salt, pH 5.7 (Duchefa,
Haarlem, the Netherlands), supplemented with 0.5 g l�1 2-(N-
morpholino) ethanesulphonic acid (MES), 10 g l�1 sucrose and
8 g l�1 agar. Seeds were stratified for 3 d at 4°C. Plates were
placed horizontally in continuous light (100 lmol m�2 s�1) at
22°C. RNA samples were prepared from 15-d-old seedlings.

For root assays, plants were grown in square plates on 0.59MS
basal salt medium, pH 5.7 (Duchefa), supplemented with
0.5 g l�1 MES and 8 g l�1 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 lmol m�2 s�1) 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
ImageJ software (Schneider et al., 2012).

Quantitative reverse transcription polymerase chain
reaction (RT-qPCR) 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 et al. (2012). Relative expression was calcu-
lated with efficiency correction and normalization to SAND
expression (Czechowski et al., 2005). The list of qPCR primers is
shown in Supporting Information, Table S1.

Transcriptome studies

Microarray analysis was carried out at the Unit�e de Recherche en
G�enomique V�eg�etale (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/; Projects, AU10-10_Froid)
according to the ‘Minimum information about a microarray
experiment’ standards.

Lipid extraction and analysis

Total lipids were extracted as described by Rainteau et al. (2012).
Phosphoglycerolipids and galactolipids were analysed by mass
spectrometry in the multiple reaction mode as previously
described (Rainteau et 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 10 h of light
(230 lmol m�2 s�1) 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 MgCl2 and diluted to
an OD600 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 24 h 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-HCl (pH 8.5)
for 1 h. To prepare reaction solution, 7 mg of luminol (Fluka,
Switzerland) was dissolved in 100 ll 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 ll of reaction solution and the
plate was immediately inserted into an Infinite F200 plate
reader (Tecan, M€annedorf, Switzerland). Chemiluminescence
was continuously measured at 26°C for 50 min with a 5 s 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 n� 3) and old leaves (rank n� 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 CO2 with a CDP7501 critical point
dryer (Quorum Technologies Ltd). Samples were sputter-coated
with gold and observed with a S260 Cambridge scanning elec-
tron microscope at the Service de Microscopie Electronique of
Paris 6 University (France).

Transmission electron microscopy

Sample preparation and observation were performed as described
by Sasek et al. (2012). Micrographs were taken with a Mega View
III camera with analySIS Pro 3.2 software (Soft Imaging System
GmbH, M€unster, Germany). For morphometry, 30 micrographs
of plastids and unit areas of plastids (3.7 lm2 at 950 000 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

pi4kIIIb1b2 double mutants were crossed to each of eds1-2,
npr1-1, NahG and sid2-5. Homozygous plants were identified in
the F3 generation using PCR or restriction analysis. T-DNA
insertions characteristic of pi4kIIIb1b2 plants were detected
using the following primers flanking the insertion: for
SALK_040479, 50-AGGACGTAACCAGAGGGGTAG-30 and
50-CGTTGTGACCCGTCATTAATC-30; and for SALK_098
069, 50-ATGAACGAAATTGGGTTCTCC-30 and 50-AAA
CCTCCTTATCTTCCGCTG-30 together with the LBb1.3
primer (50-ATTTTGCCGATTTCGGAAC-30) aligning to the
left border of the insertion. The T-DNA insertion in sid2-3
SALK_042603 described by Gross et al. (2006) was detected with
50-ACCCTAATTTGGATTTGGTGC-30 and 50-AGCTCTA
GGCCTAGTTGCAGC-30 together with the LBb1.3 primer.
Plants carrying the eds1-2 mutation (Falk et al., 1999) were
detected with primers flanking a deletion in the mutant, 50-
CCAAATGTTTACCTTGAGCCTCGT-30 and 50-ATCCAT
TCTCCAAGCATCCCTTCT-30. The PCR product from WT
is 1493 bp, whereas the eds1-2 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, 50-
AACAACTCGGACGCCATTCTTCA-30 and 50-GCAATC
ATTCCGTTTGGCTTCAGT-30. These primers amplify an
878 bp product from the WT but no product from eds1-2. Plants
carrying the npr1-1 mutation (Cao et al., 1997) were detected
with primers flanking a point mutation, 50-CGTGTGCTCTTC
ATTTCGCTGT-30 and 50-GTGCGGTTCTACCTTCCAAA
GTT-30. These primers give a PCR product of 209 bp that, if
from the WT, can be cleaved with NlaIII/Hin1II but not if from
npr1-1 (New England Biolabs, Ipswich, MA, USA). Plants
expressing the bacterial salicylate hydroxylase NahG (Delaney
et al., 1994) were detected with the primers 50-GAC-
GCCCTAGTAACTCACC-30 and 50-TGATGATGCCGCC
ATTCC-30, which give a PCR product of 370 bp. In the F2 pop-
ulation we identified a NahG 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
pi4kIIIb1b2 lines were selected in the F3 of each cross to confirm
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that the differences in triple mutant phenotypes were not a result
of other genetic elements.

Results

The pi4kIIIb1b2 double mutant has a dwarf phenotype

The pi4kIIIb1b2 plants (SALK_040479 and SALK_098069)
were previously identified and characterized by Preuss et al.
(2006). In their study and in our previous work (Delage et al.,
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 pi4kb2 mutant and the WT plants was
detected. Rosettes of pi4kb1 plants were smaller than the WT and
occasionally showed leaf yellowing. The pi4kIIIb1b2 double
mutant had a strong dwarf phenotype and frequent yellowing of
older leaves (Fig. 1a). The inflorescence of pi4kIIIb1b2 was less
than half as tall as the WT (Fig. S1a). The dwarfism of
pi4kIIIb1b2 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 n� 3) and old (rank n� 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 pi4kIIIb1b2 leaves were c. 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 pi4kIIIb1b2 mutant leaves was
a result of having fewer and smaller cells.

Root length was assayed in in vitro cultured plants. Roots of 8-
d-old in vitro grown seedlings were visualized by light microscopy
(Fig. 1e). As described by Preuss et al. (2006), the pi4kIIIb1b2
mutant has shorter roots than the WT (Fig. 1f). As already
described by Kang et al. (2011), the pi4kIIIb1b2 double mutant
roots have irregular-shaped cortical cells. They also had abnormal
root hairs (Fig. 1e). 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 pi4kIIIb1b2 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 pi4kIIIb1b2mutant

Transcripts were extracted from 2-wk-old seedlings grown in
vitro, and the pi4kIIIb1b2 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 pi4kIIIb1b2 double mutant,
such as the PR-1, ORG1 (OBP3-RESPONSIVE PROTEIN 1),

ORG2 and ORG3 genes (Kang et al., 2003). At2g44240,
At1g21190 and At1g14880 were also induced by SA in Arabidop-
sis suspension cells (Krinke et al., 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 1.2A), a gene positively regulated

(a) (b)

(c)

(e)

(f) (g) (h)

(d)

Fig. 1 Morphometric analysis of Arabidopsis pi4kIIIb1b2 plants grown in
soil (a–d) and in vitro (e–h). (a) Photographs of typical wild-type (WT),
pi4kIIIb1, pi4kIIIb2 and pi4kIIIb1b2 plants. (b) Scanning electron
micrographs of young rank n� 3 (top) and old rank n� 7 (bottom) leaves
fromWT and pi4kIIIb1b2 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 pi4kIIIb1b2 (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; pi4kIIIb1b2, open bars.
All graphical data are presented as means� SE. Statistically significant
differences compared with WT plants: **, P < 0.01, Student’s t-test.
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by jasmonic acid (JA). SA is known to repress the JA pathway
(Spoel et 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 pi4kIIIb1b2 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 in 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 pi4kIIIb1b2 in a similar
way as in in vitro seedlings.

To understand the difference in intensity in gene expression
between seedlings grown in vitro and soil-grown plants, we moni-
tored PR-1 expression and rosette FW in soil-grown plants for
the first 29 d. We found that, as plants age, more PR-1 is
expressed in the pi4kIIIb1b2 double mutant (Fig. 2b). The dwarf
phenotype was also more pronounced in older plants (Fig. 2a).

pi4kIIIb1b2 plants have constitutively high concentrations
of SA

The constitutively high expression of SA-induced genes in
pi4kIIIb1b2 plants made us wonder whether SA metabolism was

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, IAA, 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 pi4kIIIb1b2
mutants. While the expression of PAL1, PAL2, PAL3 and PAL4
genes was not different from that in the WT (data not shown),
expression of ICS1 was significantly induced in pi4kIIIb1b2
(Fig. 3b). By contrast, ICS2 was strongly repressed in the double
mutant. Transcription of ICS1 is regulated by two transcription
factors, SARD1 (SAR DEFICIENT 1) and CBP60g (CALMOD-
ULIN BINDING PROTEIN 60g) (Zhang et al., 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 pi4kIIIb1b2.

Isochorismate synthase-dependent biosynthesis of SA occurs in
chloroplasts and most of the genes down-regulated in
pi4kIIIb1b2 are chloroplast-encoded (Table 1). This prompted
us to investigate the ultrastructure of chloroplasts using

Table 1 The 29 upregulated and 29 most downregulated genes in Arabidopsis pi4kIIIb1b2 in vitro grown seedlings compared with wild type (WT)

Locus Name

Log2 ratio

Locus Name

Log2 ratio

Microarray1 RT-qPCR2 Microarray1 RT-qPCR2

At1g47400 Unknown protein 1.40 2.14 At5g64070 PI4K �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
At3g16660 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

1The expression levels are given as the log2 of the ratio of the intensity in the pi4kIIIb1b2mutant vs the intensity in WT plants.
2Log2 ratios of selected genes analysed by quantitative reverse transcription polymerase chain reaction (RT-qPCR) in adult soil grown plants.
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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 pi4kIIIb1b2. The number and total area (on electron
micrographs) of starch grains were higher in the mutant (Table
S3).

pi4kIIIb1b2 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 et al.,
2009). The ROS concentration was more than seven times higher
in pi4kIIIb1b2 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 1a, 5). The bacterial titres collected 3 d after inoculation
from pi4kIIIb1b2 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. 4c).

The lipidomes of pi4kIIIb1b2 and ssi2 plants have some
similar features

The phenotype of the pi4kIIIb1b2 double mutant is in part rem-
iniscent of the ssi2 mutant phenotype: enhanced resistance to
P. syringae, constitutive accumulation of elevated SA concentra-
tion and expression of the PR-1 gene (Shah et al., 2001). ssi2 is
deficient in stearoyl-acyl carrier protein desaturase, and its fatty
acid composition is altered (Kachroo et al., 2001). Using multiple
reaction monitoring mass spectrometry, the molecular species
were analysed. The most apparent changes in ssi2 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 pi4kIIIb1b2. However, some altered profiles
were found in both ssi2 and pi4kIIIb1b2. 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 pi4kIIIb1b2

(a)

(b)

Fig. 2 Kinetics of growth and PR-1 expression in wild-type (WT) and
pi4kIIIb1b2 Arabidopsis thaliana. Plants were grown in soil for 4 wk and
sampled 11, 20 and 29 d later. (a) Weight ratio between WT and
pi4kIIIb1b2 plants showing increasing differences with time. (b)
Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
analysis of PR-1 expression in WT (red bars) and pi4kIIIb1b2 (yellow bars)
plants. Values are means� SE of four biological replicates. Statistically
significant differences betweenWT and pi4kIIIb1b2 plants: *, P < 0.05; **,
P < 0.01, Student’s t-test.

(a)

(b)

Fig. 3 Effect of pi4kIIIb1 and pi4kIIIb2mutations 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 (ICS1, 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.
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does not strongly resemble that of ssi2. The most significant
molecular species change in pi4kIIIb1b2 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 pi4kIIIb1b2 (Fig. S3).

Elevated SA concentrations stunt pi4kIIIb1b2 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 et al., 1994). The sid2-3 mutant has a T-
DNA insert in the biosynthetic ICS1/SID2 gene (Gross et al.,
2006), and EDS1 (Falk et al., 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-1 and most other
SA-responsive genes (Durrant & Dong, 2004), and so npr1
mutants have limited SA signalling. The pi4kIIIb1b2 double
mutant was crossed with these mutants affected in SA biosynthe-
sis, SA accumulation or SA sensitivity. Rosette FW, SA content
and PR-1 expression were determined in the resulting triple
mutants.

The only triple mutant with a conspicuously different pheno-
type was npr1pi4kIIIb1b2. 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
pi4kIIIb1b2 double mutant. Furthermore, the eds1pi4kIIIb1b2,
sid2pi4kIIIb1b2 and NahGpi4kIIIb1b2 rosette weights were not
significantly different from WT rosette weights (Fig. 5a). We cal-
culated the effect of introducing the pi4kIIIb1b2 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 npr1, sid2 and
nahG backgrounds, the decrease was only 2, 14 and 32%, respec-
tively (Table 2). When introduced into eds1, the double mutation
led to a 20% increase in rosette weight.

While the pi4kIIIb1b2 plants had significantly more SA con-
stitutively than WT plants, the amounts of SA in the single eds1
and npr1 mutants were not different from that in the WT. As
expected, the SA concentrations were significantly lower in the
sid2 and NahG plants. The eds1pi4kIIIb1b2, sid2pi4kIIIb1b2
and NahGpi4IIIkb1b2 triple mutants had significantly less SA

(a) (c)(b)

Fig. 4 (a) Reactive oxygen species (ROS) production in Arabidopsis
pi4kIIIb1b2 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 pi4kIIIb1b2 plants 3 d
after infection with Pseudomonas syringae pv.maculicola ES4326. Four-
week-old plants were spray-inoculated with bacterial suspension at OD600

of 0.5. (c) Bacterial titres in the leaves collected at 0 and 3 d postinfection
(dpi) from Col-0 (closed bars) and pi4kIIIb1b2 (open bars). Values are
averages of five samples per genotype and error bars,� SE. Statistically
significant difference fromWT: **, P < 0.01, Student’s t-test.

(a)

(b)

(c)

(d)

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-1. 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.
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than pi4kIIIb1b2. The SA concentration in the eds1 pi4kIIIb1b2
and NahGpi4kIIIb1b2 triple mutants was not different from that
in the WT and was even lower in sid2pi4kIIIb1b2. By contrast,
the npr1pi4kIIIb1b2 triple mutant had fourfold more SA than
the pi4kIIIb1b2 double mutant (Fig. 5b).

PR-1 expression correlated well with SA concentration in each
triple mutant, except for npr1pi4kIIIb1b2. Although PR-1
expression is dependent on NPR1, the npr1pi4kIIIb1b2 mutant
still had a relatively high PR-1 expression, indicating the existence
of an NPR1-independent transduction pathway in this mutant
(Fig. 5c). When comparing SA concentration and rosette mass, it
appeared that when SA concentration was diminished, the rosette
weight was increased. However, the npr1pi4kIIIb1b2 triple
mutant was bigger than pi4kIIIb1b2 despite its high SA content.

High endogenous SA is a minor regulator of pi4kIIIb1b2
root length growth in vitro

The primary root length of the triple mutants grown in 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 pi4kIIIb1b2 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 pi4kIIIb1b2 roots
or, in the case of npr1 pi4kIIIb1b2, were the same length. As for
the shoot size, we calculated the effect of introducing the
pi4kIIIb1b2 mutations into different genotypes (Table 2). The
pi4kIIIb1b2 double mutation led to a 72% decrease in root
length in a WT background. When introduced into eds1, npr1,
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 partially affected the reduction in root
length caused by the double mutation.

Discussion

The pi4kIIIb1b2mutation causes stunted rosette growth (Fig. 1),
accumulation of excess SA (Fig. 3) and constitutive expression of
SA-induced genes (Table 1, 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,
pi4kIIIb1b2 plants are more resistant to P. syringae and produce

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 ICS1 gene
(Fig. 3), recognized as a major biosynthetic gene involved in pro-
ducing pathogen-induced SA (Wildermuth et al., 2001). As
expected with high ICS1 expression, its two major transcriptional
regulators, SARD1 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.

Table 2 Reduction of shoot weight and root length induced by
pi4kIIIb1b2mutation in different background genotypes of Arabidopsis

Background
genotype

Trait

Plant studied
Shoot mass in
soil (%)

Root length
in vitro (%)

Wild-type �76.9 �72.2 pi4kIIIb1b2
eds1 20.5 �46.0 eds1 pi4kIIIb1b2
npr1 �2.4 �62.9 npr1 pi4kIIIb1b2
sid2 �14.2 �44.7 sid2 pi4kIIIb1b2
nahG �32.2 �53.1 nahG pi4kIIIb1b2

(a)

(b)

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 0 (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.
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Many mutants that accumulate high concentrations of SA have
been identified, all of which exhibit stunted growth or dwarfism
(Bowling et al., 1994, 1997; Yu et al., 1998; Shah et al., 1999;
Kachroo et al., 2000; Shirano et al., 2002). To prove that the
dwarfism of pi4kIIIb1b2 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-1 expression in these mutants allowed us to
create a genetic model of PI4Kb1/b2 action in the SA signalling
pathway (Fig. 7). This model also explains the unusual character-
istics of some triple mutants. In WT plants, PI4Kb1, and to a
lesser extent PI4Kb2, is a negative regulator of the SA signalling
pathway acting upstream of EDS1 (Fig 7a). In pi4kIIIb1b2
plants, the signalling upstream of EDS1 is de-repressed and thus
ICS1 expression and subsequently SA biosynthesis increase. This
causes NPR1-mediated transcriptional reprogramming, which
results in stunted rosettes. In these plants, signalling upstream of
ICS1 is negatively regulated through NPR1. However, this nega-
tive feedback loop is not sufficient to suppress SA to its basal con-
centration (Fig. 7b). When the eds1 mutation is introduced into
pi4kIIIb1b2 plants, the ICS1 expression and SA concentrations
are normal and therefore eds1 pi4kIIIb1b2 grows normally
(Fig. 7c). Mutation in ICS1 (sid2) or introduction of salicylate
hydroxylase (nahG) keeps SA at a basal concentration and thus
plant growth remains normal, even though the signalling down-
stream of EDS1 is activated (Fig. 7d and 7e). In npr1
pi4kIIIb1b2 plants, the ICS1 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

characteristic bleaching of npr1 pi4kIIIb1b2 is probably caused
by the high SA concentration and has previously been observed
in cpr5 npr1 plants or when npr1 plants were supplemented with
SA (Bowling et al., 1997).

The positioning of pi4kIIIb1b2 upstream of eds1 in this
genetic model is not surprising. Other mutations causing SA
overaccumulation, such as cpr1, cpr6, bon1 or bap1, were also
placed upstream of eds1 in genetic models (Clarke et al., 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 et al., 2005). The
lipid-binding domains of EDS1, PAD4 and SAG101 are indis-
pensable for heterodimer formation of these proteins (Wagner
et al., 2013). One can easily imagine that these interactions could
be regulated by a lipid molecule.

The characteristic short roots and aberrant root hairs of
pi4kIIIb1b2 grown in vitro (Fig. 1) have been previously
described by Preuss et al. (2006). Kang et al. (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 pi4kIIIb1b2 seedlings
grown under the conditions used for root assays (Fig. S4). These
data indicate that in the conditions used for in 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 vitro are different, even though both are caused by
pi4kIIIb1b2 mutations. Such aberrant roots might be expected
to affect shoot growth, but the roots were not investigated in

(a) (b) (c) (d) (e) (f)

Fig. 7 Genetic model for salicylic acid (SA) signalling pathway in Arabidopsis thalianawild-type (WT), pi4kIIIb1b2 and all triple mutants. (a) In the WT,
PI4KIIIb1 and, to a lesser extent, PI4KIIIb2 repress SA signalling upstream of EDS1. (b) In pi4kIIIb1b2 plants, signalling upstream of EDS1 is de-repressed,
which leads to stronger transcription of the SA biosynthetic gene ICS1 and thus to high concentrations of SA. This increase stunts rosette growth through
NPR1-mediated transcriptional reprogramming. (c) In eds1 pi4kIIIb1b2 plants, the absence of EDS1means that ICS1 transcription is not induced, and so
SA is not in excess and growth is normal. (d, e) In sid2 pi4kIIIb1b2 (d) and nahG pi4kIIIb1b2 (e) plants, SA biosynthesis is abolished and SA is catabolized,
respectively. Thus these plants display normal growth. (f) In npr1 pi4kIIIb1b2, the absence of the NPR1-dependent negative feedback loop leads to even
higher ICS1 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 al., 2010).

Using a lipidomic approach, we compared the distribution of
fatty acid residues in pi4kIIIb1b2 and ssi2, a mutant deficient in
stearoyl-acyl carrier protein desaturase and which resembles the
pi4kIIIb1b2 phenotype (Shah et al., 2001). The most obvious
characteristic of ssi2 is high content of 18:0- molecular species
(Fig. S3), but this is not true of pi4kIIIb1b2. However, the
increase in 18:0 species does not contribute to a constitutively
high SA concentration in ssi2 (Kachroo et al., 2003). The pheno-
type of ssi2 is, rather, a result of low oleic acid (Kachroo et al.,
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 pi4kIIIb1b2, 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
pi4kIIIb1b2. On the other hand, unlike in pi4kIIIb1b2, the phe-
notype of ssi2 does not revert by crossing with eds1 (Venugopal
et al., 2009). This indicates that the mechanism triggering high
SA is different in each mutant.

In pi4kIIIb1b2, we did not observe any obvious change in the
profile of molecular species of the lipids assessed. The most char-
acteristic change for pi4kIIIb1b2 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 et al., 2002). The
concentration of JA was increased almost fourfold in the
pi4kIIIb1b2 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 lM wortmannin inhib-
ited PR-1 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 PI4Kb1 and PI4Kb2 operate
upstream of SA biosynthesis. Although we cannot exclude the
possibility that wortmannin targeted another enzyme activity,
PI4K is still the strongest candidate. Besides PI4Kb1 and
PI4Kb2, there are two other type III PI4Ks in Arabidopsis,
AtPI4KIIIa1 and AtPI4KIIIa2. 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 pi4kIIIb1b2 still retain 60% of the total PI4K
activity as a result of AtPI4KIIIa1 (Delage et al., 2012a). There-
fore, AtPI4KIIIa1 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 AtPI4KIIIa1,
which suggests that these mutations cause male or female sterility
or homozygous lethality (Delage et al., 2012a).

The pi4kIIIb1b2 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. PI4Kb1 and PI4Kb2 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 pi4kβ1β2 and 

sid2pi4kβ1β2 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 S3. Transcription of ICS1 and PR1 in soil-grown plants cultivated under a 

short-day light regime. Samples were collected from four 4 week old plants. Values were normalized 

to WT in the respective conditions. TIP41 was used as a reference gene. Asterisks indicate values 

different from WT, t-test, p < 0.05, n = 4. 
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Supplementary Figure S4. Photosynthetic parameters of the studied mutants. Four week old plants 

were cultivated at 22 °C, 10 h light/ 14 h dark. (A) NPQ-Lss. (B) QY_max. (C) Fm. Central line of the 

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

box are 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. * variants that are different from WT, one-way 

ANOVA with Tukey’s HSD post hoc test. Data are from three biological replicates, n ≥ 70. 
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Supplementary Figure S5. Effect of light on primary root elongation of the pi4kβ1β2 and sid2pi4kβ1β2 

mutants grown in vitro under long day conditions. (A) Dynamics of primary root growth under long-

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

test, n ≥ 10. (B) Light and dark root setup. (C) Length of primary root grown in light or dark root setup 

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

mean, bottom and top edges of the box are 25% and 75% of distribution and the ends of whiskers are 

set at 1.5 times the interquartile range. Differences calculated separately in each group, 4 and 8 days 

respectively. Letters correspond to significant differences among groups, n ≥ 10. 

Supplemental Table S1. Primers. 

Gene Accession Forward Primer Reverse Primer 

TIP4

1 
AT4G34270 GTGAAAACTGTTGGAGAGAAGCAA TCAACTGGATACCCTTTCGCA 

PR-1 AT2G14610 AGTTGTTTGGAGAAAGTCAG GTTCACATAATTCCCACGA 

ICS1 AT1G74710 GCAAGAATCATGTTCCTACC AATTATCCTGCTGTTACGAG 

 

 

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

WT 251,380 ± 15,930 514,591 ± 180,327 

NahG 225,75 ± 17,78 260,36 ± 90,84 

sid2 741,55 ± 24,01 215,81 ± 50,57 

pmr4 1275,86 ± 50,99 994,22 ± 107,14 

pi4kβ1β2 23851,29 ± 1950,85 9410,93 ± 982,55 

NahGpi4kβ1β2 4458,48 ± 659,26 455,29 ± 130,99 

sid2pi4kβ1β2 567,54 ± 31,92 172,26 ± 28,88 

crp5 25511,32 ± 800,46 29118,68 ± 17116,81 

bon1-1 18437,73 ± 964,35 32831,49 ± 19690,02 

bon1-1snc1-11 2504,99 ± 264,97 612,13 ± 141,04 

edr2-6 8375,98 ± 3633,38 2439,16 ± 605,55 

edr2-6nahG 422,06 ± 124,73 1872,03 ± 1091,57 

fah1fah2 33314,76 ± 4732,62 64289,30 ± 42158,94 

exo70B1-1 7137,93 ± 1340,52 1312,63 ± 292,41 

acd6 80154,83 ± 10881,94 61875,90 ± 7018,37 
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• Background and Aims We have recently shown that an Arabidopsis thaliana double mutant of type III 
phosphatidylinositol-4-kinases (PI4Ks), pi4kβ1β2, constitutively accumulated a high level of salicylic acid 
(SA). By crossing this pi4kβ1β2 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 PI4Kβ1 and PI4Kβ2.
• Methods To achieve this we used the sid2pi4kβ1β2 triple mutant. High-throughput analyses of phytohormones 
were performed on this mutant together with pi4kβ1β2 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 pi4kβ1β2 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 pi4kβ1β2 after flagellin treatment was independent 
of SA. Concerning the response to Blumeria graminis, both callose accumulation and fungal penetration were 
enhanced in the pi4kβ1β2 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 sid2pi4kβ1β2 
triple mutant revealed the role of PI4Kβ1/β2 per se, thus showing the importance of these enzymes in plant de-
fence responses.

Keywords: pi4kβ1β2/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 ICS1 mutant is known as sid2 
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 
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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)-β-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-P2). 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 (AtPI4Kγ1–8) and four belong to type III (AtPI4Kα1 
and α2, AtPI4Kβ1 and β2) (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-P2 are produced with PI-4,5-P2 acting 
as a cofactor for a phospholipase D, whose product, PA, will 
trigger a signalling cascade (Krinke et  al., 2009; Kalachova 
et al., 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 
PI4Kβ genes. Surprisingly, pi4kβ1β2 exhibited a constitu-
tively high SA level that resulted in constitutive high transcrip-
tion of SA-responsive genes such as PR-1 (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 pi4kβ1β2 plant 
was crossed with mutants impaired in components of SA syn-
thesis (sid2, impaired in ICS1 expression; eds1), SA transduc-
tion (npr1) 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 
pi4kβ1β2 plants was dependent on SA accumulation and its 
transduction via the NPR1 pathway (Janda et al., 2014; Sasek 
et al., 2014).

In the present study, our aim was to identify amongst the 
cellular and physiological processes affected by the defi-
ciency of PI4Kβ1β2 those that were either SA-dependent or 
SA-independent. To achieve this, we used the sid2pi4kβ1β2 
triple mutant that does not accumulate SA and exhibits wild-
type-sized rosettes (Sasek et al., 2014). In this mutant, the ef-
fects of PI4Kβ1 and PI4Kβ2 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 sid2pi4kβ1β2 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), npr1-1 
(Cao et  al., 1997), NahG (Delaney et  al., 1994), pi4kβ1β2 
(SALK_040479/SALK_09069; Preuss et  al., 2006), 
sid2pi4kβ1β2, NahGpi4kβ1β2 and npr1pi4kβ1β2 mutants pre-
viously described (Sasek et 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 μE m−2 s−1) and 14 h dark. Plants 
that would be used for hormonal analysis or transcription ana-
lysis were cultivated under 16 h light (130–150 μE m−2 s−1) 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 μL–1). 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 μE m−2 s−1) 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 Bürker 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. pi4kβ1β2 and 
sid2 vs. sid2pi4kβ1β2) were conducted independently.

Inoculation with P.  syringae was performed according to 
Katagiri et  al. (2002) with modifications. Bacteria were cul-
tivated overnight on King’s B medium plates containing ri-
fampicin (50  µg µL–1). 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 MgCl2 to give an OD600 of 0.001. Four-
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 0 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 MgCl2 and decimal 
dilutions were made. Colony forming units were counted.

Four-week-old A.  thaliana plants were treated with 6  µL 
drops containing Botrytis cinerea BMM spores (5 × 104 spores 
mL–1) 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–μE m−2 s−1) 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 μmol m−2 s−1). 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–1 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 AxioImager 
ApoTome2 (objective 100×).

Callose deposition

Four-week-old A. thaliana plants were treated for 24 h with 
100 nm flg22 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 
(at least 1 h) and water (at least 2 h). Leaves were stained for 4 h 
with 0.01 % aniline blue in 150 mm K2HPO4, pH 9.5. Callose 
deposition was observed by fluorescence microscopy using a 
Zeiss AxioImager ApoTome2 (objective 10×). 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 
ImageJ software. At least four leaves from three independent 
plants were analysed for each variant.

RNA extraction and qPCR 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 µg 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 

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/
H2O/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 µL 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 t-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 pi4kβ1β2 double mutant has altered phytohormonal levels

Our goal was to identify SA-dependent and SA-independent 
processes triggered by the double pi4kβ1β2 mutation. To do 
so, we used a sid2pi4kβ1β2 triple mutant. If a process trig-
gered by the double pi4kβ1β2 mutation is SA-dependent, then 
it should disappear in the sid2pi4kβ1β2 triple mutant. On the 
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other hand, if a process triggered by the double pi4kβ1β2 mu-
tation is SA-independent, then it should still be observed in the 
sid2pi4kβ1β2 triple mutant.

Because the main effect of the double pi4kβ1β2 mutation 
was on the level of SA, we decided to quantify a broad spec-
trum of phytohormones in the sid2pi4kβ1β2 triple mutant. The 
hormone levels obtained were compared to those of pi4k β1β2, 
sid2 and WT plants. A first look allowed us to establish that 
the pi4k β1β2 double mutation does not impact only SA levels. 
Many hormone-related metabolites showed significantly dif-
ferent levels in pi4k β1β2 plants when compared to WT plants 
while most of them remained at WT levels in sid2pi4kβ1β2 

(Supplementary Data Table S1). In our previous study, we cre-
ated an additional triple mutant by crossing pi4kβ1β2 with an 
NahG mutant impaired in SA accumulation: NahGpi4kβ1β2 
(Sasek et al., 2014). To confirm and to strengthen the results 
obtained with sid2pi4kβ1β2, we also quantified phytohormones 
in NahGpi4kβ1β2, 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 pi4kβ1β2 

iP

iPR

IAA

tZ

tZR

tZRMP

tZ7G

tZ9G

tZROG

ABA

OxlAA

JA

JA.lleu

cZ

cZOG

GA19

OxlAA.GE

cZRMP

ABA.GE

cZR

cZROG

tZOG

IAA-Asp

PA

90H.ABA

DPA

SA

iP iP
R

IA
A

tZ tZ
R

tZ
RM

P

tZ
7G

tZ
9G

tZ
ROG

ABA
OxlA

A

JA JA
.lle

u

cZ cZ
OG

GA19

OxlA
A.G

E

cZ
RM

P

ABA.G
E

cZ
R

cZ
ROG

tZ
OG

IA
A-A

sp

PA 90
H.A

BA

DPA
SA

1

0.8

0.6

0.4

0.2

0

–0.2

–0.4

–0.6

–0.8

–1
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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 
pi4kβ1β2 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 npr1pi4kβ1β2 triple mutant where the SA 
level was 30-fold that of the WT and 4-fold that of pi4kβ1β2. 
Interestingly, levels of DPA, PA and 9OH-ABA were still high 
in npr1pi4kβ1β2, showing that the effect of SA on these metab-
olites was only partially NPR1-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 
pi4kβ1β2 was no longer observed in the triple mutants with 
low SA. However, it was still visible in the npr1pi4kβ1β2 
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-IAA, 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 trans-zeatin-7-
N-glucoside (tZ7G) and trans-zeatin-9-N-glucoside (tZ9G) in 
the pi4kβ1β2 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 pi4kβ1β2 plants independently of SA: the increase in 
oxIAA-GE observed in pi4kβ1β2 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 pi4kβ1β2 plants is SA-dependent

At the hormonal level, our data show that the major change in-
duced by the pi4kβ1β2 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 β1β2 plants to that 
in pi4k β1β2 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 pi4kβ1β2 double mutant plants were 
more resistant to the biotroph H.  arabidopsidis NoCo2 com-
pared to WT. However, sid2pi4kβ1β2 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 

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 
β1β2 plants compared to the WT while sid2pi4kβ1β2 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 sid2pi4kβ1β2 
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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WT, t-test, P < 0.001.
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The enhanced level of basal callose deposition in pi4kβ1β2 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 
pi4kβ1β2 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 flg22-treated plants (Fig. 4). In this case, callose 

accumulation was much higher in pi4kβ1β2 when compared 
to WT plants (Fig. 4). The sid2pi4kβ1β2 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 sid2pi4kβ1β2 
compared to pi4kβ1β2 plants. This provides arguments for an 
SA-dependent higher basal callose deposition. This was con-
firmed by the response to flg22. In WT plants, flg22 induced 
20 times more callose compared to control mock infiltrations. 
Again, the callose level in pi4kβ1β2 was higher (two-fold) com-
pared to WT plants. This increase was reduced when the sid2 
mutation was introduced into the pi4kβ1β2 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 pi4kβ1β2 genotype context. Yet, the sid2pi4kβ1β2 triple 
mutant exhibited a higher callose deposition than sid2 plants. 
Therefore, the pi4kβ1β2 double mutation per se had a role in 
the high callose accumulation observed in the pi4kβ1β2 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

a a a a a

b

b
b

c c

0

1

2

3

4

5

6

7

8

4

2 3

5

1
1

2 3

4 5

1 2 3 4 5

M
ea

n 
ca

llo
se

 s
po

ts
 m

m
–2

ROI

B
pi4kβ1β2

pi4kβ1β2

WT

A

Fig. 3. Pattern of callose accumulation in pi4kβ1β2 leaves. (A) Aniline blue 
staining, and fluorescence microscopy. Scale bar = 500 µm. (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.

mock

flg22

pi4kβ1β2 sid2pi4kβ1β2WT sid2

B

a

b
b

a
cc

f

0

2

4

6

8

10

12

mock flg22

pi4kβ1β2 sid2pi4kβ1β2WT sid2

M
ea

n 
ca

llo
se

 s
po

ts
 m

m
–2

d

A

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 µm flg22 or mock infiltration. Scale 
bar = 1cm. (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  <  0.01, n = 4.

D
ow

nloaded from
 https://academ

ic.oup.com
/aob/article-abstract/125/5/775/5524547 by guest on 30 M

ay 2020

http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcz112#supplementary-data


Kalachova et al. — Salicylic acid-independent responses in PI4K mutants 781

Whether callose overaccumulation correlated with the tran-
scription of callose synthases (CalSs) was then investigated. 
Among 12 callose synthases, CalS1 and CalS12 have been 
shown to be related to SA and/or biotic stresses (Dong et al., 
2008). The transcript levels of CalS1 and CalS12 were tested 
by qPCR in WT, pi4kβ1β2, sid2 and sid2pi4kβ1β2 plants 
treated or not with flg22. No correlation was observed between 
CalS1 and CalS12 transcript levels and callose accumulation 
(Supplementary Data Fig. S5).

pi4kβ1β2 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; Böhlenius 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 

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 pi4kβ1β2 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/pi4kβ1β2, indicating the 
SA-independent character of this phenomenon (Fig. 5B). Both 
pi4kβ1β2 and sid2/pi4kβ1β2 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 pi4kβ1β2 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 β1β2 double 
mutation. As previously shown (Sasek et al., 2014), this mu-
tant accumulates a constitutively high level of SA. In pi4k 
β1β2, SA biosynthesis is dependent on ICS1, as demonstrated 
by an absence of SA accumulation in the sid2pi4kβ1β2 triple 
mutant with impaired ICS1 transcription (Sasek et al., 2014). 
This was confirmed with the hormone analysis described in 
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the present study. The sid2pi4kβ1β2 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 
pi4kβ1β2.

We first measured phytohormonal levels in fully developed 
leaves of 4-week-old A.  thaliana WT, pi4kβ1β2, sid2 and 
sid2pi4kβ1β2 plants. To our knowledge, this is the broadest 
phytohormonal study carried out with an SA over-accumulating 
mutant (in our case pi4kβ1β2) and its comparison with a plant 
having the same background but with an impaired SA pathway 
(sid2pi4kβ1β2). The level of 15 hormone derivatives (excluding 
SA) was altered in pi4k β1β2 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 β1β2 double 
mutation effect was SA-independent. The same conclusions 
were also reached with another triple mutant, NahGpi4kβ1β2. 
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 
cZROG 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 pi4kβ1β2 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 PI4Kβ1/β2 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, pi4kβ1β2, sid2 and sid2pi4kβ1β2 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 pi4kβ1β2 plants to 
Pst DC3000 AvrRpt2 was SA-dependent. In conclusion, the 
higher resistance of the pi4kβ1β2 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 
pi4kβ1β2 exhibited an SA-independent defective resistance to-
wards penetration of the non-host pathogen Bgh.

Callose is a linear polysaccharide (1,3-β-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 et al., 2011). In mock 
inoculated pi4k β1β2, callose deposition was greater than in 
WT leaves, thus confirming the findings of Antignani et  al. 
(2015). Interestingly, this was also true for the sid2pi4kβ1β2 
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 pi4kβ1β2 com-
pared to WT leaves, and callose deposition was higher in 
sid2pi4kβ1β2 with respect to sid2 plants. Therefore, it seems 
that the pi4kβ1β2 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 CALS1 and CALS12 indicate that in pi4kβ1β2 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 pi4kβ1β2 double mutation per se? A number of reports 
indicate that PI4Ks can impact trafficking. In A.  thaliana, 
PI4Kβ1 was shown to be recruited by the GTP-bound Rab4b 
GTPAse. Both RabA4b and PI4Kβ1 localize to budding secre-
tory vesicles in the trans-Golgi network (TGN) and to secre-
tory vesicles en route to the cell surface. A pi4kβ1β2 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, 
PI4Kβ1/β2 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 SYNTHASE3 from the plasma 
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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 β1β2ne and further formation of 
a cell plate. During phragmoplast formation, PI4Kβ1 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 PI4Kβ1/β2 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 PI4Kβ1 binds to RabA4b GTPase, the most 
similar small GTPase to RabA4c, at the TGN (Böhlenius et al., 
2010). Note that the impact of PI4K betas on trafficking could 
also explain our non-host resistance data. The syp121 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 pi4kβ1β2 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 pi4kβ1β2 
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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