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proteinll a zapojeni signalnich drah hormonti ethylenu, kyseliny salicylové a kyseliny
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aktivace produkce reaktivnich forem kysliku (ROS) je srovnatelna. Mutantni forma L41F
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na typu pouzitého elicitinu a genotypu rajcete. V piipadé oligandrinu byla zvysena rezistence
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The present thesis is focused on the study of activation of defence mechanisms in model plants
of Solanum spp. by elicitins secreted by Phytophthora cryptogea (a basic p-elicitin cryptogein)
and Pythium oligandrum (an acidic a-elicitin oligandrin) and a chemical elicitor B-aminobutyric
acid (BABA). Presented work is focused on a comparison of activation of resistance
by the elicitors mentioned above to pathogen Pseudooidum neolycopersici (powdery mildew)
in three genotypes of Solanum spp. with different degree of resistance to infection by a biotrophic
pathogen. We also studied changes in the expression of the PR (pathogenesis-related) proteins
and involvement of signalling pathways of hormones ethylene, salicylic acid and jasmonic acid.
In addition to cryptogein, two mutant forms of cryptogein with an amino acid replaced in position
41 (L41F) or position 84 (V84F) were used to specify the mechanism of defence response
and resistance to P. neolycopersici pathogen. The V84F mutant is characterized by a lower ability
to bind and transport sterols than cryptogein, whereas its ability to activate reactive oxygen
species (ROS) production is comparable. The L41F mutant is characterized by a low ability
to bind and transport sterols and has a significantly reduced ability to activate ROS production.
The involvement of defence proteins belonging to the PR group in responses elicited by both
a- and B-elicitins in the model plant Solanum spp. was demonstrated. We quantified the gene
expression of key enzymes involved in ethylene biosynthesis and determined ethylene
production, which showed that resistance induced by BABA and oligandrin in tomato
is dependent on the ethylene signalling pathway. Cryptogein probably activates ethylene
as well as jasmonic acid signalling pathways. The increase in resistance to the pathogen
P. neolycopersici in three genotypes of Solanum spp. was individual and dependent on the type
of used elicitin and the tomato genotype. Treatment with oligandrin induced resistance
in the susceptible genotype of tomato (S. lycopersicum cv. Amateur), whereas cryptogein
treatment induced resistance in the genotypes showing a certain degree of resistance
(S. chmielewskii, S. habrochaites).
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production in the first phase after cryptogein elicitation are involved. The newly synthesized
RBOH is involved only in the second phase of increased ROS production.
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CILE PRACE
Teoreticka ¢ast

Cilem teoretické ¢asti disertacni prace bylo shrnuti aktualnich poznatku o elicitinech, skupiné
strukturné podobnych proteinovych elicitor produkovanych patogennimi organismy rodu
Phytophthora a Pythium, a mechanismech obrannych reakci, které souvisi se zvySenou

produkeci reaktivnich forem kysliku a proteinti spojenych s patogenezi (tzv. PR proteinit).

Experimentalni c¢ast

1. Studium vlivu elicitinu oligandrinu a B-aminomaselné Kyseliny na rezistenci rostlin
Solanum spp. a aktivaci obrannych mechanismu rostlin.

2. Porovnani aktivace rezistence a obrannych mechanismid vyvolané elicitinem
kryptogeinem a jeho mutantnimi formami u tfi genotypt Solanum spp. na patogen
Pseudooidium neolycopersici.

3. Studium vlivu elicitinu kryptogeinu na dynamické zmény v subcelularni distribuci
enzymu NADPHoxidasy zodpovédného za produkci reaktivnich forem kysliku
u tabaku Nicotiana tabacum.
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11 Stresové faktory a zakladni obranné reakce u rostlin

Rostliny jsou v prubéhu svého zivota nepfetrzité vystaveny pusobeni Sirokého spektra
environmentalnich stresit biotického a abiotického charakteru. Jedna se o abiotické stresové
faktory, jako je vysoka a nizka teplota, UV zafeni, zasoleni, sucho, piitomnost tézkych kovi nebo
pesticidi, mechanické poskozeni atd. Mezi biotické stresové faktory se fadi napt. infekce viry,
bakteriemi, houbami a oomycetami. Vsechny tyto stresové faktory vedou k vyznamnym
ekonomickym ztraty v zemédélstvi po celém svété. Z tohoto diivodu je vyzkumu zaméfenému
na studium obrannych mechanismt vénovana znacna pozornost.

Rostliny vzhledem ke svému nepohyblivému zpiisobu zivota disponuji ¢etnymi obrannymi
mechanismy, které se rliznym zplUsobem piekryvaji a dopliuji. V piipadé konstitutivnich
obrannych mechanismi ma rostlina pfedem vytvoiené fyzické bariéry (kutikula, bunééné sténa,
trichomy, aj.) a chemické bariéry (sekundarni metabolity, antimikrobialni slouceniny, aj.), které
jsou ptitomné i bez puisobeni stresového faktoru, a které omezuji prinik patogenti do rostlinnych
bungk, jejich pomnozeni a Sifeni rostlinnym pletivem (Kliebenstein, 2012; Lazniewska et al.,
2012). Indukované obranné mechanismy vyzaduji ke své aktivaci indukéni signal. V ramci
indukovanych obrannych reakci dochazi napt. k zesileni bunééné stény, ke zvysené produkci
antimikrobialnich latek a obrannych proteint, ke zvySené produkci reaktivnich forem kysliku
(ROS) a dusiku (RNS) vedouci k oxidativnimu nebo nitrosativnimu stresu. Nasledn¢ muze
dochazet k tzv. programované bunééné smrti (PCD, Programmed cell death) zabranujici $ifeni
biotrofnich patogenti v ramci piislu§ného hostitele (Van Loon et al., 2006).

Obecné rostlinna obranna reakce zahrnuje rozpoznani extraceluldrniho signdlu pomoci
bunéénych receptorti rostlin, které spousti komplexni signalni drdhy vedouci k odpovédi.
Vyznamnou signalni roli v obranné reakci rostlin vii¢i riznym formam stresu zastavaji ROS, RNS
a rostlinné hormony (Glazebrook, 2001; Knight a Knight, 2001). Pfirozena obrana rostlin
pii interakci patogen-rostlina je nejéastéji popisovana tzv. “cik-cak* modelem (Obr. 1), ktery
poprvé uvedli Jones a Dangl (2006). Jedna se o vnitini imunitni systém rostlin, ktery predstavuje
dva typy interakci mikrobialnich patogend a rostlinnych bunék. Jde o imunitu aktivovanou
molekularnimi vzory (slou¢eninami) typickymi pro mikroorganismy, tzv. MAMPs (Microbe-
associated molecular patterns) nebo pro patogeny, tzv. PAMPs (Pathogen-associated molecular
patterns). Tyto konzervované molekuly jsou rozpoznavany prostfednictvim receptort
rozpoznavajicich patogenni struktury (PRR, Pathogen recognition receptor) a po jejich vazbé
na PRR dochazi ke spusténi imunity (PTI, PRR-triggered immunity) (Mazzotta a Kemmerling,
2011).

Nékteré patogeny vylucuji do cytoplazmy rostlinné buriky efektorové molekuly, které
pfispivaji k virulenci patogenu potlac¢enim PTI, coz vede k efektorem spusténé citlivosti (ETS,

Effector-triggered susceptibility) (Jones a Dangl, 2006). Rostlina mize na tyto efektory reagovat
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pomoci R-proteinti (receptorti) a spoustét druhy stupen obrany, tzv. efektorem spusténou imunitu
(ETI, Effector-triggered immunity). ETI je vice specificka a u¢inngjsi nez PTI, vétsinou indukuje
hypersenzitivni reakci (HR) a PCD, ktera se projevuje odumienim bunék v misté napadeni
patogenem. HR a s ni spojena PCD piedstavuje velmi efektivni obranny mechanismus proti
biotrofnim patogentim, které z odumielého pletiva nemohou odebirat Ziviny (Speth et al., 2007;
Xiang et al., 2008; Boller a He, 2009; Spoel a Dong, 2012). HR je vysledkem interakce receptor
— ligand na zakladé specifického sparovani produktd genu rostlinné rezistence (R) a genu
patogenni avirulence (Avr). Tento typ interakce patogen — rostlina nazyvame jako nekompatibilni,

to znamenad, ze rostlina je schopna patogena rozpoznat a po proniknuti do hostitele je infekce

potlacena.
A B C
PAMP spusténa Efektorem spusténa Efektorem spusténa
imunita (PTI) citlivost (ETS) imunita (ETI)
PAMP PAMP PAMP
» efektory J§
» i
» @
efektory' \/

Bunééna Bun&éna ) C‘ Bunécna

signalizace signalizace signalizace

Obr. 1 Schéma imunitniho systému rostlin. A) Po infekci molekularnimi vzory (slou¢eninami) typickymi
pro buriky patogenti (PAMP) dochazi k aktivaci povrchovych receptori (PRR) a nasleduje spusténi signalni
kaskady vedouci k imunité vyvolané PAMP (PTI). B) Virulentni patogeny produkuji a uvolfiuji efektory
(hveézdicky), které potlacuji PTI a vysledkem je efektorem spusténa citlivost (ETS). C) Rostliny vybavené

proteiny rezistence (R) rozpoznavaji tyto specifické efektory a dochazi k imunitni odpovédi zvané
efektorem spustena imunita (ETI) (pfepracovano dle Pieterse et al., 2009).
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1.2 Indukovana rezistence

Na ochrané¢ rostliny vuc¢i patogenim se vedle Konstitutivnich obrannych mechanismi,
zahrnujicich fyzické bariéry nebo ptitomnost antimikrobialnich latek, podili i tzv. indukované
obranné mechanismy. Rostliny vnimaji patogeny prostfednictvim elicitorGi aktivujicich rizné
obranné mechanismy vedouci k indukované rezistenci (Ton et al., 2002; Wiesel et al., 2014).
Vedle MAMPs/PAMPs existuje skupina molekul zvana DAMPs (Damage-associated molecular
patterns), coz znamena molekuldrni vzory spojené s poSkozenim rostlin. Jedna se o molekuly
uvolnéné mechanickym nebo chemickym poskozenim rostlinnych endogennich struktur, které
spoustéji imunitni odpovédi podobnym PTI (Boller a Felix 2009; Liu a He, 2016).

Indukovana rezistence je stav zvySené obranyschopnosti rostliny vyvolany vné&jSimi
specifickymi stimuly (Van Loon et al., 1998). Tento stav zvySené rezistence je ucinny proti Siroké
Skale patogend, hub, bakterii, vird, nematod, parazitickych rostlin a bylozravému hmyzu
(Benhamou a Nicole, 1999; McDowell a Dangl, 2000; Walling, 2000; Kesler a Baldwin, 2002).
Indukované rezistence muize byt vysledkem uspésné prekonané infekce, ktera jiz aktivovala
obranny systém rostliny.

Podle mista, kde k indukované obranné reakci dochdzi, se rozliSuje lokalni a systémova
rezistence. Pokud se zvysena odolnost proti napadeni projevuje v misté infekce, oznacuje se tento
typ rezistence jako lokalné ziskana rezistence (LAR, Local acquired resistence) (Agrios, 2005).
Je vétsinou aktivni pouze po kratkou dobu. Nejcastéjsim projevem je HR (Kombrink a Schmelzer,
2000), pii které dochazi k tvorbé 1ézi, vysychani odumfelého pletiva a tak ke zpomaleni
nebo zastaveni Sifeni infekce. Kromé lokalni reakce mohou rostliny aktivovat systémovou
odezvu, v ramci které se vytvoii zvySena obranna kapacita v ¢astech rostliny vzdalenych od mista
primarni infekce. Bylo charakterizovano nékolik forem biologicky indukovanych systémovych
obrannych odpovédi, jako je systémova ziskana rezistence (SAR, Systemic Acquired Resistence),
kterd je vyvolana patogeny (Durrant a Dong, 2004), indukovana systémova rezistence (ISR,
Induced Systemic Resistance), ktera je aktivovana napf. pfi kolonizaci kofent vybranymi kmeny
nepatogennich rhizobakterii (Van Loon et al., 1998; Pieterse et al., 2003; Walters a Daniell, 2007)
a indukovana rezistence vyvolana zranénim (WIR, Wound Induced Resistance), ktera je obvykla
po mechanickém poskozeni rostliny bylozravym hmyzem (Sticher et al., 1997; Van Loon et al.,
1998; Kessler a Baldwin, 2002). Jev, ktery miiZe byt spojen s riznymi typy indukované rezistence
se oznacuje jako ,,priming* (Conrath et al., 2002). Poskytuje rostliné zvysenou kapacitu
pro rychlou a a¢innou aktivaci bunéénych obrannych reakci a umoznuje rostling a¢inngji reagovat
na pusobeni nasledného stresového faktoru.

Kli¢ovou signalni molekulou pro aktivaci SAR je kyselina salicylova (SA), jeden z rostlinnych
hormonti. Aktivace obrannych mechanismi i v neinfikovanych ¢astech rostliny zvysuje celkovou

rezistenci rostliny (Obr. 2). Pro SAR je charakteristicky narast hladiny tzv. kyselych forem
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proteinil souvisejicich s patogenezi (stresové proteiny, tzv. PR proteiny, zkratka PR pochazi
z anglického oznaceni ,,pathogenesis-related proteins®, viz kapitola 1.3) (Sticher et al., 1997;

Hammerschmidt a Nicholson, 1999; Pieterse a Van Loon, 2004).

Priming genu
souvisejicich
s imunitou
CH3 T CH3
Modifikace
chromatinu

Infikovany list

- Az - Neinfikovany list
- Il
| _P—oH
HO 0" “on
y OH G3P Homologni
P_at?gkenm = 5 rekombinace
infekce / Prodakes Akumulace
W oH mobilnich s';\l’ii;'l'c"‘gé o
imunitnich
Ww—)— oH signalu a lipidu Vezikuldmi ol o
5 prenasejicich Kyselina salicylova ok
3 MeSA proteiny transport

Transgeneraéni
imunitni pamét’

(]

Kyselina azelaova

Sekrece PR
proteinu

Antimikrobialni
aktivita

Obr. 2 Translokace mobilnich imunitnich signala vyvolavajicich systémovou imunitu a imunitni pamét’.
Lokalni infekce patogenem vede k produkci mobilnich imunitnich signalii: methylsalicylatu (MeSA),
kyseliny azelaové, glycerol-3-fosfatu (G3P) a proteini pfenasejicich lipidy DIR1 (Defective induced
resistence 1) a AZI1 (Azelaic acid induced 1). Tyto mobilni signaly jsou transportovany vaskularnim
systtmem do neinfikovanych ¢asti rostliny, kde indukuji akumulaci kyseliny salicylové (SA), ktera je
signalni molekulou pro systémovou ziskanou rezistenci. Akumulace SA indukuje: 1) syntézu proteint
souvisejicich s patogenezi (PR) s antimikrobialnimi G¢inky, 2) methylaci histont a dal$i modifikace
chromatinu, které zvySuji expresi genii souvisejicich s imunitou a navozuji imunitni pamét’ a 3) somatickou
homologni rekombinaci prostfednictvim pisobeni BRCA2 (Breast cancer susceptibility 2) a RAD51
(protein acastnici se oprav dvouvlaknovych zlomt DNA) pro potencialni vytvoifeni transgenera¢ni imunitni
paméti (pfepracovano dle Spoel a Dong, 2012).

Na rozdil od SAR neni ISR asociovana s lokalni tvorbou nekrotickych 1ézi. ISR se také lisi
tim, Ze je regulovana signalnimi drahami fytohormoni kyseliny jasmonové (JA) a ethylenu (ET),

a je Casto spojovana s expresi bazickych forem PR proteinti (Pieterse et al., 2003). Napadeni
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herbivory spojené s naslednym mechanickym poskozenim rostliny vede k uvoliiovani kyseliny
linolenové z membran a syntéze JA, ktera se podili na aktivaci exprese obrannych gend, jejichz
produkty jsou zapojeny v obrannych mechanismech rostlinného organismu (jedna se napf.
0 aktivaci produkce inhibitort proteinas, které inhibuji aktivitu travicich enzymu herbivort)

(Sticher et al., 1997; Glawe et al., 2003).
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1.3 Proteiny spojené s patogenezi

S patogenezi souvisejici proteiny (PR proteiny) jsou zékladni slozkou inducibilnich obrannych
mechanismil rostlin. Poprvé byly identifikovany u rostlin tabaku po infekci virem tabakové
mozaiky a nasledné detekovany u fady dalSich rostlinnych druhd (Van Loon a Van Kammen,
1970; Ali et al., 2018a). PR proteiny jsou malé proteiny molekulovych hmotnosti v rozsahu
6 az 43 kDa. Tyto proteiny jsou stabilni pfi nizkém pH a jsou rezistentni k proteasam. V zévislosti
na jejich izoelektrickém bodé (pl) je 1ze rozdé€lit na kyselé a bazické PR. Kyselé PR proteiny jsou
vétSinou sekretovany do extracelularniho prostoru, zatimco bazické jsou transportovany
do vakuoly prostiednictvim signalni sekvence na C-konci. PR proteiny se nachazi téméf ve vSech
rostlinnych orgdnech, pfiCemz nejvétsi mnozstvi bylo detekovano v listech. Nekteré
Z PR proteint jsou exprimovany konstitutivné v nékterych organech nebo v prubehu urcitych
vyvojovych fazi, jiné pouze v odpovédi na chemické faktory nebo je jejich exprese indukovana
po infekci patogeny, jako jsou viry, bakterie, houby a oomycety. Dale mohou byt exprimovany
po napadeni nematodami, hmyzem nebo bylozravci (Sudisha et al., 2012; Sinha et al., 2014).
Velmi rychla a systémova akumulace Kyselych PR proteinti je jednim z hlavnich fyziologickych
rysi SAR. Vétsina PR proteinti vykazuje antifungélni, antibakterialni, antiviralni, insekticidni
nebo nematocidni aktivitu. Nékteré z nich vykazuji enzymovou aktivitu jako B-1,3-glukanasy
(EC 3.2.1.6), chitinasy (EC 3.2.1.14) nebo peroxidasy (EC 1.11.1.-). Mezi PR proteiny patii
rovnéZz antimikrobialni proteiny defensiny nebo proteiny ptenasejici lipidy. Aplikace chemikalii
jako je napt. kyselina B-aminomaselna (BABA), acibenzolar-S-methyl nebo probenazol
(napodobujici G¢inek patogenni infekce), vede k expresi PR geni a nasledné SAR (Oostendorp et
al., 2001). Nekteré kmeny saprofytickych a endofytickych bakterii a hub rovnéz indukuji
produkci PR proteint @ mohou se tak podilet na zvySovani odolnosti rostlin vici chorobam
(Sudisha et al., 2012). Rada molekul odvozenych od patogentl, stejné jako fragmenty chitinu,
glukany, glykoproteiny, proteiny, peptidy, oligosacharidy z bakterii a hub mohou pusobit jako
elicitory exprese PR gent. Piitomnost tézkych kovl a toxickych chemikalii, exogenni aplikace
mikromolarnich koncentraci riznych abiotickych induktort, jako je SA, methylsalicylat (MeSA),
JA, methyljasmonat (MeJA), oligosacharidy, auxiny, cytokininy, peroxid vodiku, chitosan,
oligogalakturonidy se rovnéz mohou podilet na indukci exprese PR gent u rostlin. Po infekci
patogeny nebo kontaktu s molekulami odvozenymi od patogent rostliny zvySuji produkci ROS a
tvorbu SA, JA a ET. Béhem patogeneze je obvykle zvySena exprese PR geni indukovana
signalnimi molekulami, jako je SA a ROS, které aktivuji expresi kyselych PR proteinti. Na
indukci bazickych proteint se podili ET a MeJA (Sinha et al., 2014).

V soucasné dobé jsou PR proteiny déleny do 17 t¥id na zaklad€ podobnosti v aminokyselinové
sekvenci, enzymové aktivité a dalsich biologickych vlastnosti (Tab. 1) (Golshani et al., 2015).

Tyto proteiny nicméné disponuji velkou rozmanitosti ve specifité a mechanismu ptsobeni.
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Tab. 1 Shrnuti v§ech znamych tfid PR proteini a jejich zakladnich vlastnosti (pfepracovano podle Sels
et al., 2008; Sinha et al., 2014)

Ttida Typ proteinu Vlastnost Velikost Cil v buiice
(kDa)
PR-1 PR-1a, PR-1b, PR-1c Antifungalni 15 Neznamy
PR-2 B-1,3-glukanasy Glukanasy 30 B-1,3-glukan
PR-3 Chitinasy typu I, 11, IV, V, VI, VII Chitinasy 25-30 Chitin
PR-4 Chitinasy typu l a Il Antifungalni, 15-20 Chitin
chitinasy
PR-5 Thaumatin-like proteiny Antifungalni 25 Membrana
PR-6 Proteasovy inhibitor I (rajce) Inhibitory proteas 8 a
PR-7 Endoproteinasa P (rajce) Endoproteasy 7w a
PR-8 Chitinasa (okurka) Chitinasy 28 Chitin
PR-9 Lignin-tvofici peroxidasa (tabak) Peroxidasy % a
PR-10 PR-1, MLP, CSBP, NCS (petrzel) Podobna A a
ribonukleasam
PR-11 Chitinasa typu V (tabék) Chitinasy 40 Chitin
PR-12 Rs-AFP3 (fedkvicka) Antimikrobialni, 5 Membrana
defensiny
PR-13 THI2.1 (Arabidopsis) Thioniny 5 Membrana
PR-14 Lipidy-ptenasejici proteiny Prenasece fosfolipida 9 Membrana
a mastnych kyselin
PR-15 Ox0Oa germin (je¢men) Oxalatoxidasy 20 a
PR-16 OXOLP (jecmen) Podobna 20 a
oxalatoxidasam
PR-17 PRp27 (tabak) Neznama 2r a

MLP = hlavni latexové proteiny; CSBP = proteiny specificky vazici cytokinin; NC = (S)-
norcoclaurinsynthasa;
2|n vitro nebyla zaznamenana antimikrobialni aktivita

PR-1 tiida je nejvice zastoupenou skupinou PR proteinti @ mizeme ji rozdélit na proteiny
kyselé a bazické. Kyselé PR-1 proteiny byly detekovany v tabaku, rajceti, je¢émeni, kukufici,
petrzeli, Arabidopsis a v mnoha dal$ich rostlinach patticich do ¢eledi lipnicovité, lilkovité,
merlikovité a laskavcovité. Jsou rozpustné v kyselych pufrech a maji nizké molekulové hmotnosti
(14-16 kDa) (Gordon-Weeks et al., 1997). PR-1 jsou vysoce rezistentni k proteolyze a jsou dobie
prizpisobeny na extracelularni prostiedi. Geny kodujici kyselé PR-1 proteiny neobsahuji Zadnou
sekvenci pro cileni do vakuoly. Bazické proteiny PR-1 obsahuji hydrofobni N-koncovou oblast
30 aminokyselin, ktera funguje jako signalni peptid pro translokaci do endoplazmatického
retikula a C-konec obsahuje signal pro piesun do vakuoly (Sudisha et al., 2012). Bazické isoformy
PR-1 proteinu byly identifikovany napt. v Arabidopsis, celeru, kukufici a dalSich obilovinach
(Buchel et al., 1999).

Proteiny tfidy PR-2 vykazuji f-1,3-glukanasovou aktivitu. Tyto proteiny Katalyzuji
hydrolytické stépeni 1,3-B-D-glukosidickych vazeb v f-1,3-glukanech (Leubner-Metzger

a Meins, 1999). Jsou lokalizovany v epidermis starSich listd a kofend zdravych rostlin.
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B-1,3-glukanasa byla popsana v kulturdch bunéfné suspenze jeCmene a rajcat. VéEtSina
B-1,3-glukanas reaguje na vyvojové a patogenni signaly.

Rostlinné chitinasy jsou klasifikovany na zakladé sekvencéni homologie a pritomnosti
nebo nepfitomnosti chitin-vazebné domény (CBD) do &tyt tiid PR proteint (PR-3, 4, 8 a 11).
Chitinasy jsou endo-B-1-4-glukosaminidasy, které hydrolyzuji vazby B-1-4 mezi
N-acetylglukosaminovymi zbytky chitinu (Sudisha et al., 2012).

Do tiidy PR-5 patii proteiny bohaté na cystein, které jsou nazyvany jako proteiny podobné
thaumatinu (TLP - Thaumatin-like proteins), na zakladé podobnosti se sekvenci thaumatinu.
PR-5 jsou proteiny s antimykotickou aktivitou a byly identifikovany v mladych listech tabaku.
Tyto proteiny se rychle akumuluji ve vyssich koncentracich pti biotickém a abiotickém stresu.
Kromé¢ thaumatinu fadime do této skupiny osmotin. Osmotin je cytotoxicky protein, ktery zvysuje
odolnost rostlin proti riznym biotickym a abiotickym stresim (Hakim et al., 2018).

Inhibitory proteinas jsou fazeny do tfidy PR-6. Jsou to velmi stabilni defenzivni proteiny, které
jsou indukovany pouze v reakci na napadeni rostliny hmyzem a patogeny. Jsou klasifikovany
na zaklad¢ typu proteinasy, kterou inhibuji: 1) inhibitory serinové proteinasy, 2) inhibitory
cysteinové proteinasy a 3) inhibitory aspartat/metaloproteinasy (Sudisha et al., 2012).

Ttida PR-7 zahrnuje proteiny s endoproteinasovou aktivitou. Aminokyselinova sekvence
vykazuje homologii s proteinasou podobnou subtilisinu a hraje roli v rezistenci u rostlin rajcete
v reakci na napadeni patogeny (Torenero et al., 1997).

Proteiny ttidy PR-9 vykazuji peroxidasovou aktivitu. Jedna se o glykoproteiny obsahujici
skupinu hem, které katalyzuji reakci peroxidu vodiku s Sirokym spektrem organickych
a anorganickych substrati. Vyskytuji se v n¢kolika isoformach. Jsou zapojeny do celé fady
fyziologickych procest a také do obranné reakce proti patogenum (Sudisha et al., 2012).
Peroxidasy jsou klicovymi enzymy v biosyntéze ligninu a suberinu. Jsou spojovany s mnoha
mechanismy, které mohou prispét k rezistenci rostliny, jako je HR, zesitovani polysacharidi
a depozice fenolickych komponent v rostlinné bunééné sténé béhem obrannych reakci (Thakker
etal., 2013).

Ttida PR-10 obsahuje obranné proteiny podobné ribonukleasam. Tyto proteiny se vyskytuji
napf. v bramborach, chiestu, fazoli a ryzi (Shivakumar et al., 2000) a jsou zapojeny
ve fyziologicky vyznamnych procesech a rovnéz v obranné reakci rostlin na patogeny (Hwang
et al., 2003).

Defensiny predstavuji tiidu PR-12. Na zaklad¢ rozdili v aminokyselinové sekvenci byly
defensiny rozdéleny do &tyi skupin (Sudisha et al., 2012). Jsou piitomny v listech, hlizach,
kvétech, luscich a semenech. Jsou ptitomny ve zdravych neinfikovanych pletivech a po plistiové
nebo bakterialni infekci dochazi k jejich akumulaci v rostliné (Pennecks et al., 1996; Olendo
et al., 1999; Thomma et al., 2002).
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Proteiny tifidy PR-13 jsou thioniny. Jedna se o malé 5 kDa proteiny bohaté na cystein izolované
nejdiive z je¢mene a poté z kotenu a listl ovsa, zita, kukufice, rajéete a papaji. Thioniny jsou
exprimovany konstitutivné a také v reakci na infekci patogenem (Sudisha et al., 2012).

Proteiny ptenasejici lipidy (LTP) byly klasifikovany jako tiida PR-14. LTP obsahuji
90-95 aminokyselin a byly identifikovany v riznych pletivech u rostlin, jako je napf. kukufice,
je¢men, Spenat a bavlna. LTP jsou vylu¢ovany do extracelularniho prostoru, kde se zifejmé podili
na modifikacich v ramci bunééné stény (Sudisha et al., 2012).

Oxalatoxidasa (EC 1.2.3.4) a proteiny podobné oxalatoxidase (OLP, Oxalate oxidase-like
proteins) jsou oznacovany jako PR-15 a PR-16. Oxalatoxidasa a OLP sdili sekven¢ni podobnost
s pSeninymi germiny. Germin-like proteiny (GLP) jsou rozmanit¢ a vSudypfitomné
glykoproteiny, bézn¢ se vyskytujici v riznych rostlinach. GLP jsou fazeny do tfidy PR-16. GLP
mohou vykazovat enzymovou aktivitu, jako ma napft. superoxiddismutasa (SOD, EC 1.15.1.1),
oxalatoxidasa a polyfenoloxidasa (EC 1.14.18.1). GLP jsou lokalizovany v bunétné sténé
a mohou se podilet na zesileni bunééné stény v procesu zesitovani komponent rostlinné bunécné
stény b&hem tvorby papil, coZ zptisobuje jejich zvysenou odolnost vici infekei (Pei et al., 2019).

Proteiny tridy PR-17 jsou sekven¢né podobné s aminopeptidasami eukaryot a termolysiny
z bakterii, coz poukazuje na jejich proteolytické vlastnosti (Christensen et al., 2002).

ZvySend exprese PR proteini a jejich vyznamna role v obranném mechanismu rostlin
by mohla byt vyuzita pti zvySovani rezistence zemédélskych plodin k patogenim. Na druhou
stranu praktické vyuziti poznatkd o tloze PR proteinti mize byt ovlivnéno skutecnosti zjisténé
v poslednich letech, a to Ze PR proteiny mohou pusobit jako lidské alergeny. Diky svym
vlastnostem, jako je velikost, stabilita a odolnost k proteasam jsou tyto proteiny vhodnymi

kandidaty pro vyvolani alergickych reakci (Hoffmann-Sommergruber, 2000; Sinha et al., 2014).
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1.4 Reaktivni formy kysliku Vv rostlinach

P#i nerovnovaze mezi produkci a degradaci ROS mize dojit ke zvyseni hladiny ROS vedouci
K tzv. oxida¢nimu stresu. Nadprodukce ROS je pro buné¢né prostiedi nezadouci a zpisobuje
oxidaéni poskozeni biomolekul, zejména DNA, lipidi a proteint vedouci k naruseni jejich funkci
a ptipadné az k bunécné smrti (Neil et al., 2002; Ali et al., 2018b). Oxidace proteint pisobenim
ROS je dobie popsana napt. pro enzymy Calvinova cyklu, transkripéni faktory, signalni kinasy,
fosfatasy, proteasy a proteiny vazajici RNA. Proteiny s oxida¢nim poskozenim jsou rychle
oznaceny pro degradaci v proteasomu a autofagii. Oxidované a denaturované proteiny mohou
jesté pred degradaci slouzit jako signaly oxidaéniho stresu. Uginek ROS na proteiny miize byt
také nepiimy a vyvolany konjugaci s reaktivnimi produkty peroxidace mastnych kyselin, ktera
zvysuje citlivost proteini na proteolytickou degradaci. VSechny tyto modifikace proteint
vyvolané ROS byly popsany v rostlinach vystavenych pusobeni rtiznych stresovych faktort

(Czarnocka a Karpinski, 2018).

1.4.1 Prehled reaktivnich forem kysliku a jejich funkce v rostlinach

Piehled ROS vyskytujici se v rostlinach je shrnut v tabulce (Tab. 2).

Tab. 2 Ptehled reaktivnich forem kysliku vyskytujicich se v rostlinné buiice (pfepracovano dle Piterkova
et al., 2005)

Sloucenina Znaceni
hydroxylovy radikal OH
perhydroxylovy radikal O-H
peroxid vodiku H20;
singletovy kyslik 10,
superoxidovy anion-radikal 0,

Peroxid vodiku (H20:) je reaktivni molekula se stfedni dobou zivota asi 1 ms. Je schopny
prochdzet membranami prostiednictvim aquaporini a oproti jinym ROS tak difunduje na delsi
vzdalenosti v fadu um (Czarnocka a Karpinski, 2018). Jako signalni molekula je H2O. zapojen
v fad€ regulacnich procesti v ramci fyziologického vyvoje rostliny a dale v obranné reakci
vyvolané plisobenim abiotickych a biotickych stresovych faktort. H,O> je klicovym regulatorem
mnoha fyziologickych procest, jako je klicivost a riist semenackd, fotosyntéza, stomatalni pohyb,
bunéény rist, aktivace antioxida¢niho systému, senescence, gravitropismus a vyvoj kotfenového
systému, tvorba adventivnich kofenl, vyvoj bunééné stény a PCD. PCD je aktivni proces
vyvolany zvysenou produkci ROS dulezity v obranném mechanismu rostliny proti biotrofnim

patogentim a vyzaduje zapojeni SA (Khan et al., 2018).
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Hydroxylovy radikal (OH’) se podili na lipidické peroxidaci. Oxidované mastné kyseliny,
nazyvané oxylipiny, jsou dulezitymi signalnimi molekulami v odezvé rostlin na stres (Eckardt,
2008). Peroxidace lipida ma za nasledek zménu fluidity membrany, ztratu jeji integrity
a inaktivaci membranovych proteint a iontovych kanald. ZvySena hladina peroxidace lipidd byla
prokadzana v mnoha studiich zamétenych na abioticky stres (salinita, sucho, chladno a stres
tézkymi kovy) (Sharma et al., 2012; Hossain et al., 2015). Produkty lipidové peroxidace mohou
zpisobit dalsi poskozeni bun€k napt. reakci S proteiny a nukleovymi kyselinami, které jsou
vzdalené od mista vzniku ROS (Ayala et al., 2014).

Superoxidovy anion-radikal (O2") je stiedné reaktivni molekula a ma relativné kratkou dobu
zivota 2-4 ps. V Haber-Weissové reakci dochazi k vzniku reaktivngjsiho a toxi¢t&jsiho OH' reakci

0O, a H,0; (Czarnocka a Karpinski, 2018).

1.4.2 Zdroje reaktivnich forem kysliku v rostlinach

V rostlinach existuje cela fada zdroji ROS nachazejicich se v riznych ¢astech bunky. ROS jsou
produkovany jak v ramci metabolismu za fyziologickych podminek (napf. v prubéhu fotosyntézy
arespirace), tak také v reakci na pisobeni stresovych faktorti, a to enzymovymi i neenzymovymi
reakcemi (Apel a Hirt, 2004). Jejich piehled je zobrazen na Obr. 3. Zatimco u Zivo¢icht jsou
hlavnim zdrojem ROS mitochondrie, primarnimi producenty ROS v zelenych pletivech rostlin

jsou chloroplasty a peroxisomy (Czarnocka a Karpinski, 2018).

|!|a|r|x: xan|| !InOXI!ESﬂ

Komplex Il: reverzni elektronovy Metabolické procesy:

tok do komplexu | glykolatoxidasa, oxidace
Komplex Ill: oblast ubichinon- mastnych kyselin, flavinoxidasy,
cytochrom disproporcionace O,~

Enzymy: akonitasa, 1-galaktono-
y-lakton, dehydrogenasa

Diaminoxidasy

Fd, 2Fe-2S, 4Fe-4S klastry
PSII: Elektronovy transportni
fetézec QA a QB

Chlorofyl

y
Oxalatoxidasy
Aminoxidasy

Plazmatickda_ membrana

NADPHoxidasa

Elektronové transportni " Flavoproteiny
oxidoreduktasy Cytochrom b5
Quinonoxidasa Cytochrom P450

Obr. 3 Mista produkce reaktivnich forem kysliku u rostlin (pfepracovano dle Hasanuzzaman et al., 2013).
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V rostlinnych burikach je velké mnozstvi zdroji ROS lisici se mistem produkce a typem ROS.
V chloroplastech vznika pii fotosyntéze 'Oz, O,  a H,0,, zatimco fotorespiraéni H,0: je
dominantni ROS v peroxisomech. V mitochondriich tvorba O," probiha ¢astec¢nou redukci
kysliku na komplexech dychaciho fetézce béhem oxidativni fosforylace, kdy vznikajici O2~ je
dale dismutovan na H,O; katalyzou SOD. Apoplasticky O, je produkovan zejména aktivitou
NADPHoxidasy (EC 1.6.3.1). Na produkci H,O; se v apoplastu podili aminoxidasy (EC 1.4.3.6)
a peroxidasy bunééné stény (Dat et al., 2000; He et al., 2018).

1.4.3 NADPHoxidasa

Apoplastické ROS jsou produkovany zejména NADPHoxidasami, které se nachazi
na plazmatické membrané (Savatin et al., 2014; Rahikainen et al., 2016). Kontrolovana produkce
et al., 2006; Ellinger et al., 2013). NADPHoxidasy rostlin jsou homology savéich enzymu
nazyvanych jako ,,Respiratory burst oxidase homologs* (RBOH). ROS produkované RBOH hraji
dalezitou roli ve fyziologickych procesech, jako je napf. bunétna proliferace pii tvorbé
kotenového vlaseni nebo rust pylové lacky, dale jsou zapojeny do rostlinné obrany proti
patogenim aktivaci HR a regulaci vrozené imunity, dulezitou roli hraji ROS pii reakci
na abioticky stres, jako je napf. nefyziologické svételné podminky, poranéni, salinita, teplo, chlad,
hypoxie a ptitomnost tézkych kovt (Czarnocka a Karpinski, 2018).

RBOH je enzym lokalizovany Vv plazmatické membrané (Sagi a Fluhr, 2006) a ukazuje se,
ze mize byt pfitomny i na endomembranach rostlinné buiky (Noirot et al., 2014) podobné, jako
je tomu u zivo€ichti (Ushio-Fukai, 2009). RBOH maji vazebna mista pro NADPH (Suzuki et al.,
2011; Kadota et al., 2015), které prenaseji elektrony z cytosolického NADPH na apoplasticky
kyslik za vzniku O, (Mittler et al., 2004):

2 0, + NADPH — 2 O, + NADP* + H*
V dal§im kroku se radikal superoxidového aniontu redukuje na peroxid vodiku a kyslik v reakci
katalytované SOD (Garg a Manchanda, 2009).

20"+ 2H" - H,0, + O,
Kromé toho mize superoxidovy radikal reagovat s NO za tvorby peroxynitritu (Drzezdzon et al.,
2018).

0,"+ NO — OONO’
V ptipadé pritomnosti volnych iontl zeleza nasledné peroxid vodiku mtize prochazet Fentonovou
reakci (Garg a Manchanda, 2009). Béhem této reakce je produkovan hydroxylovy radikal.

Fe** + H,0,— Fe** + OH + OH’

Hydroxylové radikaly jsou vysoce reaktivni viici Sirokému spektru biomolekul.
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RBOH je membranovy protein slozeny z6 transmembranovych domén spojenych
s 2 molekulami hemu. Na N-konci RBOH se nachazi regula¢ni misto se dvéma navazanymi
vapenatymi ionty (Ca*") a fosforyla¢ni doména, na C-konci jsou vazebna mista pro koenzymy
NADPH a FAD. N-konec obsahuje motivy EF-ruky (EF-ruka je proteinovy motiv tvoieny dvéma
a helixy E a F, které v ur¢ité poloze ptipominaji lidskou ruku) (Suzuki et al., 2011), jak mtizeme
vidét na Obr. 4.

0, 0;"  sop SAA

U H:0: —gaR

AR RS RTee R e

FAD -
NADPH
NH3* v
COO- H,0,

cytoplazma

Obr. 4 Model struktury rostlinnych NADPHoxidas (RBOH). Zelené valce predstavuji Sest
transmembranovych helix. N-koncové domény obsahuji dvé domény EF-ruka zodpovédné za vazbu
vapnatych ionti. C-koncova doména obsahuje vazebna mista pro FAD a NADPH. Superoxid (O2") je
generovan z extracelularniho kysliku (O;). Oz~ je dismutovan na peroxid vodiku (H202), ktery mize
pusobit jako signalni molekula. Zkratky: SAA - systémova ziskana aklimatizace, SAR - systémova ziskana
rezistence, SOD - superoxiddismutasa (piepracovano dle Liu a He, 2016).

RBOH byly studovany u fady rostlinnych druhti jako napt. Arabidopsis, je¢men, okurka,
kukufice, ryze, tabak a raj¢e (Zhang et al., 2010; Marino et al., 2012; Adachi et al., 2015). Jedna
se o vysoce konzervované proteiny. Genom Arabidopsis thaliana (At) koduje celkem 10 RBOH
s oznaenim AtRBOHA - AtRBOHJ (Liu a He, 2016; Noctor et al., 2018). Napt. AtRBOHC
se podili na rastu kofenového vlaseni (Foreman et al., 2003) nebo AtRBOHE/H/J na vyvoji
a funkci pylu (Lassig et al., 2014; Xie et al., 2014). Mezi deseti AtRBOH je AtRBOHD
konstitutivné¢ a vSudypfitomné exprimovana. AtRBOHD vykazuje vysoky stupen citlivosti
na stres (Suzuki et al., 2011).

Obecné rostlinné RBOHD/E/F jsou kli¢ové pro tvorbu ROS v listech, RBOHB v semenech
a RBOHC v kofenech (Marino et al.,, 2012). RBOHD/F se tcastni stresovych odpovédi
souvisejicich s patogenezi a signalizaci spojenou se stresovou odpovédi napft. na poranéni, sucho
a zasoleni (Noctor et al.,, 2018). RBOHD/F jsou zodpovédné za produkci ROS v ramci
fyziologickych procesti jako je napt. zavirani pruduchii indukované kyselinou abscisovou (ABA)
(Qi et al., 2018).
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1.4.3.1 Produkce reaktivnich forem kysliku zavisla na NADPHoxidase

pri biotickém a abiotickém stresu u Arabidopsis thaliana

Rostliny reaguji na Gtok patogend tim, ze vyuzivaji ROS k vyvolani HR, SAR, aklimatizaci
a produkci stresovych hormoni a s tim souvisejici indukci obrannych mechanismu (Apel a Hirt
2004; Vellosillo et al., 2010; Karuppanapandian et al., 2011; Tripathy a Oelmuller, 2012).
Zvysena produkce ROS se objevuje v mist¢ napadeni rostliny patogenem v bunécné sténé,
plazmatické membrang, okolo mitochondrii a chloroplastii a v pribéhu pozdnich infekénich stadii
se ucastni PCD infikovanych pletiv tak, aby bylo omezeno Sifeni infekce. Bylo prokéazano,
ze produkce ROS zavisla na AtRBOHD je obecné pfitomnym mechanismem v reakci napt.
na napadeni patogeny, mechanické poskozeni, na oSetfeni rostlin BABA, rostlinnymi hormony
SA a MeJA (Liu a He, 2016).

Analyza mutantu atrbohD ukazuje, Ze v riznych interakcich rostlina-patogen jsou pozorovany
rozdilné odpovédi. Napiiklad mutant atrbohD je odoln&jsi nez ,,divoky genotyp™ na infekci
biotrofni oomycetou Peronospora parasitica (Torres et al., 2002) nebo nekrotrofni houbou
Alternaria brassicicola (Pogany et al., 2009), naopak stejny mutant je citlivéjsi nez ,,divoky
genotyp“ k infekci biotrofni houbou Golovinomyces cichoracearum (Berrocal-Lobo et al., 2010)
nebo nekrotrofni bakterii Dickeya dadantii (Fagard et al., 2007). Funkci AtRBOHD v reakci
na MAMP nebo DAMP je produkce ROS pro biosyntézu ligninu a ukladani kalosy (Liu a He,
2016). Indukce stomatalni imunity, coz znamen4 rychlé uzavieni priduchi pti napadeni patogeny
s cilem omezit vstup patogeni do rostlinného pletiva (tzv. stomatalni uzavieni), je jednou
z imunitnich odpovédi spousténych MAMP, kde hraje AtRBOHD spolu s AtRBOHF kli¢ovou
roli (Mersmann et al., 2010; Macho et al., 2012). Ukéazalo se také, ze AtRBOHD je zapojena
v odpovédi na riizné abiotické stresy, napf. teplotni Sok, hypoxie, 0ozon a salinita (Liu a He, 2016).

Dalsi funkci AtRBOHD/F je indukce akumulace prolinu (AtRBOHD ma v tomto mechanismu
vyraznéjsi roli) (Ben Rejeb et al., 2015a; Ben Rejeb et al., 2015b). Takto indukovana akumulace
prolinu muZe byt aktivovana pfi odpovédi rostliny napf. na zvySenou koncentraci chloridu

sodného a mannitolu v prostredi (Ben Rejeb et al., 2015b).

1.4.3.2 Regulace rostlinné NADPHoxidasy

RBOH jsou aktivovany vazbou Ca®* na motiv EF-ruky v N-koncovych oblastech daného enzymu
(Kadota et al., 2015). Mutaéni studie proteini RBOH prokézala, ze vazba Ca®* na tyto motivy
EF-ruky je pro produkci ROS dilezita (Ogasawara et al., 2008; Kadota et al., 2015). K regulaci
proteini RBOH miize dojit prostfednictvim Ca?*-dependentnich proteinkinas (CPK). Heterologni
exprese AtRBOHD v savéi bunééné linii HEK293T ukazala, Ze piima fosforylace a Ca®" ionty
vazané na motivy EF-ruky synergicky aktivuji AtRBOHD (Ogasawara et al., 2008).
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AtRBOHD muize byt substratem serin/threonin proteinkinasy BIK1 (EC 2.7.11.1, Botrytis-
induced kinase 1) (Kadota et al., 2014; Li et al., 2014). Funkéni analyza odhalila, Ze fosforylace
AtRBOHD zprostfedkovana BIK1 je nutnd pro produkci ROS indukovanou MAMP
a pro stomatalni imunitu (Kadota et al., 2014; Li et al., 2014; Monaghan et al., 2014). Regulace
AtRBOHD pusobenim BIK1 poskytuje mechanismus pro rychlou regulaci stresem-indukované
produkce ROS na plazmatické membrané. Kromé toho bylo prokazano, ze fosforylace BIK1
zprostiedkovana AtCPK28 negativné reguluje AtRBOHD-dependentni produkci ROS.
Fosforylace zprostredkovana AtCPK28 by mohla usnadnovat degradaci BIK1 (Liu a He, 2016).

Nové byly popsany dalsi typy kinas, jako jsou proteiny Open Stomatal (OST1-serin/threonin
proteinkinasa) nebo kalcineurin B-like (CBL)-interagujici proteinkinasy (CIPK), které se podileji
na fosforylaci RBOH (Czarnocka a Karpinski, 2018).

Signalizace prostfednictvim mitogenem aktivovanych proteinkinas (MAPK, EC 2.7.11.24)
se podili jak na rustu a vyvoji rostlin, tak i na reakcich rostlin na bioticky a abioticky stres
(Rodriguez et al., 2010; Liu, 2012; Hettenhausen et al., 2015). MAPK signalizace mtze byt
regulovana hladinou ROS a rovnéZz se mize podilet na indukci nebo regulaci produkce ROS
(Pitzschke a Hirt, 2006). Apoplasticky H,O,, produkovany aktivaci RBOH, mutize byt odpoveédny
za aktivaci signalni drahy MAPK, ktera vede k expresi geni kodujici enzymy regulujici hladinu
ROS v rostliné ve stresovych podminkach (Liu a He, 2016; Locato et al., 2018; Song et al., 2018).
Napt. u Solanum lycopersicum, MAPK1/2 fidi expresi cytosolické askorbatperoxidasy (APX, EC
1.11.1.11), glutathionreduktasy 1 (GR1, EC 1.8.1.7), katalasy 1 (CAT1, EC 1.11.1.6), zatimco
MAPKS5 a MAPK 6 fidi expresi Cu/Zn-SOD u rostlin vystavenych nadmérnému ozaieni a expresi
FeSOD v dusledku salinitniho stresu u Arabidopsis (Liu a He, 2016).

RBOH proteiny mohou byt dile regulovany prostfednictvim kyseliny fosfatidové (PA)
produkované ¢innosti enzymu fosfolipasy D (PLD, EC 3.1.4.4), ktera je spojena s plazmatickou
membranou a muze hydrolyzovat fosfolipidy (Zhang et al., 2009a). V eukaryotickych buiikach
syntéza PA jako signalni molekuly zavisi na dvou odlisnych enzymovych systémech. PLD mohou
hydrolyzovat strukturalni fosfolipidy uvnitf membran, které uvoliuji ptimo PA (Wang et al.,
2012), zatimco diacylglycerolkinasy (DGK, EC 2.7.1.107) mohou katalyzovat fosforylaci
diacylglycerolu (DAG) za tvorby PA (Arisz et al., 2009). V rostlinach A. thaliana jsou AtPLDal
a PA zapojeny do regulace aktivity AtRBOHD. PA se vaze a aktivuje AtRBOHD
ptres aminokyseliny arginin nachazejici se v pozicich 149, 150, 156 a 157 na N-koncové ¢asti
proteinu. Aktivace AtRBOHD vlivem PA je dilezita pro produkci ROS a v procesech uzavirani
praducht indukovanych ABA (Zhang et al., 2009a). DAG mize vznikat bud’ pomoci enzymu
fosfoinositid-fosfolipasy C (PI-PLC, EC 3.1.4.11), ktera ptisobi na fosforylované fosfoinositidy
nebo nespecifickymi PLC, které vyuzivaji strukturni fosfolipidy (Pokotylo et al., 2013; Pokotylo
et al., 2014). Jak inhibitory PI-PLC, tak inhibitory DGK redukovaly produkci PA po elicitaci
B-kryptogeinem (B-CRY, elicitin vylu¢ovany oomycetou Phytophthora cryptogea) a snizily tak
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produkci ROS zavislou na RBOHD u tabakové bunééné suspenze Nicotiana tabacum cv. Bright
yellow-2 (BY-2). U tabakové transgenni linie deficientni pro DGK fylogenetického Kklastru 11l
doslo k signifikantnimu snizeni oxida¢niho stresu po ptidani f-CRY. Uml¢enim DGK klastru I11
nedochazi k indukovanému zvyseni PA pomoci B-CRY, coZ jednozna¢né demonstruje zapojeni
téchto enzymii v reakci na B-CRY. Zda se, ze PA vznikajici katalyzou DGK kontroluje aktivitu
RBOH. Tato zjisténi poukazuji na ptimou regulaci RBOHD vznikajici PA produkovanou v draze
PI-PLC/DGK (Cacas et al., 2017).

G proteiny mohou také regulovat aktivitu AtRBOHD. Heterotrimerni G protein, slozeny
Z a, B ay podjednotky tvoii komplexy kotvené na membranu, které zprostfedkuji prenos signalu.
Genom Arabidopsis koduje jednu Ga, jednu Gp a tfi Gy podjednotky (Nitta et al., 2015). Napf-.
u pruducht se ukazuje, ze dilezitou roli v regulaci produkce ROS zavislé na AtRBOHD/F hraje
podjednotka Gy (Hao et al., 2012).

Vysledky ziskané ve studii Hao et al. (2014) poukazuji na moznost regulace AtRBOHD
prostrednictvim klatrinem zprostiedkované endocytozy a endocytozy spojené s membranovymi
mikrodoménami. Zda se, ze takto zprostfedkovana endocytéza AtRBOHD je vyznamna
u rostlinnych odpovédi na bioticky i abioticky stres (Leshem et al., 2007; Hao et al., 2014).
U mutanti atrbohD exprimujicich GFP-AtRBOHD pod kontrolou nativniho AtRBOHD
promotoru byla potvrzena ptitomnost GFP-AtRBOHD ve vétsing pletiv, a to ve smési monomert
a dimert v plazmatické membrané (Suzuki et al., 2011; Hao et al., 2014).

Béaze s dlouhym fetézcem (LCB, long chain bases) jsou meziprodukty sfingolipida a jejich
charakteristickou strukturni jednotkou. V listovych discich oSettenych sfingolipidy sfinganinem
¢i 4-hydroxysfinganinem byla indukovana vyssi produkce ROS oproti kontrolnim vzorktm. Tato
produkce ROS je zavisla na AtRBOHD, u mutantti atrbohD nedoslo k produkci ROS indukované
pomoci zminénych sfingolipidt (Peer et al., 2011). Kromé& toho, Ze hraji strukturalni roli
v membranach, sfingolipidy jsou spolu se steroly v membranovych mikrodoménach. Je mozné,
ze zmény ve slozeni sfingolipidi v membranovych mikrodoménach mohou ovliviiovat
molekularni slozky interagujici s AtRBOHD.

Na regulaci produkce ROS ¢innosti RBOH se soucasné podili inhibiéni efekt S-nitrosylace
RBOH (Yun et al., 2011). S-nitrosylace je jednim z mechanismu reverzibilnich posttransla¢nich
modifikaci proteini. Béhem tohoto procesu je oxid dusnaty (NO) kovalentné a reverzibilné vazan
na sulfhydrylovou skupinu cysteinu za vzniku S-nitrosothiolu (Astier et al., 2012). In vitro
analyza ukazala, ze AtRBOHD muze byt specificky S-nitrosylovana na Cys890 C-koncové ¢asti
(Liu a He, 2016). Nitrosylace AtRBOHD na Cys890 byla prokazana u rostlin A. thaliana
po infekci Pseudomonas syringae (Yun et al., 2011). Schématické znazornéni funkce

a navrhovana regulace enzymu AtRBOHD jsou znazornény na Obr. 5.
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Obr. 5 Schématické znazornéni funkce AtRBOHD a jeji regulace. MAMP a DAMP vnimané PRR mohou
spoustét produkci ROS zavislou na AtRBOHD. Abioticky stres (napf. teplotni Sok, 0zén, zranéni a slanost)
iniciuji AtRBOHD Kk produkci ROS neznamymi mechanismy. ET a SA mohou regulovat produkci ROS
zavislou na AtRBOHD ovlivnénim genové exprese PRR a AtRBOHD. AtRBOHD je regulovana
endocytozou. AtMPK, AtCPKs a Ca?* mohou pozitivné a negativné regulovat produkci ROS zavislou
na AtRBOHD. Dulezita je vzajemna kooperace ptisobeni ROS, hormont (ET, SA) a NO. Sipky oznaluji
aktivaci, tupé zakonCeni piedstavuje inhibici. Zkratky: AtCPK - véapnik-dependentni proteinkinasa
Arabidopsis thaliana, AtMPK - mitogenem aktivovana proteinkinasa A. thaliana, DAMP — molekularni
vzory spojené s poskozenim, ET - ethylen, LCB - baze s dlouhym fetézcem, NO - oxid dusnaty, PA -
fosfatidova kyselina, PAMP molekularni vzory typické pro povrch bunék patogennich mikroorganismt,
PLD - fosfolipasa D, PRR — receptory rozpoznavajici patogenni struktury, ROS — reaktivni formy kysliku,
SA - kyselina salicylova, SAA - systémova ziskana aklimatizace, SAR - systémova ziskana rezistence
(pfepracovano dle Liu a He, 2016).

1.4.3.3 Charakterizace tabakové NADPHoxidasy

V ¢DNA knihovné ziskané z tabakovych listt byl nalezen gen pouze pro jedinou isoformu RBOH,
ktery byl pro svou vysokou homologii s AtRBOHD oznacen jako NtRBOHD (Simon-Plas et al.,
2002). U tabaku N. tabacum (Nt) je NtRBOHD jedinou isoformou podilejici se na produkci ROS
v reakci na B-CRY, proteinovy elicitor vylu¢ovany oomycetou Phytophthora cryptogea
indukujici u tabaku HR a SAR (Ricci et al., 1989; Keller et al., 1996a; Simon-Plas et al., 2002;
Lherminier et al., 2009). Byly identifikovany dvé kopie NNRBOHD genu, které byly pojmenovany
NtRBOHD1 a NtRBOHD2. N. tabacum je allotetraploidni druh vznikly hybridizaci diploidnich
druht N. tomentosiformis a N. sylvestris pfed méné nez 200 000 roky (Leitch et al., 2008).
V databazi byl identifikovan jediny gen RBOHD v genomu N. tomentosiformis (NtoRBOHD)
agenomu N. sylvestris (NSRBOHD). Introny byly identické ve vSech ¢tyfech tabakovych RBOHD
genech. Délka intronu byla rozdilna pro NtRBOHD1 a NtRBOHD2, ale témét identicka
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pro NtRBOHD1 a NsRBOHD a pro NtRBOHD2 a NtoRBOHD. Ob¢ sekvence sdilely 98,4%
identity v aminokyselinové sekvenci a 96,7% identity na nukleotidové urovni v jejich kodujicich
regionech. Porovnani sekvenci s N. tomentosiformis a N. sylvestris RBOHD koédujicich oblasti
ukazaly, 7e NtRBOHD2 vykazuje 100% identitu na nukleotidové urovni s NtoRBOHD
a NtRBOHD1 vykazoval jedinou neshodu s NsRBOHD. NtRBOHD1 a NtRBOHD2 jsou
pravdépodobné dva homologni geny pochazejici z N. sylvestris a N. tomentosiformis (Noirot
etal., 2014).

Studie s vyuzitim konfokalni a elektronové mikroskopie odhalily lokalizaci NtRBOHD
v buikach BY-2 v plazmatické membrané a endomembranach tvoricich klastry (Noirot et al.,
2014). Po osetieni elicitinem B-CRY dochazi v bunééné suspenzi tabaku BY-2 k produkci ROS,
ktera je zprostfedkovana NtRBOHD, pficemz nejvyraznéjsi produkce ROS nastava okolo 10 min
po elicitaci. Zajimavym aspektem regulace NtRBOHD je nesoulad mezi kinetikou produkce ROS
a akumulaci NtRBOHD transkriptii po oSetfeni B-CRY. NarGst hladiny transkriptd NtRBOHD1
a NtRBOHD2 byl zaznamenan az 60 min po elicitaci B-CRY. B-CRY pravdépodobné spousti
uvolnéni intracelularnich zasob NtRBOHD, kter¢ jsou transportovany do plazmatické membrany.
Subcelularni transport se zda byt jednou z dal§ich moznych regulaci aktivity RBOHD (Noirot
etal., 2014).
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1.4.4 Signalni funkce reaktivnich forem Kkysliku

ROS maji nepostradatelnou roli jako signalni molekuly pfi regulaci fady fyziologickych procest,
nezastoupitelnou roli maji v obrannych reakcich, jsou zapojeny v odpovédi na rizné formy
biotického a abiotického stresu. ROS v reakci na stresové podminky mohou v rostlinném
organismu ovliviiovat fadu signalnich molekul, jako jsou napt. MAPK, G-proteiny

nebo transkripéni faktory (Obr. 6) (Ali et al., 2018b).

Bioticky stres
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Herbivory Déje v buiice
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Obr. 6 Schéma centralni Glohy peroxidu vodiku v odpovédi rostlin na stresové podminky. Hladina H2O: je
ovlivnéna typem a intenzitou pusobeni stresovych faktorii a ucinnosti antioxida¢niho systému. Zmény
v hladin¢ H,0; vedou nasledné k riznym zménam na urovni buiiky a organismu (pfepracovano dle Slesak
et al., 2007).

Produkce ROS vede ke zménam v transportu iontli (napt. Ca?*) a k fosforylaci proteint (Al
et al., 2018b). Signalni drahy ROS interaguji s dal§imi signalnimi molekulami, jako jsou napf.
SA a NO (Fu a Dong, 2013). V nedavné dob¢ byl potvrzen vyznamny vztah mezi cirkadiannimi
hodinami a metabolismem a signalizaci ROS (Karapetyan a Dong, 2018). V soucasné dob¢
se objevuji nové informace o procesu “ROS indukujici uvoliiovani ROS*“ (RIRR, ROS-induced
ROS release), ve kterém burtika/organela produkuje nebo uvoliiuje ROS, ¢imz vyvola zvy$enou
produkci nebo uvoliiovani ROS dalsi bunikou/organelou. V rostlinach proces RIRR
zprostiedkovava systémovou signalizaci na delsi vzdalenosti v reakci na bioticky a abioticky stres
a je spojeny s funkci proteinu RBOHD (Zandalinas a Mittler, 2018). Napi. ROS produkované
enzymem RBOH u excitované bunky jsou uvolnovany do apoplastu, spousti produkci ROS
u sousedni bunky a signal se tak ptenasi z buriky do buiiky. Tento proces byl ptivodné popsan
v rostlinach A. thaliana a ukazuje se, Ze zprostfedkovava rychlou systémovou signalizaci

(Dubiella et al., 2013).
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1.4.5 Antioxidac¢ni systém u rostlin

V pribéhu vyvoje rostliny vyvinuly fadu obrannych systémt podilejicich se na degradaci ROS.
Jedna se o tzv. antioxidanty enzymové a neenzymové povahy. Pokud dochazi k nekontrolované
produkci ROS (tzv. oxidativnimu vzplanuti) a soucasné nedochdzi k jejich dostate¢nému
odbouravani, mohou ROS zptisobit poskozeni lipidt v dusledku tzv. lipidové peroxidace, oxidaci
proteint (napf. oxida¢ni inaktivace enzymil) a nukleovych kyselin (oxidacni modifikace bazi)
(Czarnocka a Karpinski, 2018).

Mezi enzymy katalyzujici reakce vedouci k odstranéni ROS u rostlin patii napt. APX, CAT,
dehydroaskorbatreduktasa (DHAR, EC 1.8.5.1), glutathionperoxidasa (GPX, EC 1.11.1.9), GR,
glutathion-S-transferasa (EC 2.5.1.18), monodehydroaskorbatreduktasa (MDHAR, EC 1.6.5.4),
SOD. Jednotlivé enzymy se lisi svou lokalizaci v buiice (Dat et al., 2000; Del Rio et al., 2002;
Mittler, 2002; Czarnocka a Karpinski, 2018).

SOD patii do rodiny metaloenzymu. Katalyzuji odstranéni O, dismutaci na O, a HzO..
Rostlinné SOD obsahuji Fe, Mn nebo Cu/Zn jako prostetickou skupinu. Pocet, typ a distribuce
isoenzymt SOD se méni v zavislosti na rostlinném druhu, vyvojovém stadiu a podminkach
prostredi (Zafra et al., 2018). Fe-SOD byly nalezeny hlavné v chloroplastech, dale
v mitochondriich a peroxisomech, Mn-SOD jsou piitomny v mitochondriich a peroxisomech
a Cu/Zn-SOD jsou lokalizovany v cytosolu, chloroplastech, peroxisomech a apoplastu (Zafra
et al., 2018). ZvySena exprese a aktivita SOD je dulezita pfi reakci rostliny na bioticky (Lu et al.,
2017) i abioticky stres (Gill et al., 2015).

CAT jsou enzymy obsahujici hem a katalyzuji dismutaci dvou molekul H>O, na H,O a O..
Prestoze peroxisomy jsou hlavnimi producenty H2O,, CAT byly nalezeny také v chloroplastech,
mitochondriich a cytosolu. Informace ze sekvenovani genomu Arabidopsis potvrdily pfitomnost
tii genti CAT, dva z nich jsou lokalizované na chromozomu 1 (CAT1, CAT3) a jeden lokalizovany
na chromozomu 4 (CAT2) (Frugoli et al., 1996). Gen CAT1 je exprimovan hlavné v pylu
a semenech, CAT2 ve fotosyntetickych pletivech, v kofenech a semenech, zatimco CAT3 je
spojovan s vodivymi pletivy a listy (Mhamdi et al., 2010). Exprese a aktivita CAT je obecné
indukovana v obranné reakci rostliny na stresové faktory jako je sucho, salinita, chlad, teplo, UV
zareni a bakterialni infekce (Czarnocka a Karpinski, 2018).

Dalsi skupinu antioxidacnich enzymi, které redukuji Sirokou Skdlu substrati odvozenych
od ROS, piedstavuji peroxiredoxiny (EC 1.11.1.15). Jsou to malé proteiny obsahujici v aktivnim
misté rezidua cysteinu. Béhem reakce s oxidovanym substratem se peroxiredoxiny oxiduji
a dochazi kvzniku disulfidovych vazeb. Nasledné jsou peroxiredoxiny regenerovany
thioredoxinem a ten dale thioredoxinreduktasou (EC 1.8.1.9) vyuzivajici NADPH (Tovar-
Méndez et al., 2011).

Dalsi skupinou enzymovych antioxidantii jsou GPX, které vyuzivaji glutathion (GSH)

k redukci H2O,, organickych a lipidovych peroxidi. Jednotlivé isoformy GPX se 1isi v celularni
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lokalizaci (cytosol, chloroplasty, mitochondrie a endoplazmatické retikulum) stejné jako
V substratové specifité.

Askorbat-glutathionovy cyklus (AsA-GSH cyklus, Foyer-Halliwell-Asada cyklus)
piedstavuje fadu enzymovych reakei vedoucich k degradaci H20, (Obr. 7). Enzymy AsA-GSH
cyklu se nachazi v cytosolu, chloroplastech, mitochondriich a peroxisomech (Jimenez et al., 1997;
Chew et al., 2003). Jsou v ném zapojeny Ctyfi enzymy: APX, GR, MDHAR a DHAR a také
nizkomolekularni antioxidanty AsA, GSH a NADPH jako reduk¢ni ¢inidlo. Reakce katalyzovana
APX predstavuje prenos elektronit z AsA na HOa, produkujici monodehydroaskorbat (MDHA)
a HyO. Ruzné isoformy APX jsou pfitomny v subcelularnich kompartmentech, jako jsou
chloroplasty, mitochondrie, peroxisomy a cytosol. Exprese téchto enzymi je zavisla
na vyvojovém stadiu rostliny a rovnéz je regulovana v odpovédi na rizné formy stresu (Caverzan
et al., 2012). MDHAR katalyzuje regeneraci AsA z MDHA za pouziti NADPH jako redukéniho
¢inidla. MDHAR ma nékolik isoforem, které se spolecné s APX vyskytuji v chloroplastech,
mitochondriich, peroxisomech a cytosolu (Czarnocka a Karpinski, 2018). MDHA je nestabilni
radikal, ktery rychle disproporcionuje na AsSA a dehydroaskorbat (DHA). DHA je redukovan
na AsA enzymem DHAR. Pfi této reakci je GSH oxidovan na glutathion disulfid (GSSG) a GR
nasledné katalyzuje redukci GSSG na GSH.

H,0, : ; %M

H,O MDHA } GSH A NADP

Obr. 7 Schématické znazornéni askorbat-glutathionového (AsA-GSH) cyklu. Prvnim krokem je redukce
peroxidu vodiku ptisobenim askorbatperoxidasy (APX) katalyzujici peroxidaci askorbatu (AsA) za vzniku
monodehydroaskorbatu (MDHA). Ten je bud redukovan zpét na ASA prostiednictvim enzymu
monodehydroaskorbatreduktasy (MDHAR) nebo neenzymové disproporciovan na dehydroaskorbat (DHA)
a AsA. DHA je redukovan na AsA plsobenim dehydroaskorbatreduktasy (DHAR) s vyuzitim glutathionu
(GHS) jako reduktantu. GSH je tvofen z oxidovaného glutathionu (glutathion disulfid - GSSG)
glutathionreduktasou (GR) zavislou na NADPH (piepracovano dle Pandey et al., 2015).

]
NADPH

Rostliny jsou bohaté na nizkomolekularni slouceniny, které maji vyznamnou antioxidacni
aktivitu (Noctor et al., 2018). Mezi hlavni antioxidaéni molekuly v rostlinach patii AsA a GSH.
Hraji zde kli¢ovou roli, protoze specifické enzymové systémy (peroxidasy) katalyzuji jejich
rychlou reakci s H;O a jejich oxidované formy se regeneruji ptisobenim vysokokapacitnich

reduktas a reduktantti (Foyer a Noctor, 2011).
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AsA je nejvice zastoupenou antioxidacni slouceninou v rostlinach. Detoxikuje ROS bud’
pfimo, nebo prostiednictvim AsA-GSH cyklu. Podili se také na regeneraci oxidovanych
tokoferol a v redukovaném stavu je AsA vyuzivan jako kofaktor enzymu violaxantin-
deepoxidasy (EC 1.10.99.3) (Noctor et al., 2018). AsA je lokalizovan v chloroplastech,
mitochondriich, jadfe, peroxiSomech, cytosolu, vakuole a endoplazmatickém retukulu. Celkovy
obsah AsA v rostlinach se méni v disledku ptisobeni biotickych i abiotickych stresovych faktord.
Zvysena koncentrace ASA byla pozorovana napi. u rostlin vystavenych nadmérnému ozareni,
vysoké hladiné ozonu, v pfitomnosti tézkych kovil a pti ptisobeni UV zafeni (Zechmann, 2011).

Podobné jako u zivoc¢icht hraje GSH i v rostlinach dulezitou antioxidaéni roli. V redukovaném
stavu je thiolova skupina cysteinu donorem redukujiciho ekvivalentu na jiné molekuly, napft.
ROS, za vzniku disulfidové vazby v GSSG (oxidovana forma GSH). GSH je lokalizovany v témé&f
vSech bunécénych kompartmentech: chloroplasty, mitochondrie, peroxisomy, jadro, cytosol,
endoplazmatické retikulum, vakuoly a apoplast (Koffler et al., 2013). Vyssi hladina GSH zvysuje
toleranci k suchu, salinité, vysoké/nizké teploté a k ptitomnosti tézkych kovi (Cheng et al., 2015;
Hasanuzzaman et al., 2017).

Dal§imi neenzymovymi antioxidanty jsou a-tokoferol, karotenoidy, flavonoidy a prolin.
Tokoferoly jsou lipofilni antioxidanty, které ti¢inné odstranuji ROS a lipidové radikaly a chrani
biologické membrany pied oxidaénim poskozenim. Vitamin E (o-tokoferol) ma nejvyssi
antioxidacéni kapacitu ze ¢tyt isomert nalezenych v rostlinach. Mnozstvi bunécného a-tokoferolu
se vyznamn¢ méni v reakci na stres. Jeho zvySena koncentrace koreluje s toleranci vii¢i vysokému
svétlu a osmotickému stresu (Czarnocka a Karpinski, 2018). Karotenoidy jsou dalsi skupinou
antioxidantd lokalizovanych v plastidech fotosyntetickych i nefotosyntetickych rostlinnych
pletiv. Karotenoidy svou antioxidacni aktivitou chrani komponenty fotosyntézy. Jejich zvysena
bunécna koncentrace zvySuje toleranci vuci abiotickému stresu (Nisar et al., 2015). Flavonoidy
v rostlinné ti8i poskytuji ¢ervené, modré a fialové pigmentace v kvétech nebo ovoci. Maji
ochrannou roli proti abiotickym strestim, jako je napf. nadmérné ozareni, UV zafeni, vysoka
teplota, nedostatek vody, nedostatek Zivin a poranéni. Osmoprotektivni prolin je také povazovan
za silny antioxidant a potencialni inhibitor bunécné smrti. Ma schopnost zachycovat volné
radikaly a inhibovat peroxidaci lipidi. Vyssi koncentrace prolinu poskytuje toleranci k riznym
abiotickym stresim jako je sucho, salinita a nizké teploty (Czarnocka a Karpinski, 2018).

Antioxidac¢ni systémy rostlin a jejich lokalizace jsou znazornény na Obr. 8.
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Obr. 8 Antioxida¢ni systém rostlin a lokalizace jeho jednotlivych ¢asti v buiice. Obrazek shrnuje dostupné
informace pro Arabidopsis thaliana. Zkratky: APX - askorbatperoxidasa, CAT - katalasa, DHAR -
dehydroaskorbatreduktasa, GR - glutathionreduktasa, GRX - glutaredoxin, MDAR -
monodehydroaskorbatreduktasa, NTR - NADPHthioredoxinreduktasa, PRX - peroxiredoxin, SOD -
superoxiddismutasa, TRX - thioredoxin (pfepracovano dle Noctor et al., 2018).

Na regulaci hladiny ROS béhem stresové odpovédi se podili i mala molekula NO (Beligni
etal., 2002; Xue et al., 2007; Keyster et al., 2011; Begara-Morales et al., 2014; Yang et al., 2015).
Regulace prostfednictvim NO probiha na trovni posttranslacnich modifikaci enzymu
metabolismu ROS nitraci nebo S-nitrosylaci. Jednim z dobie popsanych mechanismi regulace
vnitrobuné¢né hladiny ROS v pribéhu stresové odpovédi prostrednictvim NO je S-nitrosylace
Cys-32 u APX1. U Arabidopsis S-nitrosylace vedla ke zvySeni aktivity APX (Yang et al., 2015).
Opacny efekt ma S-nitrosylace u tabakové suspenze N. tabacum cv. BY-2, kdy aktivita
cytosolické APX byla S-nitrosylaci inhibovana (De Pinto et al., 2013).
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1.5 Rostlinné hormony a jejich uloha v obrannych mechanismech

Rostliny produkuji Siroké spektrum hormont, jako je SA, JA, ET, auxiny, gibereliny, ABA,
cytokininy, brasinosteroidy a peptidové hormony, které maji svou tlohu béhem ristu a vyvoje
rostliny stejné jako v obrannych odpovédich na abiotické a biotické stresy (Adie et al., 2007;
Robert-Seilaniantz et al., 2007). Je znamo, Ze rostlinné hormony piisobi prostfednictvim
vzajemnych komplexnich antagonickych nebo synergickych interakei jejich signdlnich drah,
které také utvari signalni drahy zapojené v aktivaci slozek imunity rostlin (Shigenaga a Argueso,
2016). SA a JA jsou hlavnimi obrannymi fytohormony (Berens et al., 2017). U A. thaliana se SA
podili na obran¢é proti biotrofnim patogenim, zatimco JA tidi obranu proti nekrotrofnim
patogentim a herbivornimu hmyzu (Glazebrook, 2005; Berens et al., 2017). Signalni drahy SA
a JA se navzajem inhibuji a v dasledku toho jedna z nich maze ziskat pievahu v zavislosti na dané
situaci. Proto se nepiedpoklada, ze budou souc¢asné vysoce aktivni obé dvé. Za uréitych podminek
mohou byt signalni drahy SA i JA souc¢asné aktivovany uvnitt stejného listu b&hem imunitni
odpovedi rostliny. Betsuyaku et al. (2018) zjistili, ze signalni drahy SA a JA jsou aktivni
v raznych bunkach, ¢imz je dosazeno simultanni aktivace v ramci stejného listu (Obr. 9).
Prekvapiveé byla aktivita SA pozorovana pouze v nékolika bun&cnych vrstvach obklopujici zonu
PCD. Signalni aktivita SA je tedy piisné omezena na okoli zény PCD a nesiii se. Na druhou stranu
signalizace JA byla vylu¢né aktivovana v bunéénych vrstvach mimo aktivni zonu SA (Tsuda,
2018). Signalni cesty SA a JA jsou tedy aktivovany v prostorové oddélenych ¢&astech

v infikovaném listu.

nekrotrof
e% herbivor

biotrof

Obr. 9 Prostorové oddéleni antagonickych hormonalnich aktivit v obrané rostlin. Signalizace kyseliny
salicylové (SA) je aktivovana v rizové zoné okolo zony, kde probiha programovana buné¢na smrt (PCD,
oranzova barva) listovych bunék. Signalizace kyseliny jasmonové (JA) je aktivovana v modré zoné mimo
aktivni zébnu SA. Toto prostorové oddéleni umoznuje listu branit se proti ptisobeni vice stresovych faktora
(napt. nekrotrofni a biotrofni patogen...), coz mize zvysit Sanci na preziti listd v ptirodé (ptepracovano
dle Tsuda, 2018).
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1.5.1 Kyselina salicylova

SA je vyznamnou endogenni signalni molekulou v rostlinné imunité. SA je zapojena do procesi
kli¢eni, kveteni a rezistence v reakci na abiotické stresové faktory. Aplikace SA narostliny tabaku
zvySuje akumulaci PR proteind a nasledné zvysuje rezistenci rostlin napf. proti viru tabakové
mozaiky (Zhu et al., 2014). Tento protektivni vliv SA nebyl pozorovan pouze u tabaku,
ale i u dalSich jednodé€loznych i dvoudéloznych rostlin zejména Vv reakci na fadu biotrofnich
patogent. SA je dilezita pro vrozenou imunitni odpoveéd’, lokalni rezistenci zahrnujici expresi PR
genu, aktivaci PCD a SAR (Shigenaga a Argueso, 2016).

Biosyntéza SA vychazi z chorismatu (Obr. 10) - meziproduktu fenylpropanoidové drahy
(metabolicka draha vedouci napiiklad k ligninu, flavonoidim nebo antokyantim) cestou dvou
enzymovych drah. Prvni zahrnuje drahu enzymu fenylalaninamoniaklyasy (PAL, EC 4.3.1.24)
a ta druhd pfedstavuje proces pfemény chorismatu na isochorismat prostfednictvim enzymu
isochorismatsynthasy (ICS, EC 5.4.4.2). Isochorismat je dale exportovan z plastidu do cytosolu
prostiednictvim isochorismatového exportéru EDS5 (Enhanced disease susceptibility), kde
dochazi ke konjugaci glutamatu s isochorismatem za vzniku isochorismoyl-glutamatu katalyzou
enzymu amidotransferasy PBS3 (Amido-transferase AvrPphB susceptible 3). Isochorismoyl-
glutamat se spontann¢ rozklada na SA a N-pyruvoyl-L-glutamat. Tento diive neznamy reakeni
mechanismus se zda byt konzervovany v celé rostlinné 1isi. Protein z rodiny BAHD acyltransferas
(acyltransferasy nalezené u vyssich rostlin z ¢eledi Brassicaceae) zvany EPS1 s diive potvrzenou
roli v akumulaci SA po napadeni rostliny patogeny pravdépodobné produkuje specificky SA
z isochorismoyl-glutamatu A (Rekhter et al., 2019; Torrens-Spence et al., 2019).
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)‘kﬂ/o —_—

OH fenylalamn

(ics)

chorismat ?
ruvat
siD2 PmsB PY
(IPL)

EPS1
(IPGL)

—_—
CHp R
o Spontannl
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| AP AMP salicylat N-pyruvoyl-L-glutamat
X L-glutamat  PPi
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Obr. 10 Drahy biosyntézy sylicylatu. Draha odvozena od metabolismu fenylpropanoidi je znazornéna
zelenymi sipkami. Cesta odvozena od isochorismatu je znazornéna modrymi Sipkami. Né&které bakterie
produkujici salicylat vyuzivaji enzym isochorismatpyruvatlyasu, kterd piimo pievadi isochorismat
na salicylat, coz je zobrazeno hnédou sipkou. Zkratky: SID2 - protein (Salicylic acid induction deficient 2),
ICS - isochorismatsynthasa, PBS3 - amidotransferasa, IGS - isochorismoyl-glutamatsynthasa, PmsB -
protein pro biosyntézu salicylatu (Salicylic acid biosynthesis protein), IPL - isochorismatpyruvatlyasa,
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EPS1 - transferasa (Protein enhanced Pseudomonas susceptibility 1), IPGL - isochorismoyl-glutamat A
pyruvoyl-glutamatlyasa (pfepracovano dle Torres-Spence et al., 2019).

Vétsina SA je pfeménéna do biologicky inaktivni formy, kterou je SA-B-glukosid (SAG)
a to pomoci enzymu SAglukosyltransferasy (EC 2.4.1.35). Biosyntéza a skladovani SAG probiha
ve vakuole, dokud neni pfeménén zpét na biologicky aktivni SA (Hennig et al., 1993; Dean et al.,
2003; Dean a Mills, 2004; Dean et al., 2005). Malé mnozstvi SA je pfeméneno na glukosovy ester
SA a/nebo muze byt SA methylovana na nestabilni MeSA (Chen et al., 2003; Liu et al., 2010).
MeSA hraje roli ve vzdalenéjsich signalech pfi pfenosu SAR napft. u tabaku a Arabidopsis (Zhang
etal., 2018).

Hlavnim regulatorem v obranné odpovédi zprostiedkované SA je regulaéni protein NPR1
(Non-expressor of pathogenesis-related genes 1) (Cao et al., 1994; Delaney et al., 1995;
Glazebrook et al., 1996; Shah et al., 1997). V buiikach neinfikovanych rostlin se NPR1 nachazi
V cytoplazmé v oligomerni formé¢ a jednotlivé NPRI1 jsou spojené pies intermolekularni
disulfidické vazby. Po infekci patogenem vede biosyntéza SA K aktivaci thioredoxint, které
redukuji disulfidické vezby mezi cysteinovymi rezidui NPR1, ¢imz méni jeho oligomerni stav
na monomerni (Kinkema et al., 2000; Mou et al., 2003; Tada et al., 2008; Shigenaga a Argueso,
2016). Serin/threonin kinasa (SnRK2-8) interaguje a fosforyluje NPR1. Fosforylace NPR1
na serinu 589 je nezbytna pro zménu lokalizace NPR1 z cytosolu do jadra ptes jaderné pory.
V jadte mohou NPR1 interagovat s transkripénimi faktory ze tfidy TGA, které maji funkci
v obranné aktivaci. Dochazi k indukci transkripce gent, jako jsou napi. geny kodujici PR
proteiny. Po jaderné translokaci monomerd NPR1 jsou indukovany také transkripéni faktory
WRKY. Skupina transkripénich faktort WRKY70, WRKY50 a WRKYS51 pozitivné reguluje
signalni drahu SA, zatimco WRKY33 ma negativni vliv (Zhang et al., 2018). Nadprodukce
WRKY70 zvySuje expresi genit zavislych na signalni draze SA (PR-1, PR-2, PR-5) a potlacuje
expresi obrannych gent zavislych na signalni draze JA (Obr. 11) (Mur et al., 2013).
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Obr. 11 Signalizace kyseliny salicylové (SA) zavisla na regulaénim proteinu NPR1 (Non-expresor
of pathogeneses related genes 1). V neinfekénim stavu je vétSina NPR1 lokalizovana v cytoplazmé jako
redox-senzitivni oligomerni komplex. Po napadeni patogenem dochazi k akumulaci SA, coz zptisobi
redukci bunéného prostiedi a oligomerni komplex NPR1 je piisobenim thioredoxinii pifeménén
na monomery katalyzované thioredoxiny. NPR1 se poté translokuje do jadra prostiednictvim bipartitniho
jaderného lokaliza¢niho signalu NPR1. V jadife monomery NPR1 interaguji s transkripénimi faktory, jako
jsou TGACG sekvenéné specifické vazebné proteiny (TGA) za ucelem aktivace exprese genti. Kromé toho
je NPR1 fosforylovan na Ser55 a Ser59, coz zabratiuje proteinu SUMO3 (Small Ubiquitin Like Modifier
3) modifikaci NPR1. Nesumoylovany NPRI interaguje S transkripénim represorem WRKY70 a snizuje
expresi obrannych gent. Po infekci patogeny akumulace SA podporuje defosforylaci Ser55 a Ser59
a dochazi k modifikaci NPR1 pomoci SUMO3, coz zpusobuje disociaci NPR1 z WRKY70. Konjugace
NPR1 se SUMO3 navic indukuje fosforylaci NPR1 na Serll a Serl5 a podporuje interakci mezi NPR1
a transkripénim faktorem TGAS3 pro aktivaci exprese obrannych gentl. Konjugace se SUMO3 a fosforylace
NPR1 na Serll a Serl5 usnadiiuji degradaci NPR1 zavislou na ubikvitin ligase Cullin3 (CULS3)
(ptepracovano dle Li et al., 2017).

1.5.2 Kyselina jasmonova

studie odhalily, ze exogenni aplikaci JA dochazi k nadprodukci obrannych proteinti, jako jsou
defensiny a thioniny, které jsou bézn¢ indukovany po infekci nekrotrofnimi patogeny. JA
je pozitivni regulator imunity Vv odpovédi na nekrotrofni patogeny a negativni regulator
v odpovédi na patogeny biotrofni (Shigenaga a Argueso, 2016).

Prvnim krokem biosyntézy JA je uvolnéni a-linolenové kyseliny z membrany chloroplastl
(Obr. 12), po které nasleduje jeji oxidace lipoxygenasou (LOX, EC 1.13.11.-). Poranéni nebo
infekce patogeny je nasledovana signifikantné zvysenou regulaci JA-odpovédnych gent, vCetné
gent LOX. Po oxygenaci je kyselina a-linolenova konvertovana na JA, ktera je modifikovana
na derivaty JA (Wasternack a Hause, 2013; Ranjan et al., 2015). Jednim z téchto derivati je
(+)-7-iso-jasmonoyl-L-isoleucin (JA-lle) syntetizovany ptisobenim enzymu JA-amidosynthetasy

(JAR1, EC 6.3.2.52). Ja-lle pisobi jako endogenni biologicky aktivni JA uvnitf bunék. JA mtze
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byt také pfeménéna na tékavy MeJA reakei katalyzovanou enzymem jasmonat-O-
methyltransferasou (JMT, EC 2.1.1.141) (Shigenaga a Argueso, 2016).
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Obr. 12 Schéma biosyntézy kyseliny jasmonové (JA) v Arabidopsis thaliana. Biosyntéza JA zahrnuje
oktadekanovou drdhu od kyseliny a-linolenové (18:3) a hexadekanovou drahu vychazejici z kyseliny
hexadekatrienové (16:3). Tyto cesty biosyntézy JA probihaji v chloroplastech, peroxisomech a cytoplazme.
Syntéza kyseliny 12-oxo-fytodienové (OPDA) nebo dinor kyseliny 12-oxo-fytodienové (dn-OPDA)
z nenasycené mastné kyseliny probiha v chloroplastech, tyto meziprodukty jsou nasledné pteménény na JA
v peroxisomech. V cytoplazmé je JA metabolizovana na rizné slouceniny jako jsou methyljasmonat
(MeJA), jasmonoyl-L-isoleucin (JA-lle) a kyselina 12-hydroxyjasmonova (12-OH-JA). Zkratky: LOX -
lipoxygenasa; AQOS - allenoxidsynthasa; AOC - allenoxidcyklasa; OPR3 - 12-oxofytodienoatreduktasa 3;
OPR2 - 12-oxofytodienoatreduktasa 2; JAR1 - JA-amidosynthetasa; JIMT - jasmonat-O-methyltransferasa;
OPDA - kyselina 12-oxo-fytodienova; dnOPDA - kyselina dinor-12-oxo-fytodienova; OPC8 - kyselina 8-
(3-oxo-2-(pent-2-enyl)cyklopentyl)oktanova; OPC6 - kyselina 6-(3-oxo-2-(pent-2-enyl)cyklopentyl)
hexanova; OPC4 — kyselina 4-(3-oxo-2-(pent-2-enyl)cyklopentyl)butanova; tnOPDA - tetranor-kyselina
12-oxo-fytodienova; 4,5-ddh-JA - 4,5-didehydrojasmonat (piepracovano dle Ruan et al., 2019).
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Subcelularni distribuci JA reguluje ABC transportér JAT1 (Jasmonic acid transfer proteinl)
(Obr. 13). JAT1 je lokalizovany v jadfe a v plazmatické membrané rostlinnych bunék
a zprostifedkovava transport JA pies plazmatickou membranu a bioaktivniho JA-Ile do jadra
(Ruan et al., 2019). Signalni draha JA je v dal$ich bunkach aktivovana transportem JA
do apoplastu. Bioticky a abioticky stres vyvolavaji syntézu JA, ktera muze byt pievedena
na biologicky aktivni JA-lle ptsobenim JARL. Vnimani JA-lle receptorem COI1 (Coronatine
insensitive protein 1) spousti degradaci JAZ (Jasmonate ZIM domain) represord, coz vede
k uvolnéni transkripénich faktora a k regulaci gent v odpovédi na JA v riznych procesech
(Shigenaga a Argueso, 2016; Ruan et al., 2019). V nepfitomnosti JA se JAZ asociuje
s transkripénim represorem Topless (TPL) a je inicializovana modifikace chromatinu
prostfednictvim enzymd modifikujicich histony — histondeacetylas (HDAC, EC 3.5.1.98),
HDAC6 a HDACY a histonmethyltransferasy (EC 2.1.1.43), aby doslo k potlaceni exprese genti
zavislych na JA (Shigenaga a Argueso, 2016).

JAT
/ JAR1 A \
—
JA —— JA-le
JIH1

cytoplazma

SCFCOH ——

SCFcon .
e A
TF ﬁ LA
geny reaguijicina JA geny reagujicina JA
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Obr. 13 Piehled transportu kyseliny jasmonové (JA) a jeji signalni drahy. ABC transportér JAT1 (Jasmonic
acid transfer proteinl) reguluje subcelularni distrubuci JA. Oznaceni JIH1 pfedstavuje protein jasmonoyl-
L-isoleucinhydrolasu 1. Vniméani JA je zprostfedkovano E3-ligasou SCF®°"l. SCF komplex patii mezi
multi-podjednotkové ubikvitin-ligasy a SCF nazev je odvozen od tii jeho podjednotek (Skp/Cullinl/F-box
protein), ktery obsahuje COIL1 (Coronatine insensitive protein 1), ktery funguje jako receptor JA spolu
s transkripénimi represory JAZ (Jasmonate ZIM-domain). V neptitomnosti JA funguji JAZ jako
transkripni  represory s adaptorovymi  proteiny  NINJA  (Novel interactor of JAZ)
a obecnym transkripénim represorem Topless (TPL). Biologicky aktivni JA-lle vznika katalyzou enzymu
JARL (JA-amidosynthetasa), ktery se v jadfe vaze na F-box proteinu COIl, coz vede ke zméné jeho
konformace. Jedn4 se o protein, ktery urduje substratovou specifitu ubikvitinligasy SCF°, zprosttedkuje
ubiqutinylaci a naslednou degradaci proteint. Po ttoku patogenti vazba JA k COI1 odvadi JAZ proteiny
do SCF®O" komplexu, ¢imz dochazi k degradaci JAZ v 26S proteasomu. Tato degradace umoZiiuje
transkripci gent v odpovédi na signalizaci JA (ptepracovano dle Shigenaga a Argueso, 2016; Ruan et al.,
2019).
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Béhem infekce rostliny biotrofnimi patogeny jsou signalni drahy JA a SA antagonické.
Interakce téchto dvou hormonti hraje klicovou roli pfi rostlinnych imunitnich odpovédi
na patogeny (Shigenaga a Argueso, 2016). Dobie zkoumanym piikladem je fytotoxin koronatin
(COR), produkovany nékolika patovary P. syringae, ktery je zakladnim prvkem patogenity
a virulence P. syringae (Brooks et al., 2005; Uppalapati et al., 2007; Zheng et al., 2012). COR je
také strukturni napodobenina JA-lle a proto mize soutéZzit s JA o vazbu k receptoru COI1. Vazba
COR na COI1 zahajuje degradaci JAZ proteinu, aktivuje se signalizace JA a dochazi k potlaceni
SA drahy (Katsir et al., 2008). Podobné mohou nékteré efektory pisobit na JA signalizaci
nezavisle na COR. HopZl, efektor z P. syringae s predpokladanou aktivitou acetyltransferasy,
mize interagovat se ZIM doménou (Zinc-finger protein expressed in inflorescence meristem)
proteintt JAZ, coz vede k jejich acetylaci a proteasomové degradaci, aktivaci JA signalizace

a zvySeni patogenni virulence (Jiang et al., 2013).

1.5.3 Ethylen

Plynny hormon ET ma vyznamné funkce v regulaci ristu a senescence rostlin a je povazovan
za dulezitou soucast imunitniho systému rostlin v odpovédi na infekci patogeny (Lin et al., 2009).

ET je syntetizovan z aminokyseliny methioninu, ktera je pfeménéna na S-adenosylmethionin
(SAM) enzymem SAMsynthetasou (EC 2.5.1.6). SAM je pteveden na 1-aminocyklopropan-1-
karboxylovou Kkyselinu (ACC) vreakci katalyzované enzymem ACCsynthasou (ACS,
EC 4.4.1.14). Z ACC v reakci katalyzované ACCoxidasou (ACO, EC 1.14.17.4) vznika ET
(Obr. 14) (Argueso et al., 2007).

KMB
/Y:ngﬁv cb
MTR

methionin

ATP
PPi +Pi71$AMsynthetasa
MTA «— SAM —» draha biosyntézy

spermidinu/sperminu

ACCsynthasa
v
ACC — MACC

0, ]
Cco,+ H(:N? ACCoxidasa

v
ethylen

Obr. 14 Draha biosyntézy ethylenu (ET). S-adenosylmethionin (SAM) je syntetizovan z methioninu
za katalyzy enzymu SAMsynthetasy za spotieby jedné molekuly ATP. SAM je pieménén
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na l-aminocyklopropan-1-karboxylovou kyselinu (ACC) putisobenim ACCsynthasy za vzniku
5-methyltioadenosinu (MTA) jako vedlejsiho produktu. MTA se recykluje na methionin postupnymi
enzymovymi reakcemi zahrnujici razné meziprodukty (MTR - 5-methylthioribosa, KMB - 2-keto-4-
methylthiobutyrat), které tvofi methioninovy (Yangiv) cyklus. SAM je také prekurzorem pro biosyntézu
spermidinu a sperminu. Produkce ET z ACC je katalyzovana ACCoxidasou. V reakci dale vznika oxid
uhli¢ity a kyanovodik. Malonylace ACC na malonyl-ACC (MACC) snizuje obsah ACC a nasledné
produkci ET (Arc et al., 2013).

Signalizace ET u rostlin je zahajena vazbou ET na jeden nebo vice receptori, tzv. ETR1
(Ethylen reponse 1), ETR2 (Ethylen reponse 2), ERS1 (Ethylen reponse sensor 1), ERS2 (Ethylen
reponse sensor 2) a EIN4 (Ethylene insensitive 4) - majici jednotné EC 2.7.13.3, coZ jsou hybridni
histidinkinasy lokalizované na membranach endoplazmatického retikula (Obr. 15). ET receptory
jsou kinasy pusobici jako signalni represory, pokud na né neni navazan ET. Vazba ET
na receptory inhibuje Ser/Thr proteinkinasu CTR1 (EC 2.7.11.1), ktera pasobi jako negativni
regulator signalizace ET. Inhibice CTR1 vede k potlaceni jeho schopnosti fosforylovat protein
EIN2 (Ethylene insensitive 2), coz je kli¢ovy pozitivni regulator v signalizaci drahy ET, ktery je
ve fosforylované formé lokalizovany v endoplazmatickém retikulu. Pokud nedojde k fosforylaci
EIN2, ptechazi jeho C-koncova ¢ast do jadra, coz vede ke stabilizaci transkripénich faktort, které
jsou zodpovédné za transkripci genti regulovanych ET (Merchante et al., 2013). V jadie pak
dochazi k aktivaci klicovych transkripénich faktori ORAB9 (Octadecanoid-responsive
Arabidopsis 59) a ERF1 (Ethylene-responsive factor 1). V nepfitomnosti ET je transkripéni faktor
EIN3 (Ethylene insensitive 3) cilem SCF ligasy a dochazi k jeho degradaci v proteasomu (Mur
etal., 2013).
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Obr. 15 Model signalni drahy ethylenu (ET - C4Ha). Ethylenové receptory udrzuji CTR1 (Constitutive triple
response 1, serin/threonin proteinkinasa) v aktivnim stavu, coZ umoziuje potladeni reakce na ET. Vazba
ET na receptory je inaktivuje, ¢imz dochazi k inaktivaci i CTR1. Transkrip¢ni faktor EIN2 (Ethylene-
insensitive protein 2) je pak aktivovan a spousti se draha zahrnujici transkripéni faktory EIN3/EIL
(Ethylene insensitive EIN3/EIL-like transcription regulator) a ERF1 (Ethylene-responsive factor 1), které
se ucastni regulace odpovédi na ET. Hladina proteinu EIN3 (Ethylene-insensitive protein 3) je v
nepritomnosti ET niz§i nez v pfitomnosti ET v dusledku degradace v proteasomu. Signalni draha ET
zahrnuje drahu slozenou z CTR1 a kaskadu mitogenem aktivované proteinkinasy kinasy (MAPKK) a
mitogenem aktivované proteinkinasy (MAPK). Jina signalni draha ET zahrnuje proteinovy ptenase¢ AHP
(Arabidopsis thaliana histidine phosphotransfer proteins) a regula¢ni protein ARR (Arabidopsis thaliana
Response Regulator protein) a je funkéné nezavisla na CTR1 (pfepracovano dle Chen et al., 2005; Binder
etal., 2018).
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Hlavni role ET v odpovédi na biotrofni patogeny je primarné spojena se synergickou interakei
se signalni drahou JA a antagonickou interakci s drahou SA. Prvni dikazy o synergickém
pusobeni JA a ET pochazeji z analyzy exprese defensinu PDF1.2., ktera je aktivovana
nekrotrofnimi patogeny jako je Alternaria brassicicola, stejné jako exogenni aplikaci ET nebo
JA. Indukce genové exprese byla nicméné sniZzena nebo zrusena v piipadé, ze experimenty byly
provedeny s mutanty receptord ET. Soucasna aplikace JA a ET indukuje expresi genu
regulovanych JA a ET na mnohem vyssi Girovni nez pti aplikaci hormona samotnych. Pfedpoklada
se, ze pii synergickém pisobeni ET a JA jsou JAZ proteiny negativnimi regulatory transkripénich
faktortt EIN3/EIL v mechanismu zahrnujicim HDACG6. JA zptsobuje degradaci JAZ, coz vede
k aktivaci transkrip¢nich faktord regulovanych JA, jako jsou ERF1 a ORAS59, a synergické
aktivaci genti regulovanych ET a JA, vcetné defensinu PDF1.2 (Shigenaga a Argueso, 2016).

V nékterych piipadech byla popsana nezavisla aktivace signalnich drah ET a JA. ZvySeni
hladiny proteinu VSP2 (Vegetative storage protein 2) regulovaného JA pfti infekci nekrotrofnim
patogenem Pectobacterium carotovorum (dfive Erwinia carotovora) je u Arabidopsis nezavislé
nasignalizaci ET (Norman-Setterblad et al., 2000), ale zavislé na draze MYC2, coz je transkripéni
faktor JA drahy.

1.5.4 Vzijemné pisobeni signilnich drah Kkyseliny salicylové, Kkyseliny
jasmonové a ethylenu
Signalni drahy hormoni SA, JA a ET hraji nejvyznamnéjsi roli v regulaci obranné reakce proti
biotickému a abiotickému stresu. Zatimco SA, jak jiz bylo uvedeno, je dulezita pti interakcich
rostlin s biotrofnimi a hemibiotrofnimi patogeny, JA a ET hraji roli v obrannych reakcich proti
nekrotrofnim patogentim a herbivorim. Signalni drahy SA a JA/ET jsou vzajemné antagonické,
ale objevuji se i publikace naznadujici synergické pisobeni (Mur et al., 2005; Mur et al., 2008).
Vztah mezi signalizaci SA a JA drahy zavisi na relativnich koncentracich kazdého hormonu.
Nizké koncentrace SA mohou pisobit synergicky s JA v regulované indukci obrannych proteint
jako jsou PR-1 a PDF1.2 (Mur et al., 2006). Antagonicky vztah mezi signalizaci SA a JA je
pozorovan, pokud jsou tyto hormony pfitomny ve vysokych koncentracich, a to ¢asto vede
k vytvoteni oxidativniho stresu a bun&¢né smrti (Mur et al., 2006). Vzajemné antagonické
pusobeni mezi drahami SA a JA je dobie znamo. NPR1 hraje klic¢ovou roli pti potlaceni
signalizace JA prostiednictvim signalni drahy SA. Bylo zjisténo, Ze jaderna lokalizace NPR1 je
vyzadovana pro aktivaci odpovédi zavislych na SA, ale ne pro potlaceni JA odpovédi
zprosttedkované SA (Zhang et al., 2018). Transkripéni faktory ze tiidy TGA (TGAZ2/5/6) jsou
pozitivnimi regulatory exprese PDF1.2 (Zander et al., 2010), zatimco transkripéni faktor MY C2,
ktery je hlavnim regulatorem signalizace JA, ma negativni vliv na expresi PDF1.2 (Lorenzo

et al., 2004).
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Je znamo, Ze po indukci biosyntézy ET v prub&hu reakce na abiotické stresy mtize SA potlacit
signalizaci JA v nepfitomnosti NPR1 (Leon-Reyes et al., 2009). Toto zjisténi je ponékud

piekvapujici a ukazuje, ze ET a JA mohou synergicky regulovat expresi PDF1.2.

1.5.4.1 Reaktivni formy kysliku a signalni drahy hormoni

Signalni drahy hormont jsou propojeny s celou fadou dalsich regula¢nich drah zahrnujici riizné
obranné signalni cesty a vyvojové procesy. Regulace produkce a akumulace ROS je
pravdépodobné zapojena do vzajemného ptisobeni signalnich drah ET, SA a JA. Regulace hladiny
ROS v riznych bunéénych kompartmentech je jednim z mechanismu, kterym signalni drahy
rostlinnych hormont reguluji rostlinny rust a vyvoj (Vivancos et al., 2010; Jankda et al., 2019).
Signalni drdha SA vyvolava zmény v produkci a odbouravani ROS v chloroplastech,
mitochondriich a peroxisomech (Khokon et al., 2011). Funkce JA indukujici ROS zistava
kontroverzni. Velmi vysoké hladiny JA pravdépodobné zpusobuji akumulaci ROS a bunéénou
smrt, nizké koncentrace JA naopak aktivuji produkci NO (Orozco-Cardenas a Ryan, 2002).

Béhem poranéni dochazi u rostlin k produkeci oligogalakturonidd, které zvysuji biosyntézu JA
(Doares et al., 1995). Extracelularni ATP zprostiedkovava signal z poranénych bunék vedouci
k indukci ROS prostiednictvim aktivace RBOH a expresi genti pro biosyntézu JA (Song et al.,
2006). Zvyseni hladiny Ca?* a ROS spolu s aktivaci kaskady MAPK v ¢asné fazi obranné reakce
na poranéni jsou dulezité v regulaci biosyntézy JA. Inhibice produkce ROS (Orozco-Cardenas
et al., 2001) nebo potlaceni aktivity MAPK (Kandoth et al., 2007) sniZuje expresi geni
indukovanou v pozdni fazi poranéni, ale nedochazi k ovlivnéni exprese genti biosyntézy JA
U rajéat. Cytoplazmaticka alkalizace a produkce ROS jsou nutné pro zavieni praducht
indukované JA (Suhita et al., 2004).

ROS zprosttedkovavaji rtizné odpovédi, které ET vyvolava v rostlinach, napt. aktivaci
uzavieni priaduchu v Arabidopsis prostiednictvim peroxidu vodiku produkovaného enzymem
SOD ze superoxidového anion-radikalu vznikajiciho katalyzou RBOH (Desikan et al., 2006).
Navic ET zprostiedkovava uzavieni pruducha indukované UV-B u Vicia faba prostfednictvim
zvysené hladiny peroxidu vodiku zavislé na peroxidasach (Xia et al., 2015).

ROS jsou stejné jako SA krom¢e lokalni obrany proti biotrofnim a hemibiotrofnim patogentim
zapojeny také do zprostiedkovani SAR (Alvarez et al., 1998). Rozpoznani virulentnich patogenti
spousti lokalizovany oxidativni stres, ktery mize vést k HR spojené s buné¢nou smrti. Pro SAR
jsou charakteristické zmény v hladinach ROS v lokalnim pletivu i v mistech vzdalenéjsich
od mista infekce (Xia et al., 2015).

Podobné jako u SAR muze lokalni mechanické poskozeni vyvolévat systémovou obrannou
odezvu v neposkozeném pletivu (Li et al., 2002). Pro tuto obrannou odpovéd’ je nutna signalizace
JA.. Poranéni rychle aktivuje akumulaci ROS v lokalnim i vzdalenéj$im pletivu (Orozco-Cardenas

a Ryan, 1999). ROS produkované RBOH jsou diilezité pro rychlou systémovou signalizaci
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spou$ténou ruznymi stresy véetné poranéni (Miller et al., 2008). Inhibitory RBOH blokuji
elicitorem aktivovanou biosyntézu JA v bunééné kultufe zazvoru (Hu et al., 2003). Zatimco
produkce ROS v odpovédi na poranéni je spojovana s biosyntézou JA a ROS pisobi jako druhy
posel (Orozco-Cardenas a Ryan, 1999; Orozco-Cardenas et al., 2001), vztah mezi akumulaci ROS
a aktivaci syntézy JA ve vzdalengjSich pletivech zGstava nejasny. Signalizace JA muze
pravdépodobné zvysit hladinu ROS a aktivovat obrannou odpovéd’ na poranéni.

Analogicky k SAR se signalni odpovéd’ po abiotickém stresu ve vzdalené&jSich pletivech
nazyva systémova ziskana aklimatizace (SAA, Systemic acquired acclimatization). V souc¢asné
dob¢ jsou hormony ABA a ET povazovany za zprostiedkovatele signalizace v reakci na sucho
nebo nedostatek zivin (Xia et al., 2015). Znazornéni signalnich drah v systémové odpoveédi rostlin
ukazuje Obr. 16.
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Obr. 16 Prehled signalnich drah v systémové odpovédi rostlin. V' lokalnich ¢astech rostliny vystavené
specifickym podnétim, napf. napadeni patogeny, zranéni nebo piisobeni intenzivniho ozafeni, jsou
aktivovany kanaly pro Ca?* ionty, coz vede ke zvySeni koncentrace Ca®* v cytoplazmé. Plisobent stresovych
faktorti zptisobuje poskozeni bunééné stény nebo membrany a tvorbu malych molekul, jako je kyselina
fosfatidova (PA), oligogalakturonidy (OG) a oxylipiny. Ca?* spolu s Ca?*-dependentni proteinkinasou
(CDPK) aktivuji NADPHoxidasu (RBOH) a zvy3eni extracelularnich ROS aktivuje dalsi Ca?* kanaly. ROS
produkované RBOH aktivuji fosforylaéni kaskddu tvofenou mitogenem aktivovanych proteinkinas
(MAPKKK, MAPKK, MAPK), ktera mize tvotit S ROS pozitivni amplifikaéni smycku. CDPK, MAPK
a malé molekuly synergicky reguluji biosyntézu hormond, které mohou iniciovat dalsi faze produkce Ca?*
a ROS. Signal penaseny Ca?* a ROS miiZe vyvolat podobny proces a aktivaci signalnich drah v sousednich
buiikdch. ROS/Ca?*, hormony/malé molekuly a kinasa se vzajemné& reguluji a tvofi pozitivni amplifikacni
smyc¢ku. Timto zptisobem se signal specificky pro stimuly §iii v rostlinach. Meristém vyhonku miize vnimat
zmény v rostlin€ a regulovat rist rostlin prostiednictvim polarniho transportu auxinu. Interakce ROS/Ca?*
a hormont/malych molekul zprostiedkuji systémovou signalizaci, zatimco RBOH hraje dilezitou roli
v zesileni signalizace. Signdlni smyc¢ka indukuje tok Ca?* pfes membranu a hyperpolarizaci nebo
depolarizaci membrany, ktera ptisobi jako elektricky signal. Fyzikalni signaly, napft. elektrické nebo
hydraulické, produkované po lokalnich stimulech nezavisle nebo zavisle na signalni smydce, jsou
potencialné zapojeny do systémové signalizace (piepracovano dle Xia et al., 2015).
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1.5.4.2 Oxid dusnaty a signalni drahy rostlinnych hormonu

NO je spolecné se sulfanem a oxidem uhelnatym fazen mezi plynné hormony, které reguluji fadu
pochodli béhem vyvoje a ristu rostlin a jejich odpovédi na stresové podminky (Astier et al.,
2018). NO je spolecné¢ s ROS vyznamné zapojen v signalnich drahach dalsich rostlinnych
hormont. Po infekci biotrofnimi a hemibiotrofnimi patogeny NO pfispiva k aktivaci biosyntézy
SA prostiednictvim ICS (Mur et al., 2013). Zaroven ovliviiuje signalni drahu SA regulaci
oligomerizace aktivatoru NPR1 prostfednictvim jeho S-nitrosylace (Mur et al., 2013).
V jasmonatové draze NO aktivuje expresi LOX3 (EC 1.13.11.12) a 12-oxofytodienoatreduktasy
1,2,3(0OPR1, 2, 3; EC 1.3.1.42), naopak expresi allenoxidcyklasy (AOC, EC 5.3.99.6) potlacuje.
U ethylenové drahy NO aktivuje expresi genti podilejicich se na biosyntéze ET, tedy ACS a ACO
(Mur et al., 2013). Ptehled interakci NO a rostlinnych hormonii znazoriiuje Obr. 17.
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fytohormond, jejich transportu metabolismu fytohormond, jejich fytohormon

nebo signalizace transportu nebo signalizace E O O

° LA Y
o o/ o
[ No L TP
Y
ﬁi/

genova transkripes Zmeény v hladinach rostlinnych hormont

cile: enzymy zapojené v biosyntéze
M fytohormondu, degradaci

Wo Zmény v distribuci rostlinnych hormont
ﬁ ON cile: kanaly, transportni proteiny
genova transkripce

W Zmeény v signalizaci rostlinnych hormont

cile: receptory, signalni transduké&ni proteiny

Obr. 17 Piehled potencialnich mechanismu interakce oxidu dusnatého (NO) s fytohormony. (A) Chemicky
modifikované transkripéni faktory (TF) a jiné proteiny (P) prostfednictvim NO mohou ovlivnit expresi
gent zapojenych do metabolismu, transportu nebo signalizace u rostlin. (B) NO mize posttranslacné
modifikovat proteiny (P) p¥imo zapojené do produkce, distribuce nebo signalizace rostlinnych hormont.
(C) NO nebo reaktivni slouceniny odvozené od NO mohou reagovat s urcitymi rostlinnymi hormony
a vznikaji produkty se zmeénénou biologickou aktivitou. Chemické modifikace zavislé na NO jsou
reprezentovany jako ,,—NO* (pfepracovano dle Freschi, 2013).

- 46 -



1.6 Elicitiny

Elicitory jsou slouceniny pochazejici z velmi riznorodych zdroji, které se uplatiuji
pii interakcich rostlin a mikrobialnich organismi. Pod pojmem elicitor se v biologii rozumi
sloucenina, kterd je schopna stimulovat tvorbu (biosyntézu) jiné slou¢eniny uvnité bunééného
(rostlinného) organismu. Elicitory 1ze obecné klasifikovat z riiznych hledisek (Hahn, 1996) jako
endogenni a exogenni (primarni a sekundarni), specifické a obecné (nespecifické), biotické

a abiotické (fyzikalni a chemické) a elicitory proteinové a neproteinové povahy (Tab. 3).

Tab. 3 Piehled fyzikalnich a chemickych elicitord vyvolavajici obranné reakce u rostlin (pfepracovano
dle Radman et al., 2003)

ELICITORY
Fy.z l.k dlni Poranéni
elicitory
Abiotické Kovové ionty (stfibro, kadmium), NaCl
Kom[v)le>fm Bunécna sténa kvasinek, houbové spory
sloZeni
Polysacharidy Algindt, pektin,
. chitosan
Sacharidy -
o . . Mannuronat,
Chemické Oligosacharidy 1 .
elici tory Biotické i guluronat, rr_lannan,
Definované Peptidy Glutathion
slozeni Proteiny Celulasa, elicitiny
Glykoproteiny
Lipidy Lipopolysacharidy
Tekavé latky Organické slou¢eniny
Cs—Cuo

Elicitiny jsou malé proteiny 0 velikosti cca 10 kDa produkované jako extracelularni proteiny
patogennimi oomycetami rodu Phytophthora a Pythium (Bonnet et al., 1996; Kamoun et al.,
1997; Ponchet et al., 1999). Spole¢nym strukturnim znakem elicitinti je vysoce konzervovana
doména aminokyselin 1 az 98, obsahujici 6 cysteinovych rezidui, které vytvareji 3 disulfidické
mustky (Fefeu et al., 1997). Elicitiny stejné jako jiné sekreéni proteiny jsou syntetizovany
ve formé preproteind, u kterych je nasledné odstranén signalni peptid. Ten je obvykle 18 - 20
aminokyselin dlouhy a mezi elicitiny vysoce konzervovany (Ponchet et al., 1999). Geny kodujici
elicitiny z rodu Phytophthora jsou rovnéZz vysoce konzervované. Elicitiny jsou konstitutivné
exprimovany ve velkém mmnozZstvi 1 v nepfitomnosti interakce patogenu s rostlinou. U vsech
elicitinti byly identifikovany mnohonasobné kopie homolognich sekvenci gent. Elicitiny nemayji
enzymovou aktivitu a diky své schopnosti pfenaset mastné kyseliny a steroly pomoci hydrofobni
dutiny ve své struktuie jsou fazeny do skupiny tzv. proteind pienasejicich lipidy (LTP, Lipid
transfer proteins) (Mikes et al., 1998). Zapojeni elicitini v indukci HR a SAR byla poprvé
popsana pii interakci oomycet rodu Phytophthora s rostlinami tabaku (Bonnet, 1988). Vechny
druhy tabaku jsou citlivé na elicitiny produkované riznymi druhy Phytophthora spp. Kromé

tabaku byly nasledn¢ popsany dalsi druhy rostlin citlivé k elicitinim, jako je rajce, brambora,
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paprika (Solanaceae), hrach (Fabaceae), vinna réva (Vitaceae), citrus (Rutaceae), dub
(Fagaceae) a nékteré kultivary fedkve a tufinu (Brassicaceae) (Derevnina et al., 2016). Zda bude
aktivovana HR zavisi na typu elicitinu a interagujicim rostlinném druhu. Napt. elicitin infestin
(INF1) produkovany Phytophthora infestans aktivuje obrannou odpovéd’ zprostfedkovanou
drahami JA a ET u rajCete a zesiluje rezistenci k bakterialnimu patogenu Ralstonia solanacearum
bez aktivace HR (Glazebrook, 2005; Kawamura et al., 2009).

Podle primarni struktury se elicitiny déli do péti trid. Ttida | obsahuje proteiny slozené z 98
aminokyselin a déli se na kyselé (I-a) a bazické (I-B). Vétsinu elicitini produkovanych rodem
Pythium fadime do t¥idy I’. Ty jsou tvoieny 98-101 aminokyselinami a elicitiny této tfidy jsou
charakteristické obsahem glykosylacnich mist. Ttida II je tvofena silné kyselymi elicitiny
s délkou ftetézce 103-104 aminokyselin s kratkym hydrofilnim C-koncem. Elicitiny patfici
do tridy 11 jsou proteiny tvotené 165-170 aminokyselinami, z nichz 98 je typickych pro elicitiny
a nasledujici aminokyseliy na C-konci piedstavuji O-glykosylovanou doménu (Ponchet et al.,
1999).

Elicitiny tfidy I délime na zakladg jejich hodnoty pl na kyselé (a-elicitiny, pI < 5) a bazické
(B-elicitiny, pl > 7,5) (Le Berre et al., 1994). Ac¢koliv se a- i B-elicitiny vaZou k vysokoafinitnimu
vazebnému mistu na plazmatické membrané se stejnou afinitou (Bourque et al., 1998), jsou
B-elicitiny po aplikaci na dekapitovanou tabakovou rostlinu 50 - 100-nasobné aktivné&jsi
v navozeni HR a SAR neZ a-elicitiny. Navic Bourque et al. (1998) ukazali, Ze B-elicitiny jsou
Vv tabakové bunééné suspenzi nejméné 10-nasobné vice uc¢inné v aktivaci zmény extracelularniho
pH, produkci ROS nebo zmény koncentrace Ca®* v porovnani s a-elicitiny. Obecné se p-elicitiny
vyznacuji vy$si biologickou aktivitou nez a-elicitiny. Typickym zastupcem elicitint t¥idy 1-f3
je B-kryptogein (B-CRY). Schopnost mutantni formy B-CRY K13V, kdy je aminokyselina lysin
v poloze 13 nahrazena aminokyselinou valinem, vazat volné steroly a mastné kyseliny
je v porovnani s nativni formou B-CRY sniZena. Schopnost mutantni formy K13V ptenaset
steroly mezi micelami byla 5-nasobné snizena a prenos mastnych kyselin nebyl viibec pozorovan.
Tento rozdil je podobny jako v ptipadé porovnani B-elicitina s a-elicitiny, které maji na pozici 13
valin (Vauthrin et al., 1999). Snizena schopnost pienaset steroly, ackoli vazba je stale mozna,
naznacuje zasadni roli kladné nabitého zbytku v poloze 13 v interakcich elicitint s biologickymi
membranami (Pleskova et al., 2011).

P. cryptogea produkuje nékolik isoforem CRY lisicich se v hodnotach pl. Nejvice zastoupeny
je bazicky B-CRY (Le Berre et al., 1994). Je slozen z5 a-helixi, 1 dvouvlaknového
antiparalelniho B-skladaného listu a w-smycky, ktera je dalezita pro vazbu sterold (Obr. 18 A).
Kromé samotného B-CRY je zobrazen komplex B-CRY s ergosterolem jako zastupcem
ptrenasenych sterolti (Obr. 18 B). Tato vazba je nezbytna pro sexualni a asexualni reprodukci
patogenu, ktery postradd schopnost syntetizovat steroly a piijiméd je od hostitelské rostliny.

Elicitiny jako B-CRY se obecné skladaji z 98 ¢i vice aminokyselin a jednotlivé proteiny se shoduji
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vice nez v 60 % aminokyselinové sekvence. Molekulova hmotnost B-CRY stanovena MALDI-
TOF hmotnostni spektrometrii byla uréena jako 10 386 Da (Dokladal et al., 2012). U P. cryptogea
byly charakterizovany 4 geny kodujici elicitiny, které se d€li na 2 skupiny: 2 geny koduji elicitiny
o velikosti 98 aminokyselin a 2 geny koduji elicitiny o velikosti 103 aminokyselin. Tyto 4 geny

jsou soucasti genového klastru o velikosti okolo 6 kb (Panabieres et al., 1995).

Obr. 18 Terciarni struktura A) B-kryptogeinu a B) komplexu mutantu B-kryptogeinu K13H (lysin je v pozici
13 nahrazen aminokyselinou histidin) s ergosterolem (pfevzato z databaze
SCOPe, http://scop.berkeley.edu/sunid=48649, Boissy et al., 1999).

Interakci B-CRY s vysokoafinitnim vazebnym mistem na plazmatické membrané se spousti
fada vyznamnych reakci uvnité rostlinné buiiky, napf. dochazi ke zvyseni koncentrace Ca?*
v buiice (Tavernier et al., 1995; Pugin et al., 1997), naopak chloridové a draselné ionty jsou
transportovany vné buriky, coz vede k alkalizaci apoplastu (Blein et al., 1991), dochazi k aktivaci
RBOH (Simon-Plas et al., 2002), zméné uspoiadani plazmatické membrany (Gerbeau-Pissot
et al., 2014), aktivaci kaskady MAPK (Dahan et al., 2009) a endocytozy zavislé na klatrinech
(Leborgne-Castel et al., 2008). Dalsi studie ukazala, ze po aplikaci B-CRY se u tabakovych bunék
BY-2 rapidné zvysuje hladina PA (Cacas et al., 2017), ktera je zakladnim fosfoglycerolipidem
a meziproduktem syntézy fosfolipidi (Petroutsos et al., 2014). U tabakovych bunék dochazi
vlivem B-CRY Kk S-nitrosylaci molekularnich chaperont Cdc48 (NtCdc48) (Astier et al., 2012).
S-nitrosylace NtCdc48 nastava béhem prvnich 2 h po aplikaci B-CRY soucasné s produkci NO
a dal8imi signaly zahrnujici napt. produkci ROS (Kulik et al., 2015). B-CRY spousti zvysenou
akumulaci transkriptu i proteinu NtCdc48 a tato nadprodukce vede ke zvysené bunééné smrti
(Rosnaoblet et al., 2017).

Publikované studie ukazuji, Ze aktivita elicitinli zavisi na pritomnosti specifickych lysind
v jejich molekule (Pernollet et al., 1993; Pleskova et al., 2011; Dokladal et al., 2012). Je znamo,
ze B-CRY na svém povrchu obsahuje 6 lysinovych residui v porovnani se 3 lysiny u a-elicitint.
Lysinova residua se zdaji byt nezbytna pro interakci B-CRY s vysokoafinitnim vazebnym mistem
v rostlinné membrané (Dokladal et al., 2012). Struktura a distribuce naboje u téchto proteind
muze byt kli¢em k jejich biologické aktivité (Pleskova et al., 2011).

V soucasné dobé je pozornost vyzkumu soustiedéna na studium biologickych vlastnosti

elicitinGi s vyuZitim mutanti odvozenych napf. od B-CRY ptipravenych fizenou mutagenezi,
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pii které dochazi k zaméné jedné nebo vice aminokyselin. Vysledky s mutantnimi formami
B-CRY podporuji hypotézu, ze vazba a pienos sterold neovliviiuji prvotni obranné reakce rostlin,
jako je syntéza ROS nebo acidifikace cytosolu, ani pozdni reakce jako je nekrdza listd. Zda se,
7ze odebrani sterold z bunécné membrany vede k usnadnéni Sifeni patogena v napadeném
rostlinném pletivu (Lochman et al., 2005; Pleskova et al., 2011). | dal8i vysledky spiSe naznacuji,
7e vazba steroli neni pro biologickou aktivitu B-CRY kli¢ova (Dokladal et al., 2012; Uhlikova
etal., 2016).

Rozlozeni naboje a celkova struktura proteind ovlivituje biologickou aktivitu elicitinti vice nez
schopnost vazat a prenasSet steroly. Jedna se o mechanismy, které se podileji na buné¢éné smrti,
jako je zvysena produkce NO, stimulace lipidové peroxidace zvySenim aktivity enzymu
9-lipoxygenasy (9-LOX, EC 1.13.11.58), autooxidace (Rusterucci et al., 1999; Cacas et al., 2005)
nebo akumulace transkriptu 9-LOX. Vlozeni negativné nabité aminokyseliny do struktury
elicitinl ovliviiuje vétSinu procesii zapojenych do rané faze obranné reakce, zatimco pozitivné
nabita rezidua ovliviiuji specificky nekrotickou aktivitu B-CRY, coz ov§em zavisi i na pozici
zménéné aminokyseliny. Piikladem je mutantni forma B-CRY L19R, u které doslo k zaméné
leucinu za arginin v pozici 19. Zatimco u formy L19R byla nekroticka aktivita v porovnani
s B-CRY sniZena jen nepatrné, pozitivni argininovy zbytek u dvojitého mutantu L15W/L36F + R,
ktery je lokalizovan na povrchu proteinu, potlacuje nekrotickou aktivitu 3-CRY uplné @rgininovy
zbytek u tohoto mutantu byl spontanné pfidan kvasinkou Pichia pastoris na N-konec dvojitého
mutantu L15W/L36F). Negativné nabita sekvence EAEA na konci fetézce u mutantu L19R
naopak inhibuje procesy aktivované v rané fazi obranné reakce (Ptackova et al., 2015).

Tvorba NO aktivovana B-CRY u tabakovych bunék je ¢asteéné ovlivnéna produkci ROS
prostiednictvim RBOH (Kulik et al., 2015). Jak jiz bylo zminéno, posttransla¢ni modifikace
zpusobené NO byly potvrzeny u enzymu spojenych s produkci ROS jako je RBOH (Yun et al.,
2011) a také enzymi zapojenych do katabolismu ROS jako je napi. CAT (Clark et al., 2000),
APX (Clark et al., 2000; De Pinto et al., 2013) a MDHAR (Begara-Morales et al., 2014).

Produkce elicitinii neni pouze vysadou patogent rodu Phytophthora, rovnéz zastupci rodu
Pythium maji schopnost produkovat tyto malé proteiny. Jeden z elicitinli sekretovany druhem
P. oligandrum je oligandrin. Oligandrin je kysely 10 kDa protein fadici se mezi a-elicitiny.
Oligandrin maze aktivovat obranné mechanismy, které¢ hraji dilezitou roli v obrané pii napadeni
rostlin patogennimi organismy (Lascombe et al., 2000). Po osetieni oligandrinem byla prokazana
vy$8i rezistence rajCete napt. na Phytophthora parasitica, Fusarium oxysporum f. sp. radicis-
lycopersici a Botrytis cinerea (Picard et al., 2000; Benhamou et al., 2001; Lherminier et al., 2003;
Wang et al., 2011). Pfesny mechanismus obrannych reakci vyvolanych oligandrinem u rostlin
zUstava nejasny. Pravdépodobné dochazi ke stimulaci aktivity fady enzymil zapojenych
v obrannych mechanismech, jako jsou napi. PAL, polyfenoloxidasa, peroxidasy a k expresi PR

gent spojenych s produkei prislusnych proteint (Bezier et al., 2002; Robert et al., 2002). Zatimco
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nékteré vysledky prokazuji po elicitaci oligandrinem aktivaci signalnich drah SA, JA a ET (Lou
et al., 2011; Wang et al., 2011), jiné prace naopak poukazuji na spusténi obranné reakce pouze
prostiednictvim drah JA a ET (Hase et al., 2006; Hase et al., 2008). U raj¢at po oSetieni
oligandrinem nedochazi k vyznamnym strukturalnim obrannym mechanismiim (Picard et al.,
2000). U tabaku oligandrin spousti aktivaci obrannych reakci, jako je impregnace bunécné stény
fenolickymi latkami a akumulace noveé syntetizovanych proteinii ve floémovych svazcich
(Lhermenier et al., 2003). Podobné reakce byly sledovany u rostlin vinné révy oSetienych
oligandrinem a infikovanych B. cinerea (Mohamed et al., 2007). Pfi interakci rajéete a patogena
P. parasitica oligandrin stimuluje fenylpropanoidni a terpenoidni drahu vedouci k akumulaci
fenolickych komponent, které napadaji bunéénou sténu patogena (Benhamou et al., 2012).
Je ziejmé, Ze obranné mechanismy vyvolané oligandrinem se lisi u jednotlivych rostlin
a je potiebné dalsi studium této problematiky.

Poznatky tykajici se elicitinii se zaméfenim na B-CRY jako modelovy elicitin jsou shrnuty
v prehledném clanku ,.Elicitiny: Kli¢ové molekuly interakcei rostlin a patogent* publikovaném

v Casopise Chemické listy v roce 2014 (Priloha 1).
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PRILOHA 1

Elicitiny: Klicové molekuly interakci rostlin a patogenii

Pavla Moricova, Lenka Luhova, Jan Lochman, Tomas Kasparovsky, Marek Pettivalsky

Chemické listy 108, 1133-1139 (2014)
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1. Uvod

Rostliny jsou v pritb¢hu svého zivota vystaveny piiso-
beni proménlivého vnéjsiho prostfedi a musi Casto cCelit
plsobeni stresovych faktorti abiotické i biotické povahy.
Pusobenim biotickych stresovych faktord, jako jsou infek-
ce viry, bakteriemi a houbami, vedlo v prib&hu evolu¢niho
procesu u rostlin k vyvoji t€¢inného obranného systému,
zahrnujiciho riiznorodé specifické i nespecifické obranné
mechanismy. Mezi nespecifické reakce patii tvorba a zesi-
leni mechanickych bariér, produkce sekundarnich metabo-
lith nebo antimikrobialnich proteind, které brani priniku
patogenu do organismu, popfipad¢ zabranuji jeho dalSimu
Siteni'. Specifickd obrana aktivuje mechanismy vedouci
pfimo k eliminaci daného patogenu, napi. zvySena produk-
ce reaktivnich forem kysliku a dusiku vyvolava tzv. hyper-
senzitivni reakci (HR), pfi které rostlina reaguje na infekci
patogenu poskozenim vlastnich bun€k v misté priniku
patogenu do rostlinnych pletiv. HR ve formé kontrolované
bunééné smrti v misté infekce zbavuje patogen vyzivového
zékladu a tim limituje jeho riist a vyvoj™.

1133

V ramci komplexniho imunitniho systému rostlin
byly identifikovany dvé hlavni sloZky: imunita aktivovana
tzv. molekularnimi vzory asociovanymi s patogeny
(PAMPs, pathogen-associated molecular patterns) a imuni-
ta vyvolana efektory (ETI, effector-triggered immunity)*®.
Jako PAMPs se oznacuji evoluéné staré struktury, které
jsou v ramci vrozené imunity rozeznavany transmembra-
novymi rekogni¢nimi receptory. Patogeny ovSem vyvinuly
schopnost prekonat imunitni slozky aktivované PAMPs
pomoci vneseni svych efektorti virulence dovnitf hostitel-
skych bun¢k. K obrané rostliny vyuzivaji specifické pro-
teiny s vazebnymi misty pro polymorfni nukleotidy, které
jsou kédovany geny rezistence (R geny) a specificky pfi-
mo nebo nepiimo rozeznavaji vétSinu patogennich faktorti
avirulence (4vr)*. Tato slozka rostlinné imunity aktivova-
na efektory je na rozdil od imunity aktivované PAMPs
velmi specificka a je Casto spojena s HR v misté infekce,
kterou lze povazovat za jeden z nejdulezitéjSich znakt pro
zabranéni ristu biotrofniho patogena’.

Ackoli zminéné dve slozky imunitniho systému rost-
lin zapojuji odli$né receptory, sdileji aktivaci fady spolec-
nych obrannych mechanismi’. Ve fazi Gasné (vtefiny az
minuty) po rozezndni patogennich struktur se jednd napft.
o zmény v koncentracich a tocich iontl a tvorbu reaktiv-
nich forem kysliku, ve fdzi stfedni (minuty aZ hodiny)
o aktivaci proteinkinas, transkripce gent a produkci hor-
monu ethylenu, a ve fazi pozdni (hodiny az dny) napt.
akumulaci hormonu kyseliny salicylové (SA) a tvorbu
kalosy. Zmény v hladinich fytohormont po napadeni rost-
liny patogenem zpisobuji dal$i zmény v expresi obran-
nych genti a aktivaci obrannych reakci®”.

Jednim z mechanismt, kterym rostliny reaguji na
utok patogenu, je systémova ziskand rezistence (SAR).
Vede k odolnosti rostliny a chrani ji proti Sirokému spektru
patogend. SA je dlouhodobé znama jako kli¢ova latka pro
aktivaci SAR a dulezitou soucasti signalnich mechanismil
vedoucich k rozvoji SAR jsou kyselina jasmonova (JA)
a auxiny. SAR je asociovana s aktivaci velkého poctu genii
kédujicich riizné typy stresovych proteintt vcetné tzv.
s patogenezi souvisejicich proteini (PR proteiny, pathoge-
nesis-related proteins). Tyto proteiny produkovany hosti-
telskou rostlinou jsou exprimovany specificky jednak lo-
kaln€ v mistech infekce patogenem a jejich exprese je rov-
néz indukovana jakou soucast SAR iv dalSich c¢astech
rostliny®.

2. Elicitory

Latky spoustéjici obranné reakce v interakci rostlina-
patogen, jako soucast vyse popsanych mechanismt imuni-
ty PAMP a PTI, oznacujeme jako elicitory. Z chemického
hlediska se jedna o celé spektrum latek zahrnujici proteiny,



Chem. Listy 708, 1133-1139 (2014)

peptidy, oligosacharidy i nizkomolekularni slouceniny.
Elicitory se véazi na specifické receptory nebo vysokoafi-
nitni mista lokalizovana obvykle na povrchu bunécnych
membran a nasledné dochazi k aktivaci signdlnich drah
spoust&jici vlastni obranné reakce rostlinnych bungk®®.
Primarni elicitory pochazeji z patogentl, zatimco jako
elicitory sekundarni jsou oznacovany latky uvolnéné rostli-
nou po napadeni patogenem’. Elicitory lze také délit na
nespecifické a specifické: mezi nespecifické elicitory patii
latky, které se vyskytuji u celé fady patogent (napf. poly-
sacharidy bunéénych stén nebo nékteré nizkomolekularni
latky jako mastné kyseliny, steroly apod.), specifické elici-
tory jsou tvoreny konkrétnim patogenem — ve vétSiné pri-
padt jde o produkty Avr gent, které zpravidla byvaji roz-
poznavany jen urcitou skupinou hostiteld. Reakce na spe-
cifické elicitory byva také zpravidla mnohem komplexnéj-

§i neZ je tomu u nespecifickych elicitora*®®.

3. Elicitiny — proteinové elicitory

Zvlastni skupinou specifickych elicitorti predstavuji
elicitiny. Jednd se o malé extracelularni proteiny vylucova-
né zastupci oomycet, zejména rodi Phytophthora a Pythi-
um, jejichz struktura je vysoce konzervovana'®''. Elicitiny
nemaji enzymovou aktivitu, nicméné patii do skupiny tzv.
proteinti prenasejici lipidy (lipid transfer proteins, LTP),
které jsou schopny prenaset mastné kyseliny a steroly'Z
Rozpoznavani elicitinli hostitelskymi rostlinami je vysoce
citlivé, napf. u tabaku je pro vyvolani obranné reakce do-
statecna jiz nanomolarni koncentrace.

Elicitiny byly poprvé popsany jako monomerni hyd-
rofilni proteiny o velikosti cca 10 kDa, slozeny obvykle
z 98 aminokyselin'®. Struktura elicitinil je obecné tvofena
jednim antiparalelnim B-listem a péti a-helixy, které jsou
stabilizovany kazdy tfemi intramolekularnimi disulfidovy-
mi  mistky mezi Sesti cysteiny lokalizovanymi
v konzervovanych pozicich. Ve struktuie zcela chybi ami-
nokyseliny tryptofan, histidin a arginin, naopak serin
a threonin predstavuji ptiblizné 30 % proteinu. Nepfitom-
nost tryptofanu zptlsobuje, ze elicitiny vykazuji typicka
tyrosinova UV spektra'’. Struktura elicitinti obsahuje hyd-
rofobni dutinu, ktera umoznuje specifickou vazbu sterold
a mastnych kyselin'* ',

Elicitiny se podle primarni struktury déli do péti
tiid'*'7'"®*.  Ti#da 1 zahrnuje proteiny  tvofené
98 aminokyselinami obsahujici vzdy 6 cysteinl, 3 methio-
niny, 2 fenylalaniny, 3 glyciny. Pozice pro leucin, isoleu-
cin, prolin a threonin jsou vysoce konzervované. Ttida I se
déli na elicitiny kyselé (a-elicitiny, tfida I-A) a bazické
(B-elicitiny, tiida I-B)".

V¢étsina elicitind produkovanych patogeny rodu Pythi-
um se fadi do tiidy Py oznaGované také jako I" (cit."”).
Jedna se o skupinu kyselych elicitini tvofenych 98-101
aminokyselinami, ktera se mirné 1isi od tfidy I, a je pro ni
charakteristicka pfitomnost asparaginovych glykosylacnich
mist. Ttida II obsahuje siln¢ kyselé elicitiny o velikosti

Referat

103-104 aminokyselin, které maji kratky hydrofilni
C-terminalni konec a jsou produkovany napf. patogenem
Phytophthora cryptogea®. Elicitiny t¥idy III maji fetézec
s délkou 165—170 aminokyselin, z nichz 98 je charakteris-
tickych pro elicitiny a nasledujicich asi 70 aminokyselin na
C-terminalnim konci polypeptidického fetézce, tvofeném ze
75 % aminokyselinami serinem, threoninem a alaninem, pred-
stavuje O-glykosylovanou doménu. Elicitiny t¥idy III jsou
produkovény napf. patogenem Phytophthora infestans'”.

Elicitiny délime na z4klad¢ jejich hodnoty pl na kyse-
1¢ (a-elicitiny, pI <35) a bazické (B-elicitiny, pl>7,5)*'.
Obecn¢ plati, Ze zatimco o-elicitiny jsou produkovéiny
vzdy, B-elicitiny pouze n€kterymi druhy patogenu. Pocet
negativné nabitych aminokyselin, jako jsou kyseliny aspa-
ragova a glutamova, je téméf konstantni a pohybuje se
v rozmezi od 3 do 5. U B-elicitinti je pozitivni naboj dan
pritomnosti 6 lysinii ve struktufe, u kyselych a-elicitind
jsou piitomny jen 2-4 lysiny. U vysoce bazickych
B-elicitinti byly identifikovany fosforyla¢ni mista na kar-
boxylovém konci proteinu (rezidua 92-94), které u vétSiny
a-elicitind chybi. B-Kryptogein a -drechslerin maji dalsi
fosforylaéni mista lokalizovand uvnitf tzv. o-smycky
(rezidua 37-39)°.

Strukturni rozdily mezi ob&éma skupinami elicitinii se
odrazi i v rozdilnych schopnostech aktivace HR rostlin
a v hodnotach koncentraci potfebnych pro vznik nekrézy
rostlinnych pletiv. Zvyseny nekroticky ucinek u bazickych
elicitinil je zfejme zplisoben vysokym mnozstvim lysinli na
povrchu proteinu. Bazické B-elicitiny maji v pozici 13
velky hydrofilni aminokyselinovy zbytek (obvykle lysin),
kdezto u kyselych a-elicitinii se na stejném misté nachazi
maly nepoldrni valin®. Kyselé a-elicitiny, jako napf.
kapsicein z P. capsici, vykazuji o cca 2 fady nizsi schop-
nost vyvolat nekrézu rostlinnych bun¢k neZ bazické
B-elicitiny jako kryptogein. Navic napft. u tabaku byla pro-
kézana 10 aZz 50nasobné vyssi aktivace systémové ziskané
rezistence (SAR) bazickymi elicitiny ve srovnani
s kyselymi'®.

4. Elicitiny jako pi‘enaSece sterolii a mastnych
kyselin

Patogenni organismy rodu Phytophthora a Pythium
postradaji schopnost syntetizovat steroly, které jsou ne-
zbytné pro jejich reprodukci. Elicitiny produkované témito
organismy pusobi jako latky vychytavajici steroly
z hostitelského organismu a nasledné spousti aktivni fazi
sexualni a asexualni reprodukce patogenu'*'¢. Tyto fyzio-
logické a morfologické zmény vyZaduji komplexni signal-
ni systém zahrnujici specifické receptory i na strané oomy-
cet (obr. 1). Na druhé strané po vazbé elicitinli ve formé
komplexu sterol-elicitin na prislusny receptor hostitelského
organismu, dochazi k aktivaci obranného systému rostlin'’.
Dvoji role komplexu sterol-elicitin v reprodukci patogenu
(virulentni faktor) a soucasné¢ v mechanismech obrany
rostliny (avirulentni faktor) tvofi zaklad dynamickych in-
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Obr. 1. Uloha elicitinii p¥i transportu sterolii a aktivaci obrannych reakei rostlin (upraveno podle cit.

terakci mezi patogenem a rostlinou. Elicitiny pronikaji
lépe do vnéjsi vrstvy membrany nez proteiny prenasejici
lipidy, které se vSak mohou chovat jako antagonisté eliciti-
ni a potladovat tak bunééné odpovédi na elicitiny'?.

5. Signalni drahy rostlin aktivované elicitiny

Rozpoznani elicitind rostlinnymi buiikami je obecné
zajisténo prostiednictvim receptort, pfipadné vysokoafinit-
nich vazebnych mist lokalizovanych v plazmatické mem-
bran&”***. Signalni drahy vyvolané elicitiny jsou znazorng-
ny na obr. 2 (upraveno podle cit.'’). Vazba elicitinu (1) na
receptor vyvolava fadu zmén v buiice na molekularni urov-
ni. Dochazi k aktivaci efektorovych proteinti fosforylaci
(2, 4), aktivaci vapnikovych (3) a chloridovych kanalkt
a soucasné inhibici H'-ATPasy (5) a aktivaci membranové
NADPHoxidasy vedouci k acidifikaci cytosolu a dalSim
bunéénym odpovédim (8). Alkalizace extracelularniho
média (7) vede k zesileni aktivace NADPHoxidasy, zvyse-
né produkci reaktivnich forem kysliku a zvySenému zabu-
dovani vapenatych iontli do bunééné stény (9).

V dtisledku vyplaveni K™ a CI” iontfl z buiiky dochazi
k depolarizaci membrany, ktera vede také k aktivaci sig-
nalni drahy vedouci v prvni fadé k aktivaci NADPHoxida-
sy a blokaci H-ATPasy. NADPHoxidasa produkuje super-
oxidovy anion-radikél, ktery se déale pfeméfiuje na peroxid
vodiku a dalsi reaktivni formy kysliku (ROS)**?’. Inhibici
plazmatické H™-ATPasy dochazi ke snizeni pH cytosolu,
alkalizaci extracelularniho prostoru a zvySeni intracelular-
niho mnozstvi ATP'>*”*_ Tyto projevy rané faze obranné

Receptor - oomycety,
houby (pfedpokladany)
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Rostlinny receptor
(inaktivni stav)

Rostlinny receptor
(aktivni stav)
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reakce 1ze pozorovat jiz nékolik minut po pfidani elicitinu.

Na prenosu signalu v odpovédi rostliny na elicitin se
podili také zmény ve fosforylatnim stavu proteini jako
disledek inhibice proteinfosfatas a aktivace proteinkinas,
mezi které patfi napf. skupiny proteinkinas aktivované
mitogenem (MAPK), poskozenim nebo zvySenou hladinou
kyseliny salicylové’® . Piisobenim elicitinti dochézi dale
ke zvy3eni intracelularni koncentrace Ca®' iontd, které se
vedle funkce druhych posli uvnitt buiiky podili rovnéz na
zpevnéni bun&ené stény**.

Vedle ROS jsou do obranné reakce indukované eli-
citiny zapojeny i oxid dusnaty (NO) a reaktivni formy du-
siku. Aplikace elicitini vyvolava u rostlinnych bun¢k zvy-
Senou produkci NO (cit.***3%%), ktera reguluje aktivity kli-
C¢ovych enzym posttranslacnimi modifikacemi jako je
S-nitrosylace cysteinovych thiold®’. Signalni draha NO
indukovana kryptogeinem je také propojena se signalnimi
drahami cytosolického vapniku  prostfednictvim
S-nitrosylace kalmodulinu a regulace exprese gentl regulu-
jicich hladinu Ca®" ionti®®. P¥i aplikaci elicitinu INF1
z oomycety Phytophthora infestans bylo prokazano propo-
jeni signalnich drah NO a MAPKkinas v bazalni obrané
rostlin®. Zapojeni NO v indukci bun&né smrti po elicitaci
kryptogeinem zahrnuje reakci se superoxidem produkova-
nym NADPHoxidasou za tvorby peroxonitritu, ktery se
ucastni regulace exprese genll ucastnicich se procesu bu-
nééné smrti*.

V ramci pozdni faze obranné reakce rostlin vyvolané
elicitiny dochazi k expresi obrannych gend, mezi které se
fadi patogeny indukované PR (pathogenesis related) pro-
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Obr. 2. Signalni drahy aktivované elicitiny (upraveno podle cit.'®)

teiny, fenylalaninamoniaklyasa jako kli¢ovy enzym fe-
nylpropanoidni drahy a proteiny biosyntézy tiislovin
a fytoalexinti*®*'. Interakce rostlinnych bunék s elicitiny
také zahrnuje aktivaci signalnich drah rostlinnych hormo-
nii kyseliny salicylové, jasmonové a ethylenu®. Navic byla
prokazana schopnost migrace elicitinii vaskularnim systé-
mem a s tim spojend aktivace systémové ziskané rezisten-
ce (SAR)"Z.

6. Kryptogein

Nejcasteji studovanym elicitinem je kryptogein pro-
dukovany oomycetou Phytophthora cryptogea, ktery patfi
mezi bazické B-elicitiny (hodnota pl 8,5). Kryptogein je
globularni hydrofilni protein o molekulové hmotnosti
10 323 Da obsahujici 5 o-helixti a jeden dvouvlaknovy
antiparalelni B-skladany list”. Aminokyseliny v pozici 33
az 42 spojujici a2 a a3 helixy tvoii tzv. @-smycku, jejiz
struktura je stabilizovana interakci mezi Tyr33 a Pro42.
Tyto struktury jsou propojeny disulfidovymi mistky (Cys3—
Cys71, Cys27-Cys56 a Cys51-Cys95).  Struktura
o-smycky je ziejme¢ odpoveédna za vazbu na receptor rost-
linné buniky a aktivaci signalni kaskady vedouci k HR.
Prenos mastnych kyseliny a sterold umoznuje hydrofobni
dutina obsahujici striktn€ konzervovana hydrofobni rezi-
dua, lokalizovand mezi strukturou o-helixu s polarnimi
aminokyselinami a strukturou tvofenou -smyckou
a p-listem™.

Kryptogein vyvolava obrannou reakci u tabaku, ktera
vede k nekroze, tj. odumfeni rostlinného pletiva v misté
kontaktu s patogenem produkujicim elicitin, ale soucasné
ke zvySené rezistenci vic¢i patogentiim v ostatnich ¢astech
rostliny'**. Kryptogein se vaze na specificky receptor
v cytoplazmatické membrané a jeho funkce je pravdépo-

dobné spojena s aktivaci vapnikovych kanalkl. Jedna se
o glykoprotein slozeny ze dvou podjednotek o velikosti
162 kDa a 50 kDa, pficemz kryptogein se vaze reverzibil-
né N-glykosidovou vazbou na cukernou slozku 162 kDa
podjednotky®***’. Jako shrnuti fady studii interakce kryp-
togeinu s rostlinnymi bunkami byl navrzen model aktivace
signalnich drah rostlin v odpovédi na kryptogein (obr. 3)*.
Kaskada signalnich drah zahajend interakci elicitinu kryp-
togeinu (E) s receptorem vede ke zvySeni intraceluldrni
hladiny Ca*, na kterém se podili i ionotropni glutamovy
receptor (GIuR). Produkce NO a ROS indukuje zvySeni
cytosolické  koncentrace Ca®” i zvnitinich zdrojt
(vakuola), zvySend koncentrace Ca’" reguluje aktivitu
Ca’"-dependentnich protein vjadfe a je zapojena
v regulaci genové exprese. Vyznamnou roli v pfenosu sig-
nalu ma fosforylace/defosforylace proteind, depolarizace
membrany a depolymerizace mikrotubuld.

Po aplikaci kryptogeinu byla prokdzéna zvySend bio-
syntéza lipida a kvalitativni zmény v zastoupeni lipidd,
které se podili na stabilité membran rostlinnych bunék®.
Prostfednictvim aktivace vapnikovych kanalkli a zvysené
koncentrace vapniku v cytosolu kryptogein indukuje exo-
cytosu glutamatu do apoplastu a naslednou aktivaci iono-
tropniho glutamatového receptoru zapojeného v aktivaci
obrannych reakci a mechanismu produkce NO (cit.*’). Po
aplikaci kryptogeinu dochdzi ke zvySené produkci NO a
S-nitrosylaci proteinli, jako je napf. protein ucastnici se
bunééného dé¢leni cyklin-dependentni kinasa CDC48
(cit.*”). Zapojeni NO v indukci bundné smrti po aplikaci
kryptogeinu bylo potvrzeno pfidavkem lapace NO, které
vedlo k poklesu rozsahu bunééné smrti vyvolané elicito-
rem v bun&éné suspenzi tabaku®”".

Bourque a spol. prokazali roli histondeacetylasy 2
jako negativniho regulatoru bun&éné smrti*> indukované
elicitory. Lze ptredpokladat, ze HR je kontrolovana post-

1136



Chem. Listy 708, 1133-1139 (2014)

Patogen

H+

PPN

Depolarizace
membrany

T /77\
(

\ Jadro
exprese gent
\ -/

Depolymerizace
mikrotubulu

Referat

Vakuola
zasobarma Ca**

Obr. 3. Schéma signalnich drah indukovanych kryptogeinem (upraveno podle cit.

translacnimi modifikacemi vcetné acetylace jadernych
proteinti. Aplikace kryptogeinu indukovala zastaveni bu-
nééného cyklu v G-2 fazi. Byla pozorovana inhibice histon
H' kinasové aktivity cyklin-dependentnich kinas. Protea-
som-dependentni proteinovd degradace ma také klicovou
roli v HR indukované kryptogeinem®. V dalsi studii bylo
potvrzeno, ze v rané fazi po aplikaci kryptogeinu dochazi
k indukci endocytdzy mechanismem zavislym na produkci
ROS enzymem NADPHoxidasou™.

Reorganizace aktinovych vldken indukovana krypto-
geinem je zapojena v regulaci HR pfes modifikaci struktu-
ry vakuoly vedouci k desintegraci vakuoldrni membrany™.
Po aplikaci kryptogeinu byla prokdzana aktivace nejmén¢
&tyf jadernych Ca®*-dependentnich proteinkinas™. Pisobe-
nim kryptogeinu dochdzi v rostlinich tabaku ke zvySe-
ni specifické exprese genti souvisejicich s obranou rostlin,
zahrnujici kyselé i bazické formy prakticky vSech zna-
mych tabakovych PR proteini spole¢né s geny pro
NADPHoxidasu, lipoxygenasu a enzymy biosyntézy feno-
lickych latek a isoprenoidi. Soucasné jsou pozorovany
akumulace signdlnich latek jako je kyselina salicylova,
jasmonova, ethylen a phytoalexiny”"**.

Pies rozdilné biologické aktivity vSechny elicitiny
sdileji podobna vysokoafinitni vazebna mista na plazma-
tické membrané s podobnou hodnotou Kp, (cit.*®). Pozoro-
vani, ze vazba sterolu na kryptogein vyvolava zménu
v konformaci o-smy¢ky®, vedlo k formulaci hypotézy, Ze
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tato konformac¢ni zména vede k aktivaci kryptogeinu
anasledn¢  komplex  sterol-kryptogein  interaguje
s vysokoafinitnimi misty plazmatické membrany'. Tato
hypotéza byla testovana s vyuZzitim nékolika mutantl navr-
zenych metodami molekularniho modelovani, které by
umoznovaly rozlisit vztahy mezi strukturou a biologickou
funkeci spojenou s vazbou sterolll. Pouziti mutantt se snize-
nou schopnosti vazat steroly vedlo k zavéru, Ze tento para-
metr nemd vztah se schopnosti vyvoldvat obranné odpové-
di rostlin, ale ma vyznam pouze pro aktivaci signalnich
mechanismii v rané fazi®'. To je oviem v rozporu se zavéry
dalsi studie, ktera ukazala, Ze schopnost vazby sterolii
ovliviiuje pouze interakci kryptogeinu s vysokoafinitnim
mistem na membran&®. Pfestoze maji takika identickou
strukturu a vazebné schopnosti, komplexy kryptogein-
sterol a B-cinnamomin-sterol vyvolavaji velmi odlisné
odezvy vrané fazi. Schopnost kryptogeinu vyvolavat ob-
ranné reakce je tedy ziejmé vice zavisla na pfitomnosti
specifickych rezidui nez na schopnosti vézat steroly. Jako
nejlepsimi kandidaty na tuto funkci se jevi lysinové zbyt-
ky, coz bylo potvrzeno silnym vlivem mutace K13V na
schopnost indukce obrannych reakei rostlin tabaku®. Na
zékladé téchto vysledkli byl navrzen model pfenosu signa-
Iu zalozeny na mozné interakci specifickych lysinovych
rezidui s predpokladanou proteinovou slozkou vysokoafi-
nitnich vazebnych mist®.
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7. Zavér

Elicitory jsou vné&jsi aktivatory obrannych systémui
rostlin, jejichZ biologické aktivity se projevuji ve velmi
nizkych koncentracich. Mezi ¢asné reakce patii hypersen-
zitivni reakce vedouci k lokalni bunécné smrti, pozdé&ji
miZze dojit k rozvoji SAR na urovni celé rostliny. Vysled-
ky studia tcinku elicitint, proteinovych elicitord
z oomycet rodd Phytophthora a Pythium, pfinasi nové
poznatky o molekularnich mechanismech rozpoznani eli-
citinii receptory rostlinnych bunék, prenosu signalu a akti-
vaci obrannych mechanismu hostitelské rostliny. Aplikace
specifickych elicitint muze vyvolat zvySenou odolnost
rostlin vic¢i fadé vyznamnych patogenili. Tyto poznatky
vedou k potencialnimu vyuziti elicitini pfi ochrané zeme-
délsky vyznamnych plodin proti mikrobidlnim infekcim
a zlepseni vytéznosti v prib&hu péstovani.
grantem  GACR

Tato prdace byla podporena

P501/12/0590.

Seznam zkratek

cADPR cyklickd ADP ribosa

Glc glukosa

Glu kyselina glutamova

GluR ionotropni glutamovy receptor
HR hypersenzitivni reakce

JA kyselina jasmonova

MAPK mitogen-aktivované proteinkinasy
NADPH nikotinamiddinukleotidfosfat
NAO NADPHoxidasa

PK proteinkinasa

PP proteinfosfatasa

PR pathogenesis related

ROS reaktivni formy kysliku

SA kyselina salicylova

SAR systémovée ziskana rezistence
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Elicitors, endogenous compounds produced by micro-
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Vysledky ziskané v ramci feSeni diserta¢ni prace s nazvem ,,Studium obrannych mechanismu
rostlin aktivovanych elicitiny® jsou v experimentalni ¢asti prezentovany ve formé téi pivodnich

praci (Prilohy 2, 3, 4).

2.1 Piehled experimentalnich metod
2.1.1 Rostlinny material

Pro feSeni vytyCenych cili disertacni prace byly zvoleny dvé modelové rostliny: rajce (Solanum

lycopersicum) a tabak (Nicotiana tabacum) patfici do ¢eledi lilkovité (Solanaceae).

2.1.1.1 Rajce - rod Solanum

Celed Solanaceae zahrnuje vice nez 3000 druhti véetné mnoha ekonomicky dtlezitych plodin,
kromé jiz zminéného rajcete a tabaku jsou to brambory, lilek, paprika, mochyné a dalsi. Rod
Solanum je nejpocetnéjsim rodem v této Celedi zahrnujici 1250 az 1700 druht (Bergougnoux,
2014), nekteré z nich jsou zemédélsky a ekonomicky velmi vyznamné. Témto rostlinam byla
vénovana zna¢na pozornost $lechtiteltl. Jednim z nejzasadnéjsich problémi pfi Slechténi rajcat
se stala jejich odolnost proti biotickému stresu, tedy proti sktidcim zptsobujicim choroby, které
mohou byt pti¢inou vyznamnych ekonomickych ztrat (Bai a Lindhout, 2007). Rajce je cilem vice
nez 200 skidcd a chorob, k potlaceni nebo zabranéni negativniho pisobeni patogennich
organismu se v soucasnosti v zemédélstvi bézné vyuziva fada chemickych latek (Bergougnoux,
2014). Cilem studia obrannych mechanisma je moznost vyuziti pfirodnich latkek pro zvySeni
odolnosti rajcete vaci biotrofnim patogentim. V rdmci realizovanych studii byly pouzity
osmitydenni rostliny tifi genotypi Solanum spp., lisici se svou rezistenci k patogenu
Pseudooidium neolycopersici (padli rajéatové): nachylny genotyp S. lycopersicum cv. Amateur,
stfedné rezistentni S. chmielewskii a vysoce rezistentni genotyp S. habrochaites (Obr. 19)
(Mieslerova et al., 2004). S. lycopersicum cv. Amateur patii mezi vyslechténé genotypy s malou
odolnosti vii¢i patogenim na rozdil od divokych genotypu S. chmielewskii a S. habrochaites.
Experimentalni ¢éast disertacni prace navazuje na vysledky ziskané v predeslych letech,
prokazujici tlohu ROS (Mli¢kova et al., 2004; Tomankova et al., 2006) a NO (Piterkova et al.,
2009; Piterkova et al., 2011) v obranné reakci rajcat.
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(A) (B) (C)

A %
Obr. 19 Listy osmitydennich rostlin t¥i genotypt Solanum spp. lisici se rezistenci k patogenu Pseudooidium

neolycopersici. A) nachylny genotyp S. lycopersicum cv. Amateur, B) stfedné rezistentni genotyp
S. chmielewskii, C) rezistentni genotyp S. habrochaites.

N 8

2.1.1.2 Tabak - rod Nicotiana

Rod Nicotiana zahrnuje ptiblizn€ 70 druha rostlin. Vyskyt alkaloidu nikotinu v rostlinach souvisi
s jejich vyuzivanim v tabakovém primyslu k vyrobé cigaret a doutnikti a pro pouziti v dymkach.
Z velké fady druht tabaku se k témto G¢eltim hodi jen dva druhy, tabak virginsky (N. tabacum)
a tabak selsky (N. rustica). Tabak je zaroven duilezity pro chemicky prumysl, kde slouzi jako
vychozi surovina pro vyrobu nikotinu, chlorofylu a dalSich latek. Neméné dulezity
je ve vyzkumné oblasti, kde je tabak ¢asto pouzivanou modelovou rostlinou. Existuje nékolik
druht tabaku, které mohou mit rizné kultivary, béhem studijniho pobytu ve Francii jsem
se seznamila a pracovala s buné¢nou linii N. tabacum cv. BY-2. Bun&¢na linie BY-2 ptedstavuje
unikatni, dobfe charakterizovanou, vysoce homogenni linii vykazujici exponencionalni rist, kdy
dochazi k 80 az 100-nasobnému zmnozeni bunék za 1 tyden. BY-2 buiky jsou suspenzni
anefotosyntetizujici a ptfedstavuji vyborny model napf. pro studium bunééného cyklu. Tyto bunky
mohou byt snadno transformovany a slouzi tak k pfipravé stabilnich transgennich linii. Diky
témto vlastnostem se bunéc¢na linie BY-2 pouziva jako vhodny model pro vyzkum bunéénych
a molekularnich pochodi rostlinnych bunék (David a Perrot-Rechenmann, 2001). Svym vyuzitim
a zékladnimi vlastnostmi se daji BY-2 buiky pfirovnat k HeLa buné¢né linii hrajici dtlezitou roli
ve vyzkumu sav¢ich bunék. Naproti tomu bunééna suspenze odvozena piimo z listovych bunék

1épe modeluje interakce s elicitinem v listu nez buné¢na suspenze BY-2.
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2.1.2 Patogenni organismy a elicitory

V ramci experimentalni ¢asti disertaéni prace byl jako patogenni mikroorganismus pouzit
biotrofni houbovy patogen Pseudooidium neolycopersici. Dale jsme se zaméfili na studium vlivu
proteinovych elicitort tzv. elicitini pfirozené se vyskytujicich v rodech Pythium a Phytophthora.
Byl studovan vliv elicitinu oligandrinu z Pythium oligandrum a elicitinu B-CRY z Phytophthora
cryptogea.

2.1.2.1 Padli rajéatové (Pseudooidium neolycopersici)

P. neolycopersici je obligatni biotrofni patogen patiici do fise Fungi (houby), kmene Ascomycota
(vieckovytrusné houby), podkmene Pezizomycotina, tfidy Leotiomycetes (voskovic¢koplodé),
podtiidy Leotiomycetidae, ftadu Erysiphales (padli), d&eledé Erysiphaceae (padli)
(http://www.indexfungorum.org/names/NamesRecord.asp?RecordID=467775). Jedna se
o0 houbu, ktera zptisobuje rozsahlé epidemie na Siroké skale rostlinnych druhti, pficemz nejcastéji
parazituje pravé na rajéeti (Solanum spp.) a zpusobuje infekci zvanou padli rajcatové (Ridout,
2009). Pro tento patogen je typické, ze vytvaii na povrchu listdl, stonki, fapiki a v nékterych
pfipadech i plodin bilé povlaky mycelia (Whipps et al., 1998). P. neolycopersici tvofi
charakteristické elipsoidni spory o primérnych rozmérech 30x15 um. Pti kliceni se objevi kli¢ni
vlakno, které se postupné prodluzuje az do lalokovitého uspotadani (Obr. 20, 21 B). Sekundarni
apresorium vznika bud’ samostatné, nebo parové z hyfy, ktera se postupné vétvi na povrchu

napadené rostliny (Jones et al., 2001).

o]

Klitici vl%
% Kli¢ici vldkno

Obr. 20 Schématicky vyvoj patogena Pseudooidium neolycopersici v priabéhu 8, 24 a 72 hodin po infekci
(hpi) na listech citlivého genotypu Solanum lycopersicum (pievzato z Mieslerova a Lebeda, 2010).

Kli¢ici vlakno
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Jednotlivé genotypy rajéat mohou byt k patogenu rtizné rezistentni (Mieslerova et al., 2004).
Rezistence je charakterizovana silné omezenym ristem mycelia a chybéjici sporulaci a HR, ktera
se zda byt dulezitym a efektivnim obrannym mechanismem. U vysoce nachylnych genotypt
patogen rapidné kolonizuje a nespousti nekrotickou odezvu (Obr. 21 A), zatimco u rezistentnich
vyvolava HR (Huang et al., 1998; Mieslerova et al., 2004). Rezistence je kontrolovana riznymi
mechanismy, které stale nejsou pln€ objasnény. Obranné mechanismy jsou zavislé na genotypu
rajéete. Dochazi k vysoké produkci ROS, zvySené aktivite peroxidasy a CAT, zvySené
koncentraci spermidinu, lipidické peroxidaci a HR (Mli¢kova et al., 2004; Tomankova et al.,
2006). Byla potvrzena esencialni role NO ve vztahu k HR na dany patogen v zavislosti

na rezistentnich vlastnostech rostliny (Piterkova et al., 2011).

Obr. 21 Infekce Solanum lycopersicum cv. Amateur patogenem Pseudooidium neolycopersici. A) Listy
raj¢ete 48 hodin po infekci (hpi) patogenem P. neolycopersici, B) mikrofotografie mycelia
P. neolycopersici na listu S. lycopersicum cv. Amateur 48 hpi (barveno Evansovou modii).

2.1.2.2 Plisné - rod Phytophthora

Rod Phytophthora (plisen) patii do fise Chromista, kmene Oomycota (fasovky), tfidy
Peronosporea, podtiidy Peronosporidae, tfadu Peronosporales (vietenatkotvaré), celede
Peronosporaceae (vietenatkovité) (http://www.indexfungorum.org/Names/namesrecord.asp?
RecordID=231743). Tvofi vice nez 130 druht a s vyuzitim fylogenetické analyzy byly rozdéleny
do 10 tiid (Martin et al., 2012; Martin et al., 2014). Zatimco nékteré druhy jsou jiz velmi dobie
znamymi a popsanymi patogeny (P. cinnamomi, P. ramorum), jiné druhy rodu Phytophthora
nemaji jasného hostitele. Jde zejména o nové popsané druhy jako napf. P. amnicola,
P. hydrogena, P. striga, P. moyootj a dalsi (Yang et al., 2016). Vétsina druht rodu Phytophthora
jsou patogenni a zptuisobuji jedny z nejvice celosvétové devastujicich onemocnéni rostlin. Nékteré
druhy jsou specifické a napadaji pouze jednoho hostitele (P. sojae), zatimco jiné, P. cryptogea
nebo P. cinnamomi, interaguji s Sirokou $kalou hostitelskych organismu, coz mtze €init i vice
nez 900 rostlinnych druhti (Panabieres a Le Berre, 1999). Mnohé druhy rodu Phytophthora jsou
hemibiotrofni patogeny s pocatecni biotrofni fazi, kterd ptechazi v nekrotrofni kolonizaci

hostitelskych pletiv. Pii napadeni hostitelskych bun¢k biotrofni patogeny Casto vyvijeji haustoria,
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intracelularni struktury pro resorpci zivin, které jsou obklopeny tzv. extrahaustorialnim matrixem.
Pozdgji vytvati specializované plazmatické membrany patogenu a hostitele spoleéné prostredi,
kde jsou vyluc¢ovany vSechny potencialni efektory (Dodds et al., 2009; Leborgne-Castel et al.,
2010). Efektory zahrnuji Sirokou skalu molekul s riznou biologickou funkei (Tyler et al., 2006;
Kamoun, 2007). Mohou ptisobit bud’ na povrchu hostitele (apoplastické efektory) nebo uvnit
hostitelské bunky (cytoplazmatické efektory) (Kamoun, 2006). Apoplastické efektory patogent
rodu Phytophthora zahrnuji enzymy degradujici buné¢nou sténu, inhibitory enzymu, toxiny
a elicitiny (Tab. 4). Cytoplazmatické efektory, kromé jejich sekre¢nich signald, obsahuji dalsi
sekvenci, ktera je nutna pro translokaci proteinti ptes plazmatickou membranu hostitelskych

bun¢k (Oswald et al., 2014).
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Tab. 4 Piehled elicitinti produkovanych zastupci rodu Phytophthora (piepracovano dle Oswald et al., 2014)

Phytophthora spp. Elicitin Trida Izoelektricky
bod
P. alni AE1.1 I-A 4,99
AE1.2 I-A 4,99
AE2 I-A 4,99
BE1 I-B 8,22
BE2 I-B 8,22
HAE1 1 3,95
P. cambivora AEL. I-A 4,99
AE2 I-A 4,99
P. cactorum CAC-A (kaktorein) I-A 4
P. capsici Kapsicein (o) I-A 3,5
CAP-Pa28 I-A 4,23
P. cinnamomi a-CIN I-A 4.4
B-CIN I-B 8,9
HAE1-cin I 3,38
HAE2-cin 1 3,54
P. citrophthora Citroftorin I-A 3,5
P. cryptogea CRY-a I-A 3,6
CRY-p I-B 9,8
HAE1-cry 1 3,88
HAE2-cry I 3,34
P. drechsleri Dre-a I-A 4,6
Dre-B 1-B 8,96
P. fragariae AEl.1l I-A 4,99
AE2 I-A 4,99
P. infestans INF1 I-A 4,22
INF2a 1 3,37
INF2b Il 3,73
INF4 I-B 9,97
INF5 Il 4,09
INF6 11l 3,34
P. hibernalis Hib1 = syringicin I-A
Hib2 I-A
Hib3 I-A
P. megasperma a-megaspermin I-A 4
[-megaspermin I-B 8,36
y-megaspermin I 3,8
P. nicotianae 172 = parasiticein I-A <4
P. palmivora Palmivorein I-A 4,0+0,2
P. parasitica PARALI (Parasiticein) I-A 4,22
310 = Parasiticein I-A 4,7
P. plurivora Citrikolin = plurivorin I-A 4,2
(diive P. citricola)
P. quercina Quercinin I-A 3,6
3.9
I-B 8,3
P. ramorum (ram-alpha 1, ram-alpha 2) |
+ 3 elicitiny
P. syringae Syringicin I-A 4,31
P. sojae SOJA, SOJB = I-A ~3;~5
Sojeinl, Cojein2 4,0; 6,16

Zkratky: AE - kysely (acidic) elicitin, BE - bazicky (basic) elicitin, CIN - cinnamomin, CRY - kryptogein,
DRE - drechslerin, HAE - vysoce kysely (highly acidic) elicitin, INF - infestin
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P. cryptogea je padni nekrotrofni patogen (Panabieres et al., 1998), ktery byl poprvé popsan
v roce 1919 jako patogen zptsobujici hnilobu u raj¢at (,,foot rot of tomato*) v Irsku (Pethybridge
a Lafferty, 1919). Je to celosvétove rozsifeny patogen napadajici mnoho rostlinnych druhti (Erwin
a Ribeiro, 1996), vcetné okrasnych rostlin. Napadené rostliny vypadaji zakrsle, maji hnilobné
kofeny, coz se projevi snizenym poctem listd. Patogen mulze pretrvavat v padé dlouhou dobu

na organické hmot¢.

2.1.2.3 Elicitin kryptogein

P. cryptogea syntetizuje vice isoforem CRY lisicich se v hodnotach pl. Nejvice zastoupenym je
bazicky B-CRY (Le Berre et al., 1994). V experimentalni ¢asti byl pouzit rekombinantni protein
B-CRY a jeho mutantni formy pfipravené fizenou mutagenezi v kvasinkovém expresnim systému
P. pastoris. Mutantni formy B-CRY byly pfipraveny a testovany s cilem pfispét k porozuméni
mechanismu ptisobeni elicitinii a vztahtim mezi jejich strukturou a schopnosti aktivovat obranné
mechanismy rostlin. Rekombinantni protein B-CRY a jeho mutantni formy byly pfipraveny
a poskytnuty skupinou doc. Lochmana z Ustavu biochemie Masarykovy Univerzity v Brng.
V piipad¢ experimentli provadénych na stazi ve Francii byl k experimentim pouzit B-CRY
izolovany pfimo z kultury P. cryptogea. Mutantni formy B-CRY se lisi zaménou jedné
aminokyseliny v kli¢ové pozici, které maji zasadni vliv na jejich biologické vlastnosti (Tab. 5).
Mutantni formy se vyznacuji zejména rozdilnou schopnosti vézat steroly a mastné kyseliny
a aktivovat produkci ROS. Mutantni forma V84F (aminokyselina valin je v pozici 84 nahrazena
fenylalaninem) se vyznacuje niz§i schopnosti vazat a transportovat steroly nez 3-CRY, schopnost
aktivace produkce ROS je ale srovnatelna. Mutantni forma L41F (leucin v pozici 41 je nahrazen
aminokyselinou fenylalanin) se také vyznacuje nizkou schopnosti vazat a transportovat steroly
a ma vyznamné snizenou schopnost aktivace produkce ROS. Ptipravené mutantni formy p-CRY
se vyznamné 1i$i schopnosti aktivace obranné reakce. Jednim z ukazatel aktivace obranné reakce
je u tabaku produkce fytoalexinu kapsidiolu (Facchini a Chappell, 1992). Zvys$ena akumulace
kapsidiolu byla pozorovana po aplikaci elicitinu B-CRY a jeho mutantni formy V84F.

Tab. 5 Zakladni vlastnosti elicitinu kryptogeinu a jeho mutantnich forem (pfepracovano dle Dokladal et al.,
2012)

Elicitin / Pienos  Pienos Vazba Produkce Akumulace Indukce
mutace DHE NBD-PC na PM ROS kapsidiolu rezistence
B-CRY +++ +++ +++ +++ +++ +++
L41F +++ ++ + - - -
V84F + +++ +++ +++ ++ +++
DHE = 7-dehydroergosterol, NBD-PC = fosfatidylcholin znadeny nitrobenzoxadiazolem,

PM = plazmatickd membrana
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Vedle zakladnich vlastnosti (Tab. 5) se B-CRY a jeho jednotlivé mutantni formy lisi
ve schopnosti aktivovat akumulaci transkriptd obrannych gent B-1,3-glukanasy a chitinasy
v tabaku. Elicita¢ni vlastnosti, tj. schopnost aktivace akumulace transkript obrannych gent, jsou
charakteristické pro f-CRY, jeho mutantni formu V84F, naopak v pfipadé mutace L41F je tato
vlastnost potlacena (Dokladal et al., 2012).

2.1.2.4 Elicitin oligandrin

V experimentalni Casti jsem se dale zabyvala studiem oligandrinu, elicitinu produkovaného
druhem Pythium oligandrum pattici do tiSe Chromista, kmene Oomycota (fasovky), Incertae
sedis, tfidy Peronosporea, podtiidy Peronosporidae, fadu Peronosporales (vietenatkotvaré),
Celedé Pythiaceae (pytlovité) (http://www.indexfungorum.org/names/NamesRecord.asp?
RecordID=272830). Rod Pythium zahrnuje okolo 130 druhti, z nichz néktefi zastupci se fadi mezi
saprofyty, dalsi mezi patogeny jinych organism, kterymi mohou byt fasy, ryby a hmyz (Van der
Plaats-Niterink, 1981). Nejvyznamnéj$i ekonomicky dopad maji patogeny S Sirokym spektrem
hostiteldt napadajici rizné druhy rostlin (Thines a Kamoun, 2010). Krom¢ patogennich interakci
byly publikovany i prospésné vztahy mezi rostlinami a n¢kterymi druhy rodu Pythium (Picard
etal., 2000; Mohamed et al., 2007; Takenaka et al., 2008), mezi které se fadi napt. P. oligandrum.
Jedna se o pidni celosvétoveé rozsifeny mykoparazit, ktery ke svému metabolismu potiebuje
bunky jinych hub, kolonizuje rhizosféru mnoha druht rostlin, sniZuje onemocnéni rostlin
zpusobené fadou padnich patogenti (Picard et al., 2000; Benhamou et al., 2012). P. oligandrum
ma tak mozné uplatnéni v zemédé&lstvi v boji proti houbovym chorobam (Rey et al., 2008).
P. oligandrum podporuje rist rostliny prostfednictvim produkce prekurzort auxint (Le Floch
et al., 2003) a indukované rezistence zpisobené MAMP (Picard et al., 2000; Takenaka et al.,
2003).

2.1.2.5 p-aminomaselna kyselina

Vedle vyse zminénych elicitini byl vjedné z dil¢ich studii testovan neproteinovy elicitor
B-aminomaselna kyselina (BABA), sloucenina znama jako chemicky ,,priming agent*
¢i chemicky elicitor (Ton et al., 2005). ,,Priming* je obranny mechanismus umoznujici rostlinam,
aby po vystaveni biotickému a/nebo abiotickému stresu nasledné reagovaly rychleji a i€innéji
na nové stresové podminky. Tento stav je spojen se zvySenou aktivaci obranné reakce a zesilenou
rezistenci ke stresovym podminkam (Conrath, 2009). Napft. thiamin - vitamin B1 (Ahn et al.,
2007), riboflavin - vitamin B2 (Zhang et al., 2009b) a kvercetin (Jia et al., 2010) byly schopny
u rostlin A. thaliana aktivovat odolnost Kk bakterialnimu patogenu P. syringae pomoci
mechanismil jako je HR, tvorba kalosy a aktivace akumulace transkriptl obrannych genti. Latky
patfici mezi ,,priming agents jsou chemicky riznorodé, zahrnuji napi. oligosacharidy, glykosidy,

amidy a karboxylové kyseliny (Iriti et al., 2010; Noutoshi et al., 2012). Mezi pfirozené
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se vyskytujici ,,priming agents* se fadi napt. chitosan a kyselina kapronova (hexanova) nebo SA.
Jako ,,priming agents“ syntetického ptivodu byly testovany napt. analoga SA, BABA, kyselina
2,6-dichloroisonikotinova a jeji methylester.

BABA je znama jako latka zvySujici rezistenci rostlin proti Sirokému spektru abiotickych
1 biotickych stresovych faktort. Z piikladii abiotickych lze uvést chlad, vysokou teplotu, sucho,
salinitni stres (Cohen et al., 1999; Jakab et al., 2001; Zimmerli et al., 2008; Du et al., 2012). Dale
BABA indukuje rezistenci proti virim, bakteriim, mnoha oomycetam a riznym plisnim (Jakab
et al., 2001; Slaughter et al., 2012; Worrall et al., 2012; Luna et al., 2014; Floryszak-Wieczorek
et al., 2015; Martinez-Aguilar et al., 2016; Wilkinson et al., 2018; Wang et al., 2019). Aplikace
BABA aktivuje siroké spektrum reakci zavislych na typu rostliny, patogenu, koncentraci BABA
a zpusobu jeji aplikace (Jakab et al., 2001). Z nejvyznamnéj$ich lze uvést tvorbu kalosy -
A. thaliana, vinna réva (Zimmerli et al., 2000; Zimmerli et al., 2001; Ton a Mauch-Mani, 2004;
Hamiduzzaman et al., 2005), zapojeni signalni drahy SA - A. thaliana, tabak (Siegrist, 2000;
Zimmerli et al., 2000), JA - A. thaliana, vinna réva (Zimmerli et al., 2000; Hamiduzzaman et al.,
2005) a ET - A. thaliana (Zimmerli et al., 2000). Jiné studie naopak ukazuji, Ze rezistence
indukovana BABA je zalozena na aktivaci signalni drahy ABA a je nezavisla na produkci JA, SA
a ET (Ton a Mauch-Mani, 2004; Pastor et al., 2014). V semenaccich sdjovych bobti napadenych
msSicemi bylo detekovano po aplikaci BABA signifikantni zvySeni aktivity enzymut PAL,
peroxidasy, polyfenoloxidasy, chitinasy a B-1,3-glukanasy (Zhong et al., 2014). Spektrum
moznych reakci nésledujicich po oSetfeni rostlin BABA je velice rozmanité v zavislosti
na konkrétnich podminkéch a rostliné. Dalsi studium této problematiky mtize ptispét k lepsimu
porozuméni a objasnéni mechanismu aktivace rezistence u rostlin touto neproteinogenni

aminokyselinou.
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2.1.3 Experimentalni metody

2.1.3.1 Priprava rostlinného materialu
Modelové rostliny (S. lycopersicum cv. Amateur, S. chmielewskii, S. habrochaites) byly

péstovany ve skleniku za podminek uvedenych v publikacich Satkova et al., 2017 (Priloha 2);
Stary et al., 2019 (P7iloha 3).

2.1.3.2 Priprava bunééné linie Nicotiana tabacum cv. Bright yellow-2

Tabakova buné¢na suspenze BY-2 byla ptipravena dle metodiky uvedené v publikaci Noirot
et al., 2014 (Priloha 4).

2.1.3.3 Pouzité patogeny a inokulace rostlin a listovych diski

Pro inokulaci rostlin Solanum spp. byly pouzity patogeny Pseudooidium neolycopersici Kiss
(izolat C-2) ze sbirky UPOC (Narodni program genetickych zdrojii mikroorganismiti CR, Katedra
botaniky PfF UP v Olomouci). Listy na rostlinach, ptipadné pfipravené listové disky Solanum
spp., byly infikovany patogenem P. neolycopersici. Metodicky postup je uveden v ¢lancich
Satkova et al., 2017 (Priloha 2); Stary et al., 2019 (Priloha 3).

2.1.3.4 Charakterizace elicitinii

Rekombinantni CRY byl ptipraven za pouziti vektoru pPIC9 obsahujici gen X24 z P. cryptogea
s pfidanym reziduem glycinu na N-konci. Mistn¢ fizenou mutagenezi byli pfipraveni mutanti
CRY. Metodicky postup piipravy je uveden v ¢lanku Stary et al., 2019 (Priloha 3). CRY a jeho
mutantni formy byly pro experimenty poskytnuty skupinou vedenou doc. Mgr. Janem

Lochmanem, Ph.D. z Ustavu biochemie Masarykovy univerzity v Brng.

2.1.3.5 Aplikace elicitini

Elicitiny byly aplikovany dvojim zptsobem: 1) tlakova infiltrace do listd na rostlinach -
metodicky postup je uveden v ¢lanku Satkova et al., 2017 (Priloha 2); nebo 2) infiltrace
vakuovym nasavanim do listovych diski - metodicky postup je uveden v ¢lanku Stary et al., 2019
(Priloha 3).

2.1.3.6 Stanoveni kli¢ivosti patogena a vyvoje jeho konidii

Ptiprava vzorkd, kli¢ivost konidii patogena a jeho vyvoj (zastoupeni konidii s jednim, dvémi
a tfemi klicnimi vlakny) a méfeni délek kli¢nich vlaken konidii byla provedena dle metodiky
popsané V praci Piterkova et al., 2011. Detailni popis metodického postupu je uveden v ¢lancich
Satkova et al., 2017 (Priloha 2); Stary et al., 2019 (Priloha 3).
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2.1.3.7 Semikvantitativni stanoveni peroxidu vodiku a superoxidového

anionradikalu
Akumulace peroxidu vodiku v listech byla detekovana histochemickou metodou s vyuzitim
3,3'-diaminobenzidinu a superoxidového anionradikalu metodou s tetrazoliovou modfi.

Metodicky postup je uveden v ¢lanku Stary et al., 2019 (Priloha 3).

2.1.3.8 Stanoveni hladiny reaktivnich forem kysliku
Hladina ROS byla stanovena chemiluminiscenéni metodou S vyuzitim luminolu. Metodicky

postup je uveden v ¢lanku Noirot et al., 2014 (Priloha 4).

2.1.3.9 Stanoveni aktivit enzymu askorbatperoxidasy a guajakolperoxidasy
Aktivity enzymi APX a guajakolperoxidasy (GPOX, EC 1.11.1.7) byly stanoveny
spektrofotometricky dle metodiky popsané v praci Tomankova et al., 2006. Metodicky postup je
uveden v ¢lanku Stary et al., 2019 (Priloha 3).

2.1.3.10 Analyza obsahu kyseliny salicylové, kyseliny jasmonové a konjugatu

kyseliny jasmonové s isoleucinem
Analyza SA, JA a JA-lle byla provedena podle metodiky popsané v praci Segarra et al., 2006.
Analyzy byly provadény metodou vysokoudinné kapalinové chromatografie (HPLC) spojené
s hmotnostnim spektrometrem vybavenym priletovym analyzatorem (TOF-MS) a dualnim
elektrosprejem (ESI) jako zdrojem iontl pracujicim v negativnim ioniza¢nim modu, ktery byl
pouzity pro kvalitativni a kvantitativni analyzu. Metodicky postup je uveden v ¢lanku Stary et al.,

2019 (Priloha 3).

2.1.3.11Analyza produkce ethylenu
Analyza byla provedena plynovou chromatografii dle metodiky popsané v praci Mala et al., 2009.

Metodicky postup je uveden v ¢lanku Stary et al., 2019 (Priloha 3).

2.1.3.12 Detekce proteini metodou \Western blot

Proteiny ve vzorcich byly separovany metodou denaturujici elektroforézy v polyakrylamidovém
gelu a nasledné byly pfeneseny na PVDF membranu. Detekce MPK3 na blotech byla provedena
s pouzitim primarni a sekundarni protilatky s chemiluminiscen¢ni detekci. Metodicky postup je

uveden v ¢lanku Stary et al., 2019 (Priloha 3).
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2.1.3.13 Stanoveni exprese gent

Experimentalni postupy pro izolaci RNA, jeji pteciSténi, reverzni transkripci a kvantitativni
polymerazovou fetézovou reakci (PCR) jsou uvedeny v ¢lancich Satkova et al., 2017 (Priloha 2);
Stary et al., 2019 (Priloha 3); Noirot et al., 2014 (Priloha 4).

Jako tzv. provozni geny (housekeeping genes) byly u vzorkt rajcat zvoleny geny pro elongaéni
faktor EF-1a a gen TIP41 kddujici protein TIP41-like protein (Type 2A phosphatase activator) -
Satkova et al., 2017 (Priloha 2); Stary et al., 2019 (Priloha 3). U vzorki tabaku byly jako
provozni geny pouzity geny pro elongacni faktor EF-/a, ribozomalni protein L25,
a proteinfosfatasu 2A (PP2A) - Noirot et al., 2014 (Priloha 4). Pouzité primery byly navrzeny

v programu Primer3.

2.1.3.14 Statistické vyhodnoceni dat

Signifikantni rozdily mezi jednotlivymi experimentalnimi skupinami vzorki byly vyhodnoceny
pouzitim Studentova T-testu v publikacich Satkova et al., 2017 (Priloha 2); Stary et al., 2019
(Priloha 3). Statisticka vyznamnost rozdilu experimentalnich dat byla také hodnocena s vyuzitim

neparametrického Mann-Whitneyova testu v publikaci Noirot et al., 2014 (Priloha 4).
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2.2 Vysledky a diskuze
2.2.1 Studium vlivu elicitinu oligandrinu a B-aminomaselné kyseliny

na rezistenci rostlin Solanum spp.

Rostliny jsou béhem svého zivota vystaveny mnoha riznym stresovym podminkam. Osetfeni
rostlin ptirodnimi nebo syntetickymi latkami muaze vést k silnéjsi a rychlejsi aktivaci obranné
odpovédi s cilem zvysit rezistenci rostlin ke stresu (Conrath, 2009). V ramci prvniho feSeného
projektu byl studovan vliv aplikace latek potencialné indukujicich obranné mechanismy ve vztahu
k aktivaci obrannych reakci po nasledné infekci biotrofnim patogenem P. neolycopersici u dvou
genotypi Solanum spp. lisicich se rezistenci k tomuto patogenu. Dosazené vysledky byly
publikovany v ¢lanku ,.Diverse responses of wild and cultivated tomato to BABA, oligandrin
and Oidium neolycopersici infection” v ¢asopise Annals of Botany v roce 2017 (Priloha 2).
(Pozn. v ¢lanku je pouzit star§$i nazev Oidium neolycopersici pro oznaceni patogena
Pseudooidium nelycopersici.)

Latky zvySujici odolnost k biotickym a abiotickym stresovym faktorim u rostlin se oznacuji
jako ,,priming agents“. V této studii byla z uvedené skupiny latek pouzita BABA. Jeji vodny
roztok byl rozprasen na povrch listti, coz piedstavuje jednu z nejbéznéjsich aplika¢nich metod
Vv laboratornich podminkach. Dalsi latkou, jejiz vliv byl v ramci studie sledovan, byl oligandrin.
Jedna se o proteinovy elicitin sekretovany oomycetou P. oligandrum, ktery indukuje HR a SAR
u nékolika druhti rostlin a je znamy vyvolavanim rezistence U fady rostlin proti riznym
patogentm (Picard et al., 2000; Benhamou et al., 2001). Oligadrin byl do lista rostlin aplikovan
tlakovou infiltraci. Rajée patifi mezi vyznamné potravinaiské plodiny a je zaroven casto
vyuzivanou modelovou rostlinou ve védeckych studiich. V ramci feSeného projektu jsme
se zaméfili na vysoce nachylny genotyp rajéete S. lycopersicum cv. Amateur reprezentujici
domestikovany kultivar a genotyp vykazujici nespecifickou rezistenci S. habrochaites
(Mieslerova et al., 2000; Tomankova et al., 2006; Piterkova et al., 2009; Piterkova et al., 2011;
Lebeda et al., 2014).

Byla potvrzena vyznamné vyssi rezistence S. habrochaites K testovanému patogenu
P. neolycopersici v porovnani s genotypem S. lycopersicum cv. Amateur. Vyznamny rozdil mezi
genotypy byl zaznamenan pii hodnoceni vyvoje patogena P. neolycopersici na zakladé zastoupeni
konidii s 1, 2 nebo 3 kli¢nimi vlakny a délek 2. a 3. kli¢niho vlakna (P#iloha 2 — Obr. 1). Je
zajimavé, ze v pripadé S. habrochaites nebyla rezistence vlivem testovanych induktort
(oligandrin, BABA) signifikantné zménéna, v porovnani s vlivem pozorovanym u nachylného
genotypu S. lycopersicum cv. Amateur, kdy bylo po aplikaci oligandrinu i BABA zaznamenano
zpomaleni rastu 2. a 3. kli¢niho vldkna a Vv pfipad¢ oligandrinu bylo detekovano navic i nizsi

zastoupeni konidii se 3 klicnimi vlakny.
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V této studii byl dale porovnan vliv elicitinu oligandrinu a BABA na hladiny transkriptt
45 zvolenych obrannych genti ze skupiny defensinli, germint, glukanas, heveint, chitinas,
osmotind, Systemin a gena patfici do skupiny PR-1. Tyto geny byly vybrany na zakladé
prokdzaného zapojeni v obrannych procesech u jinych modelovych rostlin, jako je napf.
N. tabacum nebo A. thaliana. Mapovani téchto genti na referenénim genomu S. lycopersicum
,Heinz 1706 ukazalo, Ze velké mnozstvi sledovanych genil se nachazi na chromosomech 1, 5, 8,
9 a 10 (Priloha 2 — Obr. 2A). N¢kolik dalsich publikovanych studii potvrdilo relevanci geni
na téchto chromozomech k obrannym procestim. Po infekci rajcete P. infestans bylo detekovano
nadmérné zastoupeni genovych sad pattici chromosomu 10 a podobna tendence v jejich lokalizaci
na konci chromosomu (Lopez-Kleine et al., 2013). V souladu s nasimi vysledky byly lokusy
kvantitativnich znakd (QTL, Quantitative trait loci) pro rezistenci k houbové chorobé¢ alternariové
skvrnitosti rajéete (Early blight of tomato) identifikovany na chromozomech 1, 2,5, 8,9, 10a 12,
zatimco QTL pro ranou rezistenci k P. infestans byly detekovany na chromozomech 3, 4, 5, 8, 10
a 11 (Foolad, 2007).

Pfi srovnani pouzitych genotypll rajéat polovina analyzovanych genti s o¢ekavanou roli
v obranném mechanismu vykazovala rozdilnou hladinu bazalni transkripce (Priloha 2 — Obr. 2B).
U téchto obrannych gentt doSlo ke zvySeni hladiny transkripti po infekci patogenem
P. neolycopersici u obou genotypl. Za fyziologickych podminek byla vyssi hladina detekovana
u 14 transkripta u S. habrochaites v porovnani se S. lycopersicum cv. Amateur, zatimco u dalSich
11 transkripti byla hladina nizsi. Celkem 12 ze 14 up-regulovanych transkripti u rezistentniho
genotypu se nachazi na chromozomech 1, 8 a 10 v QTL oblastech pro houbovou chorobu
alternariovou skvrnitost rajcete a rezistenci k P. infestans (Foolad, 2007). Vysledky ukazuji,
Ze vyznamnou roli v nespecifické rezistenci S. habrochaites mize mit vysoka bazalni hladina
transkriptl s prokazanou roli v obrannych procesech. V souladu s jiz publikovanymi studiemi
byla pozorovana souvislost nespecifické rezistence se zvySenou hladinou transkriptd dvou
chitinas, tfi p-1,3-glukanas a ¢ty osmotind (Liu et al., 1994; Zhu et al., 1996; Oldach et al., 2001,
Anand et al., 2004; Dana et al., 2006).

Aplikace 10 mM BABA na listy nachylného genotypu S. lycopersicum cv. Amateur zptisobila
signifikantni zvySeni hladiny 10 transkriptii, pfi¢emz nejvyssi nartst byl detekovany u PR-1
skupiny. Na druhou stranu nebylo pozorovano zvyseni hladiny transkripce defensint, germin-like
proteint, B-1,4-glukanas nebo thaumatin-like proteinti. U S. habrochaites nebylo zaznamenano
signifikantni zvySeni hladin transkriptii s vyjimkou proteinti P4 a P6 patfici do PR-1 ttidy (Priloha
2—0br. 4,5).

Infiltrace 100 nM oligandrinu do listi méla za nasledek zvySeni hladiny fady transkriptt
u obou genotypt. Vyssi hladiny 18 transkriptii byly pozorovany u rezistentniho genotypu. Ze 13
transkriptd, u kterych dos$lo k nartstu hladiny u S. lycopersicum cv. Amateur, mélo 10 transkripti

zvySenou hladinu i u S. habrochaites, coz poukazuje na obdobny signalni mechanismus podilejici
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se na aktivaci obrannych reakci rostlin vlivem oligandrinu u obou studovanych genotypt (Priloha
2 —0br. 4,5).

Infekce biotrofnim patogenem P. neolycopersici prokazala jednozna¢né rozdily mezi
rezistentnim a nachylnym genotypem rajcete. Zatimco u infikovanych rostlin vysoce
rezistentniho genotypu byla detekovana silna aktivace exprese 24 gend, U ndchylného genotypu
bylo aktivovano pouze 14 gent a vétSina z nich byla stejna u obou genotypu. Nejvice rozdilt mezi
studovanymi genotypy byly v PR-1 a germin-like proteinovych ttidach (Priloha 2 — Obr. 4, 5).
Ve srovnani s nedavnou studii na rostlinach rajéat inokulovanych patogenem Phytophthora
capsici (Jupe et al., 2013) velmi dobie korespondoval pokles hladiny transkriptt genit GERM2,
GLUCO5 a THAUM2 po infekci P. neolycopersici. Nase vysledky nazancuji, ze geny GLUCOL1,
GLUCO2, DEF1, THAUM1 a THAUM4, u kterych nebyla pozorovana zvySend bazalni hladina
V rezistentnim genotypu ani nartst hladiny transkriptti po oSetfeni BABA nebo patogenem, nejsou
zapojeny Vv mechanismech rezistence. I kdyz pocet rozdilné exprimovanych geni v bazalni
hladiné u obou genotypt je podobny, geny, u kterych byla naméfena niz$i hladina exprese
v nachylném genotypu Vv porovnani s rezistentnim genotypem, nebyly ovlivnény Zzadnym
Z testovanych oSetieni rostlin.

Dosazené vysledky v ramci transkripéni studie (Priloha 2 — Obr. 4) po oSetfeni listt BABA
naznacuji rozdilny mechanismus rezistence zejména u S. lycopersicum cv. Amateur v porovnani
s pusobenim oligandrinu projevujici se nasledné v inhibici vyvoje patogena P. neolycopersici
(Priloha 2 — Obr. 1). Otazkou je, zda velmi nizky ptekryv mezi geny indukovanymi BABA
a oligandrinem muze byt nasledkem rozdilné aktivace signalnich drah rostlinnych hormont
zapojenych v obrannych mechanismech. OSetieni listG rajéat elicitinem infestinem INF1
indukovalo expresi genu zavislych na JA a ET a akumulaci ET (Kawamura et al., 2009).
V piipadé resistence indukované BABA u Arabidopsis byla prokazana aktivace obrannych
mechanismu zavislych na SA a ABA (Zimmerli et al., 2001; Ton et al., 2005), zatimco U rajcete
nebylo zapojeni signalni drahy SA v BABA-indukované rezistenci zatim prokazano.

V piedlozené studii byla u nachylného genotypu S. lycopersicum osetieného BABA nalezena
korelace mezi akumulaci obrannych transkriptli po 24 h a produkci ET. Tyto vysledky spolu
s narustem hladiny transkriptti hlavnich enzymu v draze biosyntézy ET, jako je ACCsynthasa
(ACS2) a ACCoxidasa (ACO4-LIKE), poukazuji na zapojeni signalni drahy ET v rezistenci
aktivované ptusobenim BABA (Priloha 2 — Obr. 6). Klicovym enzymem pro biosyntézu ET je
pravé ACS (Igbal et al., 2013). V piipadé infekce patogenem P. neolycopersici byla vyssi hladina
transkriptu ACS2 detekovana u obou genotypu, zatimco vyss$i hladiny transkripti ACO byly
predev§im u S. habrochaites. Tento vysledek souvisi s intenzivné&j§im nartstem hladiny
obrannych transkriptd u genotypu S. habrochaites po aplikaci P. neolycopersici. Vlivem
oligandrinu nedo$lo k narastu hladiny transkriptat ACO, ale byla detekovana vy$$i hladina
transkriptu ACS2 u S. habrochaites.
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Vysledky dosazené v ramci feSeni prvniho projektu disertatni prace rozsitily poznatky
o0 zapojeni a aktivaci fady obrannych gent v odpovédich rostlin rodu Solanum spp. na infekci
biotrofnim patogenem, pfipadné pisobeni tzv. ,,priming agents®, jako je elicitin oligandrin nebo
neproteinogenni aminokyselina BABA. Bylo prokazano, ze pro genotyp S. habrochaites,
vykazujici nespecifickou rezistenci, je charakteristicka vysoka bazalni hladina fady transkripti
S potvrzenou roli v rezistenci proti Sirokému spektru patogenti (zejména dvou chitinas, tii
B-1,3-glukanas a osmi osmotinll) a intenzivni aktivace transkripce obrannych gent po infekci
P. neolycopersici. Pouze v piipadé nachylného genotypu S. lycopersicum cv. Amateur bylo
po oSetieni rostlin oligandrinem a BABA detekovano zvySeni rezistence proti biotrofnimu
patogenu P. neolycopersici spojené s akumulaci transkripti obrannych genii. Rozdily v aktivaci
transkripce jednotlivych obrannych gent poukazuji na rozdilny mechanismus ptsobeni BABA
a oligandrinu.

Na zakladé dosazenych vysledkl zahrujicich transkripéni analyzu je zfejmé, Ze vyznamnou
roli v obranném mechanismu v reakci na BABA a infekci patogenem P. neolycopersici bude mit
signalni draha ET. BABA v pribéhu aktivace rezistence proti biotrofnim a hemibiotrofnim
patogenim u rodu Solanum puisobi rozdilnym mechanismem zahrnujicim signalni drahu ET

Vv porovnani s vysledky publikovanymi u rostlin Arabidopsis nebo tabaku (Ton et al., 2005).
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e Background and Aims Current strategies for increased crop protection of susceptible tomato plants against path-
ogen infections include treatment with synthetic chemicals, application of natural pathogen-derived compounds or
transfer of resistance genes from wild tomato species within breeding programmes. In this study, a series of 45
genes potentially involved in defence mechanisms was retrieved from the genome sequence of inbred reference to-
mato cultivar Solanum lycopersicum ‘Heinz 1706’. The aim of the study was to analyse expression of these selected
genes in wild and cultivated tomato plants contrasting in resistance to the biotrophic pathogen Oidium neolycoper-
sici, the causative agent of powdery mildew. Plants were treated either solely with potential resistance inducers or
by inducers together with the pathogen.

e Methods The resistance against O. neolycopersici infection as well as RT-PCR-based analysis of gene expression
in response to the oomycete elicitor oligandrin and chemical agent [3-aminobutyric acid (BABA) were investigated
in the highly susceptible domesticated inbred genotype Solanum lycopersicum ‘Amateur’ and resistant wild geno-
type Solanum habrochaites.

e Key Results Differences in basal expression levels of defensins, germins, [3-1,3-glucanases, heveins, chitinases,
osmotins and PR1 proteins in non-infected and non-elicited plants were observed between the highly resistant and sus-
ceptible genotypes. Moreover, these defence genes showed an extensive up-regulation following O. neolycopersici in-
fection in both genotypes. Application of BABA and elicitin induced expression of multiple defence-related transcripts
and, through different mechanisms, enhanced resistance against powdery mildew in the susceptible tomato genotype.

e Conclusions The results indicate that non-specific resistance in the resistant genotype S. habrochaites resulted
from high basal levels of transcripts with proven roles in defence processes. In the susceptible genotype S. lycoper-
sicum ‘Amateur’, oligandrin- and BABA-induced resistance involved different signalling pathways, with BABA-
treated leaves displaying direct activation of the ethylene-dependent signalling pathway, in contrast to previously re-
ported jasmonic acid-mediated signalling for elicitins.

Key words: BABA, defence genes, ethylene, Oidium neolycopersici, oligandrin, powdery mildew, resistance,
Solanum lycopersicum, Solanum habrochaites, tomato.

INTRODUCTION

Tomato (Solanum lycopersicum) is one of the most important
food crops and is widely used as a model plant for scientific
purposes. Through domestication, breeding and research activi-
ties of the ancestral wild Solanum species, originating from the
Andean region, many morphologically different cultivars and
forms have been created. During this process, the genomes of
cultivated tomatoes have passed through a progressive genetic
bottleneck, reducing the genetic diversity in cultivated varieties
compared to their wild relatives (Sim et al., 2011). Breeding se-
lection has focused almost exclusively on traits related to

desirable agricultural characteristics such as fruit yield and
quality, loss of germination inhibition or compact growth habit.
However, disease resistance traits have been disregarded, re-
sulting in cultivars highly susceptible to many pathogens
(Foolad, 2007). Wild tomato species, in contrast, such as S. chi-
lense, S. peruvianum, S. habrochaites, S. parviflorum, S. pen-
nellii or S. pimpinellifolium, are considered a rich source of
disease resistance genes and have been utilized in breeding pro-
grammes for the introgression of these genes into cultivated va-
rieties to improve their resistance (Menda et al., 2014).

In addition to inbreeding, the use of resistance inducers is an-
other strategy for the protection of susceptible crop plants.

© The Author 2016. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For Permissions, please email: journals.permissions@oup.com
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Treatment with natural or synthetic chemicals can establish a
primed state of the plant that enables a stronger and faster activa-
tion of defence responses and enhanced resistance to challenging
stresses (Conrath, 2009). The non-protein amino acid B-amino-
butyric acid (BABA) belongs to well-known priming agents.
Unlike its isomers o- and y-aminobutyric acid, BABA induces
resistance in many plants against various pathogens (Pigkna-
Grochala and Kepczynska, 2013). For instance, BABA induces
a strong resistance of tomato towards the tomato late blight
Phytophthora infestans (Cohen et al., 1994; Cohen, 2002) and to
root-knot nematodes (Oka and Cohen, 2001). However, it has
been observed that BABA treatment can undesirably affect plant
growth, thus hindering its use for field applications (Wu et al.,
2010). Studies on Arabidopsis—Botrytis cinerea interactions have
suggested that the protective effects of BABA are mediated
through a salicylic acid (SA)-dependent pathway (Zimmerli
et al., 2001). Furthermore, a recent study of an Arabidopsis mu-
tant in BABA-induced resistance (BABA-IR) towards
Hyaloperonospora arabidopsidis has revealed the Impaired in
BABA-induced Immunity [ (IBI1) gene, which encodes an
aspartyl-tRNA synthetase (Luna et al., 2014). Enantiomer-
specific binding of the R-enantiomer of BABA to IBI1 disrupts
its canonical activity and primes the protein for non-canonical
defence activity. This results in tRNA™P accumulation, inducing
GCN2-dependent phosphorylation of translation initiation factor
elF2o00 responsible for the consequent growth inhibition.
Moreover, the gcn2-1 Arabidopsis mutant remains unaffected in
BABA-IR, demonstrating that BABA-IR and BABA-induced
stress are controlled via separate pathways (Luna ez al., 2014).
With the development of multiple pesticide-resistant patho-
gen strains, current research efforts tend to focus on the replace-
ment of chemical usage with alternative agents and substances
for sustainable, economically profitable agriculture. A potential
biological approach exploits the use of pathogen-derived mole-
cules called elicitors for the activation of defence responses and
subsequent systemic acquired resistance (SAR) in host plants.
This group of chemically diverse compounds includes elicitins,
a class of small proteinaceous molecules secreted by members
of Phytophthora and Pythium spp. in the family Pythiaceae.
Elicitins are known for their capacity to induce the hypersensi-
tive response and SAR against fungal and bacterial pathogens
in some plant species such as tobacco (Kamoun et al., 1993) or
radish (Bonnet et al., 1996). Oligandrin is an elicitin-like pro-
tein secreted by the oomycete Pythium oligandrum. Apart from
its mycoparasitical activity, oligandrin adversely affects patho-
gen growth and development in the host plant and confers en-
hanced resistance in many plants against various pathogens, i.e.
tomato to Phytophthora parasitica (Picard et al., 2000) and
Fusarium oxysporum f. sp. radicis-lycopersici (Benhamou
et al., 2001) or tobacco to P. parasitica and to phytoplasma
(Lherminier et al., 2003). However, the precise mechanism of
the elicitation process remains poorly understood. A study of
the effect of INF1 elicitin, secreted by P. infestans, on tomato
plants has shown that INF1 establishes resistance to bacterial
wilt caused by Ralstonia solanacearum (Kawamura et al.,
2009). Moreover, treatment by INF1 induces in tomato leaves
the expression of jasmonic acid (JA)-responsive PR-6 encod-
ing proteinase inhibitor II, LeATL6 encoding ubiquitin ligase
E3 and LOX-E encoding lipoxygenase. The accumulation of
ethylene (ET) and expression of ET-responsive genes are
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also induced in tomato leaves treated by INF1. Thus, the au-
thors of this study suggest that elicitins induce plant resistance
via JA- and ET-mediated signalling pathways (Kawamura
et al., 2009).

In the present study, we characterized the defence responses
of highly resistant wild tomato genotype S. habrochaites and
susceptible domesticated inbred genotype S. lycopersicum
‘Amateur’. We quantified the expression of selected defence
genes by real-time quantitative PCR (RT-gPCR) in plants
treated with two known inducers of resistance, namely the elici-
tin oligandrin and the non-protein amino acid BABA, alone or
with the economically important biotrophic pathogen Oidium
neolycopersici, the causative agent of tomato powdery mildew.
We describe here the localization and differences in basal ex-
pression levels of selected genes between the resistant and sus-
ceptible genotypes. We also show that the oligandrin- and
BABA-induced resistance against O. neolycopersici are not
based on similar signalling defence pathways. Furthermore, we
suggest that BABA-induced resistance in tomato is ET-
dependent and not based on SA- or JA-dependent signalling
pathways.

MATERIALS AND METHODS
Plant material

Two Solanum spp. genotypes, S. lycopersicum ‘Amateur’ and
S. habrochaites f. glabratum (LA 2128), expressing differential
phenotypes of resistance to O. neolycopersici (Mieslerova
et al., 2000) were selected for the studies. Seeds were sown on
moistened perlite (Agroperlite, Novy Jicin, Czech Republic)
and seedlings were transferred to a garden soil-peat mixture
(2:1, v/v) in plastic pots (7 cm in diameter). Plants were grown
in a growth chamber with a 12-h photoperiod (light intensity of
100 pmol m~?) and day/night temperature of 20/18 °C. Plants
approx. 10 weeks old and with eight true leaves were employed
in all experiments.

Plant inoculation

Oligandrin and BABA were dissolved in Milli-Q deioniaed
water. A 10 mM solution of BABA was applied by spraying,
whereas a 100 nm solution of oligandrin was directly infiltrated
into 4™ and 5™ tomato leaves. Control plants were treated with
an equal volume of Milli-Q water.

Freshly sporulating mycelium (8 d post-inoculation) of
O. neolycopersici (isolate C-2) was used as the inoculum
source. The 4™ and 5™ oldest true leaves per plant were inocu-
lated by surface contact (dusting/tapping) with the conidia of O.
neolycopersici. The leaves were frozen in liquid nitrogen 48 h
after the treatment and stored at —80 °C. Identical plant growth
conditions and inoculation procedures were employed in three
independent experiments.

Oidium neolycopersici phytoprotection test

Plant resistance was induced by spraying of 5-7-week-old
tomato plants with BABA or by direct infiltration of oligan-
drin into the leaflets as described. Two days after the
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treatment, leaf discs 12 mm in diameter were cut from treated
leaves using a cork borer and inoculated with O. neolycoper-
sici. At 48 h post-inoculation, five leaf discs were transferred
to glacial acetic acid for 48 h and then mounted in glycerol
prior to observations under a light microscope (Olympus
BX50) (Lebeda and Reinink, 1994). Pathogen structures
were stained with 1 % Evans Blue. Germination of the co-
nidia was expressed as the percentage of conidia producing
germ tubes per 100 conidia counted for each leaf disc.
Fungal development was assessed as the number of germ
tubes per conidium at 48 h post-inoculation and as the length
of germ tubes (1*' tube with lobbed appressorium, and 2™
and 3" tubes with nipple-shaped appressorium). At least 100
conidia were observed per each tomato genotype and experi-
mental setting (Piterkova ez al., 2011).

Quantification of defence gene expression

Potentially interesting transcript sequences corresponding to
known targeted functions involved in defence mechanisms
were recovered from the genome sequence of the tomato inbred
reference tomato cultivar S. lycopersicum ‘Heinz 1706°. These
transcripts are generally considered as defence-responsive
genes in other model plants such as Nicotiana tabacum or
Arabidopsis thaliana (Sels et al., 2008; Spoel and Dong, 2012)
and include defensins (def), germins (germ), B-1,3-glucanases
(glu), B-1,4-glucanases (gluco), heveins (hev), chitinases (chir),
osmotins (osm), thaumatins (thaum) and systemin (syst). The
selection was performed using an assembly generated from the
available tomato EST-cDNA at NCBI (nearly 300 000) anno-
tated through BlastX against plant sequences and translated to
proteins. Subsequently, the recovered transcripts were analysed
by the BlastN tool using the available shotgun genome se-
quence of the wild tomato S. habrochaites to confirm their pres-
ence. The specific primers for individual genes were designed
using the program Primer3 (Koressaar and Remm, 2007), with
annealing temperatures of 60°C and expected amplicons of
100-300 bp. Gene expression was analysed by RT-qPCR using
the fluorescent intercalating dye SYBR-Green and Light Cycler
480 (Roche Diagnostics, Czech Republic). Total RNA was iso-
lated from 100mg of leaf tissue using TRI reagent (Ambion,
Austin, TX, USA) and purified using the TURBO DNA-free kit
(Ambion). Reverse transcriptase reactions were performed with
the ImProm-II reverse transcription system (Promega, Madison,
WI, USA) using 0-4 ng of total RNA in a volume of 20 pl ac-
cording to the manufacturer’s instructions. Obtained cDNA
was amplified by gPCR using gene-specific primers
(Supplementary Data Table S1) and GoTaq qPCR Master Mix
(Promega) according to the manufacturer’s instructions. PCR
amplification was carried out as follows: 45 cycles of DNA de-
naturation at 95°C for 20s, annealing and extension at 60 °C
for 40s. Three biological and technical replicates were analysed
for each sample. To evaluate gene expression relative to an en-
dogenous control, the transcript level of each gene was normal-
ized to that of elongation factor lo. (EF-1or) and TIP41-like
family protein (TIP41) genes by the AACt method. It has been
shown previously that expression of the EF-1o and TIP41 genes
is not influenced by different stress conditions (Exposito-
Rodriguez et al., 2008; Nicot et al., 2005).
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Analysis of ethylene production

Analysis was performed using a gas chromatography-flame
ionization detector as described previously (Mala et al., 2009).
Briefly, 1 mL of air was removed from each test tube contain-
ing previously weighed whole tomato leaves and analysed us-
ing an Agilent GC 6890 equipped with a flame ionization
detector and 50-m capillary column (HP-AL/S stationary phase,
15 pm, i.d. =0-535 mm). The injection temperature was set to
200 °C, oven temperature to 40 °C and detector temperature to
220°C. The measurements were conducted four times from
four different test tubes of each variant. The final concentra-
tions were calculated from the calibration curve and adjusted to
vial volume and 1 g of fresh weight.

RESULTS

Comparison of levels of induced resistance by BABA and
oligandrin in tomato genotypes

In agreement with previous studies (Mieslerova et al., 2000),
we observed a high level of resistance against O. neolycoper-
sici, characterized by decreased lengths and numbers of patho-
gen 2" and 3" germ tubes, in control non-treated tomato plants
of wild S. habrochaites compared to susceptible genotype S.
lycopersicum ‘Amateur’ (Fig. 1). Treatment of 7-week-old to-
mato plants with BABA and oligandrin, using optimal concen-
trations reported in previous publications (Kawamura er al.,
2009; Bengtsson et al., 2014a), resulted in significant changes
in the plant resistance against the biotrophic pathogen O. neoly-
copersici (Fig. 1). Oligandrin at a concentration of 100 nm in-
duced a significantly increased resistance of S. lycopersicum
‘Amateur’ against O. neolycopersici characterized by a de-
creased percentage of 3™ germ tubes and decreased lengths of
2" and 3™ germ tubes (Fig. 1A). Similarly, the application of
10 mm BABA induced significant resistance against O. neoly-
copersici in S. lycopersicum ‘Amateur’ in agreement with pre-
vious studies (Worrall et al., 2012; Bengtsson et al., 2014a).
However, in contrast to oligandrin, BABA application induced
significant changes only in the length of the conidia and not
their representation (Fig. 1B). On the other hand, both oligan-
drin and BABA application induced almost no observable
changes in resistance in S. habrochaites, which may be a conse-
quence of its considerably higher basal resistance (Fig. 1). The
only observed changes related to the resistance response of S.
habrochaites plants induced by BABA were slightly decreased
lengths of pathogen 2™ germ tubes (Fig. 1B).

Selection of genes involved in tomato defence responses

To determine the molecular mechanisms involved in BABA
and oligandrin-derived activation of defence in tomato, the ex-
pression levels of selected defence gene transcripts were mea-
sured by qPCR. Transcript changes were also monitored after
plant infection with O. neolycopersici, in both compatible and
incompatible interactions. In total, 55 genes generally consid-
ered as defence responsive in other model plants such as N.
tabacum or A. thaliana were selected. These genes included
defensins (def), germins (germ), B-1,3-glucanases (glu), B-1,4-
glucanases (gluco), heveins (hev), chitinases (chif), osmotins
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Fic. 1. Oligandrin- and BABA-induced resistance of tomato plants against Qidium neolycopersici. The relative representation of pathogen germ tube lengths and

pathogen developmental structures was determined 24 h after the inoculation with O. neolycopersici (isolate C-2) on leaf discs from 7-week-old tomato plants

(Solanum lycopersicum ‘Amateur’ and Solanum habrochaites) treated with (A) the elicitin oligandrin (100 nm) and (B) BABA (10 mm). Data are presented as

means * s.e. of three replicates from three independent experiments. Each replicate corresponds to eight inoculated areas on four leaves from one plant. Asterisks
denote a significant difference of the mean values compared to the control group determined by Student’s #-test at **P < 0-05 or **P < 0-01.

(osm), systemin (sysf) and genes of PR1 proteins. During the
optimization of reaction conditions, ten genes were excluded
on the basis of very low basal transcript levels, non-specific
amplification or primer dimer formation. Thus, only 45 of the
55 genes were finally selected for the ensuing experiments
(Table S2). Mapping of these genes on the reference genome of
S. lycopersicum ‘Heinz 1706’ showed that considering the num-
ber of genes on each chromosome there was a relatively higher
concentration of these defence genes on chromosomes 1, 5, 8,
9 and 10. Intriguingly, there was no overlap with previously
analysed genomic locations of domestication sweeps,
but on chromosomes 1 (2), 2 (3) and 8§ (4) there was an overlap
with the genomic locations of improvement sweeps
analysed and described in another recent study (Lin et al.,
2014) (Fig. 2A).

Comparison of basal levels of defence gene transcripts

Initial comparison of basal levels of defence gene transcripts
between the highly resistant wild tomato S. habrochaites and
the susceptible genotype S. lycopersicum ‘Amateur’ revealed
that about half of the analysed genes with expected roles in to-
mato defence showed different basal expression levels (Fig. 2).
However, only 14 transcripts showed an upregulation in S. hab-
rochaites compared to S. lycopersicum ‘Amateur’, while the
remaining 11 transcripts were downregulated (Fig. 2).
Interestingly, 12 of the 14 transcripts (86 %) upregulated in the
highly resistant genotype were found to co-localize on chromo-
somes 1, 8 and 10 to quantitative trait loci (QTLs) for early
blight and P. infestans resistance (Foolad, 2007). These obser-
vations provide additional support for the involvement of these
genes in resistance mechanisms in the highly resistant
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vidual transcripts in the reference genome of Solanum lycopersicum ‘Heinz 1706’. Underlined transcripts overlapped with the genomic locations of improvement

sweeps analysed in the study of Lin et al. (2014). (B) Overview of the differential accumulation of candidate defence-related transcripts identified by RT-qPCR in
control non-infected leaf tissues of the respective tomato genotypes.

genotype, in contrast to upregulated transcripts observed in the
susceptible genotype, which showed an almost homogeneous
genomic distribution.

Comparison of induction of defence-related transcripts by BABA,
oligandrin and pathogen infection

The non-protein amino acid BABA is a well-known priming
agent that induces resistance in many plants against various
pathogens. The manner by which BABA mediates resistance
has recently been unmasked as the disruption of the canonical
activity of an aspartyl-tRNA synthetase (Luna et al., 2014).
Application of BABA as a foliar spray is one of the most com-
mon application methods in laboratory and field conditions.
The optimized concentration of 10 mm BABA used in this
study was chosen to overcome possible side effects on treated
plants manifested as hypersensitive response (HR)-like lesions
with subsequent leaf wilting (Cohen et al., 1994; Siegriest
et al., 2000; Bengtsson et al., 2014a). During testing of the opti-
mal BABA concentrations on the two tomato genotypes, an in-
teresting phenomenon was observed. Treatment of susceptible
S. Iycopersicum ‘Amateur’ plants with 50 and 100 mm BABA
caused severe side effects, as demonstrated by the formation of
HR-like lesions 2 d after treatment, whereas no visible symp-
toms were observed in S. habrochaites plants even after the

application of 100 mm BABA (Fig. 3). In this respect, the be-
haviour of S. habrochaites plants is in accordance with the
study of Cohen e al. (2010) that was conducted on lettuce,
with formation of HR-like lesions as the result of plant-specific
responses to BABA.

Application of 10 mm BABA solution onto leaves of S. lyco-
persicum ‘Amateur’ resulted in significant (more than three
times) upregulation of ten measured transcripts, with the high-
est inductions being observed in the PRI class (Fig. 4,
Supplementary Data Table S2). On the other hand, no upregula-
tion of defensins, germin-like proteins, B-1,4-glucanases or
thaumatin-like proteins was observed. Surprisingly, the applica-
tion of 10 mm BABA solution onto leaves of S. habrochaites
resulted in almost no significant upregulation of any measured
transcript, with the exception of P4 and P6 transcripts belonging
to the PR1 family (Fig. 4). However, this finding is in agree-
ment with the compromised response to BABA observed on
the leaves.

Infiltration of plant leaves with 100 nm solution of oligandrin
triggered the upregulation of multiple transcripts in both
genotypes (Fig. 4, Table S2). A higher induction rate (18 tran-
scripts) was observed in the highly resistant genotype S. hab-
rochaites. Moreover, from 13 transcripts upregulated in S.
lycopersicum ‘Amateur’, most of the ten transcripts were
shared with those upregulated in S. habrochaites, pointing to
a similar signalling mechanism involved in plant responses to
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Fic. 3. Necrotic symptoms triggered by BABA application to tomato leaves. Solanum lycopersicum ‘Amateur’ (A) and Solanum habrochaites (B) plants were
sprayed with 10, 50 and 100 mm BABA and the photographs of representative leaves were obtained 48 h later.

oligandrin in both studied genotypes. A notable finding was a
strong downregulation of several chitinase and osmotin tran-
scripts in both genotypes as well as an upregulation of the
systemin transcript, probably due to the mechanical wound-
ing caused by oligandrin infiltration through the leaf abaxial
layer (Fig. 4, Table S2).

Infection of tomato plants with the biotrophic pathogen O.
neolycopersici clearly demonstrated differences between the

resistant and susceptible genotype. While in the infected highly
resistant genotype a strong induction of 24 transcripts could be
observed, only 14 transcripts were found to be induced in the
highly susceptible genotype, the majority of them common for
both genotypes. This finding might be related to a generally dif-
ferent extent and timing of transcript induction in the suscepti-
ble and resistant tomato genotypes. In our previous studies on
these tomato genotypes, we also found differences in the extent
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CHIT10
CHIT3
CHIT4
CHITH
CHIT7
GLUCO1
GLUCO2
GLUCO3
GLUCO5
GERM2
GERM4
GERM10
GERM11
GLU6
GLU7
GLU8
GLU3
GLU4
GLU1
GLU2
GLU10
SYST
P4

P6

P2

P3

P1
HEV1
HEV2
DEF1
DEF 3
DEF2
THAUM4
THAUM3
THAUM1
THAUM2
OSM5
osm1
osm2
OSMm3
90L OSMm4

Log, scale

>-10 >-3 >3 >10

FiG. 4. Changes in the expression of tomato defence-related genes induced by
oligandrin or BABA treatment and after infection by Oidium neolycopersici.
Overview of the differential accumulation of candidate defence-related tran-
scripts identified by RT-qPCR 48h after treatment or inoculation. Yellow and
purple colours represent upregulated and downregulated transcripts, respec-
tively. The y-axis shows hierarchical clustering of the corresponding protein se-
quences by the unweighted pair group method with arithmetic mean (UPGMA)
method in MEGAG6 software. Water-sprayed leaves (BABA, Oidium neolyco-
persici) or leaflets infiltrated with water (oligandrin) were used as the control
samples.

and timing of the increased production of defence signalling
molecules NO and H,0, during the time-course of powdery
mildew invasion (Piterkova et al., 2009; Lebeda et al., 2014).
The most remarkable difference between the genotypes studied
was in the PRI and germin-like protein classes (Fig. 4).
Moreover, in comparison with a recent study on tomato plants
inoculated with Phytophthora capsici (Jupe et al., 2013), there
was almost perfect correspondence regarding the downregula-
tion of germ2, gluco5 and thaum? transcripts caused by O. neo-
lycopersici infection (Fig. 4, Table S2).
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Overlap of upregulated genes among BABA-, oligandrin- and
pathogen-treated plants

Initial comparison of the transcript profiles revealed a high
similarity in the results obtained from BABA-treated and O.
neolycopersici-infected S. lycopersicum ‘Amateur’ plants, as
well as a very low overlap between oligandrin-treated and O.
neolycopersici-infected plants of both studied genotypes (Fig.
5). Moreover, in both genotypes, transcripts of genes encoding
GERM2, GLUCOS or OSM4 demonstrated an opposing regula-
tion between the oligandrin treatment and O. neolycopersici
infection. These findings raise a question on the different
regulation mechanisms involved in plant responses to oligan-
drin and BABA or O. neolycopersici. In the case of elicitins, ac-
tivation of JA- and ET-mediated signalling pathways has been
previously demonstrated (Kawamura et al., 2009). For BABA
treatment, an SA-dependent pathway has been well described
in Arabidopsis plants; however, to the best of our knowledge,
no such study showing evidence for SA-dependent signalling in
tomato has been published. Therefore, we analysed the pro-
moter regions of BABA-upregulated transcripts spanning about
1000 bp before the start codon using the PlantPAN program
(Chang et al., 2008) in the tomato transcription factor library.
In the majority of BABA-upregulated transcripts, the sequence
for the transcription factor ERELEE4 containing an ET-
responsive element was identified (Table S2). Based on this re-
sult, the transcript levels of key enzymes involved in the ET
synthesis pathway, namely ACC synthase and ACC oxidase,
were determined along with quantification of the production of
ET. On the basis of previous studies of different ACC synthase
isoforms in Arabidopsis (Skottke et al., 2011; Li et al., 2012)
and ACC synthase and oxidase in tomato (Lincoln et al., 1993;
Kim et al., 1998; Cohn and Martin, 2005; Shi and Zhang, 2014;
Yim et al., 2014), three candidate transcripts for each enzyme
(ACSla, ACS2, ACS6 for ACC synthase, and ACO1, ACO 1-
like and ACO 4-like for ACC oxidase) with suspected roles in
pathogenesis processes were selected.

In the BABA-treated plants, a good correlation between the
accumulation of defence transcripts after 24 h and the ET pro-
duction was observed (Fig. 6). In BABA-responsive S. lycoper-
sicum plants, a significant upregulation of ACS2 transcript
followed by an increased ET production was observed. In con-
trast, in BABA low-responsive S. habrochaites plants, there
was no upregulation of any analysed ACS transcript nor any in-
crease of ET production (Fig. 6). In both genotypes, an upregu-
lation of ACO 4-like transcript was observed in BABA-treated
plants. However, unlike ACC synthase, ACC oxidase is not
considered as the key regulatory enzyme in ET synthesis (Igbal
etal., 2013).

Following O. neolycopersici infection, an upregulation of the
ACS2 transcript was observed in both genotypes, while the
ACO transcripts were upregulated predominantly in S. habro-
chaites (Fig. 6). This finding is clearly related to the more in-
tense upregulation of defence-related transcripts in S.
habrochaites after O. neolycopersici inoculation. Treatment
with oligandrin did not trigger upregulation of any analysed
ACO transcript. However, it did cause an upregulation of
ACS?2 transcript in the S. habrochaites genotype, corresponding
to a more intense upregulation of defence-related transcripts in
this genotype upon oligandrin treatment.
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FiG. 5. Venn diagrams showing the relationship among treatments. (A, B) Venn diagrams showing the transcript induction overlap of two inducers, namely BABA

and oligandrin, and Oidium neolycopersici infection in Solanum lycopersicum ‘Amateur’ (A) and Solanum habrochaites (B) plants measured by RT-gPCR. (C)

Overlap of induced transcripts in BABA- and oligandrin-treated plants measured by RT-qPCR. (D) Overlap of Phytophthora capsici-induced transcripts from the

study by Jupe et al. (2013) with our results of O. neolycopersici infection of S. lycopersicum ‘Amateur’ and S. habrochaites plants. Transcript levels were measured
48 h after infection by microarray (Jupe et al., 2013) and RT-qPCR and compared to control represented by time zero.

DISCUSSION

In the present study, we attempted to analyse and compare the
responses of susceptible and resistant tomato genotypes to resis-
tance inducers oligandrin and BABA and to infection by the
powdery mildew fungus O. neolycopersici, which represents a
typical biotrophic pathogen of tomato. The proteinaceous elici-
tor oligandrin from P. oligandrum, representing elicitins as the
best known oomycete pathogen-associated molecular pattern
(M/PAMPs), induces the HR and SAR in several plants (Picard
et al., 2000; Benhamou et al., 2001). BABA represents a non-
protein amino acid generally accepted as a potent priming agent
conferring increased resistance to biotic and abiotic stresses in
many studied plants. As model tomato genotypes, we selected
the previously well-characterized highly susceptible S. lycoper-
sicum ‘Amateur’, representing a domesticated inbred cultivar,
and S. habrochaites that exhibits a high non-specific resistance
(Mieslerova et al., 2000; Tomankova et al., 2006; Piterkova
et al., 2009, 2011; Lebeda et al., 2014). The defence responses
were monitored as transcript-level changes of selected genes

with proven roles in non-specific resistance in tomato and
model plants N. tabacum or A. thaliana.

Interestingly, the localization of the targeted genes to the
chromosome map of the inbred reference tomato cultivar S.
lycopersicum ‘Heinz 1706’ showed their clustering towards the
ends of chromosomes 1, 5, 8, 9 and 10. The subsequent analysis
of basal transcript levels in both tested genotypes suggested a
role of genes located on chromosomes 1, 8 and 10 in plant dis-
ease resistance. Several other studies have confirmed the rele-
vance of genes on these chromosomes to defence processes.
Following an infection of tomato with P. infestans, an over-
representation of gene sets belonging to chromosome 10 and a
similar tendency in their localization towards the ends of chro-
mosomes were recently detected by gene set enrichment analy-
sis (Lopez-Kleine et al., 2013). Moreover, in agreement with
our results, QTLs for early blight resistance in tomato using
backcross populations of an S. lycopersicum x S. habrochaites
cross have been identified in chromosomes 1, 2, 5, 8, 9, 10 and
12 and QTLs for early resistance to P. infestans have also been
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S. lycopersicum S. habrochaites

B E3
i ¢
BABA  Olig O.n. BABA Olig Oo.n.
W ACS6 [ ACS1A [ ACS2
S. lycopersicum S. habrochaites
X
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FiG. 6. BABA treatment or Oidium neolycopersici infection activates ET production and enzymes of the ET synthesis pathway in tomato plants. (A, B) Transcript
accumulation of genes from the ET biosynthesis pathway was measured 24 h after treatment/inoculation by RT-qPCR. (C) ET accumulation was measured 24 and
48 h after BABA treatment by gas chromatography (n = 4). The control tissue was a water-treated control sample. Each bar represents the mean * s.e.
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detected in chromosomes 3, 4, 5, 8, 10 and 11 (reviewed by
Foolad, 2007).

Our results suggest an absence of involvement for five genes
(glucol, gluco2, defl, thauml and thaum4) in the resistance pro-
cess with no significant upregulation by any treatment or in-
creased basal levels in the resistant genotype. Even though the
numbers of differently expressed genes at basal levels of both ge-
notypes were quite similar, we noticed that the expression of the
majority of downregulated genes in the susceptible compared to
the resistant genotype was not affected by any treatment.

Pathogenesis experiments in the resistant S. habrochaites
plants clearly demonstrated the previously proven high level of
basal non-specific resistance to O. neolycopersici, similar to
that induced by BABA or oligandrin in the susceptible S. lyco-
persicum genotype (Mieslerova et al., 2000). This high level of
basal non-specific resistance was found to be associated with
the upregulation of two chitinases, three -1,3-glucanases and
four osmotins. Transgenic plants overexpressing chitinase alone
or in combination with B-1,3-glucanase have been previously
shown to display an enhanced resistance when challenged with
a powdery mildew infection (Oldach et al., 2001) or bacterial
pathogens (Dana et al., 2006). Delayed symptoms of Fusarium
head blight have also been reported in these transgenic plants
(Anand et al., 2004). Furthermore, overexpression of osmotins
acting as antifungal cytotoxic compounds delayed the develop-
ment of P. infestans and disease symptoms in infected potato
plants (Liu et al., 1994; Zhu et al., 1996).

Oligandrin treatment of the susceptible S. lycopersicum
plants demonstrated the effectiveness of elicitins in inducing
resistance to O. neolycopersici. The observed resistance in
BABA-treated S. lycopersicum plants against O. neolycoper-
sici infection has previously been demonstrated for BABA-
treated tomato seeds (Worrall et al., 2012). However, our
data from BABA-treated leaves show a direct activation of
the defence responses, characterized by an enhanced accu-
mulation of pathogenesis-related genes, rather than the prim-
ing effect, as observed in the study on tomato seeds. Such
activation of defence responses has been reported in A. thali-
ana, with BABA applied as a foliar spray, in contrast to soil
drench, enhancing expression of the PR1 gene (Jakab et al.,
2001). Similarly, a global effect on the transcriptome and an
increased abundance of secreted proteins related to resis-
tance was observed in tobacco and potato plants only after
application of a BABA foliar spray (Siegriest et al., 2000;
Bengtsson et al., 2014a, b). It therefore appears that the
mode of action of BABA as a priming or resistance-inducing
agent may depend upon the application method. A clear ex-
planation of this phenomenon is a matter of debate and de-
serves further investigation.

Our data obtained from BABA-treated leaves indicate a dif-
ferent resistance mechanism to that observed with oligandrin,
with the suppression of germ tube elongation occurring, rather
than the inhibition of conidial germination. The very low over-
lap of BABA- and oligandrin-induced transcripts in S. lycoper-
sicum and opposing trends in their expression support this
suggestion of different modes of action. Even though the rela-
tionship between different signalling pathways is still a matter
of debate (Glazebrook, 2005; Vleeshouwers and Oliver, 2014),
the very low overlap between BABA- and oligandrin-induced
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transcripts may be a result of the previously reported depen-
dence of elicitin INF1-induced resistance on the activation of
JA- and ET-mediated signalling but not on SA-mediated signal-
ling (Kawamura er al., 2009). Perhaps the dependence of
BABA-induced resistance on both SA- and abscisic acid
(ABA)-dependent defence mechanisms might be involved
(Ton et al., 2005). However, we found a low representation of
ABA-responsive element (ABRE) and a high representation of
ET-responsive elements in the promoter regions of BABA-
responsive genes (Table S2). This result, together with an in-
creased ET production and a clear upregulation of key enzymes
(ACS2 and ACO4-like) of the ET synthesis pathway, supports
suggested ET-dependent mechanisms in BABA-induced resis-
tance in tomato. The participation of ET signalling in BABA-
primed resistance in tomato is further promoted by the observa-
tion that BABA as well as ET increased disease severity caused
by the necrotrophs (van Loon et al., 2006; Worrall et al., 2012).
Moreover, we found an interesting overlap of transcripts upre-
gulated by BABA and O. neolycopersici with those detected in
Phytophthora capsici-tomato interaction and suggesting in-
volvement of ET in the disease development during early and
biotrophic infection stages (Jupe et al., 2013). All these findings
indicate strongly the involvement of ET in BABA-induced
resistance against biotrophic and hemi-biotrophic pathogens in
tomato in contrast to Arabidopsis or tobacco plants (Ton et al.,
2005).

Interestingly, the virtual absence of upregulation of the ana-
lysed genes in S. habrochaites plants upon BABA application
is consistent with the lack of observable symptoms after BABA
treatment; however, the primary cause of this effect is still un-
known. This different response has already been demonstrated
in potato cultivars exhibiting different levels of resistance
(Bengtsson et al., 2014a). The partial response of resistant S.
habrochaites plants to very high concentrations of BABA re-
quires confirmation by screening a larger set of contrasting ge-
notypes. Similarly, whether the tolerance of the resistant
genotype to BABA treatment is a consequence of basal resis-
tance requires further investigation.

In conclusion, the genotype S. habrochaites, exhibiting a
high level of non-specific resistance in previous studies,
showed considerably higher basal levels of transcripts with pro-
ven roles in the resistance process against a broad range of
pathogens and a more extensive induction of defence-related
transcripts following infection. For five genes (glucol, gluco2,
defl, thauml and thaum4), the absence of any significant upre-
gulation following any treatment or increased basal expression
in the resistant genotype suggests no involvement in the resis-
tance response. In the present study, BABA and oligandrin
treatment of the susceptible tomato genotype resulted in induc-
tion of defence-related transcripts, accompanied by an enhance-
ment of resistance against the biotrophic pathogen.
Nevertheless, different regulation mechanisms for induced re-
sistance were observed for each compound, with ET-dependent
signalling, rather than SA- or JA-dependent pathways, appear-
ing to be involved in BABA-induced resistance in tomato. In
the context of previous studies on Arabidopsis and tobacco, our
findings suggest that diverse signalling mechanisms occur in
BABA-induced resistance in plants, dependent on the mode of
application and model plant under study.
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SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Table S1: sequences of
the primers used for qPCR. Table S2: results of qPCR analysis
of selected genes involved in tomato defence responses.
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2.2.2 Studium vlivu elicitinu p-kryptogeinu a jeho mutantnich forem

na signalni drahy rostlin Solanum spp.

Cilem druhého navazujiciho dil¢iho projektu diserta¢ni prace bylo studium vlivu B-CRY a jeho
mutantnich forem na schopnost aktivace obrannych mechanisma projevujici se v nasledné reakci
na infekci biotrofnim patogenem P. neolycopersici u téi genotypt Solanum spp. liSicich
se rezistenci k tomuto patogenu: S. lycopersicum cv. Amateur (vysoce nachylny), S. chmielewskii
(LA 2663, stiedné rezistentni) a S. habrochaites f. glabratum (LA 2128, vysoce rezistentni).
Dosazené vysledky byly publikovany v ¢lanku ,,The elicitin B-cryptogein’s activity in tomato
is mediated by jasmonic acid and ethylene signalling pathways independently of elicitin-sterol
interactions* v Casopise Planta v roce 2019, ktery tvoii Prilohu 3. Studie navazala na jiz
publikované prace zaméfené jednak na charakterizaci vlivu Kkyselych a-elicitind INF1
a oligandrinu sekretované P. infestans a P. oligandrum na rostliny rajéete (Picard et al., 2000;
Takenaka et al., 2006; Kawamura et al., 2009; Ouyang et al., 2015; Satkova et al., 2017)
a na vysledky studii na tabaku prokazujici schopnost bazického B-CRY indukovat HR vedouci
K bunécné smrti a zvySovani rezistence rostlin na nasledujici infekce silngji nez kysely elicitin
INF1 (Ponchet et al., 1999).

V ramci feSeni disertacni prace byly v experimentech pouzity mutantni formy B-CRY s mutaci
cilenou do hydrofobni kavity (Dokladal et al., 2012). Jedna se o mutantni formu VV84F, ktera neni
schopna vazat do své struktury steroly a mutantni formu L41F, u niz je znemoznéna interakce
s potencialnim receptorem na plazmatické membrané bunék tabaku.

Cilem prace bylo odhalit obranné mechanismy aktivované pasobenim elicitind, které
se mohou podilet na zvyseni rezistence rajéat. Zameéfili jsme se na reakce na urovni produkce
ROS, aktivace obrannych genti kodujicich PR proteiny a zapojeni signalnich drah rostlinnych
hormoni.

V ramci studie byl jednoznaéné prokazan pozitivni efekt f-CRY a jeho mutantni formy V84F
na zvyseni rezistence proti biotrofnimu patogenu P. neolycopersici u genotypu S. chmielewskii
a S. habrochaites vykazujicich uréity stupeii bazalni rezistence na dany patogen. V piipadé vysoce
nachylného genotypu S. lycopersicum cv. Amateur rezistenci aktivovala pouze mutantni forma
elicitinu V84F (Priloha 3 — Obr. 3). Po aplikaci B-CRY a jeho mutantnich forem V84F i L41F
nebyly pozorovany signifikantni zmény intenzity procesu vedouciho k bunééné smrti u zadného
ze studovanych genotypi rajcete. Po aplikaci 100 nM B-CRY a jeho mutantni formy V84F nebyla
pozorovana HR spojena s nekrézou, ktera je charakteristickym znakem pii aplikaci B-CRY
na listy tabaku (Dokladal et al., 2012) (Priloha 3 — Obr. 1). Na rozdil od ptuisobeni bazického
elicitinu B-CRY na tabak a brambor, B-CRY, podobné¢ jako kysely elicitin INF1 (Kawamura
et al., 2009) nebo oligandrin (Satkova et al., 2017) u rajcat nespousti HR.
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Se schopnosti B-CRY a jeho mutantni formy V84F zvysit rezistenci na biotrofni patogen
P. neolycopersici koreluje schopnost zvySovat hladinu ROS (Priloha 3 — Obr. 2). V ptipadé
B-CRY s mutaci L41F, ktery nevykazoval signifikantni vliv na vyvoj patogena u zadného
genotypu rajéete, nebyly nalezeny zmény v hladin¢ ROS. Vyznamna role ROS v obrannych
mechanismech rajc¢at pii infekci patogenem P. neolycopersici byla prokazana v ramci diive
publikované histochemické studie (Tomankova et al.,, 2006). U rezistentnich genotyp
S. chmielewskii a zejména S. habrochaites vlivem B-CRY a jeho mutantni formy V84F doslo
K nartstu hladiny peroxidu vodiku i superoxidového anionradikalu. U téchto genotypi produkce
peroxidu vodiku korespondovala s vy$§i aktivitou cytosolické guajakolperoxidasy (GPOX)
a APX, které byly naméteny 48 hod po infiltraci B-CRY a jeho mutantni formy V84F do lista,
pficemz ucinek mutantni formy V84F na zvySeni GPOX a APX byl vyznamné vyssi oproti
B-CRY. Variabilita schopnosti testovanych elicitini spoustét produkci ROS a podilet
se na zvySeni rezistence rostlin na biotrofni patogen P. neolycopersici je uzce spojena
s rezistentnimi vlastnostmi jednotlivych studovanych genotypt Solanum spp. a je v souladu s jiz
publikovanymi vysledky (Tomankova et al., 2006).

Vedle zmén v produkci ROS souvisi vliv elicitini na troven rezistence i se zménami
v hladinach transkript vybranych PR gent, u kterych se pfedpoklada zapojeni v odpovédi
na biotické stresové faktory u rajcete. V nasi studii byly u stfedné a vysoce rezistentniho genotypu
V bazalnim stavu rostlin, tedy bez vystaveni stresovym faktorim, zjistény vyssi hladiny
transkriptdt GLU2 a HEV2 v porovnani s nachylnym genotypem S. lycopersicum cv. Amateur
a naopak nizsi hladiny transkriptt DEF2, P1 a P6. B-CRY a zejména mutantni forma V84F
zvysily hladiny vétSiny méfenych transkripti (Priloha 3 — Obr. 4). Nejvétsi efekt byl pozorovany
u genotypu S. chmielewskii. Diametralné odlisny vliv byl pozorovan po aplikaci mutantni formy
L41F, ktera naopak vyznamné snizila hladinu pouze transkriptu P3 u vSech genotypti a P6
u S. habrochaites. Z vysledk je patrné, Ze v mechanismu rezistence u rajéete miizeme povazovat
za dilezité geny GLUZ2, GLU3, GLUCO5, HEV2, OSM4, P3, z nichz vétsina je lokalizovana
na chromozomech 1 a 8 v oblastech QTL pro rezistenci na infekci P. infestans (Foolad, 2007).
Vyznamné zvySeni hladiny transkripti obrannych geni po aplikaci mutantni formy V84F
a naopak snizeni hladiny transkripti nékterych gent pii ptisobeni formy L41F se zda byt spojeno
se schopnosti elicitinu zachycovat steroly z plazmatické membrany, coz souvisi se zménami jeji
fluidity (Sandor et al., 2016), jak bylo pozorovano diive také v rostlinach tabaku (Dokladal et al.,
2012). Vyznamné snizena aktivita mutantni formy L41F odpovida piedchozim vysledktim
realizovanych na rostlinach tabaku, kdy byla jeho interakce s vysokoafinitnim vazebnym mistem
na plazmatické membrané oslabena nebo eliminovana (Dokladal et al., 2012).

Vlivem B-CRY jsme v rostlinach studovanych genotypu rajéete nezaznamenali zadnou

indukci HR nebo bunééné smrti a ani hromadéni volné SA nebo jeji glykosylované formy.

vvvvvv
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v8ak prokazali aktivaci biosyntézy a signalnich drah ET a JA (Priloha 3 — Obr. 5a). Aktivace
drahy ET byla potvrzena jednak nalezenim zvys$ené hladiny transkripti pro ACCsynthasu (ACS2),
coz je klicovy enzym regulace biosyntézy ET, a ACCoxidasu (ACO4-LIKE). Dale byla
detekovana zvysena produkce ET a v promotorové oblasti vétsiny gent, u kterych byla naméfena
vys$i hladina transkriptii po aplikaci f-CRY a mutantni formy V84F, byla detekovana piitomnost
vazebného mista pro transkripéni faktor ERELEE4 obsahujici tzv. ET-responzivni prvek (ET-
responsive element). Soucasn€ byla pozorovana snizujici se hladina konjugatu SAG a zaroven
zvySujici se hladina volné JA a piedev$im konjugatu JA-lle (Priloha 3 — Obr. 5b). V piipadé
tabaku naopak B-CRY aktivuje HR a expresi PR genti v signalnich drahach SA a JA (Kawamura
et al., 2009).

Jiz dfive byla u rostlin a suspenznich bunécnych kultur tabaku popséna po ptidani elicitini
aktivace MAPK MPKS3/WIPK (wound-induced protein kinase, proteinkinasa indukovana
poranénim) prostfednictvim mechanismu nezavislém na ROS (Sharma et al., 2003). Uml¢eni
MPK3 u tabaku ma za nasledek snizeni rezistence aktivované elicitinem bez vlivu na HR (Xu
et al., 2014). V nasi studii B-CRY aktivoval fosforylaci MPK3 u S. chmielewskii (Priloha 3 —
Obr. 5¢). Pozorovana aktivace fosforylace MPK3 je spojena s regulaci transkripéniho faktoru
WRKY33, ktery aktivuje transkripci ACS2 (Skottke et al., 2011) pozorovanou v nasi studii.

Protein ELR (elicitin response protein, receptor-like protein) nachazejici se na plazmatické
membrang, byl nedavno popsan jako potencidlni kandidat na receptor elicitinfi, ktery
zprostiedkovava odpovédi na elicitiny u divokého genotypu brambory Solanum tuberosum.
Genom rajCete a tabaku obsahuje nékolik ortologh ELR, zatimco zadné ELR ortology
zprostiedkujici odpovéd’ na elicitiny nebyly v kulturnich genotypech brambor dosud nalezeny
(Du et al., 2015). Neuc¢innost mutantni formy L41F vyvolat rezistenci naznacuje spolu s vysledky
diivejsich experimentt (Ponchet et al., 1999), ze podobny mechanismus rozpoznavani elicitinu
muze fungovat v celé ¢eledi Solanaceae. Tato hypotéza je dale podpofena neschopnosti mutantni
formy L41F vyvolat rezistenci. Aminokyselinovy zbytek L41 je mezi elicitiny vysoce
konzervovany a nachazi se ve strukturné dilezité oblasti m-smycky, o které se predpoklada,
ze hraje roli v interakci s receptorem na plazmatické membrané (Lochman et al., 2005; Dokladal
et al., 2012). V této souvislosti také rozdilna aktivita V84F muze souviset s modifikovanou
interakci s receptorem, protoZe sterol-vazebna aktivita je ovlivinéna konformacnimi zménami
v oblasti ®-smycky, ktera je nezbytna pro spousténi ¢asnych odpovédi zplisobenych B-CRY
na burikach tabaku (Lochman et al., 2005).

Zavérem lze shrnout, ze aplikace bazického elicitinu B-CRY zvySuje rezistenci k biotrofnimu
patogenu P. neolycopersici u genotypt Solanum spp., pti¢emz rozsah zvyseni rezistence je zavisly
na daném genotypu rajcete. Aktivace obrannych mechanismt mutantni formou elicitinu B-CRY
V84F ukazuje, Ze pro elicita¢ni efekt proteinu neni nutna schopnost vazby sterolt. Prokazanim

aktivace ET/JA signalni drahy spoustéjici obranné mechanismy po oSetieni rostlin rajéat p-CRY

-92 -



jsme poukazali na vyznamny rozdil v typu signalni drahy, kterou B-CRY spousti u riznych
rostlinnych druht, kde napt. v tabaku B-CRY aktivuje SA signalni drahu (Keller et al., 1996b).
V obranném mechanismu po elicitaci B-CRY hraji dtlezitou roli ROS, jejichz zvySena hladina
u rostlin rajcat je prechodna a neni spojena s HR jako u rostlin tabaku nebo brambory. Aktivace
obrannych mechanismti po elicitaci B-CRY a jeho mutantni formou V84F byla potvrzena
transkrip¢ni studii prokazujici zvySenou transkripci obrannych genti kodujici tzv. PR proteiny.
Mutantni forma L41F, u které byla prokazana velmi malé nebo Zadna interakce s vysoce afinitnim
mistem na plazmatické membrané suspenznich bunék tabaku (Dokladal et al., 2012) neni
ani u rostlin rajéat schopna aktivovat obranné mechanismy. Stejné jako u tabaku i u rajéat
se elicitiny chovaji jako typické MAMP. Vysledky studii s mutantni formou B-CRY L41F
a prokazana pritomnost nékolika ELR ortologl Vv rajéatovém a tabakovém genomu (Du et al.,
2015) poukazuji na moznou existenci podobnych mechanismi rozpoznavani elicitinti v ramci

éeledi Solanaceae.
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Abstract
Main conclusion The level of resistance induced in different tomato genotypes after -CRY treatment correlated
with the upregulation of defence genes, but not sterol binding and involved ethylene and jasmonic acid signalling.

Elicitins, a family of small proteins secreted by Phytophthora and Pythium spp., are the most well-known microbe-associated
molecular patterns of oomycetes, a lineage of fungus-like organisms that include many economically significant crop patho-
gens. The responses of tomato plants to elicitin INF1 produced by Phytophthora infestans have been studied extensively.
Here, we present studies on the responses of three tomato genotypes to p-cryptogein (f-CRY), a potent elicitin secreted
by Phytophthora cryptogea that induces hypersensitive response (HR) cell death in tobacco plants and confers greater
resistance to oomycete infection than acidic elicitins like INF1. We also studied f-CRY mutants impaired in sterol binding
(Val84Phe) and interaction with the binding site on tobacco plasma membrane (Leu41Phe), because sterol binding was
suggested to be important in INF1-induced resistance. Treatment with f-CRY or the Val84Phe mutant induced resistance
to powdery mildew caused by the pathogen Pseudoidium neolycopersici, but not the HR cell death observed in tobacco
and potato plants. The level of resistance induced in different tomato genotypes correlated with the upregulation of defence
genes including defensins, B-1,3-glucanases, heveins, chitinases, osmotins, and PR1 proteins. Treatment with the Leu41Phe
mutant did not induce this upregulation, suggesting similar elicitin recognition in tomato and tobacco. However, here f-CRY
activated ethylene and jasmonic acid signalling, but not salicylic acid signalling, demonstrating that elicitins activate differ-
ent downstream signalling processes in different plant species. This could potentially be exploited to enhance the resistance
of Phytophthora-susceptible crops.
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Introduction

Plants are routinely exposed to a wide range of adverse
environmental factors that affect their growth and devel-
opment. Among the most important of these factors are
pathogenic microorganisms. The oomycetes are a distinct
class of fungus-like eukaryotic microbes that include many
economically significant crop pathogens, represented
mainly by the genus Phytophthora. Small proteinaceous
elicitors known as elicitins have been isolated from cul-
ture filtrates of Phytophthora and Pythium (Ponchet et al.
1999) and were shown to belong to a family of conserved
lipid transfer proteins with sterol-binding and elicitor
activity. They are among the most well-known microbe-
associated molecular patterns (MAMPs) of oomycetes and
induce a hypersensitive response (HR) in several plants
including Nicotiana species and some radish and rape
cultivars (Ricci et al. 1989; Kamoun et al. 1997; Ponchet
et al. 1999). Depending on their pl values, elicitins may be
either acidic (a, pl < 7) or basic (f, pl > 7), with basic elic-
itins generally being more strongly necrotising and capable
of inducing systemic resistance in plants.

B-Cryptogein ($-CRY), a member of the p-elicitin fam-
ily produced by the oomycete P. cryptogea, is one of the
most extensively characterised elicitins. It induces a strong
hypersensitive response in tobacco, which plays a key role
in the establishment of effective resistance to oomycete
infection (Keller et al. 1996a). B-CRY contains six lysine
residues and has a unique elicitin fold consisting of five
a-helices, one pB-sheet, and one w-loop, which is believed
to be important in interactions with a high-affinity binding
site on the plasma membrane of host plant cells (Boissy
et al. 1996; Lochman et al. 2005; Dokladal et al. 2012; Du
et al. 2015) and potentially for recently described elicitin
receptor protein (ELR) detected in wild-type potato only
so far (Du et al. 2015). Inside the protein core there is a
hydrophobic cavity able to accommodate fatty acids and
sterols (Mikes et al. 1997; Dobes et al. 2004). To clarify
the role of sterol and fatty acid binding in the induction
of resistance (Osman et al. 2001), a set of B-CRY variants
with mutations targeting this hydrophobic cavity was pre-
pared (Dokladal et al. 2012). Studies on these mutants sug-
gested that sterol binding is not essential for elicitin activ-
ity. However, unexpectedly, the Leu4 1Phe mutation, which
replaces a small leucine residue with a large hydrophobic
phenylalanine residue, changed the protein’s interaction
with the high-affinity binding site on the plasma mem-
brane. A recent study by Sandor et al. (2016) suggested
that the only consequence of the elicitins’ sterol-trapping
activity is an increase in ROS production associated with
an increase in the fluidity of the plasma membrane in
tobacco cells.

@ Springer

In contrast to its activity in tobacco plants, elicitin INF1
does not induce hypersensitive cell death responses in
tomato plants, and elicitins were therefore initially consid-
ered non-reactive in tomatoes (Ponchet et al. 1999). How-
ever, treatment of different tomato genotypes with the acidic
elicitin INF1 (secreted by P. infestans) or the pythin oligan-
drin (secreted by P. oligandrum) induced resistance against
Phytophthora spp., bacterial wilt disease, and powdery mil-
dew (Picard et al. 2000; Benhamou et al. 2001; Kawamura
et al. 2009; Satkova et al. 2016). This resistance was accom-
panied by increased expression of pathogenesis-related pro-
teins via a process that was suggested to involve activation of
ethylene- and JA-mediated signalling pathways, in contrast
to the salicylic acid signalling observed in tobacco (Keller
et al. 1996b; Kawamura et al. 2009; Satkova et al. 2016).

Here, we analyse the ability of basic elicitins, represented
by B-CRY, to induce defence responses and resistance to
powdery mildew in three tomato genotypes with different
basal resistance levels. Moreover, to correlate the observed
responses with the elicitins’ sterol-binding activity, which
was suggested to be important for the induction of enhanced
resistance in tomato plants by the elicitin INF1 (Kawamura
et al. 2009), we examined two well-defined -CRY mutants
deficient in sterol binding (Val84Phe) and receptor interac-
tion (Leu41Phe). B-CRY induced a defence response and
resistance to powdery mildew without HR cell death, in a
manner similar to the elicitin INF1 and the pythin oligan-
drin. Surprisingly, the Val84Phe mutant induced a more
intense response than wild-type p-CRY. However, as also
observed in tobacco, the Leu41Phe mutant induced no
detectable response in tomato, suggesting that the mecha-
nism of receptor recognition is similar in both species.

Materials and methods
Plant material

Three Solanum spp. genotypes with different levels of resist-
ance to Pseudoidium neolycopersici (Mieslerova et al. 2001)
were used: S. lycopersicum cv. Amateur (highly suscepti-
ble), S. chmielewskii (LA 2663) (moderately resistant) and
S. habrochaites f. glabratum (LA 2128) (highly resistant).
Seeds provided by the Department of Botany (Faculty of
Science, Palacky University) were sown on moistened Per-
lite (Agroperlite, Novy Ji¢in, Czech Republic), and seedlings
were transferred to a garden soil-peat mixture (2:1, v/v) in
plastic pots of 7 cm diameter. Plants were grown in a growth
chamber with a 12-h photoperiod under a light intensity of
100 mmol m~2 and a day/night temperature of 20/18 °C.
Leaf discs were prepared using samples from plants aged
approximately 8 weeks.
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Isolation of elicitins

Wild-type p-CRY and its mutants (Val84Phe; Leu41Phe)
were expressed using the vector pPIC9 containing the
B-CRY (wild type or mutated forms) from Phytophthora
cryptogea with an added N-terminal Gly residue to facili-
tate post-transcriptional processing. The constructed vec-
tors were transformed into Pichia pastoris strain GS115.
Screening for optimal protein production was performed,
and the most suitable strain in each case was cultivated in a
Biostat B-DCU bioreactor (Sartorius, Gottingen, Germany)
using a previously described protocol (Uhlikova et al. 2016).
After cultivation, the expressed protein was concentrated by
ultrafiltration (with a 3 kDa cutoff) and purified by fast pro-
tein liquid chromatography using a Source S15 ion-exchange
column (GE Healthcare). The molecular weights of the puri-
fied proteins were confirmed by MALDI-TOF spectroscopy.
Proteins were quantified by BCA Protein Assay Kit (Sigma)
and used at a final concentration of 100 nmol 17!

Leaf disc inoculation and Pseudoidium neolycopersici
phytoprotection test

Leaf discs (12 mm in diameter) were cut with a cork borer
from the fourth true leaves of tomato plants and placed
adaxial side up on filter paper in Petri dishes (16 discs per
dish) containing 7.5 ml of distilled water (control) or solu-
tions of B-CRY, or one of the p-CRY mutants (Val84Phe
or Leu41Phe) at 100 nmol 17! concentrations. After 24 h,
the upper side of each leaf disc was inoculated by surface
contact (dusting/tapping) using leaves of tomato cv. Ama-
teur that had 80-100% surface coverage of fresh sporulating
mycelium of tomato powdery mildew Pseudoidium neoly-
copersici Kiss (isolate C-2) from the Czech National Col-
lection of Microorganisms UPOC (Olomouc) (Mieslerova
et al. 2001). The average number of powdery mildew conidia
delivered to leaf discs was 65 + 15 per mm?. After inocula-
tion, the Petri dishes containing the leaf discs were placed
in a growth chamber at 20/18 °C with a 12 h photoperiod
(light/dark).

At 48 h post-inoculation (hpi), four leaf discs were
removed from each Petri dish, cleared by immersion in
glacial acetic acid for 48 h, mounted in glycerol, and
inspected using a light microscope Olympus BX50 (Piterk-
ova et al. 2011). Pathogen structures were stained with 1%
Evans blue. Germination of conidia was measured as the
number of conidia producing germ tubes per 100 conidia
counted for each leaf disc. Fungal development was evalu-
ated in terms of the number of germ tubes per conidium
at 48 hpi and the length of the germ tubes (separate meas-
urements were performed for the 1st tubes, which have
lobed appressoria, and the 2nd and 3rd tubes, which have

nipple-shaped appressoria). A minimum of 120 conidia
were observed per tomato genotype and experimental set-
ting (Piterkova et al. 2011).

Semiquantitative determination of 0,” and H,0,
in situ

H,0, and O, accumulation were determined using
3,3'-diaminobenzidine (DAB) and nitroblue tetrazolium
(NBT) staining, respectively, 48 h after treatment of Sola-
num spp. leaves (S. lycopersicum cv. Amateur, S. habro-
chaites and S. chmielewskii) with 100 nmol 17! B-CRY
and its mutant Val84Phe (V84F). Detached leaflets from
plants subjected to treatments with respective proteins
were immersed in a 10 mmol 17! potassium phosphate
buffer (pH 7.8) containing 0.1% NBT and 10 mmol 17!
sodium azide or 1 mg ml~! of DAB. Leaflets were vacuum
infiltrated as described above during 5 min, incubated for
2 h in the dark (without vacuum) and then immersed in
destaining solution (ethanol: lactic acid: glycerol, 4:1:1,
by vol.) for 20 min at 80 °C to completely eliminate the
chlorophyll. Leaflets of plants that received no treatment
were also infiltrated with 10 mmol 17! potassium phos-
phate buffer (pH 7.8) and used as a control.

Enzyme activity assays

Detached tomato leaves were homogenised on ice in
0.1 mol 17! K-phosphate buffer, pH 7.0, containing 1%
polyvinyl polypyrrolidone (PVPP) in ratio 1:4 (w/v),
2 mmol 17! DTT, 0.5 mmol 17! Pefabloc® SC (Sigma-
Aldrich) and 2 mmol 17! EDTA. For the APX assay, the
homogenisation buffer contained 2 mmol 17! ascorbate.
After the centrifugation (20,000g, 20 min, 4 °C) the
supernatant was collected for enzyme activity assay. APX
activity was determined in microplate reader according to
Tomankové et al. (2006) by following the ascorbate oxida-
tion for 3 min at 290 nm and 25 °C in a 250 pl of reaction
mixture containing 50 mmol 1=! K-phosphate buffer, pH
7.0, 15 pl of crude extract and 1.0 mmol 17" ascorbate. The
reaction was started by the addition of hydrogen peroxide
(final concentration 1.5 mmol 17!). Guaiacol peroxidase
(GPOX) activity was measured by the method of Toménk-
ovi et al. (2006) in a microplate reader. The total vol-
ume 175 pl of the reaction mixture contained 0.1 mol 17!
K-phosphate buffer, pH 7, 15 mmol 1~! guaiacol and 10 pl
of crude extract. The reaction was started by addition of
hydrogen peroxide (final concentration 5 mmol 17!). For-
mation of coloured product (A =436 nm) was followed
continuously for 2 min at 25 °C.
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Quantification of defence gene expression

The levels of gene transcripts were determined by reverse
transcription-quantitative PCR (RT-qPCR) using the inter-
calating dye SYBR-Green and a Light Cycler 480 instrument
(Roche). Total RNA was isolated from 100 mg of leaf tissue
using the TRI reagent (Sigma-Aldrich) and purified using
the RapidOut DNA Removal Kit (ThermoFisher Scien-
tific). Reverse transcriptase reactions were performed using
an ImProm-II reverse transcription system (Promega) with
0.4 pg of total RNA in a volume of 20 pl according to the
manufacturer’s instructions. cDNA was amplified by gPCR
using gene-specific primers (Supplement Table S1) and the
GoTaq qPCR Master Mix (Promega) according to the manu-
facturer’s instructions. PCR amplification was carried out as
follows: 45 cycles of DNA denaturation at 95 °C for 20 s,
then annealing and extension at 60 °C for 40 s. Three repli-
cates were analysed for each sample. The transcript level of
each gene was normalised against those of elongation factor
la (EF-10a) and TIP41-like family protein (Tip41) gene by
the FitPoint method to evaluate the genes’ expression rela-
tive to endogenous controls. It has been established that the
expression of EFI-a and TIP41 is not influenced by differ-
ent stress conditions (Nicot et al. 2005; Exposito-Rodriguez
et al. 2008).

Quantitative analysis of salicylic acid, jasmonic acid
and jasmonic acid-isoleucine

Analyses of salicylic acid (SA), jasmonic acid (JA), and
jasmonic acid-isoleucine (JA—Ile) were performed as pre-
viously described in the literature (Segarra et al. 2006).
Briefly, 24 h after p-CRY treatment, the tomato leaves were
collected and quick-frozen in liquid nitrogen. Frozen sam-
ples were then ground under liquid nitrogen with a mor-
tar and pestle. A 100 mg sample of the resulting powder
was extracted with 750 ul MeOH-H,0-HOACc (90:9:1, by
vol.), and 100 ng of o-anisic acid as internal standard was
added. Samples were centrifuged for 1 min at 10,000g, the
supernatant was collected, and the extraction was repeated.
Pooled supernatants were dried under nitrogen, resuspended
in 200 pl of 0.1% HOAc in H,0-MeOH (90:10, v/v), and
finally filtered with a Millex Samplicity™ 0.20 um filter
from Millipore.

LC-MS analyses were performed with the TOF mass
spectrometer (Agilent Technologies) equipped with a dual
ESI ion source operated in negative ionisation mode was
used for qualitative and quantitative analysis. TOF-MS was
online coupled with a high-performance liquid chroma-
tography (LC) system (Agilent Technologies). The drying
gas temperature was set to 325 °C, the drying gas flow to
10 1 min~!, the nebuliser pressure to 35 psi, the VCap volt-
age to 4000 V, the fragmentor voltage to 200 V, the skimmer
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voltage to 65 V, and the Octopole RF Peak voltage to 750 V.
Chromatographic separation was carried out onto Zorbax
Extend-C18 column (2.1 X50 mm, 1.8 um, Agilent). The
LC mobile phases were (A) 0.1% acetic acid in water and
(B) methanol. A linear gradient profile with the following
proportions (v/v) of solvent B was applied [t (min), %B]: (0,
15), (10, 100), (15, 100) with 5 min for re-equilibration. The
injection volume was 5 pl and the flow rate was 0.2 ml min~".
Retention times in these conditions were 5.5 min for SA,
11.1 min for JA and 12.9 for JA-Ile. The spectra gener-
ated for both compounds in negative ion detection gave the
deprotonated molecule [M—H] (m/z 137.024 for SA, m/z
209.121 for JA, and m/z 322.202 for JA-Ile). Acquisition was
done by monitoring the 137.024 m/z (quantifier) 93.032 m/z
qualifier, 209.121 m/z quantifier, 210.121 m/z qualifier and
322.202 m/z (quantifier), 209.117 m/z qualifier for SA, JA
and JA-Ile, respectively.

Analysis of ethylene production

Analysis was performed using a gas chromatography-flame
ionisation detector as described previously (Mala et al.
2009). Briefly, 1 ml of air was removed from each test tube
containing previously weighed whole tomato leaves and
analysed using an Agilent GC 6890 (Agilent Technologies)
equipped with a flame ionisation detector and 50-m capillary
column (HP-AL/S stationary phase, 15 um, i.d. =0.535).
The injection temperature was set to 200 °C, oven temper-
ature to 40 °C, and detector temperature to 220 °C. The
measurements were conducted four times from four differ-
ent test tubes of each variant. The final concentrations were
calculated from the calibration curve and adjusted to vial
volume and 1 g of fresh weight.

Immunoblot analysis

Triplicate protein samples collected from leaf discs treated
with H,O (control) and B-CRY at 0, 2 and 4 hpi were used
for Western-blot analysis. Protein samples were separated
by SDS-PAGE on 12% (w/v) polyacrylamide and then
transferred to an Immobilon-P PVDF membrane (Merck).
Membranes were stained with Ponceau S to verify equiv-
alent protein loading and then incubated in TBS-T buffer
containing 5% bovine serum albumin for 1 h at room tem-
perature. Total MAPKSs and phosphorylated MAPKs were
detected by overnight incubation at 4 °C with antibodies
raised against the extracellular signal-regulated kinases 1
and 2 (ERK1/2; Cell Signaling Technology) or antibodies
raised against phosphorylated ERK1/2 (pERK1/2; Cell Sign-
aling Technology) at 1:2000 dilution in the blocking buffer,
respectively. Membranes were then washed three times with
the blocking buffer for 10 min and incubated at room tem-
perature for 1 h with a horseradish peroxidase-conjugated
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anti-rabbit secondary antibody (Cell Signaling Technology)
at 1:2000 dilution in the blocking buffer. Finally, the mem-
branes were washed three times with the blocking buffer
and chemiluminescence detection was performed with the
chemiluminescent substrate Luminata Crescendo (Merck)
using a Typhoon 9410 scanner (GE Healthcare). The sig-
nal intensities of the 45 band (corresponding to the tomato
MPK3 protein) were quantified using the Quantity One 4.6.1
program (Bio-Rad) and expressed as normalised (pixel)
intensities relative to that of the RuBisCO large subunit.
Significant differences between treatments (P =0.05) were
identified using the Student’s ¢ test.

Results

Response of tomato to B-elicitin cryptogein and its
mutants

Previous investigations into the effects of elicitins on
tomato leaves used a direct infiltration strategy to explore
the proteins’ ability to induce responses. By contrast,
in this work, we simply soaked the tomato leaf discs
in 100 nmol 17! solutions of B-CRY to verify that basic
elicitins can be transported or otherwise moved within
leaves because systemic resistance induced by elicitins
derives from their presence mediated by systemic move-
ment across the plants (Keller et al. 1996b; Uhlikova et al.
2016). To determine the effects of different tomato geno-
types and the sterol-binding properties of elicitins on the
induction of resistance, we selected well-characterised
highly susceptible domesticated inbred cultivar S. lyco-
persicum cv. Amateur together with S. chmielewskii and
S. habrochaites exhibiting moderate and high non-spe-
cific resistance (Mieslerova et al. 2005), respectively, and
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Fig. 1 Changes in cell death and phenotype of Solanum spp. leaves
treated with P-cryptogein (f-CRY) and its mutants. a Evaluation
of cell death by monitoring the uptake of Evans blue by leaf tis-
sues of Solanum spp. [S. lycopersicum cv. Amateur (A), S. habro-
chaites (H) and S. chmielewskii (Ch)] treated with water (CTRL) and

two previously described p-CRY mutants with impaired
sterol binding (Val84Phe) and interaction with the bind-
ing site on the tobacco plasma membrane (Leu41Phe)
(Dokléadal et al. 2012). However, after 2 days of soaking
tomato leaf discs in solutions of p-CRY or its mutants, no
significant changes of cell death intensity measured by
Evans blue method were observed in any tomato geno-
type (Fig. 1a). Moreover, no HR necrosis appeared at the
infiltration site of tomato leaves at 2 days after infiltra-
tion with 100 nmol 17! B-CRY or its mutants representing
usual elicitin concentration inducing the HR cell death in
tobacco leaves (Dokl4dal et al. 2012) (Fig. 1b). This dem-
onstrates that like acidic elicitins (Kawamura et al. 2009)
and pythins (Satkova et al. 2016), basic elicitins do not
trigger HR cell death in wild-type or inbreed genotypes
of tomato plants, in contrast to their effects on tobacco
and potato plants. While Ouyang et al. (2015) did observe
induction of necrotic symptoms after direct infiltration of
pythin oligandrin into tomato leaves, the pythin concentra-
tion used by those authors (3 pmol 17!) was far higher than
that typically used in experiments of this type.

Consequently, we examined the elicitins’ response by
the DAB staining of H,0O, accumulation and the NBT
staining of O, accumulation in treated leaves. Compared
with S. lycopersicum cv. Amateur, the S. chmielewskii
and especially S. habrochaites plants exhibited clearly
increased DAB staining intensities in leaves treated with
100 nmol 17! B-CRY and Val84Phe mutant, reflecting
increased levels of H,0, accumulation (Fig. 2a). These
genotypes also exhibited increased NBT intensities
staining in B-CRY and Val84Phe mutant treated leaves
compared with the S. lycopersicum cv. Amateur plants
(Fig. 2b). In resistant genotypes, H,0O, production cor-
related with increased activity of cytosolic guaiacol per-
oxidase and ascorbate peroxidase (Fig. 2c).

100 nmol 17! B-CRY and its mutants Val84Phe (V84F) and Leu41Phe
(L41F) (n=6). Uptake of vital dye was quantified by spectrophotom-
etry. b The phenotype of Solanum spp. leaves that were treated with
100 nmol 17! B-CRY and its mutants
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Fig.2 Analysis of ROS accumulation and peroxidases activity in
Solanum spp. [S. lycopersicum cv. Amateur (A), S. habrochaites (H)
and S. chmielewskii (Ch)] leaves treated with p-cryptogein (f-CRY)
and its mutants. H,O, and O,” accumulation, as detected via DAB
staining (a) and NBT staining (b), respectively. ¢ Ascorbate and

Modulation of plant resistance by elicitor
pretreatment

To investigate potential modulation of plant immunity
responses by f-CRY and its mutants, we exploited a well-
established model pathosystem of three Solanum spp.
genotypes differing in their resistance to the economically
important biotrophic pathogen P. neolycopersici: suscep-
tible S. lycopersicum cv. Amateur, the moderately resist-
ant S. chmielewskii and highly resistant S. habrochaites
(Mieslerova et al. 2001; Lebeda et al. 2014). Further, treat-
ment of S. lycopersicum cv. Amateur plants with elici-
tin oligandrin at a concentration of 100 nmol 17! already
resulted in induction of plant resistance against P. neoly-
copersici represented by changes in lengths of germina-
tion tubes and their representation (Satkova et al. 2016).
In keeping with previous findings using tomato leaf discs
(Piterkova et al. 2011), the wild genotypes S. chmielews-
kii and S. habrochaites exhibited moderate and high levels
of basal resistance to powdery mildew infection, evaluated
by decreased lengths of first, second and third germination
tubes of developing pathogen at 48 h post-infection (hpi;
Fig. 3a). Similarly, f-CRY and its mutants also decreased
development of pathogen infection structures determined by
the relative abundance of the first, second and third germi-
nation tubes (Fig. 3b). Treatment of leaf discs by wild type
B-CRY reduced pathogen development only in the moder-
ately and highly resistant genotypes S. chmielewskii and S.
habrochaites, whereas the f-CRY Val84Phe mutant induced
greater resistance to P. neolycopersici in all three genotypes
including the susceptible genotype. This observation is prob-
ably related to a relatively limited upregulation of defence
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soluble guaiacol peroxidase activities 48 h after treatment of Sola-
num spp. leaves with 100 nmol 17! p-CRY and its mutant Val84Phe
(V84F) (n=3). The control tissue (CTRL) was a water-treated control
sample. Each bar represents the mean+SD. Values labelled with dif-
ferent letters differ significantly (P <0.05) based on Student’s  test

genes by wild-type B-CRY compared to that induced by the
Val84Phe mutant. Treatment with the Leu41Phe mutant had
no significant effect on pathogen development in all studied
tomato genotypes (Fig. 3), in accordance with the transcrip-
tomic data.

Expression of defence-related genes in tomato
treated with B-cryptogein and its mutants

Next, we measured the transcript levels of selected patho-
genesis-related (PR) genes whose expression was shown
to increase in tomato leaves treated with elicitins (Kawa-
mura et al. 2009; Satkova et al. 2016). As previously
(Satkové et al. 2016), we observed significant differences
in the basal levels of individual transcripts between the
mock treatments of studied tomato genotypes when in
both, moderate and highly resistant genotype, only Glu2
and Hev2 transcripts showed an upregulation compared
to S. lycopersicum cv. Amateur, while Def2, P1 and P6
transcripts were downregulated (Fig. 4a). Treatment of
leaf discs with B-CRY and the Val84Phe mutant upregu-
lated most of measured transcripts, with the magnitude
of the accumulation depending on the tomato genotype
(Fig. 4b). Conversely, the Leu41Phe mutant induced
almost no detectable upregulation in any of the stud-
ied genotypes (Fig. 4b), but induced a downregulation
of P3 gene and genes involved in ethylene production
(Fig. 4b). Since the basal expression levels are highly
different from one genotype to the other, we also related
transcript levels of moderate and highly resistant geno-
types after treatment to that of susceptible genotype S.
lycopersicum cv. Amateur. Based on this comparison, an
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Fig.4 Changes in the expression of tomato defence-related genes
induced by p-cryptogein (B-CRY) and its mutants. Overview of the
differential accumulation of candidate defence-related transcripts
identified by RT-qPCR 48 h after treatment of three Solanum spp. [S.
lycopersicum cv. Amateur (A), S. habrochaites (H) and S. chmielews-
kii (Ch)] with 100 nmol 17! B-CRY and its mutants Val84Phe (V84F)

and Leu41Phe (L41F). Gene expression relative to control sample of
S. lycopersicum cv. Amateur (a) or to control sample of each geno-
type (b) was calculated by the AAC(t) method 48 h after the appli-
cation of the proteins. Upregulated and downregulated transcripts are
shown in green and red, respectively, using a log,R scale
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important role could be suggested for genes Glu2, Glu3,
Gluco5, Hev2, Osm4 and P3 (Fig. 4a) when the great
majority of them colocalises on chromosomes 1 and 8
(Supplement Table S2) to QTLs for P. infestans resist-
ance (Foolad 2007). Interestingly, more extensive gene
upregulation in Val84Phe mutant and downregulation of
some genes in Leu41Phe mutant (Fig. 4b) seem to be
linked with mutant’s sterol-trapping activity from the
plasma membrane associated with changes in its fluidity
(Sandor et al. 2016), as observed previously in tobacco
plants (Dokl4dal et al. 2012).

Significantly impaired activity of Leu41Phe mutant
corresponds with previous results on tobacco plants
when its interaction with the high-affinity binding site
on the plasma membrane was weakened or eliminated
(Dokladal et al. 2012). A similar recognition mechanism
might thus be hypothesised to operate in the Solanaceae.
Evidence supporting this hypothesis includes the results
of previously reported binding experiments (Ponchet et al.
1999). Prospective candidate has been recently described
as the cell surface receptor, ELR, that mediates elicitin
responses in wild Solanum tuberosum because tomato and
tobacco genomes contain several orthologues (Fig. S1).
However, no ELR orthologues that respond to elicitins
have been found in cultivated S. tuberosum so far (Du
et al. 2015).

Signalling involved in B-cryptogein response

Treatment of leaf discs with p-CRY and the Val84Phe
mutant triggered the accumulation of transcripts for ACC
(1-aminocyclopropane- 1-carboxylic acid) synthase (ACS2),
a key enzyme regulating ethylene synthesis, and ACC oxi-
dase (ACO 4-like) (Fig. 4b). This is consistent with increased
ethylene production in -CRY-treated tomato leaves (Fig. 5a)
and presence of transcription factor ERELEE4 containing
an ethylene-responsive element in promotor regions of the
majority of f-CRY-upregulated transcripts (Supplement
Table S2). To clarify the roles of the SA- and JA-signalling
pathways in f-CRY-induced responses, we measured the
concentrations of free SA and JA as well as their conjugates,
SA beta-glucoside (SAG) and JA-Ile, in leaf discs of the
most responsive genotype, S. chmielewskii, 24 h after B-CRY
treatment. We were unable to detect free SA and observed
only a decreasing trend for SAG (Fig. 5b). However, f-CRY
treatment induced the accumulation of free JA and espe-
cially the JA-Ile conjugate (Fig. 5b). This is consistent with
the finding that the induction of pathogenesis-related (PR)
genes by the elicitin INF1 was completely compromised in
the jail-1 mutant tomato line in which the JA-signalling
pathway is impaired (Kawamura et al. 2009).

In tobacco plants, mitogen-activated protein kinase
MPK3/WIPK was activated by phosphorylation within
minutes of elicitin treatment, via a mechanism that was
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Fig.5 p-Cryptogein (B-CRY) treatment activates ethylene, JA and
JA-Ile production and phosphorylation of MPK3 in tomato leaves. a
Ethylene accumulation was measured at different times after f-CRY
treatment (100 nmol 171) of S. chmielewskii leaves (n=>5) by gas chro-
matography. b Levels of jasmonic acid (JA), jasmonic acid-isoleu-
cine (JA-Ile), and salicylic acid beta-glucoside (SAG) were measured
by HPLC 24 h after f-CRY treatment (100 nmol 17!) of S. chmielews-
kii leaves (n=3). The control tissue (CTRL) was a water-treated
control sample. Each bar represents the mean=+ SE. Asterisks denote
mean values that differ significantly from that for the control group
based on Student’s ¢ test at P <0.01 (**). ¢ Immunoblot analysis of
proteins extracted from S. chmielewskii leaves treated with p-CRY
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Time after treatment

(100 nmol 17) and water (CTRL) collected 2 and 4 h after treatment.
Phosphorylated MPK3 was detected using antibodies raised against
human phosphorylated ERK1/2 (pERK1/2). Three biological repli-
cates were analysed for each treatment. The intensity of bands cor-
responding to phosphorylated MPK3 were quantified and expressed
as normalised intensities (INTxmm) relative to the intensity of the
RuBisCO large subunit stained with Ponceau S. Intensities were
determined using the QuantityOne program (Bio-Rad). Data are pre-
sented as mean + SE of three replicates from three independent exper-
iments. Mean values that differ significantly from that for the control
group are based on the Student’s 7 test
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independent of the elicitin-induced rapid oxidative burst
(Sharma et al. 2003). Accordingly, here we observed the
activation of MPK3 kinase phosphorylation in S. chmielews-
kii leaves within 2 and 4 h after p-CRY treatment (Fig. 5c).
The observed activation of MPK3 kinase is connected to
the regulation of the transcription factor WRKY33, which
activates the ACS2 transcription (Li et al. 2012), as observed
here.

Discussion

The responses of tomato plants (S. lycopersicum) to the
a-elicitin INF1 (from the canonical clade ELI-1) and the
pythin oligandrin, secreted by P. infestans and P. oligan-
drum, respectively, have been studied extensively (Picard
et al. 2000; Takenaka et al. 2006; Kawamura et al. 2009;
Ouyang et al. 2015; Satkova et al. 2016). Here, we focused
on one of the most potent elicitins from the canonical clade
ELI-1, B-CRY, which induces extensive HR cell death in
tobacco plants and enhances their resistance to infection
more strongly than acidic elicitins like INF1 (Ponchet et al.
1999).

Like INFI1 and oligandrin (Picard et al. 2000; Kawa-
mura et al. 2009; Satkova et al. 2016), f-CRY triggered no
detectable HR cell death in tomato plants. f-CRY clearly is
perceived by tomato plants because it induced the accumu-
lation of ROS, mainly in moderately and highly resistant
genotypes, as well as the accumulation of PR gene tran-
scripts. Variability in the ability of f-CRY and V84F mutant
to trigger ROS production and resistance to the biotrophic
pathogen P. neolycopersici (the causative agent of powdery
mildew) in the studied Solanum genotypes is clearly linked
to different resistance features of the studied genotypes and
correlates with previous results regarding histochemical
study of ROS generation in the same plant model during
pathogen interactions (Toménkova et al. 2006). The signifi-
cant differences in transcript levels and resistance induction
observed between the tomato genotypes studied in this work
are not wholly surprising, because different tomato geno-
types have been shown to differ significantly with respect to
their basal transcriptomes and the transcriptomic changes
induced by biotic and abiotic stress conditions (Chen et al.
2013; Satkova et al. 2016). For instance, a recent transcrip-
tome analysis revealed significant differences in over 7000
transcripts between the genotypes S. habrochaites and S.
lycopersicum (Chen et al. 2015). Similarly, the relatively
strong transcripts accumulation in the moderately resist-
ant S. chmielewskii could be related to its generally higher
responsiveness to infection (as measured by NO and ROS
production) compared to the highly resistant S. habrochaites
(Lebeda et al. 2014).

It has been suggested that the sterol-binding activity of the
elicitins plays an important role in the induction of enhanced
resistance in tomato plants (Kawamura et al. 2009). On the
other hand, Dokladal et al. (2012) observed no evidence
for a direct connection between the induction of resistance
and sterol binding by elicitins in tobacco plants. In keeping
with the latter results, we found that p-CRY sterol-binding/
trapping activity seems to be a lowering factor for some
elicitin-induced genes, as well as for induction of resistance
in analysed tomato genotypes (Figs. 3, 4). A similar effect
was already observed in tobacco plants where the Val84Phe
mutant induced more extensive accumulation of defence-
related genes transcripts and greater resistance to powdery
mildew (Dokladal et al. 2012). We can only speculate about
the mechanism responsible for this cross talk. Even though
simple B-CRY sterol trapping was unable to induce any sig-
nalling cascade, recently its role as an enhancing factor of
elicitin-induced ROS production was demonstrated (San-
dor et al. 2016). Cyclodextrins (showing the same sterol-
trapping activity) treatment induced plant defence responses
(Morales et al. 1998; Almagro et al. 2012); however, this
activity strongly depends on the derivative used (Bru et al.
2006; Valitova et al. 2014) and any signalling cascade has
not yet been described for cyclodextrins treatment.

Elicitins are recognised as MAMP because their sig-
nalling depends on PRR and coreceptor BAK1/SERK3
(Du et al. 2015). However, on tobacco plants they show
some features of effectors. Surprisingly, on tomato plants
elicitins behave like typical MAMP without any HR cell
death, suggesting differences in their perception or sig-
nalling. The failure of the Leu41Phe mutant to induce
resistance together with the results of earlier binding
experiments (Ponchet et al. 1999) suggests that a similar
mechanism of elicitin recognition operates in the Solan-
aceae. This hypothesis is further supported by the fail-
ure of the Leu41Phe mutant to induce resistance. The
Leu41 residue is highly conserved among elicitins, and
it is located in the structurally important w-loop region,
which was suggested to play a role in an interaction with
a receptor on the plasma membrane (Lochman et al. 2005;
Dokladal et al. 2012). In this connection, also different
activity of Val84Phe mutant could be related to modi-
fied interaction with the receptor because sterol-binding
activity has been related to conformation changes in the
®-loop region suggested to be necessary for the ability to
trigger the early events caused by 3-CRY on tobacco cells
(Lochman et al. 2005). The signalling pathways activated
downstream of elicitin recognition have been only par-
tially disclosed. In tobacco, recognition of -CRY induces
extensive HR cell death and the expression of both SA-
responsive and JA-responsive pathogenesis-related genes.
However, we observed no HR cell death induction as well
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as accumulation of free SA or its glycosylated form and,
in keeping with earlier studies on tomatoes (Kawamura
et al. 2009; Satkova et al. 2016), we demonstrated the
activation of pathways associated with the regulation of
ethylene and JA synthesis. This suggests activation of at
least partial different signalling events after elicitins’ per-
ception in tomato plants. In parallel with tobacco plants,
an activation of MPK3 kinase was observed, the silenc-
ing of which was found to reduce elicitin-induced resist-
ance without affecting the induction of HR cell death in
tobacco plants (Xu et al. 2014). It was also shown that
the kinase activity of the proposed general interactor for
receptor-like proteins (RLPs), receptor-like kinase (RLK)
SUPPRESSOR OF BIR1-1 (SOBIR1), is required for Cf-
4-mediated HR cell death in tomato plants (Liebrand et al.
2013). It was shown very recently that SOBIR1 is required
for INF1-triggered cell death in Nicotiana benthamiana
and in Solanum microdontum and constitutively asso-
ciates with the elicitin receptor protein ELR (Domaza-
kis et al. 2018). An important role of RLKs encoded by
SISOBIR1 and SISOBIR1-like was described during the
defence responses induced by Phytophthora parasitica
and the elicitin ParA1l in tomato plants (Peng et al. 2015).
According to our findings, a similar mechanism of elici-
tin recognition by RLP might be suggested in tomato and
tobacco plants. Additionally, the tomato genome contains
several orthologues to previously described ELR protein
in potato. However, largely different signalling pathway
in tomato shows that maybe another receptor is able to
perceive elicitins in tomato. Having in mind potentially
devastating diseases of economically significant crops by
the genus Phytophthora, further studies on RLPs, RLKs
and the signalling components associated with elicitin-
induced defence responses in diverse plant species are
highly needful.
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2.2.3 Studium vlivu elicitinu p-kryptogeinu na dynamické zmény

v subcelularni distribuci enzymu NADPHoxidasy

Rostlinné RBOH jsou hlavnim zdrojem ROS produkovanych po interakci rostliny s patogeny.
V ramci 8-mésiéni védecko-vyzkumné staze v laboratotich Agroecologie INRA v Dijonu
ve Francii jsem se zapojila do feSeni projektu zabyvajicitho se studiem enzymu RBOH
se zaméfenim na isoformu D (RBOHD) v bunkach tabaku po aplikaci elicitinu B-CRY
sekretovaného oomycetou P. cryptogea. Vysledky studie jsou prezentovany formou clanku
snazvem ,.Dynamic changes in the subcellular distribution of the tobacco ROS-producing
enzyme RBOHD in response to the oomycete elicitor cryptogein®, ktery byl publikovan
v Gasopise Journal of Experimental Botany v roce 2014 (Priloha 4). Hlavnim cilem prace bylo
studium vlivu elicitinu B-CRY na dynamické zmény v subcelularni distribuci RBOHD
zodpoveédné za produkci ROS. Na feSeni studie jsem se podilela méfenim produkce ROS metodou
chemiluminiscence, detekci hladin transkripti enzymu RBOHD a déle jsem byla zapojena
do ptipravy vzorkl pro analyzu konfokalni mikroskopii.

V tabakovych bunikach BY-2 byly identifikovany dvé kopie RBOHD gend, které jsou dale
znacené jako RBOHD1 a RBOHD2, jejichz sekvencni identita na aminokyselinové trovni
je 98,4 % a identita na Grovni nukleotidd v jejich kodujicich regionech je 96,7 %. RBOHD1
a RBOHD2 jsou dva homologni geny pochazejici z N. sylvestris resp. z N. tomentosiformis.

Pro studium lokalizace RBOHD v tabakovych bunkach BY-2 byly pouzity konfokalni
a elektronova mikroskopie, kterymi byla prokazana lokalizace proteini RBOHD1 a RBOHD?2
V plazmatické membrané a v endomembranovych systémech (Priloha 4 — Obr. 2). Ve studii byla
nezavislymi experimenty prokazana lokalizace RBOHD v Golgiho komplexu. Byla pozorovana
kolokalizace fluorescence faznich proteini RBOHDI1-GFP s fluorescenéni  znackou
Man99-mRFP specificky detekujici Golgiho komplex (Boulaflous et al., 2009). Signal RBOHD1-
GFP byl také nalezen v té€sné blizkosti signalu pro endocytovy indikator FM4-64 znadici trans-
Golgiho sit’ (TGN) a trans-stranu Golgiho aparatu (Bolte et al., 2004; Lam et al., 2007).
RBOHD1-GFP znadeni bylo citlivé na oSetfeni brefeldinem A, zptsobujicim agregaci Golgiho
vackt a TGN (Ritzenthaler et al., 2002). Po osetieni bunék brefeldinem A se signal RBOHD1-
GFP premistil do velkych shlukt, které vykazovaly rovnéz signal FM4-64 a to 30 az 45 min
po aplikaci. Ziskané vysledky poukazuji, Ze RBOHD jsou z Golgiho komplexu prostfednictvim
TGN preneseny do plazmatické membrany. Podobna cesta z Golgiho komplexu byla navrzena
pro komplex celulosasynthasy (EC 2.4.1.12) u Arabidopsis (Crowell et al., 2009). Tyto vysledky
byly potvrzeny pomoci elektronové mikroskopie experimenty detekujicimi RBOHD
na ultratenkych tfezech bunék BY-2 s vyuzitim anti-RBOHD protilatek znacenych zlatymi
casticemi (GP, gold particles). GP byly pozorovany na plazmatické membrané, na periferii

Golgiho cisteren a u vezikul. GP navazané na anti-RBOHD protilatku se vyskytovaly
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na plazmatické membrané a endomembranach jako shluk dvou az tii ¢astic. Podobné i pro RBOH
z lidského neutrofilu byla popsana tvorba Klastri v ramci plazmatické membrany (Wientjes et al.,
1997).

Proteomické studie ukazaly, ze RBOH jsou ptitomny v plazmatické membrané ve frakcich
nerozpustnych v detergentech, coz naznacuje, Ze stejné jako u Zivo¢ichti mohou byt i rostlinné
RBOH spojeny in vivo s doménami bohatymi na steroly a sfingolipidy, které jsou znamé jako
membranové rafty (Mongrand et al., 2004; Morel et al., 2006; Fujiwara et al., 2009). Experimenty
s cinidlem methyl-B-cyklodextrinem chelatujicim steroly prokazaly, Ze asociace RBOHD
S plazmatickou membranou neni plné zavisla na obsahu steroli v plazmatické membrané. Mala
a homogenni velikost klastrtt RBOHD spolu s jejich relativni rezistenci vuci cyklodextrinu
poukazuje na piitomnost RBOHD v rostlinnych membranach ve formé oligomera. Moznost
tvorby funkcnich dimert RBOHD byla jiz zminéna na zékladé¢ struktury a fyziologické studie
u ryze (Oda et al., 2010).

Pro lepsi pochopeni ulohy subcelularni distribuce RBOHD uvnitit buiiky byla sledovana
produkce ROS prvni hodinu po elicitaci (Priloha 4 — Obr. 5). V BY-2 buiikach produkce ROS
vrcholi 10-15 min po piidani B-CRY, pak se produkce ROS snizuje na Grovenn mirné€ nad bazalni
hladinu a to v ¢ase okolo 30 min. Nasledné byl zaznamenan mirny narast hladiny ROS. Elicitace
bun¢k tabaku BY-2 pomoci f-CRY indukuje rychlou a ptechodnou produkci ROS, ktera zavisi
na aktivitt RBOHD (Viard et al., 1994; Simon-Plas et al., 2002). Nékolika metodami bylo
nezavisle prokazano zvysené zastoupeni RBOHD (cca 0 50 %) v plazmatické membrané 60 min
od elicitace (Priloha 4 — Obr. 4). Prvni zfejma zména pozorovana u elicitovanych bunék
exprimujicich RBOHD1-GFP byla vyznamnéji se zvysujici fluorescence plazmatické membrany
30 min od elicitace. Akumulace fuzniho proteinu v plazmatické membrané v zavislosti na dobé
po elicitaci byla dale prokazana Western blot analyzou s vyuzitim GFP protilatky. Imunodetekce
s protilatkou rozpoznavajici jak RBOHD1, tak RBOHD2 potvrdily, Ze nativni isoformy
se akumuluji v plazmatické membrané¢ 60 min po elicitaci. Elektronovou mikroskopii byl
zaznamenan 50% narist mnozstvi RBOHD v plazmatické membrané.

Simon-Plas et al. (2002) prokazali, ze B-CRY zvysuje transkripci RBOHD v bunkach tabaku.
Tato skutecnost byla metodou kvantitativni PCR Vv nasi studii potvrzena. Hladiny transkripti
RBOHD1 a RBOHD2 byly zvyseny asi 1,5-krat 30 min a pfiblizn¢ 2,3-krat 60 min po elicitaci
B-CRY (Priloha 4 — Obr. 5). Narist transkripce by mohl vysvétlit 50% zvySeni zastoupeni
RBOHD v plazmatické membrané. Osetieni bunék exprimujicich RBOHD1-GFP inhibitorem
proteosyntézy cykloheximidem mélo nicméné velmi maly vliv na zvySeni fluorescence
vyvolaného B-CRY. To znamena, Ze zvySena akumulace RBOHD1-GFP v plazmatické
membrané¢ po oSetieni B-CRY neni zpisobena nové syntetizovanymi proteiny. Soucasné
se zvySenim fluorescence plazmatické membrany bylo u bunék osetfenych B-CRY pozorovano

snizeni poctu fluoreskujicich intracelularnich kompartmenti (Priloha 4 — Obr. 6). B-CRY
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indukoval dvojnasobné snizeni fluoreskujicich intracelularnich kompartmentti 30 min po oSetieni.
Z toho vyplyva, Ze B-CRY spousti cilené uvolnéni RBOHD z intracelularnich zasob, kdy dochazi
K jejich zabudovani do plazmatické membrany. Kombinace cykloheximidu a B-CRY vedla
ke snizeni poc¢tu fluoreskujicich intracelularnich kompartmenttt 60 min po elicitaci, ktera byla
mnohem vyrazn€j$i nez pii plsobeni samotného B-CRY, coz naznacuje, ze zdsoby RBOHD
Vv intracelularnich kompartmentech jsou jak c&asnym zdrojem RBOHD pro akumulaci
V plazmatické membrané, tak intracelularni kompartmenty jsou pozdé&jsi cilové mista noveé
syntetizovanych proteindt RBOHD syntetizovanych v endoplazmatickém retikulu. Vysledky
poukazuji na distribuci RBOHD mezi plazmatickou membranu a Golgiho komplex, které jsou
po elicitaci B-CRY posunuty ve prospéch plazmatické membrany, nejprve dodavanim proteinti
jiz ptitomnych v Golgiho komplexu a poté syntézou novych protein. To nastoluje hypotézu,
ze Golgiho komplex mize fungovat jako rezervoar pro RBOHD, pfestoze dosud neni znama
zadna studie o RBOH lokalizované v Golgiho komplexu u rostlinnych nebo zivocisnych bunék.
Existuje vSak nekolik piiklad proteint spojenych s plazmatickou membranou, které cykluji mezi
plazmatickou membranou a Golgiho komplexem (Nichols et al., 2001; Le a Nabi, 2003; Milhas
et al., 2010).

Zajimavym aspektem regulace RBOHD je nesoulad mezi Kinetikou akumulace RBOHD
transkriptt a produkci ROS po osetfeni B-CRY. Hladiny transkriptt RBOHD1 a RBOHD2 nebyly
10 min po elicitaci B-CRY ovlivnény, coz potvrzuje, Ze primarni zvySena produkce ROS
je vysledkem aktivace enzymi jiz pfitomnych Vv plazmatické membrané. Navic skutecnost,
7e pfenos novych RBOHD do plazmatické membrany probiha ve stejnou dobu jako pokles
produkce ROS je v souladu s pfedchozimi vysledky, které ukazuji, Ze produkce ROS lokalizovana
na plazmatické membrané neni 30 min po elicitaci detekovana (Lherminier et al., 2009).
To naznacuje, Ze aktivované enzymy jsou nahrazeny inaktivovanymi enzymy, coZ umoziuje
plazmatické membrané rychle obnovit svou signalni kapacitu a dava ¢as buice syntetizovat nové
enzymy. Publikované vysledky v souhrnu ukazuji, ze kontrola mnozstvi a subcelularni lokalizace

RBOH hraje vyznamnou roli v mechanismu produkce ROS indukované elicitiny.
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Abstract

Plant NADPH oxidases, also known as respiratory burst oxidase homologues (RBOHs), have been identified as a
major source of reactive oxygen species (ROS) during plant-microbe interactions. The subcellular localization of the
tobacco (Nicotiana tabacum) ROS-producing enzyme RBOHD was examined in Bright Yellow-2 cells before and after
elicitation with the oomycete protein cryptogein using electron and confocal microscopy. The plasma membrane
(PM) localization of RBOHD was confirmed and immuno-electron microscopy on purified PM vesicles revealed its
distribution in clusters. The presence of the protein fused to GFP was also seen in intracellular compartments, mainly
Golgi cisternae. Cryptogein induced, within 1h, a 1.5-fold increase in RBOHD abundance at the PM and a concomi-
tant decrease in the internal compartments. Use of cycloheximide revealed that most of the proteins targeted to the
PM upon elicitation were not newly synthesized but may originate from the Golgi pool. ROS accumulation preceded
RBOHD transcript- and protein-upregulation, indicating that ROS resulted from the activation of a PM-resident pool of
enzymes, and that enzymes newly addressed to the PM were inactive. Taken together, the results indicate that control
of RBOH abundance and subcellular localization may play a fundamental role in the mechanism of ROS production.

Key words: BY-2 cells, cryptogein, Nicotiana tabacum, protein trafficking, respiratory burst oxidase homolog D (RBOHD),
reactive oxygen species, protein trafficking.

Introduction

Reactive oxygen species (ROS) such as hydrogen peroxide metabolism that must be detoxified to protect cellular func-
(H,0,), superoxide anions (O,"), hydroxyl radicals (OH"), tions from their strong oxidative properties (Halliwell, 2006).
and singlet oxygen ('0,) are natural by-products of plant cell A transient increase in ROS production is observed when a

Abbreviations: BFA, brefeldin A; BY-2, Bright Yellow-2; CHX, cycloheximide; DIM, detergent-insoluble fraction; GAR, goat anti-rabbit IgG; GP, gold particle; HR, hypersen-
sitive response; MBCD, methyl-B-cyclodextrin; mRFP, monomeric red fluorescent protein; PAG, protein A-gold conjugate; PIP,, phosphatidylinositol 4,5-bisphosphate;
PM, plasma membrane; RBOH, respiratory burst oxidase homologue; ROS, reactive oxygen species; SAR, systemic acquired resistance; TGN, trans-Golgi network.

© The Author 2014. Published by Oxford University Press on behalf of the Society for Experimental Biology.
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plant is exposed to a pathogen, and is referred to as the oxi-
dative burst. ROS produced during the oxidative burst are
thought to be involved in defence reactions in several ways:
directly as antimicrobial agents (Chen and Schopfer, 1999) or
cross-linking agents during cell wall reinforcement (Bradley
et al., 1992), and indirectly as signalling molecules to trig-
ger the hypersensitive response (HR) and systemic acquired
resistance (SAR) (Torres, 2010). The oxidative burst is usu-
ally biphasic with a rapid and transient phase within 1h of
pathogen recognition followed by a long-lasting second phase
a few hours later that is thought to be responsible for the HR
(Lamb and Dixon, 1997). Primary ROS production is pre-
dominantly apoplastic and, depending on the plant species, is
dependent upon plasma membrane (PM) NADPH oxidase,
cell wall peroxidase, or both (O’Brien et al., 2012).

Plant NADPH oxidases, also designated as respiratory
burst oxidase homologues (RBOHs), belong to a small fam-
ily of highly conserved proteins with ten members in the
model plant Arabidopsis thaliana (Torres et al., 1998; Marino
etal.,2011). RBOHs are membrane proteins composed of six
transmembrane domains associated with two haem groups, a
C-terminal region with NADPH- and FAD-binding domains,
and an N-terminal regulatory region with two calcium-bind-
ing EF-hands and phosphorylation domains (Suzuki et al.,
2011). RBOHs catalyse the formation of the superoxide anion
O," by transferring an electron from intracellular NADPH to
an apoplastic molecule of oxygen (O,) (Sagi and Fluhr, 2006).
Superoxide anions, which are short-lived radicals, are then
rapidly converted to hydrogen peroxide either spontaneously
or by superoxide dismutase (Mori and Schroeder, 2004).

The role of RBOHSs in plant—pathogen interactions has
been investigated in different plant species using knock-
out mutants and antisense approaches. In Arabidopsis, the
RBOHD and RBOHF isoforms are responsible for the ROS
burst in response to MAMPs (microbe-associated molecular
patterns) (Zhang et al., 2007), DAMPs (damage-associated
molecular patterns) (Galletti ez «al, 2008), and microbial
pathogens (Torres et al., 2002; Pogany et al., 2009), but with
a prevalent role for RBOHD. In Nicotiana benthamiana the
orthologues of AtRBOHD and AtRBOHF, named RBOHB
and RBOHA, respectively, are the principal ROS producers
in response to infection by Phytophthora infestans (Yoshioka
et al., 2003) or Botrytis cinerea (Asai and Yoshioka, 2009),
and to elicitors of plant defence reactions (Asai et al,
2008; Zhang et al., 2009). In tobacco (Nicotiana tabacum),
RBOHD is the sole isoform responsible for the ROS burst in
response to cryptogein (Simon-Plas ez al., 2002; Lherminier
et al.,2009), a proteinaceous elicitor secreted by the oomycete
Phytophthora cryptogea known to induce the HR and SAR
(Ricci et al., 1989; Keller et al., 1996).

Opposite results were obtained regarding the effects of
the RBOH-mediated ROS burst on the HR and resistance to
pathogens. In Arabidopsis, the rbohD/rbohF double mutant
displayed a reduced HR and unaffected pathogen growth after
inoculation with an avirulent Pseudomonas syringae strain,
but an enhanced HR and resistance to the biotrophic oomy-
cete Peronospora parasitica (Torres et al., 2002). In N. bentha-
miana, the rbohBlrboh A double mutant exhibited reduced HR

and enhanced susceptibility after infection with the avirulent
oomycete Phytophthora infestans (Yoshioka et al., 2003).
These diverse effects on the HR and disease resistance suggest
that RBOH-derived ROS are not simple toxic compounds
triggering cell death, but components of signalling path-
ways that may have opposite effects on plant defence reac-
tions (Torres et al., 2005; Torres, 2010; Marino et al., 2011).
A long-distance signalling function has been demonstrated
for RBOHD-derived ROS in Arabidopsis in response to vari-
ous abiotic stresses (Miller ez al., 2009). Signalling activities
of RBOH-derived ROS are probably also modulated by other
ROS sources (Bindschedler er al., 2006; Yoda et al., 2006;
Daudi et al, 2012) and other signalling molecules. One of
them is nitric oxide (NO) that is synthesized following patho-
gen recognition within the same time frame (Romero-Puertas
et al.,2004). Both NO and ROS are known to react with each
other to produce pro-death molecules such as singlet oxygen
or hydroxyl radicals, and a balanced production between
intracellular ROS and NO has been shown to be a key deter-
minant for the HR (Delledonne ez al., 2001). The recent find-
ing that NO-mediated S-nitrosylation of AtRBOHD governs
a negative feedback loop limiting the production of ROS and
the HR (Yun ef al, 2011) has shed some light on the mostly
unknown molecular mechanisms that underpin the interplay
between NO and ROS.

To get a better understanding of the cellular and physi-
ological functions of RBOH-derived ROS as ephemeral sig-
nal molecules in plant-microbe interactions, it is essential to
determine the subcellular localization and dynamics of their
producers. Cell fractionation and immunolocalization stud-
ies were the first to reveal that RBOHs are intrinsic PM pro-
teins of plant cells (Keller ez al., 1998; Sagi and Fluhr, 2001;
Simon-Plas et al., 2002), a result later confirmed with the use
of GFP-fusions (Kobayashi ez al., 2006; Takeda et al., 2008).
Proteomic studies also showed that RBOHs are present in
detergent-insoluble fractions (DIMs) of the PM thus suggest-
ing that, like their animal counterparts, they could be associ-
ated in vivo with sterol- and sphingolipid-enriched domains
also known as membrane rafts (Mongrand ez al., 2004; Morel
et al., 2006; Fujiwara et al., 2009). The non-uniform distri-
bution of several RBOHs within the PM of differentiating
cells is in line with this finding (Takeda ez al., 2008; Liu et al.,
2009; Lee et al., 2013). However, the cell fate of RBOHs after
pathogen perception is not documented.

The focus of the present study was to characterize the sub-
cellular localization of RBOHD in tobacco Bright Yellow-2
(BY-2) cells before and after elicitation with cryptogein using
confocal and electron microscopy. Two RBOHD isoforms
were identified in BY-2 cells. The RBOHDs were found to
reside in the PM in the form of small clusters in the Golgi cis-
ternae and in a second, as yet unidentified, intracellular com-
partment. The RBOHDs partitioning between the PM and
endomembranes were further shown to be altered following
elicitation. Finally, examination of the relationships between
transcriptional control, subcellular dynamics, and activity of
RBOHDs revealed that control of RBOH abundance and
localization may play a fundamental role in the mechanism
of ROS production in the context of plant defence responses.
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Materials and methods

Materials

Tobacco BY-2 cells (N. tabacum cv. Bright Yellow-2) were grown at
25°C under continuous light (200 pE m™ s!) on a rotary shaker
(140 rpm). The suspensions were sub-cultured every 7 days at 2:80ml
dilution, in MS medium (Murashige and Skoog, 1962) supplemented
with 90mM sucrose, 1.5mM KH,PO,, 0.55mM inositol, 1 uM 2,4-
D, 3 uM thiamine, and 10mM MES pH 5.6.

ROS determination

Seven-day-old cells were harvested, filtered, and re-suspended (1g
for 10ml) in 12 buffer (175mM mannitol, 0.5mM CaCl,, 0.5mM
K,S0,, 2mM MES pH 5.8) for a 3h equilibration period on a rotary
shaker (140 rpm), then elicited by the addition of 50nM cryptogein.
Cryptogein was purified from P. cryptogea according to Ricci et al.
(1989). The production of H,0, was measured by chemilumines-
cence using luminol and a luminometer (BCL book, Berthold).
Every 2min, a 250 pl aliquot of the cell suspension was added to
50 ul of 0.3mM luminol and 300 pl of the assay buffer (175 mM
mannitol, 0.5mM CaCl,, 0.5mM K,SO,, 50mM MES pH 6.5).

Plasmid constructions

The RBOHDI and RBOHD2 cDNAs were obtained by reverse
transcription of BY-2 total RNA using the ImProm-II™ reverse
transcription system (Promega) and PCR amplification using
primer pairs attB1-NoxD5/attB2-NoxD1-2 and attB1-NoxD5/
attB2-NoxD2-1, respectively (primers are given in Supplementary
Table S1 available at JXB online). The PCR products were cloned
into Gateway entry vector pPDONR221 (Invitrogen) for sequencing.
The RBOHDI gene was PCR-amplified from BY-2 genomic DNA
using primer pair attBl1-NtrbohD4/attB2-NtrbohD1 and cloned
into Gateway entry vector pDONR-Zeo (Invitrogen). It was then
subcloned into plant transformation vector pMDC83 (Curtis and
Grossniklaus, 2003) in which the 35S promoter was deleted by diges-
tion with restriction enzymes HindIII/Spel, blunting of 5’-overhangs
with Klenow fragment and re-circularization. The Golgi marker
Man99-monomeric red fluorescent protein (mRFP) was a gift from
Claude Saint-Jore-Dupas (Boulaflous ez al., 2009). It corresponds to
the first 99 amino acids of Glycine max alpha-mannosidase I fused
to mRFP.

Plant cell transformation

The RBOHDI-GFP and Man99-mRFP constructs were introduced
into Agrobacterium tumefaciens strain C58C1 by freeze thawing.
RBOHDI-GFP-containing agrobacteria were used to transform
BY-2 cells according to Brandizzi ez al. (2003). Cells were plated onto
agar-MS medium containing 35mg 1! hygromycin. Transformed
microcalli were transferred into MS liquid medium supplemented
with 35mg 1! hygromycin and submitted to constant agitation
(140rpm) at 25°C under continuous light to generate cell suspen-
sions. Eight weeks of subculturing were needed before cell suspen-
sion cultures became stable. RBOHDI1-GFP cells were retransformed
with Man99-mRFP construct and selected onto 100mg I"! kanamy-
cin to obtain the doubly transformed cell line.

Real-time gRT-PCR analysis

Total RNA from 7-day-old BY-2 cells was isolated with the RNeasy
Plant Mini Kit (Qiagen) and treated with Ambion DNA-free™
DNase (Life Technologies) to eliminate genomic DNA. First-strand
cDNA was produced from 1 pg of total RNA using the ImProm-11™
reverse transcription system (Promega). The product was diluted 1:3
with water, and 2 pl was used as a template for RT-qPCR amplifi-
cation with a GoTaq® qPCR Master Mix (Promega) on an ABI
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PRISM 7900HT system (Applied Biosystems). The housekeeping
genes EF-la, L25, and PP2A, whose expression has been shown
to be stable in tobacco (Schmidt and Delaney, 2010), were used
to normalize candidate gene transcripts. Primers were designed
using Primer3 software (Untergasser et al., 2012) and are listed in
Supplementary Table S1 available at JXB online. Amplifications
were carried out for three independent RNA preparations and two
technical replications. Amplification specificity was checked by melt-
ing-curve analysis. PCR efficiency was determined using standard
curves obtained with serial dilutions of PCR products as templates
and shown to be close to 100% for all primer pairs. Data were ana-
lysed using the SDS 2.3 software (Applied Biosystems) to obtain
cycle threshold values (Ct). Ct values were normalized to the geo-
metric means of three reference genes (ACt) and relative expression
values were calculated (274).

Cell fractionation

Seven-day-old cells were collected by filtration, frozen in liquid nitro-
gen and homogenized in grinding medium (500mM sucrose, 20mM
EDTA, 10mM DTT, ImM PMSF, 50mM Tris-MES pH 8.0). The
homogenate was centrifuged at 16 000g for 20min. After centrifu-
gation, supernatants were collected, filtered through two successive
screens (63 and 38 pM) and centrifuged at 96 000g for 35min. The
microsomal fraction was purified by partitioning in an aqueous two-
phase system containing polyethylene glycol 3350/dextran T-500,
6.6% each (Larsson et al., 1994), to obtain the PM fraction, which
was re-suspended in storage buffer (250mM sucrose, 1 mM EDTA,
10mM DTT, 20% glycerol, 10 pg ml™! leupeptin, 10 pg ml™! pepsta-
tin, 1 mM phenylmethylsulfonyl fluoride, I0mM Tris-MES pH 7.3).
The amount of protein present in the PM fraction was determined
according to Bradford (1976) using bovine serum albumin (BSA) as
standard.

Western blot analysis

Samples of 20ug protein from PM fractions were solubilized in a
buffer containing 40mM Tris-HCI1 pH 6.8, 5% B-mercaptoethanol,
1.5% SDS, 1mM EDTA, 2M/1 M urea/thiourea, 1% n-octyl glu-
coside, 10% glycerol, and bromophenol blue for 2h at room tem-
perature, then loaded on a 4-8% SDS-polyacrylamide gel. After
electrophoresis separation (1h, 40 mA) protein fractions were
electroblotted onto nitrocellulose membrane in a buffer contain-
ing 25mM Tris, 192mM glycine, 20% methanol, 0.1% SDS (2.5h,
200 mA). The membrane was blocked with TBS-Tween buffer
(150mM NacCl, 0.05% Tween 20, 20mM Tris pH 7.6) containing
5% milk. Probing and detection of western blots were performed as
described in the ECL Western Blotting detection kit (Amersham).
The RBOHD antibody used for western blots and immunogold
labelling (see below) was a rabbit polyclonal antibody raised against
amino acids 138-152 (CLNKRPIPTGRFDRNK) and 784-798
(TAKNKGNKSGSASGGC) of RBOHDI (Simon-Plas ez al., 2002).
Dot-blot analysis revealed that the antibody only recognized oligo-
peptide 138-152. The fact that this oligopeptide is also present in the
RBOHD?2 sequence indicates that the antibody was able to detect
both RBOHD isoforms. Primary anti-RBOHD and anti-GFP anti-
bodies (Invitrogen) were used at a dilution of 1:1000 in TBS-Tween.
A horseradish peroxidase anti-rabbit IgG antibody (Bio-Rad) was
used at a 1:10 000 dilution in TBS-Tween for revelation.

Confocal microscopy

Seven-day-old cells were mounted in culture medium or in 12 buffer
when cryptogein treatment was required. FM4-64 (4.25 pM final)
was added to the cell suspension in the dark at 25°C and labelling
was imaged at different time points. Brefeldin A (BFA) (40 pM
final) was added to the cell suspension 60min prior to imag-
ing. Cryptogein (50nM final) and cycloheximide (CHX) (50 ng
ml! final) were added alone or in combination, and effects were
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observed at different time points. Images were acquired using a
Leica TCS SP2-AOBS laser scanning confocal microscope with the
488 nm line of an argon laser for GFP and FM4-64, and with the
594nm line of a helium-neon laser for mRFP. GFP fluorescence
was band-pass filtered between 500 and 550 nm, FM4-64 fluores-
cence between 600 and 700nm, and mRFP fluorescence between
620 and 700nm. Images were processed using Photoshop CS5
(Adobe Systems). The PM fluorescence was quantified using image
J software version 1.47h (Schneider ez al., 2012) as follows. One-
pixel-wide lines (5-15 pm length) were drawn along the PM of at
least 30 BY-2 cells per condition and time point, and average fluo-
rescence intensity was measured. Fluorescence intensities were nor-
malized to the time-0 point and graphed as percentages (mean *
SD; n = 5-16). Fluorescent intracellular compartments were scored
at the periphery of the PM and scaled to 100 pm of PM using Image
J. Compartment numbers were normalized to the time-0 point and
graphed as percentages (mean * SD; n = 6-11).

High-pressure freezing and freeze substitution for transmission
electron microscopy

The BY-2 cells suspended in 12 buffer were concentrated by cen-
trifugation (2000g, 10 s), and immediately frozen, without addi-
tion of cryoprotectant, in a Leica EM HPM 100 high-pressure
freezer. Freeze substitution was subsequently performed using
automatic Leica EM AFSI1 pre-cooled to —90°C. Samples were
substituted in anhydrous acetone containing 0.2% uranyl acetate
and 0.1% glutaraldehyde at —-90°C for 72h. The temperature was
gradually increased to —50°C (slope 5°C h™!) and kept at this tem-
perature. Samples were rinsed with pure acetone, then pure etha-
nol for 24h for each solvent. They were then gradually infiltrated
with mixtures of ethanol/Lowicryl HM20 (with increasing concen-
trations of resin) and finally embedded in pure Lowicryl HM20.
Polymerization was carried out at —50°C for 48 h, followed by 24 h
at -35°C, and finally 24h at 0°C. Following polymerization, the
blocks of Lowicryl-embedded BY-2 cells were ready for thin sec-
tioning and immunolabelling.

Immunogold labelling of RBOHDs on thin sections of BY-2 cells
and on purified PM

Ultrathin sections of tobacco cells were collected onto carbon-
collodion-coated nickel grids. Grids were treated with 10 mM PBS
pH 7.2, supplemented with 10mM glycine for 15min, then with
PBS containing 0.5% milk, 10% normal goat serum and Aurion
blocking solution for 30 min (Aurion), and then with polyclonal
anti-RBOHD antibody at a 1:50 dilution in PBS containing
0.1% BSA-c (Aurion) for 1h at room temperature. Incubation
with goat secondary antibody conjugated to 6nm gold particles
(GPs; Sigma-Aldrich) and diluted 1:25 in PBS containing 0.1%
BSA-c was then performed for 1h at room temperature. Purified
BY-2 cell PM vesicles, pretreated or not with 20mM methyl-f3-
cyclodextrin (MBCD) in buffered conditions (150mM NaCl,
1 mM PMSEF, 20mM Tris pH 7.6) under constant agitation, were
directly deposited onto collodion and carbon-coated microscope
nickel grids. 10 pl of PM vesicles (0.2 pg pl™') were deposited on
each grid. Grids were floated, during 30 min at room temperature,
on 20 pl droplets of TBS containing 0.1% BSA, 0.1% glycine, and
5% normal goat serum (NGS), to reduce unspecific background.
After three washing steps of 5min in droplets of TBS, the grids
were incubated for 1h at RT with anti-RBOHD antibody or anti-
GFP antibody diluted 1:50 in TBS. Antibody was detected with
Snm gold-labelled goat anti-rabbit IgG [EM GAR S5nm, British
Biocell International (BBI)] or 5Snm gold-labelled Protein A (EM
protein A 5nm, BBI) at the dilution 1:20 for 45min at room tem-
perature. After a 10 min fixation in 0.1 M phosphate buffer con-
taining 2.5% glutaraldehyde, preparations were negatively stained
during 30 s in 1% ammonium molybdate at room temperature and
air-dried. Sections and grids were observed with a Hitachi H7500

transmission electron microscope operating at 80kV equipped with
an AMT camera driven by AMT software (Hitachi).

Labelling analysis and spatial statistics

In order to characterize PM vesicle labelling, the density of label-
ling was evaluated by counting the number of GPs per square
micrometre of PM. When groups of GPs were identified on a
vesicle, distances between all GPs in a group were measured
with AMT software and the proportion of GPs in groups (2, 3,
and 4 particles) was compared to total labelling. Counting and
measurement were performed on three repetitions for each time
of treatment and 30 PM vesicles per sample were observed. For
spatial statistics, coordinates of the GPs and vesicle contours
were determined using ImagelJ software version 1.47h (Schneider
et al.,2012). The GP patterns within PM vesicles were considered
as realizations of a stationary point process observed in windows
of varying sizes and shapes. The spatial distribution of a station-
ary point process can be quantified based on Ripley’s K-function
(Ripley, 1976). For a given radius r, K(r)=N(r)/A where N(r)
is the expected number of neighbours lying within distance r
from a typical point and A is the mean number of points per
unit area. For a completely random (Poisson) point process,
K(r)=rmr*. When K is above 7r%, a point process is considered
as spatial clustering. When K is below 77, it is considered as
spatially repulsive. Estimation of the K-function was performed
using the translation correction (Ohser, 1983). Instead of com-
puting individual estimates on each realization (PM vesicle), a
global estimation was performed by pooling together all observed
patterns using the approach proposed by Baddeley ef al. (1993).
Computation of the global estimates was implemented as a
modified version of the Kest function provided by the R spat-
stat package (Baddeley et al., 1993; R Developement Core Team,
2009). Simulation envelopes of the K-function under the Poisson
hypothesis were computed from a modified version of the enve-
lope function of spatstat.

Results and discussion
Two RBOHD genes are expressed in BY-2 cells

In order to express an RBOHD-GFP fusion protein at
native level in tobacco BY-2 cells, a BLAST search of the
SOL genomic network (SGN) database was performed with
RBOHD cDNA (accession number AJ309006.1) to identify
the tobacco RBOHD gene. The search identified two cop-
ies of the RBOHD gene, which were named RBOHD! and
RBOHD? (Fig. 1). N. tabacum is a young allotetraploid spe-
cies resulting from the hybridization of the diploid species
N. tomentosiformis and N. sylvestris less than 200 000 years
ago (Leitch et al., 2008). A second BLAST search of the SGN
database identified a single RBOHD gene in the N. tomen-
tosiformis genome (NtoRBOHD) and N. sylvestris genome
(NsRBOHD). The intron insertion pattern was identical
in all four genes (Fig. 1). Intron length was different for
RBOHDI and RBOHD?2, but almost identical for RBOHDI1
and NsRBOHD, and for RBOHD2 and NtoRBOHD. The
cDNAs for RBOHDI and RBOHD?2 were successfully iso-
lated from BY-2 cells. Both sequences shared 98.4% identity
at the amino-acid level and 96.7% identity at the nucleotide
level in their coding regions (Supplementary Figure S1 avail-
able at JXB online). Sequence comparison with N. tomentosi-
Jformis and N. sylvestris RBOHD coding regions showed that
RBOHD? shared 100% identity at the nucleotide level with
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Fig. 1. RBOHD gene structure in N. tabacum and parental species. Protein-coding regions are represented by boxes and introns by broken lines. The
length of protein-coding regions in base pairs is marked above the RBOHD1 sequence and is identical in all four genes. The length of introns is marked
below the RBOHD1 and RBOHDZ2 genes and only marked below the NsRBOHD and NtoRBOHD genes when different from the tobacco genes. All
sequences are drawn to scale. The RBOHD1 gene sequence was completed after amplification and sequencing of BY-2 genomic DNA. A part of the

RBOHDZ2 gene near the 3’-end has not been found in the SGN database.

NtoRBOHD and RBOHDI displayed a single mismatch with
NsRBOHD (data not shown). Altogether, the results indicate
that RBOHDI and RBOHD? are two homeologous genes
originating from N. sylvestris and N. tomentosiformis, respec-
tively, that are transcribed in BY-2 cells.

RBOHDs localize to the PM and endomembranes

The RBOHDI gene including a ~2-kb fragment upstream of
the start codon was fused to GFP coding sequence and used
to transform BY-2 cells. GFP fluorescence was detected at
the PM and also intracellularly in the form of dots and rings
(Fig. 2A—C). Similar fluorescence patterns were observed
with 35S-driven fusion constructs RBOHDI-GFP, GFP-
RBOHDI, and RBOHD2-GFP suggesting that cell localiza-
tion of the fusion protein is not significantly influenced by
its expression level, the position of the fluorescent tag, or the
identity of the isoform (data not shown).

Unlike their animal counterparts (Ushio-Fukai, 2009),
plant NADPH oxidases have not been reported to be associ-
ated with intracellular compartments. This prompted us to
identify the ones that are labelled by RBOHD1-GFP.

Fluorescent rings were previously observed in plant cells
expressing Golgi fusion proteins (Robinson et al., 2008).
RBOHDI-GFP rings were identified as Golgi from the fol-
lowing results. Firstly, RBOHD1-GFP co-localized with the
Golgi marker Man99-mRFP (Boulaflous ez al., 2009) and
formed a rim around the Man99-GFP signal, suggesting a
location at the periphery of the Golgi cisternae (Fig. 2D-
F). Secondly, the RBOHD1-GFP signal was found in close
apposition with that of FM4-64, an endocytic tracer that
labels the trans-Golgi network (TGN) and the trans side of
the Golgi stack 30min after internalization (Bolte et al.,
2004; Lam et al., 2007) (Fig. 2G-I). Thirdly, RBOHDI-
GFP labelling was sensitive to treatment with BFA, a fun-
gal toxin that causes aggregation of Golgi stacks and TGN
into BFA bodies (Ritzenthaler et al., 2002). Upon BFA

treatment, RBOHD1-GFP relocated to large aggregates
that were also labelled by FM4-64 30 to 45 min after uptake
(Fig. 2J-L).

RBOHDI1-GFP-labelled dots were not identified in the
course of our study. Co-localization studies performed with
FM4-64 over a 1 h time course always showed the continuous
presence of a population of GFP-only labelled dots (Fig. 2M—
0). At time 60 min, FM4-64 labelled the tonoplast (Fig. 20).
This result suggests that the unidentified compartment does
not lie on the endocytic pathway and could correspond to an
exocytic compartment that delivers RBOHDs from the Golgi
to the PM via a TGN-independent route. A similar exit route
from the Golgi complex has been suggested for the cellulose
synthase complex in Arabidopsis (Crowell et al., 2009).

Knowing that the location of a fusion protein may be dif-
ferent from that of its native form, ultrathin sections of BY-2
cells were immunogold-labelled with an antipeptide anti-
body that recognized the two RBOHD isoforms. Gold par-
ticles were observed at the PM, at the periphery of the Golgi
cisternae, and associated with vesicle-like compartments
(Fig. 2P-R), supporting the results of the live cell fluores-
cence microscopy studies. It should be mentioned that overall
labelling density was low, either arguing for low abundance of
the native RBOHDs or for poor epitope accessibility.

Altogether, the confocal and electron microscopy studies
revealed that RBOHD isoforms were partitioned between the
PM and endomembranes in BY-2 cells.

RBOHDs are organized in clusters within the PM

Despite the low density of the labelling observed on BY-2 cell
sections, GPs linked to the anti-RBOHD antibody mostly
occurred as groups of 2-4 on cell PM and endomembranes
(Fig. 2P-R). Purified PM vesicles of BY-2 cells were probed
with the anti-RBOHD antibody to analyse the distribution
pattern of RBOHDs on the PM surface (Fig. 3A). The mean
density of the labelling over three independent biological
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Fig. 2. RBOHDs mostly localize to the PM and Golgi in BY-2 cells, as shown by confocal microscopy of RBOHD1-GFP-expressing BY-2 cells (A-O) and
immunogold labelling of RBOHDs on ultrathin sections of wild-type cells (P-R). (A—-C) Cells expressing RBOHD1-GFP and stained with the endocytic tracer
FM4-64 for 5min. Shown are GFP fluorescence alone (A, C) and an overlay of GFP and FM4-64 fluorescence (B). GFP signals were observed at the PM
[white arrowhead in (A)] and in intracellular dots and rings [yellow arrowhead and yellow arrow, respectively, in (C)]. (D-F) Cells co-expressing RBOHD1-GFP
and the Golgi marker Man99-mRFP. Shown are GFP fluorescence (D), mRFP fluorescence (E), and overlay (F). The insets show that RBOHD1-GFP labelled
the margin of the Golgi. (G-I) Cells expressing RBOHD1-GFP and stained with the endocytic tracer FM4-64 for 30min. Shown are GFP fluorescence (G),
FM4-64 fluorescence (H), and overlay (). The inset in (I) shows tricoloured labelling due to partial overlap. (J-L) Cells expressing RBOHD1-GFP, treated with
BFA for 60min and with FM4-64 for 30 min. Shown are GFP fluorescence (J), FM4-64 fluorescence (K), and overlay (L). The yellow arrowhead indicates

a BFA body. (M-0O) RBOHD1-GFP-expressing cells were stained with FM4-64 for 10min (M), 20min (N), and 60min (O). Shown are overlays of GFP and
FM4-64 fluorescence. Yellow arrow and arrowheads indicate FM4-64-labelled tonoplast and green-only dots, respectively. (P—-R) Immunogold-labelled
sections of BY-2 cells performed with anti-RBOHD antibody. Black arrowheads indicate GPs associated with the PM (P), the margin of the Golgi (Q), and a
vesicle-like compartment (R). Scale bar represents 10 pm (A-O), 2 pm (insets in panels D-I), 500nm (P-R), and 100nm (insets in panels P-R).
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Fig. 3. RBOHDs form clusters in the PM. (A) Representative transmission
electron micrographs of BY-2 cell PM vesicle labelled with anti-RBOHD
antibody and secondary IgG coupled to GPs of 5nm (GAR). Scale

bar = 100nm. (B) Labelling characteristics of PM vesicles. Vesicles were
treated or not with MBCD, then labelled with anti-RBOHD and either
GAR or PAGs of 5nm (n, number of experiments). (C) Ripley’s K-function
analysis of RBOHD distribution on PM vesicles. K(r) (y axis) is the average
number of particles lying at a distance less than r (x axis) from a typical
particle, normalized by the mean particle density. K(r) values displayed
above simulation intervals for a completely random (Poisson) point pattern
indicate an aggregated pattern. Black line, sample K(r); dotted line,
theoretical Poisson K(r); grey area, 99% Poisson simulation interval.

experiments was 63 GPs pm~ of PM (Fig. 3B). This value
is low compared to the ones obtained on the same material
for phosphatidylinositol 4,5-bisphosphate (PIP,) and H*-
ATPase PMA2 (Furt et al., 2010), which were, respectively,
of 160 and 1200 pm~ PM, but is in agreement with the low
density of the labelling observed on cell sections. 65% of the
labelling was observed as groups of GPs and 35% as isolated
GPs (Fig. 3B). For aggregated labelling, the groups, with a
mean size of 18 £6nm, were 65% composed of two particles,
31% composed of three particles, and 4% composed of four
particles. Statistical significance of the aggregated pattern of
RBOHDs was evaluated with Ripley’s K function (Ripley,
1976), a spatial analysis method previously used to investigate
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the spatial distribution of animal membrane proteins (Prior
et al., 2003; Lillemeier et al., 2006). K-function analysis con-
firmed that the gold pattern was aggregated, since K(r) values
laid clearly above the simulation envelope for the K-function
of completely random patterns (Fig. 3C, left panel). To rule
out the possibility that groups might correspond to the bind-
ing of several secondary antibodies to a single primary anti-
body, a fourth experiment was performed with protein A-gold
conjugates (PAG). The number of particles within groups
was only slightly reduced (by 10%) in PAG-labelled vesicles
compared to secondary antibody-labelled vesicles (Fig. 3B),
clearly indicating that RBOHDs are organized in clusters at
the PM. Labelling of PM vesicles prepared from RBOHDI-
GFP cells with an anti-GFP antibody revealed that the fusion
protein forms similar clusters in the PM (Supplementary
Figure S3 available at JXB online), but with a lower density
that could be due to the lower sensitivity of the GFP anti-
body and/or the lower abundance of the antigen.

Similarly, NADPH oxidase from human neutrophil was
reported to be distributed in clusters within the PM (Wientjes
et al., 1997). In line with this finding are the non-uniform dis-
tribution of several plant RBOHs in the PM of differentiat-
ing cells (Takeda et al., 2008; Liu et al., 2009; Lee et al., 2013)
and the demonstration that H,O, resulting from the activity
of RBOHDs upon cryptogein treatment was observed as dis-
crete patches along the PM of BY-2 cells (Lherminier et al.,
2009).

Such a clustering is also in agreement with previous experi-
ments showing that RBOHDs are found in the DIM fractions
of tobacco (Mongrand et al., 2004; Morel et al., 2006) or rice
(Fujiwara et al., 2009). Indeed, preferential association of a
protein (or lipid) with sterol- and sphingolipid-enriched DIM
fractions has been proven to be indicative of its presence in
subdomains of the membrane in numerous studies (reviewed
by Simons and Gerl, 2010). Like RBOHD:s, the lipid PIP,,
and the proteins remorin and flotillin, have been found pre-
dominantly associated with the DIM fractions of plant PM
and detected by immuno-electron microscopy in PM nano-
domains of 25, 70, and 100nm, respectively (Raffaele et al.,
2009; Furt et al., 2010; Li et al., 2012).

The sterol-chelating agent MBCD was used on PM vesicles
to assess the possible sterol-dependency of the clustered dis-
tribution. A 30-min treatment with MCD, which removed
~60% of PM sterols (data not shown), increased by 16%
the number of isolated particles but did not modify either
the labelling density or the size of the GP groups (Fig. 3B).
Accordingly, K-function analysis of MPBCD-treated vesi-
cles indicated that the distribution of GPs was still clus-
tered, although the amplitude of K curves was lower than
for untreated vesicles, suggesting a decrease in the degree
of aggregation after treatment with MBCD (Fig. 3C, right
panel). This indicates that neither the association of RBOHD
proteins to the PM nor their pattern within the membrane is
fully dependent upon PM sterol content. Similar results have
been obtained for several raft markers such as ganglioside M1
in mouse fibroblast PM (Fujita et al., 2007), a tyrosine kinase
Ick-derived oligopeptide in mouse T-cell PM (Lillemeier
et al., 2006), and PIP, in tobacco cell PM (Furt et al., 2010).
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The small and homogeneous size of the RBOHDs clusters,
together with their relative resistance to cyclodextrin, sug-
gests that RBOHDs might be present in plant membranes as
oligomers. Interestingly, Nox5, an animal NADPH oxidase
which is structurally more closely related to plant RBOHs
than any of the other animal isoforms (Suzuki ez al., 2011),
forms an active oligomer in the PM (Kawahara ez al., 2011).
Moreover, structure and physiological studies of rice RBOHB
revealed that it could form a functional dimer (Oda et al.,
2010). This does not question the fact that RBOHD clusters
might reside in particular sterol-rich domains of the mem-
brane. Indeed, in animal cells, several classes of proteins have
been demonstrated to be associated with membrane domains
as oligomers. For instance, the matrix protein VP40 from the
Ebola virus is found essentially in the DIM fractions as oli-
gomers whereas the low amount of the protein present in the
soluble fraction consists mostly of monomers (Panchal ez al.,
2003). For members of the flotillin family, found associated
to membrane rafts in various models and proven to form oli-
gomers, oligomerization is necessary to mediate association
with DIMs (Neumann-Giesen et al, 2004). Furthermore,
oligomerization of the amyloid p-peptide is ganglioside-
dependent and MBCD-insensitive within lipid rafts of CHO
cells (Kim ez al., 2006). Finally, a very interesting study with
glycosylphosphatidylinositol-anchored proteins in MDCK
epithelial cells identified oligomerization as one of the deter-
minants of their association to sterol-rich domains in the
Golgi and their polarized transport to the apical cell mem-
brane (Paladino ef al., 2004).

All these data are thus consistent with the hypothesis
that RBOHDs might reside as oligomers within sterol-rich
domains of the tobacco PM. Further investigations such as
blue native gel and radiation inactivation analyses will be
required to ascertain the oligomeric nature of RBOHDs.

Intracellular and PM-associated pools of RBOHDs are
differentially affected following cryptogein treatment

Elicitation of tobacco cells by cryptogein induces a rapid and
transient production of ROS (Viard et al., 1994) that depends
upon the activity of RBOHDs (Simon-Plas et al., 2002). In
BY-2 and RBOHD1-GFP-expressing cells, ROS production
peaked 10-15min after cryptogein addition then decreased
to a level slightly above basal levels at 30 min (Supplementary
Figure S2 available at JXB online). ROS production was con-
sistently higher in RBOHD1-GFP-expressing cells suggesting
that the fusion protein retained some enzymatic activity as
previously reported for an N-terminal fusion (Takeda et al.,
2008). As this is not direct evidence for activity, one has to
keep in mind that the fusion enzyme could exhibit a reduced
enzymatic activity due to the presence of the fluorescent tag.
To better understand the transient production of ROS, the
subcellular distribution of RBOHDs was investigated within
the first hour of elicitation.

The first obvious change observed in elicited RBOHDI-
GFP cells was an increase in PM fluorescence (Fig. 4A).
PM fluorescence intensity of RBOHDI-GFP cells was sig-
nificantly different from that of untreated cells at 30 min and

was ~40% higher at 60min (Fig. 4B). PM accumulation of
the fusion protein was also shown by western blot analysis
of PM-enriched fractions using GFP antibody (Fig. 4C).
Furthermore, immunodetection with an antibody recogniz-
ing both RBOHDI1 and RBOHD?2 revealed that native iso-
forms accumulate at the PM 60 min after elicitation (Fig. 4C).
Immunolabelling of PM vesicles also showed a 50% increase
in the number of GPs (Fig. 4D). All these approaches thus
yielded a similar result, namely an increase of about 50%
of the amount of RBOHDs present on the PM after 1h of
cryptogein treatment, and further confirmed that the fusion
protein is a faithful reporter for monitoring RBOHDs subcel-
lular dynamics.

Simon-Plas and collaborators previously showed that cryp-
togein upregulates RBOHD transcription in tobacco cells
(Simon-Plas ez al., 2002). This was confirmed in the present
study using real-time PCR. RBOHDI and RBOHD? tran-
script levels were upregulated ~1.5-fold 30 min after elicita-
tion and ~2.3-fold at time 60min (Fig. 5). Transcriptional
upregulation could explain the 50% increase in abundance of
RBOHDs at the PM. However, treatment of RBOHD1-GFP-
expressing cells with the protein synthesis inhibitor CHX had
very little effect on the cryptogein-triggered increase in PM
fluorescence (Fig. 6A). This indicates that RBOHD1-GFP
accumulation at the PM after exposure to cryptogein is not
mainly due to the delivery of newly synthesized proteins.

At the same time as the increase in PM fluorescence, a
decrease in the number of fluorescent intracellular com-
partments was observed in elicited cells. Indeed, cryptogein
induced a 2-fold reduction in the number of these compart-
ments 30min after treatment (Figs 4A and 6B). A mecha-
nistically relevant explanation is that cryptogein triggers the
targeting to the PM of RBOHDs released from intracellu-
lar stores. The combination of cryptogein and CHX led to
a decrease in the number of fluorescent intracellular com-
partments 60 min after elicitation which was much more pro-
nounced than with cryptogein alone, suggesting that internal
stores are both the early source of RBOHD proteins accumu-
lating at the PM and the late destination of newly synthesized
proteins arriving from the endoplasmic reticulum.

Altogether these results are in favour of a distribution
of RBOHDs between PM and Golgi pools that is shifted
in favour of the PM pool following elicitation, first by the
delivery of proteins already present in the Golgi, and then by
the synthesis of new proteins. This raises the question of the
Golgi as a genuine reservoir for RBOHDs. There is no report
in the literature of any Golgi-localized NADPH oxidase in
plant or animal cells. However, there are several examples of
PM-associated proteins that cycle between the PM and the
Golgi (Nichols et al., 2001; Le and Nabi, 2003; Milhas et al.,
2010). Interestingly, these proteins have been found associ-
ated with lipid rafts. Raft assembly is presumed to be initiated
at the ER with proteins being incorporated at the Golgi com-
plex (Brown and London, 1998; Heino et al., 2000). Nichols
and collaborators have raised the possibility that recycling
of PM raft components could play a role in raft assembly
and in the regulation of signalling pathways that are lipid
raft-dependent (Nichols et al, 2001). Further experiments
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Fig. 4. PM abundance of RBOHDs increases upon elicitation by cryptogein. (A) RBOHD1-GFP-expressing cell before (Ctrl) and after 60 min incubation
with cryptogein (Cry 60 min). Scale bars = 10 pm. (B) Quantification of the PM fluorescence in RBOHD1-GFP cells. Values are means + SD of 5-16
independent experiments. An asterisk indicates a difference of statistical significance between non-elicited and elicited cells for each time point,
Mann-Whitney test (P < 0.05). (C) Western blot analysis of PM fractions from BY-2 and RBOHD1-GFP cells with anti-RBOHD and anti-GFP antibodies.
Cells were untreated (Ctrl) or cryptogein-treated for 5min (Cry5) or 60 min (Cry60). CB: Coomassie blue staining as a loading control. (D) RBOHD
distribution on PM vesicles from elicited BY-2 cells. Values for non-elicited cells are the same as the ones reported in Fig. 2B. Abbreviation: n, number of

experiments.
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Fig. 5. Kinetics of ROS production and RBOHD gene expression
following elicitation. The kinetics of ROS production, measured by
chemiluminescence (dashed line, left axis), is plotted against the kinetics
of RBOHD1 and RBOHD2 mRNA accumulation, measured by gRT-
PCR (solid lines, right axis). ROS kinetics is representative of three
independent experiments. Expression values are means + SEM of log2-
transformed mRNA levels relative to the geometric mean of reference
genes EF-Ta, L25, and PP2A (n = 3). Values are expressed in arbitrary
units (a.u.).

involving pharmacological and/or genetic alterations of
the endocytic and exocytic pathways, coupled with the use
of photoswitchable fluorescent proteins, will be required to
demonstrate that a similar cycling operates in plant cells to
regulate the abundance of RBOHD at the PM.

Insights on the regulation of RBOHD activity

Since RBOHD-mediated ROS production was observed
a few minutes after elicitation with cryptogein (Fig. 5), we
asked whether RBOHD activation was associated with their
redistribution in the PM. The percentage of GPs within
groups and the size of the groups did not change significantly
Smin after elicitation (Fig. 4D), indicating that activation of
the protein that occurs within this time frame does not result
from the aggregation of enzyme-containing nanodomains
to generate large redox platforms as documented for animal
cells (Jin et al., 2011). Our results, however, do not rule out
the possibility that signalling platforms are formed from the
coalescence of nanodomains containing different sets of sig-
nalling components including RBOHDs, or targeting of reg-
ulatory proteins to RBOHD nanodomains. Consistent with
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Fig. 6. RBOHDs are mobilized from the internal compartments to the PM
upon elicitation by cryptogein. RBOHD1-expressing cells were untreated
(Ctrl), or treated with cryptogein alone (Cry), or in combination with the
protein synthesis inhibitor CHX. PM fluorescence (A) and fluorescent
intracellular compartments (B) were quantified for 10-30 cells for each
time point. Values are means + SD of 6-11 independent experiments.

A difference of statistical significance is indicated by an asterisk (control vs
treated cells) or a black diamond (Cry-treated vs Cry + CHX-treated cells)
for each time point. Mann-Whitney test, P < 0.05.

the latter hypothesis is the observation that DIMs extracted
from BY-2 cells, treated or not with cryptogein for Smin,
displayed the same amount of RBOHD, whereas the abun-
dance of proteins involved in signal transduction, such as
14-3-3 proteins, was increased (Stanislas et al., 2009). At time
60 min, when new RBOHDs accumulated at the PM, the per-
centage of isolated GPs as well as the size of the groups also
remained unchanged (Fig. 4D), suggesting that RBOHDs
reach the PM as clusters that might have been assembled at
the rim of the Golgi cisternae (Fig. 2Q).

Another interesting aspect of RBOHD regulation is the
discrepancy between the kinetics of RBOHD transcript accu-
mulation and ROS production upon cryptogein treatment.
Indeed, RBOHDI and RBOHD? transcript levels were unaf-
fected 10 min after elicitation (Fig. 5) indicating that ROS pro-
duction results from the activation of a PM-resident pool of
enzymes. Moreover, the fact that arrival of new RBOHDs at
the PM coincides with the decrease in ROS production is fully
consistent with previous results indicating that PM-localized
ROS production is no longer detected after 30 min of elici-
tation (Lherminier et al., 2009). This suggests that activated
enzymes are turned over and replaced by inactivated ones,
thus enabling the PM rapidly to restore its signalling capac-
ity and giving time for the cell to synthesize new enzymes.
The catalytic core of the phagocytic NADPH oxidase cycles

between the PM and internal reservoirs in macrophages, and
it has been proposed that cycling could represent a mecha-
nism by which superoxide production is regulated (Casbon
et al., 2009; Ejlerskov et al., 2012).

Conclusion

The results presented here allow a new hypothesis concerning
the regulation of plant NADPH oxidases during the set-up
of plant defence. Until now, this regulation has mainly been
addressed by considering variation of gene expression, post-
translational modifications, or regulation by other proteins or
secondary messengers such as calcium or phosphatidic acid.
It now seems of interest to consider subcellular trafficking as
a potential determinant of RBOH activity. Future prospects
will be to decipher the mechanisms underlying the subcellular
dynamics of RBOHs and to evaluate the roles of the differ-
ent pools of RBOHs in the signalling process associated with
plant defence.

Supplementary material

Supplementary data can be found at JXB online.
Supplementary Table S1. Primers used in this study.
Supplementary Figure S1. Alignment of RBOHDI1 and

RBOHD?2 amino acid sequences.

Supplementary Figure S2. Kinetics of ROS production
upon elicitation by cryptogein.

Supplementary Figure S3. RBOHD-GFP protein forms
clusters in the PM.
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2.3 Zavér

V ramci feSeni disertacni prace jsem se zaméfila na studium aktivace obrannych mechanismi
u rostlin po aplikaci elicitind, proteinovych elicitori produkovanych fytopatogeny rodu
Phytophthora a Pythium. Vyznamnou roli v obrannych reakcich rostlin v prub&hu patogeneze
maji ROS, na jejichz produkci se podili zejména membranovy enzym RBOH. V pribchu
zahrani¢ni stdze jsem se zapojila do studie dynamiky zmén v lokalizaci isoformy proteinu
RBOHD a s tim spojenych zmén hladiny ROS u tabakovych buné¢k vlivem B-CRY. Pro rostliny
disponujici obrannymi mechanismy zajiStujicimi rezistenci vu¢i danému patogenu
je charakteristické dvoufazové navyseni hladiny ROS v ramci interakce rostlina-patogen. Studie
prokazala, ze RBOHD se v tabakovych burikach nachazi v plazmatické membrané a v Golgiho
komplexu. V prvni fazi po elicitaci f-CRY se RBOHD plazmatické membrany podili na zvysené
produkci ROS spoleéné s RBOHD pavodné lokalizovanou v Golgiho aparatu. Nové
syntetizovana RBOHD je zapojena do produkce ROS az v nasledné druhé fazi. Na regulaci
aktivity RBOHD se tedy vedle regulace pomoci Ca?* ionti nebo prostfednictvim PA
a posttransla¢nich modifikaci jako je fosforylace a S-nitrosylace, podili vyznamnou mérou
i subcelularni distribuce RBOHD.

Na modelovém systému téi genotypt Solanum spp. srozdilnou rezistenci k patogenu
P. neolycopersici byly studoviany mechanismy obrannych reakci aktivovanych po aplikaci
a-elicitinu oligandrinu, B-elicitinu B-CRY a slouceniny BABA, patiici mezi latky oznaCované
jako ,,priming agents“. Byl prokdzan vliv elicitace na zvySeni rezistence jednotlivych genotypt
k danému patogenu. Intenzita zmén v odolnosti rostliny zavisela na typu pouzitého elicitinu
a genotypu Solanum spp. V ptipadé oligandrinu byla pozorovana zvySena rezistence
U nachylného genotypu, v piipadé B-CRY naopak u genotypi vykazujicich urcity stupen
rezistence.

Podobné jako v diive publikovanych studiich s elicitinem INF1, po elicitaci oligandrinem
a B-CRY nebyla u raj¢at detekovana v ramci obrannych reakci HR. Ve studii s B-CRY byla
jednoznaéné prokazana zvysena hladina ROS spoleéné s aktivitou antioxida¢nich enzymt GPOX
a APX.

V ramci realizovanych transkripénich studii bylo srozdilnou intenzitou u jednotlivych
genotypu Solanum spp. prokdzano zapojeni obrannych proteini patficich do skupiny tzv. PR
proteint v reakci na elicitaci a- i B-elicitiny. Vysoce rezistentni genotyp S. habrochaites vykazuje
vysokou bazalni hladinu transkriptt s prokdzanou roli v rezistenci proti Sirokému spektru
patogent a vétsi rozsah indukce obrannych transkriptl po infekcei.

Cilem realizovanych studii bylo odhalit, kterda hormonalni signalni draha je aktivovana
studovanymi elicitiny. Transkrip¢ni studii zaméfenou na charakterizaci gent kli¢ovych enzymi

biosyntézy ET a stanovenim produkce ET bylo prokazano, ze rezistence indukovana BABA,

-122 -



oligandrinem i B-CRY u rajcete je zavisla na signalni draze ET. V ptipadé B-CRY vysledky navic
poukazuji na zapojeni i signalni drahy JA.

Pro dalsi upfesnéni mechanismu aktivace rezistence elicitiny byly pouzity dvé mutantni formy
B-CRY. Aktivace obrannych mechanismi mutantni formou V84F, ktera efekt f-CRY vyznamné
zesiluje, ukazuje, Ze elicita¢ni efekt elicitinu neni zavisly na schopnosti vazby sterolti do struktury
elicitinu. Mutantni forma B-CRY L41F, u které byla prokazana velmi mala nebo Zadna interakce
S vysoce afinitnim mistem na plazmatické membrané€, neni schopna podobné jako v pfipadé
tabakovych rostlin aktivovat obranné mechanismy na rostlinach rajcat. Pravé residuum L41 je
vysoce konzervované napfic elicitiny a je lokalizovano ve strukturalné dulezité pozici m-smycky,
ktera hraje roli v interakci s receptorem na plazmatické membrang.

Vysledky dosazené pfi feseni disertacni prace jsou soucasti ¢tyi publikaci a rozsituji informace
o aktivaci a mechanismech obrannych reakci vedouci ke zménam v rezistenci rostlin, které
vykazuji variabilitu v zavislosti na typu organismu a jeho trovni rezistence a rovnéz na typu

elicitaéniho faktoru.
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2.5 Seznam pouZzitych zkratek

4,5-ddh-JA
12-OH-JA
ABA

ABC

ACC

ACO

ACS

AE

AHP

AMP
AOC
AOS
APX
ARR
AsA
AsA-GSH
At
ATP
AZI1
BABA
BAHD
BE
BIK1
BRCA2
BY-2
CAT
CBD
CBL
Cdc48
CDPK
CIN
CIPK
Ccol1

COR

4,5-didehydrojasmonat

kyselina 12-hydroxyjasmonova

kyselina abscisova

ATP-vazebny transportérovy protein (ATP binding cassette)
1-aminocyklopropan-1-karboxylova kyselina

ACCoxidasa

ACCsynthasa

kysely (acidic) elicitin

proteinovy prenased (Arabidopsis thaliana histidine
phosphotransfer proteins)

adenosinmonofosfat

allenoxidcyklasa

allenoxidsynthasa

askorbatperoxidasa

transkripéni faktor (Authentic response regulator)

kyselina askorbova

askorbat-glutathionovy cyklus

Arabidopsis thaliana

adenosintrifosfat

protein ptenasejici lipidy (Azelaic acid induced 1)

kyselina -aminomaselna

acyltransferasy nalezené u vyssich rostlin z ¢eledi Brassicaceae
bazicky (basic) elicitin

serin/threonin proteinkinasa (Botrytis-induced kinase 1)
tumor supresorovy gen (Breast cancer susceptibility 2)
Bright yelow 2 (tabakova buné¢na suspenze)

katalasa

chitin-vazebné domény

kalcineurin B-like

molekularni chaperony

Ca?*-dependentni proteinkinasa

cinnamomin

CBL-interagujici proteinkinasa

receptor, jednotka komplexu multiproteinu E3 ubiquitin ligasy SCF
(Coronatine insensitive 1)

koronatin

- 146 -



CPK
CRY
CSBP
CTR1

CUL3
DAG
DAMP

DGK
DEF
DHA
DHAR
DHE
DIR1
DNA
dn-OPDA
DRE
EDS5
EF-la
EINZ2, EIN3, EIN4

EIN3/EIL

ELR

EPS1

ERELEE4
ERF1
ERS1, 2
ESI

ET

ETI

ETR1, 2
ETS

FAD

Ca?*-dependentni proteinkinasy

kryptogein

proteiny specificky vazici cytokinin

serin/threonin proteinkinasa, negativni regulator ethylenové drahy
(Constitutive triple response 1)

ubikvitinligasa Cullin3

diacylglycerol

molekularni  vzory spojené s poSkozenim (Damage-associated
molecular patterns)

diacylglycerolkinasa

geny kodujici defensiny

dehydroaskorbat

dehydroaskorbatreduktasa

7-dehydroergosterol

protein pienasejici lipidy (Defective induced resistence 1)

kyselina deoxyribonukleova

kyselina dinor-12-oxo-fytodienova

drechslerin

isochorismatovy exportér (Enhanced disease susceptibility)

gen kogujici elongaéni faktor (housekeeping gen)

transkripéni faktor, pozitivni regulator ethylenové drahy (Ethylene-
insensitive protein 2, 3, 4)

transkripéni faktory (Ethylene insensitive EIN3/EIL-like transcription
regulator)

potencialni receptor elicitind (Elicitin response protein, receptor-like
protein)

protein z rodiny BAHD acyltransferas nalezené u rostlin z Celedi
Brassicaceae

transkripéni faktor (Ethylene responsive element of tomato)
transkripéni faktor (Ethylene-responsive factor 1)

histidinkinasy, ethylenové receptory (Ethylen reponse sensor 1, 2)
elektrosprej

ethylen

efektorem spusténa imunita (Effector-triggered immunity)
histidinkinasy, ethylenové receptory (Ethylen reponse 1, 2)

efektorem spusténa citlivost (Effector-triggered susceptibility)

flavinadenindinukleotid
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G3P
GERM
GFP
GLP
GLU
GLUCO
GP
GPOX
GPX
GR
GRX
GSH
GSSG
HAE
HEV
HDACS, 9
HopZI
HPLC

hpi
HR
ICS
IGS
INF
IPGL
IPL
ISR
JA
JA-lle
JAR1
JAT1
JAZ

JIH1
JMT
K13H
K13V

glycerol-3-fosfat

geny kodujici germiny

zeleny flourescnéni protein (Green fluorescent protein)

proteiny podobné germinum (Germin-like proteiny)

geny kodujici B-1,3-glukanasy

geny kodujici B-1,4-glukanasy

zlaté Castice (gold particles)

guajakolperoxidasa

glutathionperoxidasa

glutathionreduktasa

glutaredoxin

glutathion

glutathion disulfid

vysoce kysely (highly acidic) elicitin

geny kodujici heveiny

histondeacetylasa 6, 9

efektor z P. syringae s predpokladanou aktivitou acetyltransferasy
vysokoucinna kapalinova chromatografie (High-performance liquid
chromatography)

hodin po infekci

hypersenzitivni reakce

isochorismatsynthasa

isochorismoyl-glutamatsynthasa

infestin

isochorismoyl-glutamat A pyruvoyl-glutamatlyasa
isochorismatpyruvatlyasa

indukovana systémova rezistence (Induced systemic resistence)
kyselina jasmonova

7-isojasmonoyl-L-isoleucin (Jasmonat-isoleucin)

jasmonova kyselina-amidosynthetasa

ABC transportér kyseliny jasmonové (Jasmonic acid transfer proteinl)
negativni regulator signalni drahy kyseliny jasmonové (Jasmonate ZIM
domain)

jasmonoyl-L-isoleucinhydrolasa 1

jasmonat-O-methyltransferasa

mutant kryptogeinu (lysin13histidin)

mutant kryptogeinu (lysin13valin)
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KMB
L15W/L36F + R
L19R

L25

L41F

LAR

LCB

LOX

LTP

MACC
MALDI-TOF

MAMP

MAPK

MAPKK

MAPKKK

MDHA
MDHAR
MeJA
MeSA
MLP
MPK
MTA
MTR
MYC2
NADPH
NBD-PC
NC
NINJA
NO
NPR1
Ns

2-keto-4-methylthiobutyrat

mutant kryptogeinu (leucin15tryptofan/leucin36fenylalanin + arginin)
mutant kryptogeinu (leucin19arginin)

gen kodujici ribozomalni protein (housekeeping gen)

mutant kryptogeinu (leucin41fenylalanin)

lokalné ziskana rezistence (Localized acquired resistence)

baze s dlouhym fetézcem (Long chain bases)

lipoxygenasa

proteiny pfenasejici lipidy (Lipid transfer proteins)

malonyl-ACC

hmotnostni spektrometrie s laserovou desorpeci a ionizaci za ucasti
matrice s pruletovym analyzatorem (Matrix—assisted laser
desorption/ionization time of flight)

molekularni  vzory asociované s mikroby (Microbe-associated
molecular patterns)

mitogenem-aktivované proteinkinasy (Mitogen-activated protein
kinases)

mitogenem-aktivované proteinkinasy kinasy (Mitogen-activated
protein kinases kinases)

mitogenem-aktivované proteinkinasy kinasy kinasy (Mitogen-activated
protein kinases kinases kinases)

monodehydroaskorbat

monodehydroaskorbatreduktasa

methyljasmonat

methylsalicylat

hlavni latexové proteiny

mitogenem-aktivovana proteinkinasa

5-methylthioadenosin

5-methylthioribosa

transkrip¢ni faktor drahy kyseliny jasmonové
nikotinamidadenindinukleotidfosfat

fosfatidylcholin znaceny nitrobenzoxadiazolem
(S)-norcoclaurinsynthasa

negativni regulator transkripce (Novel interactor of JAZ)

oxid dusnaty (Nitric oxide)

regulaéni protein (Non-expressor of pathogenesis-related genes 1)

Nicotiana sylvestris
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Nt
Nto
NTR
0G
OLP
OPC4
OPC6
OPC8
OPDA
OPR1, 2, 3
ORAS59
OSM
0ST1

P

P1-6
PA
PAL
PAMP

PBS3
PCD
PCR
PDF1.2.
pl
PI-PLC
PLD
PM
PmsB

PP2A
PR protein
PRR

PRX
PTI

Nicotiana tabacum

Nicotiana tomentosiformis

NADPHthioredoxinreduktasa

oligogalakturonid

proteiny podobné oxalatoxidase (Oxalate oxidase-like proteins)
kyselina 4-(3-ox0-2-(pent-2-enyl)cyklopentyl)butanova

kyselina 6-(3-0x0-2-(pent-2-enyl)cyklopentyl)hexanova

kyselina 8-(3-0x0-2-(pent-2-enyl)cyklopentyl)oktanova

kyselina 12-oxo-fytodienova

12-oxofytodienoatreduktasa 1, 2, 3

transkripéni faktor (Octadecanoid-responsive Arabidopsis 59)

geny kodujici osmotiny

serin/threonin proteinkinasa (Open Stomatal)

protein

geny kodujici proteiny ze skupiny PR-1

kyselina fosfatidova

fenylalaninamoniaklyasa

molekularni vzory (slou¢eniny) typické pro povrch bunék patogennich
mikroorganismt (Pathogen-associated molecular pattern)
amidotransferasa (Amido-transferase AvrPphB susceptible 3)
programovana bunééna smrt (Programmed cell death)

polymerasova fetézova reakce

defensiny

isoelektricky bod

fosfoinositid-fosfolipasa C

fosfolipasa D

plazmatickd membrana

protein pro biosyntézu kyseliny salicylové (Salicylic acid biosynthesis
protein)

gen kodujici proteinfosfatasu 2A (housekeeping gen)

protein souvisejici s patogenezi (Pathogenesis-related protein)
receptory rozpoznavajici patogenni struktury (Pathogen recognition
receptor)

peroxiredoxin

spusténi imunity prostiednictvim molekuldrnich vzort typickymi pro
povrch bunék patogennich mikroorganismi (PAMP-triggered

immunity)
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PVDF
QTL
RAD51
RBOH
RIRR

RNA
RNS
ROS
SA
SAA
SAG
SAM
SAR
SCFCOI
Ser
SID2

SNRK2-8
SOD
SUMO3
THAUM
TF

TGA
TGN
TIP41
TLP
tnOPDA
TOF-MS

TPL
TRX
uv
V84F
VSP2
WIPK
WIR

polyvinylidenfluorid

lokusy kvantitativnich znakt (Quantitative trait loci)

protein ucastnici se oprav dvouvlaknovych zlomi DNA
NADPHoxidasa (Respiratory burst oxidase homologs)

reaktivni formy kysliku indukujici uvolnovani reaktivnich forem
kysliku (ROS-induced ROS release)

ribonukleova kyselina

reaktivni formy dusiku

reaktivni formy kysliku

kyselina salicylova

systémova ziskana aklimatizace (Systemic acquired acclimatization)
kyselina salicylova-f-glukosid

S-adenosylmethionin

systémova ziskana rezistence (Systemic acquired resistance)

komplex multiproteinu E3 ubiquitin ligasa (Skp-Cullin-F-box)

serin

synonymum pro isochorismatsynthasu (Salicylic acid induction
deficient 2)

serin/threonin kinasa

superoxiddismutasa

ubiquitin-like protein (Small Ubiquitin Like Modifier 3)

geny kodujici thaumatiny

transkrip¢ni faktory

transkrip¢ni faktory

trans-Golgiho sit’ (trans-Golgi network)

gen kodujici TIP41 (housekeeping gen, Type 2A phosphatase activator)
proteiny podobné thaumatinu (Thaumatin-like proteins)
tetranor-kyselina 12-oxo-fytodienova

hmotnostni spektrometr s analyzatorem doby letu (Time-of-flight mass
spectrometry)

transkripcni represor Topless

thioredoxin

ultrafialové

mutant kryptogeinu (valin84fenylalanin)

zasobni protein (Vegetative storage protein 2)

proteinkinasa indukovana poranénim (Wound-induced protein kinase)

indukovana rezistence vyvolana zranénim (Wound induced resistance)
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WRKY transkripéni faktory
ZIM doména JAZ represort (Zinc-finger protein expressed in inflorescence

meristem)
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Table S1 List o f gene-specific primers used for gPCR analysis
. . Product
Acronym Type Accession number Primer Sequence of primer Tm [°C] .
size (bp)
Forward |CTGGACCAATGAGAATTGTTG 58,06
DEF1 Defensin NM_001247943 112
Reverse |AATCCTTCGGTCTCACATACC 57,99
Forward |CACAATCCATTCGTTTCTTTG 58,13
DEF2 Defensin BW692307.1 110
Reverse |GCTCAACGACTCACAATGTCT 57,94
Forward |ATTTTTGGTCTTGGCAATGAT 58,43
DEF3 Defensin U20591 93
Reverse |CATAATCCTGGGAAAGTTTGG 58,43
Forward |AGCAGCTCTAATCCTGGACTTC 59,15
GERM2 Germin-like protein DB688945 135
Reverse |AGTACCTCCAAGCACACCCTTA 60,05
Forward |TTGGATTGATCTCACCACACA 59,95
Germ4 Germin-like protein FS205432 114
Reverse |TCGATTTGAAAGGATTTCGTG 60,06
Forward |TGCCTTTGGAAAATTTGTTGT 59,48
GERM10 Germin-like protein FS184462 189
Reverse |GCTATGGCCATTGATGAAAAG 59,56
Forward |GTTCGCTTCATCACCAACTGT 60,17
GERM11 Germin-like protein BI210469 162
Reverse |AACAAGCTCTCACCAAACGAA 59,91
Forward |CAAATCATGGAGCTTTGAATG 58,23
GLU1 1-3 Glucanase NM_001247876 128
Reverse |ACGTTCTTCTGTACCCACCAT 58,44
Forward |CTCATCAACCAACTCTCCAAG 57,37
GLU2 1-3 Glucanase NM_001247229 93
Reverse |GCTAGACGCCGATATTCTGA 58,09
Forward |AACTCTTTTCCGCCTTCTTCT 58,66
GLU3 1-3 Glucanase XM_004251009 142
Reverse |CGTTGGGTTTGTCTTTGTATG 58,07
Forward |AGAAGAAAGGAACTCCGTTGA 58,04
GLU4 1-3 Glucanase BI925625 105
Reverse |CGTAGTTACGCTCCGACATAG 57,64
Forward |GAACGTCACTGGGGAATACTT 58,04
GLU6 1-3 Glucanase JG699805 142
Reverse |TAGCATTCGGCTTTAACACAC 57,99
Forward |ACTGATTCCGCTGTTCTTACA 57,50
GLU7 1-3 Glucanase BE451140 115
Reverse |CCCATGAATCCGTAAAAGACT 58,06
Forward |CTTGCATCACATGCTTCTTTT 58,04
GLU8 1-3 Glucanase BG124038 141
Reverse |CCCAGTAGTCGCATAGAGACA 57,99
Forward |TTCCACAGCTATTGAAACTGG 57,89
GLU10 1-3 Glucanase X74905 141
Reverse |TAAAGGTTGACAAGCAAAGGA 57,56
Forward |GCCGTTTGAGATTGTTTTTGA 60,10
GLUCO1 1-4 Glucanase BP887011 194
Reverse |CAGGAAGGCAGCATTGACTAC 59,98
Forward |CGTATGAGGCTGTTTCTGAGC 60,03
GLUCO2 1-4 Glucanase NM_001247014 138
Reverse |TTGGATTAGCCCTCCTTTTGT 59,95
Forward |ACCGATCTGTCAGTGGATACG 60,00
GLUCO3 1-4 Glucanase NM_001247243 221
Reverse |TGCATTATGACCAGCCTTACC 59,97
Forward |AGCCTCATCACTCCCTTCAAT 60,09
GLUCO5 1-4 Glucanase NM_001247933 146
Reverse |TAAATTGGTCCCCGGAATTAG 60,02
Forward |CAAGTTCGAGCAACGTATCAT 57,92
HEV1 Hevein u89764 121
Reverse |CATACTTACTCCGCCATGAGT 56,86
Forward |GGTAGATGCTTGAGGGTGAC 57,16
HEV2 Hevein NM_001247154 102
Reverse |AACGTTTACATCCAAATCAAGC 58,19




Table S1 (continuation)

. ) Product
Acronym Type Accession number | Primer Sequence of primer Tm [°C] .
size (bp)

Forward |TAACCTACCCATGCACTCCTG 60,00

CHIT1 Chitinase G0374862 245
Reverse |ATTCTTTGTGGGCTTCCAGTT 59,99
Forward [AATTTCCCTTTTTCGTGCAGT 59,99

CHIT2 Chitinase XM_004248589 164
Reverse |GCGTCATCTCAAATTCCATGT 59,95
Forward |ACGAGATGCTGAAGAATCGAA 59,97

CHIT3 Chitinase NM_001247471 192
Reverse |CAGCACTTAGGCTACCACCAG 59,94
Forward |AACTACGAACGAGCTGGACAA 59,93

CHIT4 Chitinase NM_001247475 152
Reverse |ATAACGTTGTGGCATGATGGT 60,13
Forward |GGACCTAGGCGGTGTTATTTC 59,85

CHITS Chitinase NM_001247474 124
Reverse |AGACCCAGCAGCAGTAACAAA 59,93
Forward |TAGTGCTGCCAAGTCATTTCC 60,26

CHIT6 Chitinase FS192910 152
Reverse |AGCAGTAACCCCATGCGTAG 60,15
Forward |TGGACAAACACCAGTGTTGAA 60,03

CHIT7 Chitinase DB685982 133
Reverse |AACACCACCACCAAGTGAAAG 59,92
Forward |GGTAACCCCGGTGACTACTGT 60,16

CHIT9 Chitinase GT168346 181
Reverse |ATGAGATGACTGGGTCTGTGG 59,98
Forward |TTCTGGATGACAGCACAACAG 59,89

CHIT10 Chitinase U30465 142
Reverse |ATTCCATTCCACCATTGATGA 60,01
Forward |GTCTTACAGTGTACCGGATGG 57,07

OoSM1 Osmotin M21346 169
Reverse |AATGAATTGCGTGACATTTTC 57,62
Forward |ATTGCAACTTTGATGGTGATG 58,49

OSM2 Osmotin X66416 130
Reverse |AGGTTGCTAAACTGGTCCAAG 58,38
Forward |[TTGAACCAGTTTGGTAACCTAGA 57,87

OSM3 Osmotin AJ277064 118
Reverse |TGCATTGAATTGGATGACATT 57,83
Forward |CATCCAATTCAATGTGTTGCT 58,49

OoSsm4 Osmotin NM_001247422 102
Reverse |TTGTTGTCCTCCGAATGTAGT 57,19
Forward |CCCAGTTTGTTCTACATCACG 58,15

OSM5 Osmotin NM_001247785 106
Reverse |CCTTTACCTTCGTGTGGAGTT 58,24
Forward |GACGGGATGTTTAGTGGATTT 57,92

OSM6 Osmotin DB684241 121
Reverse |TGCAACAGTAAATCGGATCAT 58,11
Forward |TGGTAACTGTGGTCCGACTAA 58,15

THAUM1 |Thaumatin-like protein GT168633 115
Reverse |ATTAGTACCAGCAGGGCAAGT 57,91
Forward |GGCGACACTAGCAGAGTTTAC 56,80

THAUM2 |Thaumatin-like protein BP885104 100
Reverse |ACTCACCTCCACCATCATAGG 58,88
Forward |CAACGGGATGGATTTCTTCTA 59,03

THAUM3 |Thaumatin-like protein BP901021 90
Reverse |CAATTGTTACCAGAACCACCTT 58,04
Forward |ACGCTCAAAATTCACCACAAG 60,16

P1 PR1 XM_004246675 181
Reverse |CTACCCTTGGCAAGATTCTCC 60,08
Forward |TGTGAAGATGTGGGTTGATGA 59,95

P2 PR1 EU589238 189
Reverse |CTCCAGTTACCTGGTGGATCA 59,97
Forward |CTGCTTTTCCACAGCTAAACG 60,06

P3 PR1 NM_001247199 144
Reverse |GACGTACCGACTTACGCCATA 60,03




Table S1 (continuation)

. . Product
Acronym Type Accession number Primer Sequence of primer Tm [°C] .
size (bp)

Forward |GAGCGGGTGATTGTAATTTGA 59,95

P4 PR1 NM_001247594 191
Reverse |GACTGAGTTGCGCCAGACTAC 60,07
Forward |ATCTTGCGGTTCATAACGATG 59,97

P6 PR1 NM_001247385 106
Reverse |CCAGCTCTTGAGTTGGCATAG 60,02
Forward |TCCATCCCAAGATATCAACAA 57,87

SYST1 Systemin 1 M84801 101
Reverse |CATATCCTCCCTCCTCATGTT 57,93
Forward |GCTGCACAGAGTAATTGCACA 60,07

ACO1 ACC oxidase NM_001247095 236
Reverse |GCTGCACAGAGTAATTGCACA 60,07
Forward |CCCAGTTTCTTCATCCACTCA 60,10

ACOA4-like ACC oxidase XM_004236884 90
Reverse |AGAAAAGTCGACGACGGGTAT 60,01
Forward |AAGGCCGGTGTAAAAGGACTA 60,01

ACO1-like ACC oxidase XM_004236746 119
Reverse |ATGTCTGAGCCTGAATCGAGA 59,97
Forward |TGGACATGGAGAAAATTCAGC 60,07

ACS6 ACC synthase AF167428 169
Reverse |AATTGAGGCTTTTGGGTTGTT 59,86
Forward |CATTGCTGAGAGTTCCGAAAG 60,00

ACSla ACC synthase U18056 127
Reverse |AAGCCTCCTTAAATCCATCCA 59,92
Forward |CCTTCACCATACTACCCAGCA 60,00

ACS2 ACC synthase X59145 190
Reverse |ATGGATTTGATGGATTGGTCA 60,01
Forward |GGTCATCATCATGAACCATCC 60,01

EFla Elongation factor 1a X53043 175
Reverse |CATACCAGCATCACCGTTCTT 60,01
Forward |ATGGAGTTTTTGAGTCTTCTGC 53,20

TIP41 Tip41l XM_004248715 235
Reverse |GCTGCGTTTCTGGCTTAGG 56,60




Table S2

Results of qPCR analysis of selected genes involved in tomato defence responses

Ny — MW Signal BABA treatment Oidium neolycopersici infection Oligandrin treatment Presence in improvement Change after P. capsici
Acronym Type number Genome number® pl® (kDa)® | peptide® sweeps region according to | infection according to Jupe Solanum lycopersicum cis -acting elements analysis of 5'-upstream regulatory elements®
S.I. cv. Amateur S. habrochaites S.l. cv. Amateur S. habrochaites S.I. cv. Amateur S. habrochaites Lin et al. 2014 et al. 2013 (48h X ni)
_om R SD _om R SD _om R SD _om R SD _om R SD _om R SD
DEF1 Defensin NM_001247943 | Solyc07g007750.2.1 9,0 8,5 + 0,02 0,17 0,40 0,14 0,37 0,17 0,27 0,12 -0,58 0,01 -0,12 0,17 Yes NC IBOX, POLLEN1LELAT52, TGBOXATPIN2
DEF2 Defensin BW692307 | Solyc07g007760.2.1 9,1 8,8 + 0,08 0,13 0,13 0,07 0,54 0,13 0,36 0,03 1,29 0,21 0,62 0,21 Yes NC CIACADIANLELHC, IBOX, LECPLEACS2, POLLEN1LELATS2
DEF3 Defensin U20591 Solyc07g006380.2.1 9,2 8,4 + 0,13 0,08 0,00 0,16 -0,21 0,09 0,17 0,10 0,25 0,17 0,71 0,00 No NC CIACADIANLELHC, ERELEE4, IBOX, LECPLEACS2, POLLEN1LELAT52
GERM?2 Germin-like p. DB688945 Solyc03g123410.1.1 5,8 21,6 + -0,86 0,16 -0,02 0,21 -0,84 0,16 -0,93 0,21 0,48 0,13 0,77 0,14 No Downregulated ABRE, ERELEE4, IBOX, LECPLEACS2, MYB1LEPR, POLLEN1LELAT52
GERM4 Germin-like p. FS205432 Solyc09g090040.2.1 6,1 24,9 + -0,15 0,05 0,26 0,08 0,42 0,05 0,89 0,05 -0,72 -0,19 -0,08 -0,01 No NC N.A.
GERM10 Germin-like p. FS184462 | Solyc01g102400.2.1 8,9 23,3 + 0,04 0,16 0,07 0,07 0,03 0,14 0,71 0,03 0,12 0,00 0,14 0,11 No Upregulated N.A.
GERM11 Germin-like p. BI210469 Solyc01g102390.2.1 8,5 23,2 + 0,01 0,12 0,13 0,17 0,04 0,12 0,86 0,16 0,21 0,05 -0,19 -0,02 No Upregulated N.A.
GLU1 1,3-glucanase (Class2) | NM_001247876 | Solyc01g060020.2.1 7,8 39,7 + 0,35 0,18 0,25 0,16 0,35 0,19 0,97 0,16 0,10 0,02 -0,07 0,03 No NC N.A.
GLU2 1,3-glucanase (Class2) | NM_001247229 | Solyc10g079860.1.1 9,4 37,8 + 0,87 0,18 0,43 0,07 0,59 0,18 1,35 0,06 0,80 0,13 0,72 0,07 No Upregulated CIACADIANLELHC, ERELEE4, IBOX, P1BS, POLLEN1LELAT52
GLU3 1,3-glucanase (Class2) | XM_004251009 | Solyc11g068440.1.1 6,6 42,6 + -0,12 0,16 -0,33 0,18 0,17 0,16 0,93 0,16 -0,16 0,01 0,27 0,12 No Upregulated N.A.
GLU4 1,3-glucanase (Class2) B1925625 Solyc12g055840.1.1 6,5 45,5 + 0,02 0,04 0,33 0,08 0,04 0,08 0,21 0,06 0,35 0,09 1,41 0,18 No NC ABRE, IBOX, LECPLEACS2, POLLEN1LELAT52
GLU6 1,3-glucanase (Class1) JG699805 Solyc05g025500.2.1 6,3 52,8 + 0,20 0,04 0,03 0,06 0,25 0,06 0,14 0,05 0,53 0,14 0,38 0,03 No NC ABRE, IBOX, LECPLEACS2, POLLEN1LELAT52
GLU7 1,3-glucanase (Class2) BE451140 Solyc12g014420.1.1 53 37,8 + -0,12 0,18 -0,04 0,16 0,11 0,18 -0,03 0,14 -0,16 0,02 0,85 0,09 No Downregulated ABRE, IBOX,POLLEN1LELAT52
GLUS 1,3-glucanase (Class1) BG124038 Solyc12g008580.1.1 6,3 53,9 + -0,04 0,09 -0,06 0,07 -0,10 0,08 -0,55 0,07 0,77 0,00 0,33 0,15 No Downregulated POLLEN1LELATS52, LECPLEACS2, IBOX
GLU10 1,3-glucanase (Class2) X74905 Solyc04g016470.2.1 5,4 37,9 + 1,13 0,19 0,20 0,09 1,04 0,18 0,13 0,06 0,71 0,19 0,68 0,11 No Upregulated CIACADIANLELHC, ERELEE4, IBOX, POLLEN1LELATS52
GLUCO1 1,4-glucanase BP887011 Solyc05g005080.2.1 8,9 68,3 - 0,22 0,12 0,22 0,15 -0,16 0,12 -0,12 0,19 0,43 0,15 0,36 0,15 No Downregulated N.A.
GLUCO2 1,4-glucanase NM_001247014 | Solyc01g102580.2.1 8,9 68,6 - -0,20 0,10 -0,02 0,10 0,25 0,10 0,18 0,10 0,27 0,23 0,23 0,23 No NC ERELEE4, POLLEN1LELAT52, RBCSCONSENSUS
GLUCO3 1,4-glucanase NM_001247243 | Solyc08g082250.2.1 9,3 68,9 + 0,18 0,02 0,50 0,16 -0,39 0,06 -0,68 0,17 1,63 0,20 1,10 0,22 No Downregulated ABRE, CACGTGMOTIF, CIACADIANLELHC, MYB1LEPR, POLLEN1LELAT52
GLUCO5 1,4-glucanase NM_001247933 | Solyc08g081620.2.1 7,6 55,3 + 0,13 0,14 0,15 0,05 0,84 0,14 -0,81 0,23 1,61 0,21 1,34 0,14 No NC ABRE, ERELEE4, IBOX, MYB1LEPR, POLLEN1LELATS2
HEV1 Hevein u89764 Solyc01g097270.2.1 8,4 22,7 + 0,14 0,15 0,12 0,09 0,17 0,14 0,74 0,09 0,27 0,08 0,39 0,04 Yes Upregulated N.A.
HEV2 Hevein NM_001247154 | Solyc01g097240.2.1 8,5 16,0 + 0,88 0,16 0,37 0,05 0,71 0,15 1,54 0,03 0,44 0,13 0,95 0,04 Yes Upregulated ERELEE4, LECPLEACS2, POLLEN1LELATS52
CHIT1 Chitinase (Class 2) G0374862 Solyc09g098540.2.1 8,0 35,6 + -0,07 0,08 0,04 0,05 0,52 0,17 0,02 0,05 0,04 0,06 -0,07 0,22 No NC N.A.
CHIT2 Chitinase (Class 1a) XM_004248589 | Solyc10g055800.1.1 8,6 35,4 + -0,07 0,08 -0,17 0,15 0,34 0,06 0,49 0,14 0,04 0,13 -0,01 0,20 No Upregulated CIACADIANLELHC, GCCCORE, POLLENI1LELAT52
CHIT3 Chitinase (Class 2) NM_001247471 | Solyc02g082930.2.1 4,7 26,6 + 0,27 0,06 -0,11 0,12 1,11 0,05 1,01 0,12 -0,22 0,07 0,12 0,21 Yes Upregulated N.A.
CHIT4 Chitinase (Class 2) NM_001247475 | Solyc02g082920.2.1 5,9 27,6 + 0,71 0,10 0,42 0,14 1,04 0,10 1,25 0,14 -0,20 0,02 0,18 0,04 Yes Upregulated ABRE, CIACADIANLELHC, IBOX, POLLEN1LELAT52, TGBOXATPIN2
CHITS Chitinase (Class 1b) NM_001247474 | Solyc10g055810.1.1 6,2 34,4 + 0,24 0,13 0,29 0,18 0,27 0,13 0,87 0,18 0,65 0,02 0,00 0,16 No Upregulated CIACADIANLELHC, GCCCORE, IBOX, LECPLEACS2, POLLEN1LELAT52,
CHIT6 Chitinase (Class 4) FS$192910 Solyc10g055820.1.1 6,4 34,9 + 0,33 0,19 -0,35 0,05 0,05 0,12 0,19 0,04 0,97 0,03 1,06 0,17 No Upregulated ABRE, GCCCORE, IBOX, LECPLEACS2, POLLEN1LELAT52
CHIT?7 Chitinase (Class 3) DB685982 Solyc05g050130.2.1 8,5 31,4 + 0,30 0,05 0,26 0,16 0,20 0,06 0,55 0,16 0,34 0,17 -1,55 0,09 No Downregulated N.A.
CHIT9 Chitinase (Class 4) GT168346 Solyc10g074440.1.1 8,8 34,5 + 0,14 0,15 -0,03 0,15 0,10 0,15 0,17 0,13 -1,00 -0,26 0,37 0,17 No Upregulated N.A.
CHIT10 Chitinase (Class 2) U30465 Solyc02g061770.2.1 8,4 28,8 + 0,55 0,14 0,04 0,09 0,83 0,14 1,61 0,07 -0,11 -0,03 ND ND No Upregulated ERELEE4, LECPLEACS2, P1BS, POLLEN1LELATS52
OosM1 Osmotin M21346 Solyc08g080640.1.1 8,3 26,7 + 0,62 0,19 -0,02 0,13 0,99 0,19 0,76 0,13 0,19 0,02 0,40 0,20 Yes Upregulated CIACADIANLELHC, ERELEE4, LECPLEACS2, MYB1LEPR, POLLEN1LELAT52
OSM2 Osmotin X66416 Solyc08g080650.1.1 6,7 26,7 + 0,68 0,18 0,35 0,16 0,33 0,17 0,68 0,15 -0,11 -0,03 0,40 0,14 Yes Upregulated LECPLEACS2, POLLEN1LELAT52
OSM3 Osmotin AJ277064 Solyc08g080660.1.1 6,2 27,5 + -0,29 0,23 -0,20 0,14 1,08 0,23 0,89 0,12 -0,43 0,19 -1,04 0,22 Yes Upregulated N.A.
OosM4 Osmotin NM_001247422 | Solyc08g080670.1.1 5,8 27,5 + 0,29 0,23 0,01 0,19 1,19 0,23 1,61 0,19 -1,04 0,02 -1,36 0,10 Yes Upregulated CIACADIANLELHC, GCCCORE, LECPLEACS2, P1BS, POLLENI1LELAT52
OSM5 Osmotin NM_001247785 | Solyc11g066130.1.1 8,2 27,3 + -0,33 0,13 0,10 0,05 -0,37 0,13 0,07 0,03 -0,08 -0,02 -0,13 -0,01 No Upregulated ABRE, CIACADIANLELHC, LECPLEACS2, POLLEN1LELAT52, TGBOXATPIN2
OSM6 Osmotin DB684241 Solyc01g111320.2.1 8,1 28,6 + 0,09 0,05 -0,14 0,04 -0,19 0,07 -0,45 0,03 -0,65 -0,17 -0,18 -0,02 No NC N.A.
THAUM1 Thaumatin-like protein GT168633 Solyc08g080590.2.1 8,7 24,0 + -0,06 0,03 0,23 0,08 -0,38 0,03 0,51 0,08 1,14 0,30 0,98 0,09 Yes Upregulated N.A.
THAUM2 | Thaumatin-like protein BP885104 | Solyc02g083760.2.1 45 33,7 + 0,25 0,10 20,43 0,12 0,51 0,09 0,65 0,11 -0,46 0,12 0,71 0,06 Yes Downregulated IBOX, LECPLEACS2, POLLEN1LELAT52
THAUM3 Thaumatin-like protein BP901021 Solyc04g081550.2.1 5,0 35,4 + -0,04 0,09 -0,07 0,04 0,60 0,09 0,33 0,01 0,05 0,01 1,04 0,09 No Upregulated CIACADIANLELHC, ERELEE4, IBOX, LECPLEACS2, POLLEN1LELAT52
P1 PR1 XM_004246675 | Solyc09g006010.2.1 8,5 20,1 + 1,42 0,18 0,08 0,12 0,79 0,18 -0,09 0,16 0,62 0,16 0,64 0,17 No NC CIACADIANLELHC, ERELEE4, LECPLEACS2, POLLEN1LELAT52
P2 PR1 EU589238 Solyc01g106620.2.1 8,6 17,7 + 0,40 0,15 0,25 0,13 0,39 0,15 1,12 0,14 -0,43 0,11 -0,05 0,01 No Upregulated CIACADIANLELHC, GCCCORE, IBOX, LECPLEACS2, MYB1LEPR, POLLEN1LELAT52, RBCSCONSENSUS
P3 PR1 NM_001247199 | Solyc01g106610.2.1 6,4 19,8 + 0,41 0,15 0,20 0,09 0,47 0,16 1,22 0,08 -0,77 0,20 -0,25 0,06 No Upregulated CIACADIANLELHC, ERELEE4, GCCCORE, LECPLEACS2, POLLEN1LELAT52, RBCSCONSENSUS
P4 PR1 NM_001247594 | Solyc09g007010.1.1 7,6 17,4 + 2,41 0,23 0,96 0,05 1,77 0,23 1,92 0,02 -0,09 0,02 1,09 0,28 No Upregulated ABRE, CIACADIANLELHC, ERELEE4, IBOX, POLLEN1LELAT52, RBCSCONSENSUS, TGBOXATPIN2
P6 PR1 NM_001247385 | Solyc00g174340.1.1 9,0 17,5 + 0,92 0,08 1,43 0,20 0,71 0,05 2,35 0,19 -0,17 0,04 1,24 0,32 No Upregulated ABRE, CIACADIANLELHC, ERELEE4, GCCCORE, IBOX, POLLEN1LELAT52, TGBOXATPIN2
SYST Systemin M84801 Solyc05g051750.2.1 4,6 23,0 ; 0,29 0,04 0,10 0,12 0,49 0,06 0,16 0,11 1,14 0,30 0,65 0,17 No NC ABRE, POLLEN1LELATS2 , LECPLEACS2, IBOX
ACO1 ACC oxidase NM_001247095 | Solyc07g049530.2.1 5,2 33,5 - 0,22 0,07 -2,83 2,28 -0,43 0,25 1,01 0,01 -0,29 0,19 -0,38 0,22 No NC N.A.
ACO4-like ACC oxidase XM_004236884 | Solyc04g007980.2.1 5,3 41,3 - 0,74 0,02 0,95 0,01 0,61 0,03 0,58 0,03 -0,38 0,22 0,17 0,08 Yes Upregulated ABRE, ERELEE4, POLLEN1LELAT52, LECPLEACS2, P1BS, TGBOXATPIN2
ACO1-like ACC oxidase XM_004236746 | Solyc04g009860.2.1 5,2 41,3 - -0,07 0,12 0,09 0,09 -0,19 0,16 0,64 0,03 -0,47 0,26 0,11 0,09 No NC N.A.
ACS6 ACC synthase AF167428 Solyc08g008100.2.1 6,6 53,9 - -0,05 0,12 -1,48 0,97 0,09 0,09 0,21 0,07 0,50 0,04 -0,48 0,27 No NC N.A.
ACS1la ACC synthase U18056 Solyc08g081550.2.1 6,0 54,8 - -0,10 0,13 -0,49 0,27 -0,21 0,16 -0,12 0,14 0,30 0,06 0,39 0,05 Yes NC N.A.
ACS2 ACC synthase X59145 Solyc01g095080.2.1 7,9 54,7 - 1,45 0,12 -0,21 0,31 0,90 0,12 2,21 0,09 0,16 0,12 0,76 0,09 No Upregulated IBOX, LECPLEACS2, POLLEN1LELAT52

NC=not changed; N.A. - not analysed

®according to solgenomics network (http://solgenomics.net)

® Theoretical Mr (kDa) and pl are calculated using the Compute pl/Mr tool from ExPASy

“ Signal peptide presence is determined using the Phobius predictor (Kall L, Krogh A, Sonnhammer ELL. A combined transmembrane topology and signal peptide prediction method. J. Mol. Biol. 2004;338:1027-36)

Q>3m_<mmo_ by PlantPAN programme (Chang et al., 2008, PlantPAN: Plant promoter analysis navigator, for identifying combinatorial cis-regulatory elements with distance constraint in plant gene groups. BMC Genomics 9)
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Table S1. Sequences of primers used for gPCR analysis of transcripts

Acronym Type Accession number | Primer Sequence of primer Tm [°C] | Product size (bp)
DEF2 Defensin BW692307.1 Forward |CACAATCCATTCGTTTCTTTG 58,13 110
Reverse |GCTCAACGACTCACAATGTCT 57,94
Forward |CTCATCAACCAACTCTCCAAG 57,37
GLU2 1-3 Glucanase NM_001247229 93
Reverse |GCTAGACGCCGATATTCTGA 58,09
GLU3 1-3 Glucanase XM_004251009 Forward |[AACTCTTTTCCGCCTTCTTCT 58,66 142
Reverse |CGTTGGGTTTGTCTTTGTATG 58,07
Forward |AGCCTCATCACTCCCTTCAAT 60,09
GLUCO5 1-4 Glucanase NM_001247933 146
Reverse [TAAATTGGTCCCCGGAATTAG 60,02
HEV2 Hevein NM_001247154 Forward |GGTAGATGCTTGAGGGTGAC 57,16 102
Reverse |AACGTTTACATCCAAATCAAGC 58,19
. Forward |TAGTGCTGCCAAGTCATTTCC 60,26
CHITe Chitinase FS192910 152
Reverse |AGCAGTAACCCCATGCGTAG 60,15
osM4 Osmotin NM_001247422 Forward |CATCCAATTCAATGTGTTGCT 58,49 102
Reverse |TTGTTGTCCTCCGAATGTAGT 57,19
o X Forward |TGGTAACTGTGGTCCGACTAA 58,15
THAUM1 Thaumatin-like protein GT168633 115
Reverse |ATTAGTACCAGCAGGGCAAGT 57,91
p1 PR1 XM_004246675 Forward |ACGCTCAAAATTCACCACAAG 60,16 181
Reverse |CTACCCTTGGCAAGATTCTCC 60,08
Forward |CTGCTTTTCCACAGCTAAACG 60,06
P3 PR1 NM_001247199 144
B Reverse |GACGTACCGACTTACGCCATA 60,03
Pe PR1 NM_001247385 Forward |ATCTTGCGGTTCATAACGATG 59,97 106
Reverse |CCAGCTCTTGAGTTGGCATAG 60,02
. X Forward |CCCAGTTTCTTCATCCACTCA 60,10
ACO4-like ACC oxidase XM_004236884 90
B Reverse |AGAAAAGTCGACGACGGGTAT 60,01
F d |CCTTCACCATACTACCCAGCA 60,00
ACS2 ACC synthase X59145 orwar 190
Reverse |ATGGATTTGATGGATTGGTCA 60,01
. Forward |GGTCATCATCATGAACCATCC 60,01
EFla Elongation factor 1a X53043 175
Reverse |CATACCAGCATCACCGTTCTT 60,01
F d |ATGGAGTTTTTGAGTCTTCTGC 53,20
TIP41 Tipal XM_004248715  f—war 235
Reverse |GCTGCGTTTCTGGCTTAGG 56,60




Table S2A. Changes in the expression of tomato defence-related genes induced by B-cryptogein and its mutants. Overview of the differential accumulation of candidate defence-related transcripts identified by RT-qPCR 48 h after treatment of three Solanum spp. with 100 nM
cryptogein (B-CRY) and its mutants Val84Phe (V84F) and Leu41Phe (L41F). Gene expression relative to control sample of each genotype was calculated by the AAC(t) method 48 hours after the application of the proteins. Significantly upregulated and downregulated transcripts

(Fold change 2 2, P<0.05 by Student’s T-test) are shown in green and red, respectively, using a log2R scale.

NCE! Accession . . el B-CRY treatment Val84Phe mutant treatment Leu41Phe mutant treatment
Acronym Type number Genome number® pl MW (kDa) peptide’ S.I._cv. Amateur S. habrochaites 5! S.I._cv. Amateur S. habrochaites S. chmielewski S.I._cv. Amateur S. habrochaites 3
log2R SE log2R SE log2R SE log2R SE log2R SE log2R SE log2R SE log2R SE log2R SE
DEF2 Defensin BW692307 Solyc07g007760.2.1 9,1 8,8 + 2,45 -0,07 -0,51 -0,22 4,43 -0,01 3,00 -0,05 3,62 -0,01 5,59 0,00 0,08 -0,20 0,60 -0,11 0,88 -0,03
GLU2 1,3-glucanase (Class2) NM_001247229 Solyc10g079860.1.1 9,4 378 + -0,40 -0,45 0,31 -0,10 2,58 -0,03 -1,67 -0,43 1,69 -0,04 5,88 0,00 -0,93 -0,35 -0,03 -0,13 -0,55 -0,02
GLU3 1,3-glucanase (Class2) XM_004251009 Solyc11g068440.1.1 6,6 42,6 + -0,10 -0,46 -0,33 -0,38 0,17 -0,03 -1,24 -0,29 2,27 -0,07 3,63 -0,03 0,12 -0,23 -0,11 -0,33 -0,15 -0,04
GLUCOS 1,4-glucanase NM_001247933 Solyc08g081620.2.1 7,6 55,3 + 0,65 -0,30 0,37 -0,26 3,76 -0,03 0,42 -0,35 3,99 -0,02 5,29 -0,01 -0,79 -0,41 0,73 -0,21 0,02 -0,03
HEV2 Hevein NM_001247154 Solyc01g097240.2.1 8,5 16,0 + 2,33 -0,08 0,67 -0,09 4,08 -0,01 4,86 -0,01 4,19 -0,01 3,73 -0,01 0,65 -0,14 -0,40 -0,19 -0,69 -0,07
CHIT6 Chitinase (Class 4) FS192910 Solyc10g055820.1.1 6,4 34,9 + 2723 -0,13 2,26 -0,11 4,86 -0,02 2,19 -0,13 4,28 -0,03 3,71 -0,04 0,57 -0,22 0,26 -0,38 0,41 -0,06
osm4 Osmotin NM_001247422 Solyc08g080670.1.1 58 27,5 + -1,99 -0,11 -2,30 -0,75 2,89 -0,03 0,47 -0,28 2,09 -0,05 3,08 -0,03 -0,96 -0,38 -0,23 -0,22 -0,67 -0,01
THAUM1|  Thaumatin-like protein GT168633 Solyc08g080590.2.1 87 24,0 + 2,54 -0,08 3,18 -0,03 5,23 0,01 4,40 -0,02 4,67 -0,01 2,97 -0,04 0,86 0,14 1,30 0,12 0,56 013
P1 PR1 XM_004246675 Solyc09g006010.2.1 8,5 20,1 + 4,95 -0,02 1,46 -0,10 2,45 -0,04 =2,21 -0,55 -0,15 -0,28 1,30 -0,37 -0,41 -0,40 -0,88 -0,44 0,93 -0,19
P3 PR1 NM_001247199 Solyc01g106610.2.1 6,4 19,8 + 0,28 -0,07 -0,26 -0,29 4,36 -0,01 0,55 -0,19 1,48 -0,09 5,57 0,00 G -0,49 -2,09 -0,48 -1,87 -0,03
P& PR1 NM_001247385 Solyc00g174340.1.1 9,0 17,5 + 0,41 -0,27 -0,07 -0,13 1,58 -0,06 145 -0,14 1,47 -0,05 4,98 -0,01 -0,57 -0,29 -2,94 -0,45 0,18 -0,15
ACO4-like ACC oxidase XM_004236884 Solyc04g007980.2.1 53 413 - 3,93 -0,03 3,81 -0,03 3,42 -0,06 4,02 -0,03 6,01 -0,01 3,42 0,04 -0,59 0,36 1,48 0,16 -2,93 -0,53
ACS2 ACC synthase X59145 Solyc01g095080.2.1 79 54,7 - 0,81 -0,22 131 -0,07 133 -0,08 5,00 -0,01 4,39 -0,01 3,35 -0,02 =112 -0,40 -0,84 -0,29 1,61 -0,07
Changes after tretament of tomato leaves with infestin (INF1), oligandrin (OLI) and P. capsici | Presence in improvement | Change after P. capsici infection
Acronym Type infection of S. lycopersicum according to previous studies® sweeps region according to| according to Jupe et al. 2013 Lycopersicon esculentum cis -acting elements analysis of 5'-upstream regulatory elements”
INF1 (S.l. MicroTom) | OLI (S.lycopersicum) | OLI (S.habrochaites) P. capsicii Lin et al. 2014 (48h X ni)
DEF2 Defensin NC Upregulated Upregulated NC Yes NC CIACADIANLELHC, IBOX, LECPLEACS2, POLLEN1LELAT52
GLU2 1,3-glucanase (Class2) NC Upregulated Upregulated Upregulated No Upregulated CIACADIANLELHC, ERELEE4, IBOX, P1BS, POLLEN1LELAT52
GLU3 1,3-glucanase (Class2) NC Downregulated NC Upregulated No Upregulated N.A.
GLUCOS 1,4-glucanase NC Upregulated Upregulated NC No NC ABRE, ERELEE4, IBOX, MYB1LEPR, POLLEN1LELAT52
HEV2 Hevein NC Upregulated Upregulated Upregulated Yes Upregulated ERELEE4, LECPLEACS2, POLLEN1LELAT52
CHIT6 Chitinase (Class 4) NC Upregulated Upregulated Upregulated No Upregulated ABRE, GCCCORE, IBOX, LECPLEACS2, POLLEN1LELAT52
0OSM4 Osmotin Upregulated Downregulated Downregulated Upregulated Yes Upregulated CIACADIANLELHC, GCCCORE, LECPLEACS2, P1BS, POLLEN1LELAT52
THAUM1 Thaumatin-like protein NC Upregulated Upregulated Upregulated Yes Upregulated N.A.
P1 NC Upregulated Upregulated NC No NC CIACADIANLELHC, ERELEE4, LECPLEACS2, POLLEN1LELAT52
Upregulated Downregulated Downregulated Upregulated No Upregulated CIACADIANLELHC, ERELEE4, GCCCORE, LECPLEACS2, POLLEN1LELAT52, RBCSCONSENSUS
NC NC Upregulated Upregulated No Upregulated ABRE, CIACADIANLELHC, ERELEE4, GCCCORE, IBOX, POLLEN1LELATS52, TGBOXATPIN2
NC NC Upregulated Upregulated Yes Upregulated ABRE, ERELEE4, POLLEN1LELATS2, LECPLEACS2, P1BS, TGBOXATPIN2
ACC synthase NC NC NC Upregulated No Upregulated IBOX, LECPLEACS2, POLLEN1LELATS52

NC=not changed; N.A. - not analysed

Numbers in dark red - sigi

according to

network (http:/,

net)

icant changes (more than 2-fold change, p<0.05 by Student’s T-test)

® Theoretical Mr (kDa) and pl are calculated using the Compute pl/Mr tool from ExPASy

c
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;:m;\mma by PlantPAN programme (Chang et al., 2008, PlantPAN: Plant promoter analysis navigator, for identifying combinatorial cis-regulatory elements with

© INF1: Kawamura et al. 2009; OLI: Satkova et al. 2016; P. capsicii: Jupe et al. 2013
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Table $2B. Changes in the expression of tomato defence-related genes induced by B-cryptogein and its mutants. Overview of the differential accumulation of candidate defence-related transcripts identified by RT-qPCR 48 h after treatment of three Solanum spp.
with 100 nM B-cryptogein (B-CRY) and its mutants Val84Phe (V84F) and Leud1Phe (L41F). Gene expression relative to control sample of S. lycopersicum cv. Amateur was calculated by the AAC(t) method 48 hours after the application of the proteins. Significantly
upregulated and downregulated transcripts (Fold change > 2, P<0.05 by Student’s T-test) are shown in green and red, respectively, using a log2R scale.

. . B-CRY treatment Val84Phe mutant treatment Leu41Phe mutant treatment

NCBI Accession B MW Signal 5 = - -~ - - - - -

Acronym Type — Genome number’ :Aomvu peptide® S. habrochaites S. chmielewski S. habrochaites S. chmielewski S. habrochaites S. chmielewski
log2R SE log2R SE log2R SE log2R SE log2R SE log2R SE
DEF2 Defensin BW692307 Solyc07g007760.2.1 9,1 8,8 + -9,68 0,25 -0,37 0,07 -5,55 0,07 0,80 0,06 -8,57 0,12 -3,91 0,07
GLU2 1,3-glucanase (Class2) NM_001247229 Solyc10g079860.1.1 9,4 378 + 2,15 0,15 4,25 0,07 3,53 0,08 7,55 0,07 1,81 0,15 1,12 0,07
GLU3 1,3-glucanase (Class2) XM_004251009 Solyc11g068440.1.1 6,6 42,6 + 3,29 0,41 0,67 0,10 5,89 0,12 4,13 0,10 3,51 0,34 0,35 0,10
GLUCO5 1,4-glucanase NM_001247933 Solyc08g081620.2.1 7,6 55,3 + -1,71 0,29 3,95 0,07 191 0,07 5,48 0,07 -1,35 0,22 0,21 0,08
HEV2 Hevein NM_001247154 Solyc01g097240.2.1 8,5 16,0 + 2,07 0,16 3,10 0,07 5,59 0,07 2,74 0,07 1,00 0,21 -1,67 0,10
CHIT6 Chitinase (Class 4) FS$192910 Solyc10g055820.1.1 6,4 34,9 + -5,72 0,43 4,05 0,24 -3,70 0,24 2,90 0,24 =7,72 0,45 -0,41 0,25
Osvi4 Osmotin NM_001247422 Solyc08g080670.1.1 58 27,5 + -0,70 0,27 3,88 0,11 3,68 0,11 4,07 0,11 1,37 0,24 0,32 0,10
THAUM1 Thaumatin-like protein GT168633 Solyc08g080590.2.1 8,7 24,0 + 0,12 0,20 2,42 0,11 1,60 0,11 0,16 0,12 -1,76 0,17 -2,24 0,17
P1 PR1 XM_004246675 Solyc09g006010.2.1 8,5 20,1 + -9,93 0,30 =5,29 0,17 -11,54 0,33 -6,44 0,41 -12,27 0,47 -6,81 0,25
P3 PR1 NM_001247199 Solyc01g106610.2.1 6,4 19,8 + 523 0,35 1,23 0,12 6,97 0,15 2,44 0,12 3,40 0,49 -5,00 0,12
P6 PR1 NM_001247385 Solyc00g174340.1.1 9,0 17,5 + =3,95) 0,26 -4,74 0,14 -2,42 0,14 =1,33 0,13 -6,82 0,46 -6,14 0,20
ACO4-li ACC oxidase XM_004236884 Solyc04g007980.2.1 53 413 - 2,49 0,37 -2,20 0,22 4,69 0,21 -2,20 0,22 0,16 0,26 -8,54 0,57
ACS2 ACC synthase X59145 Solyc01g095080.2.1 7,9 54,7 - 1,73 0,31 -4,21 0,19 4,81 0,17 -2,19 0,17 -0,43 0,34 -3,94 0,19

Numbers in dark red - significant changes (more than 2-fold change, p<0.05 by Student’s T-test)

*according to solgenomics network (http://solgenomics.net)

® Theoretical Mr (kDa) and pl are calculated using the Compute pl/Mr tool from ExPASy

¢ Signal peptide presence is determined using the Phobius predictor (Kall L, Krogh A, Sonnhammer ELL. A combined transmembrane topology and signal peptide prediction method. J. Mol. Biol. 2004;338:1027-36)
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Differences in the basal levels of defence-related gene transcripts between tomato genotypes (Solanum
lycopersicum cv. Amateur (A), Solanum chmielewskii (Ch) and Solanum habrochaites (H)).
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RBOHD1 MQNSENHHPHHQHHHSDTE I IGNDRASYSGPLSGPLNKRGGKKSARFNIPESTDIGTSVG 60

RBOHD2 MQNSENHHPHHHHHHSDTE I IGNDRASYSGPLSGPLNKRGGKKSARFNIPESTDIGTSVG 60
RBOHD1 TGGKSNDDAYVE I TLDVREDSVAVHSVKTAGGDDVEDPELALLAKGLEKKSTLGSSLVRN 120
RBOHD2 TGAKSNDDAYVE I TLDVREDSVAVHSVKTAGGDDVEDPELAL LAKGLEKKSTLGSSLVRN 120
RBOHD1 ASSRIRQVSQELRRLASLNKRP I PTGRFDRNKSAAAHALKGLKF I SKTDGGAGWAAVEKR 180
RBOHD2 ASSRIRQVSQELRRLASLNKRP I PTGRFDRNKSAAAHALKGLKF I SKTDGGAGWAAVEKR 180
RBOHD1 FDE I TASTTGLLPRAKFGEC I GMNKESKEFAVELYDALARRRN 1 TTDS INKAQLKEFWDQ 240
RBOHD2 FDE I TASTTGLLPRAKFGEC I GMNKESKEFAVELYDALARRRN 1 TTDS INKAQLKEFWDQ 240
RBOHD1 VADQSFDSRLQTFFDMVDKDADGR I TEEEVRE I IGLSASANRLST IQKQADEYAAMIMEE 300
RBOHD2 VADQSFDSRLQTFFDMVDKDADGR I TEEEVRE I IGLSASANRLST IQKQADEYAAMIMEE 300
RBOHD1 LDPNNLGY IMIENLEMLLLQAPNQSVQRGGESRNLSQMLSQKLKHTQERNP IVRWYKSFM 360
RBOHD2 LDPNNLGY IMIENLEMLLLQAPNQSVQRGGESRNLSQMLSQKLKHTQERNP IVRWYKSFM 360
RBOHD1 YFLLDNWQRVWVLLLWIGIMAGLFTWKY IQYKEKAAYKVMGPCVCFAKGAAETLKLNMAT 420
RBOHD2 YFLLDNWQRVWVLLLWIGIMAGLFTWKY 1QYKEKAAYKVMGPCVCFAKGAAETLKLNMAT 420
RBOHD1 ILFPVCRNT I TWLRNKTRLGAAVPFDDNLNFHKY 1AVAIALGVG IHGLSHLTCDFPRLLN 480
RBOHD2 ILLPVCRNT I TWLRSKTRLGAAVPFDDNLNFHKV 1AVAIALGVGVHGLSHLTCDFPRLLN 480
RBOHD1 ASEEEYEPMKYYFGDQPESYWWF IKGVEGVTG I IMVVLMAIAFTLATPWFRRNRVSLPKP 540
RBOHD2 ASEEEYEPMKYYFGDQPESYWWF IKGVEGVTG I IMVVLMAIAFTLATPWFRRNRVSLPKP 540
RBOHD1 FHKLTGFNAFWYSHHLFV IVYTLF IVHGEKLY I TKDWYKRTTWMYLTIPTILYASERLIR 600
RBOHD2 FHKLTGFNAFWYSHHLFV IVYTLF IVHGEKLY I TKDWYKRTTWMYLTIPTILYASERLIR 600
RBOHD1 AFRSS IKAVK I LKVAVYPGNVLALHMSKPQGYKYKSGQYMFVNCAAVSPFEWHPFSITSA 660
RBOHD2 ALRSS IKAVK I LKVAVYPGNVLALHMSKPQGYKYKSGQYMFVNCAAVSPFEWHPFSITSA 660
*-

RBOHD1 PGDDYLSVHIRTLGDWTRQLKTVFSEVCQPPPNGKSGLLRADYLQGENNPNFPRVLIDGP 720
RBOHD2 PGDDYLSVHIRTLGDWTRQLKTVFSEVCQPPPNGKSGLLRADYLQGENNPNFPRVLIDGP 720
RBOHD1 YGAPAQDYKKYEVVLLVGLGIGATPMIS VKD IVNNMKAMDEEENSLEDGHNNNMAPNSS 780
RBOHD2 YGAPAQDYKKYEVVLLVGLGIGATPMIS IVKD IVNNMKAMDEEENSLENGDNNNMAQNSS 780
RBOHD1 PN 1 AKNKGNKSGSASGGNNFNTRRAYFYWVTREQGSFDWFKG IMNEAAEMDHKGV IEMHN 840
RBOHD2 PN 1AQKRGNKSDSASGRNNFNTRRAYFYWVTREQGSFDWFKG IMNEAAEMDHKGV IEMHN 840
RBOHD1 YCTSVYEEGDARSAL I TMLQSLHHAKNGVD IVSGTRVKSHFAKPNWRNVYKRIALNHPEA 900
RBOHD2 YCTSVYEEGDARSAL I TMLQSLHHAKNGVD IVSGTRVKSHFAKPNWRNVYKR IALNHPDA 900
RBOHD1 KVGVFYCGAPAL TKELRQHALDFSHKTSTKFDFHKENF 938

RBOHD2 KVGVFYCGAPAL TKELRQHALDFSHKTSTKFDFHKENF 938

Supplementary Fig. S1. Alignment of RBOHD1 and RBOHD2 amino acid sequences.
Alignment was realized using ClustalW (Larkin et al., 2007). Fourteen amino acid differences

are found in the two tobacco genes.

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H,
Valentin F, Wallace IM, Wilm A, Lopez R, et al. 2007. Clustal W and Clustal X version
2.0. Bioinformatics. 23, 2947-2948.
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Supplementary Fig. S2. Kinetics of ROS production upon elicitation by cryptogein. ROS
burst was measured in wild-type and NtrbohD1-expressing BY-2 cells by chemiluminescence

(a.u.: arbitrary units). Kinetics is representative of 3 independent experiments.
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Supplementary Fig. S3. RBOHD-GFP protein forms clusters in the plasma membrane. (A)
Representative transmission electron micrographs of PM vesicles from RBOHD-GFP-
expressing cells and labelled with anti-GFP antibody and secondary 1gG coupled to GPs of 5
nm (GAR). (Scale bar = 100 nm). (B) Labelling characteristics of PM vesicles. n = number of
experiments. (C) Ripley's K-function analysis of RBOHD-GFP distribution on PM vesicles.
Black line: sample K(r), dotted line: theoretical Poisson K(r), grey area: 99% Poisson

simulation interval.



Supplementary Table S1. Primers used in this study

Cloning primers

Primer name

Sequence

attB1-NoxD5
attB2-NoxD1-2
attB2-NoxD2-1
attB1-NtrbohD4
attB2-NtrbohD1

5-GGGGACAAGTTTGTACAAAAAAGCAGGCTAATGCAAAATTCGGAAAAT
5-GGGGACCACTTTGTACAAGAAAGCTGGGTCAACCTGTGTCCTTAGCTG
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTATAGGGAGAGGTGGTAGATTC
5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGTTTATTTAGGGCAAGTT
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTAGAAATTTTCTTTATGGAAATCAAAC

gRT-PCR primers

Gene name Sequence
EF-la Forward 5-TGAGATGCACCACGAAGCTC
Reverse 5-CCAACATTGTCACCAGGAAGTG
L25 Forward 5-CCCCTCACCACAGAGTCTGC
Reverse 5-AAGGGTGTTGTTGTCCTCAATCTT
PP2A Forward 5-GTGAAGCTGTAGGGCCTGAGC
Reverse 5'-CATAGGCAGGCACCAAATCC
RBOHD1 Forward 5'-CATCAAAACAGCTAAGGACACAG
Reverse 5'-GTACACAATAGGGAGAGTTGGTAGAC
RBOHD2 Forward 5'-AGATACCAAGGGAATTAAGAATGTG

Reverse 5'-GGCACCCATCAAAAGAGG




Seznam autorskych praci

Stary T., Satkova P., Piterkova J., Mieslerova B., Luhova L., Mikulik J., Kasparovsky
T., Pettivalsky M., Lochman J. (2019): The elicitin B-cryptogein’s activity in tomato
is mediated by jasmonic acid and ethylene signalling pathways independently of elicitin—
sterol interactions. Planta 249 (3), 739-749.

Satkova P., Stary T., Pleskova V., Zapletalovd M., Kasparovsky T., Cincalova-
Kubienova L., Luhova L., Mieslerova B., Mikulik J., Lochman J., Pettivalsky M. (2017):
Diverse responses of wild and cultivated tomato to BABA, oligandrin and Oidium
neolycopersici infection. Annals of Botany 119 (5), 829-840.

Moricova P., Luhova L., Lochman J., Kasparovsky T., Pettivalsky M. (2014): Elicitiny:
klicové molekuly interakci rostlin a patogenti. Chemicke listy 108, 1133-11309.

Noirot E., Der Ch., Lherminier J., Robert F., Moricova P., Kigu K., Leborgne-Castel N.,
Simon-Plas F., Bouhidel K. (2014): Dynamic changes in the subcellular distribution
of the tobacco ROS-producing enzyme RBOHD in response to the oomycete elicitor
cryptogein. Journal of Experimental Botany 65 (17), 5011-5022.

Moricova P., Ondfej V., Navratilova B., Luhova L. (2013): Changes of DNA

methylation and hydroxymethylation in plant protoplast cultures. Acta Biochimica
Polonica 60 (1), 33-36.

- 169 -


https://www.ncbi.nlm.nih.gov/pubmed/27660055
https://www.ncbi.nlm.nih.gov/pubmed/27660055

Prezentace vysledki na konferencich

(osobni ucast oznacena *)

Piterkova J., Moricova P., Luhova L., Petiivalsky M., Fellner M.: poster - The relationship
between nitric oxide production and plant hormone gibberelic acid during germination and growth
of tomato exposed to osmotic stress. XIII. Setkdni biochemiki a molekularnich biologd,
14.-15.4.2009, Brno.

Piterkova J., Moricova P., Luhova L., Petiivalsky M., Fellner M.: poster - The relationship
between nitric oxide production and plant hormone gibberelic acid during germination and growth
of tomato exposed to osmotic stress. Annual Main Meeting of the Society for Experimental
Biology, 28.6.-1.7.2009, Glasgow, UK

*Moricova P., Luhova L., Panacek A., Navratilova B., Pettivalsky M.: poster — V1iv nanocastic
stiibra na regeneraci protoplasti. XIV. Setkani biochemikii a molekularnich biologi,
20.-21.4.2010, Brno

*Moricova P., Luhova L., Ondfej V., Panacek A., Navratilova B., Petfivalsky M.: poster -
Plisobeni nanocéstic stiibra na process regenerace protoplasti. XV. Setkani biochemiki
a molekularnich biologt, 1.-2.11.2011, Brno.

Jahnova J., Kubienova L., *Moricova P., Piterkova J., Ticha T., Mieslerova B., Navratilova B.,
Sedlafova M., Ondfej V., Panacek A., Fellner M., Lebeda A., Luhova L., Petiivalsky M.:
prednaska M. Petiivalského — Uloha reaktivnich forem dusiku a kysliku ve vyvoji a stresové
odpoveédi rostlin. XV. Setkani biochemikli a molekularnich biologt, 1.-2.11.2011, Brno.

Moricova P., Luhova L., Ondfej V., Navratilova B., Pettivalsky M.: poster - Vliv stfibra na proces
regenerace protoplastl. Nové poznatky z genetiky a $lachtenia pol'nohospodarskych rastlin,
8.-9.11.2011, Piestany, Slovensko.

*Moricova P., Piterkova J., Luhova L., Kasparovsky T., Lochman J., Petfivalsky M.: poster -
Interakce elicitorti oligandrinu, kryptogeinu a jeho mutanti s patosystémem Solanum spp. -
Oidium neolycopersici. XXIII. Biochemicky sjezd, 26.-29.8.2012, Brno.

*Moricova P., Piterkova J., Luhova L., Petfivalsky M., Ilik P.: poster - Studium elicitin{
sledovanim biofotonové emise u rostlin Nicotiana tabacum. XIII. Mezioborové setkani mladych
biologi, biochemikt a chemik (Sigma Aldrich), 14.-17.5.2013, Zd’4r nad Sézavou.

Moricova P., Ilik P., Luhova L., Piterkova J., Lochman J., Kasparovsky T., Petfivalsky M.: poster
- Biophoton imaging after elicitin treatment of plants. 11th International Conference on Reactive
Oxygen and Nitrogen Species in Plants, 17.-19.7.2013, Warsaw, Poland.

Kraiczova V., Kubienova L., Moricova P., LamattinaL., Petfivalsky M., Luhova L.: poster - Vliv
NO a eATP na vyvoj kofenového vlaseni u semenacka genotypil rajcete liSicich se rezistenci
k padli rajéatovému. XIV. Mezioborové setkani mladych biologl, biochemikii a chemikd,
13.5.-16.5.2014, Milovy.

Jendrisakova T., Moricova P., Zelezna M., Luhova L., Lochman J., Kagparovsky T., Petfivalsky
M.: poster - The role of S-nitrosoglutathione reductase in defence response of tobacco plants
and cells to elicitins. 16th European congress on biotechnology, 13.-16.6.2014, Edinburgh,
Scotland.

-170 -



*Moricova P., Zeleznd M., Jendridkova T., Luhova L., Petfivalsky M., Lochman J.,
Kasparovsky T.: poster - Involvement of S-nitrosoglutathione reductase in responses of tobacco
cells and plants to cryptogein. 5th Plant NO club meeting, 24.-25.6.2014, Munich, Germany.

Stary T., Moricova P., PeCinkova M., Kubienova L., Luhova L., Kasparovsky T., Petfivalsky M.,
Lochman J.: poster - Study of transcriptome changes in tomato plants after application of elicitin
oligandrin and B-aminobutyric acid (BABA). 11th conference of the European foundation
for plant pathology, 8.-13.9.2014, Cracow, Poland.

*Moricova P., Stary T., Pe¢inkova M., Lochman J., Mieslerova B., Kubienova L., Luhova L.,
Kasparovsky T., Petiivalsky M.: poster - Oligandrin and B-aminobutyric acid-induced resistence
to Oidium neolycopersici in tomato plants. FEBS Young Scientists' Forum, 27.-29.8.2014, Paris,
France.

*Moricova P., Stary T., Pe¢inkova M., Lochman J., Mieslerova B., Kubienova L., Luhova L.,
Kasparovsky T., Petiivalsky M.: poster - Oligandrin and B-aminobutyric acid-induced resistence
to Oidium neolycopersici in tomato plants. FEBS EMBO 30.8.-4.9. 2014, Paris, France.

Jendrisakova T., *Moricova P., Zelezna M., Luhova L., Lochman J., Kasparovsky T., Petiivalsky
M.: poster - The role of S-nitrosoglutathione reductase in defence response of tobacco plants
and cells to elicitins. XVI. Setkani biochemiki a molekularnich biologi, 11.-12.11.2014, Brno.

Kraiczova V., Kubienova L., *Moricova P., Lamattina L., Petfivalsky M., Luhova L.: poster -
VIiv NO a eATP na vyvoj kofenového vlaSeni u semenacka genotypu rajéete liSicich se rezistenci
k padli rajéatovému. XVI. Setkani biochemikd a molekularnich biologt, 11.-12.11.2014, Brno.

Stary T., *Moricova P., PeCinkova M., Kubienova L., Luhova L., Kasparovsky T., Pettivalsky
M., Lochman J.: pfednaska T. Starého - Study of transcriptome changes in tomato plants after
application of elicitin oligandrin and B-aminobutyric acid (BABA). XVI. Setkani biochemikt
a molekularnich biologt, 11.-12.11.2014, Brno.

*Satkova P., Pe¢inkova M., Stary T., Lochman J., Mieslerova B., Luhova L., Kasparovsky T.,
Petiivalsky M.: poster - Elicitor oligandrin indukuje rezistenci Solanum spp. proti Oidium
neolycopersici. XVI. Setkani biochemikti a molekularnich biologn, 11.-12.11.2014, Brno.

Jendrisakova T., Satkova P., Luhova L., Lochman J., Kasparovsky T., Petfivalsky M.: poster -
Role S-nitrosoglutathionreduktasy v obranném mechanismu bunék tabaku po aplikaci elicitint.
XV. Mezioborové setkani mladych biologti, biochemikti a chemikd, 12.-15.5.2015, Milovy.

Satkova P., Jendrisakova T., Zelezna M., Ticha T., Luhova L., Lochman J., Kasparovsky T,
Pettivalsky M.: poster - Differential activation of tobacco defence responses elicited by modified
cryptogein with modulated capacity to induce ROS production. 12th international konference
on reactive oxygen and nitrogen species in plants: from model systém to field, 24.-26.6.2015,
Verona, Italy.

-171 -



Osobni udaje

Curriculum vitae

Jméno a piijment: PAVLA SATKOVA

Rodné piijmeni Moricova

Datum a misto narozeni: 16.9.1986, Opava

E-mail: moricovapavla@seznam.cz

Telefon: +420 776 208 675

Vzdélani

2011 — dosud: Doktorské studium, obor Biochemie, PfF UP Olomouc
Disertaéni prace na téma: ,,Studium obrannych mechanismi rostlin
aktivovanych elicitiny*
Vedouci disertacni prace: doc. RNDr. Lenka Luhova, Ph.D.

2009 — 2011: Magisterské studium, obor Biochemie, PfF UP Olomouc
Diplomova prace na téma: ,,Studium vlivu koloidniho stiibra na proces
regenerace protoplasti‘
Vedouci diplomové prace: doc. RNDr. Lenka Luhova, Ph.D.

2006 — 2009: Bakalaiské studium, obor Biochemie, PfF UP Olomouc
Bakalarska prace na téma: ,,Vztah mezi produkci oxidu dusnatého
a rostlinnych hormont za fyziologickych a stresovych podminek*
Vedouci bakaléiské prace: doc. RNDr. Lenka Luhova, Ph.D.

2002 — 2006: Stfedni zdravotnické Skola v Ostravé, obor Farmaceuticky laborant

Pracovni zKkuSenosti
Zati 2011 — fijen 2015:

Katedra Biochemie, Univerzita Palackého v Olomouci
Pozice: Védecky pracovnik (projekt GACR, uvazek 0,5)

Zati — prosinec 2011, leden — Ginor 2013, leden — ¢erven 2014:

Pedagogicka ¢innost
2012, 2014, 2015:

2011 - 2015:
2012 — 2015:
2011 - 2015:

Katedra Biochemie, Univerzita Palackého v Olomouci
Pozice: Koordinator praxi (projekt OPVK Biolink, tivazek 0,2)

Zékladni cviceni z biochemie (KBC/BCHC)

Spoluucast na vyuce v ramci pfedméti Experimentalni metody studia
obranné reakce rostlin (KBC/EMORR), Experimentalni metody
biochemie (KBC/EMB)

Konzultant bakalatské prace Terezy JendriSdkové (obhéjeno cerven
2013), diplomové prace Bc. Martiny Zelezné (obhajeno srpen 2014)
a Bc. Terezy Jendrisakové (obhajeno ¢erven 2015)

Vedeni workshopti pro studenty bakalafskych a magisterskych studijnich
programil a stiedoskolské studenty v ramci OPVK projektti

Pi‘ehled absolvovanych védecko-vyzkumnych stazi

Duben 2014:

Listopad 2013:

Universidad de Jaén, Department of Experimental Biology, Jaén,
Spanélsko (Dr. Juan Bautista Barroso Albarracin) — 1 mésic

Universidad Nacional de Mar del Plata, Instituto de Investigaciones
Bioldgicas, Mar del Plata, Argentina (prof. Lorenzo Lamattina) — 1 mésic

-172 -


http://www.ujaen.es/

Bfezen — fijen 2013:

Agroecologie INRA, Dijon, Francie (Dr. Karim Bouhidel, Dr. Nathalie
Leborgne-Castel) — 8 mésict

Pi‘ehled absolvovanych praxi

Cervenec 2008:

Kvéten 2005:

Slezska nemocnice v Opave, oddéleni Centralnich laboratofi - tisek
klinické biochemie, hematologie, radioimunoanalyzy (vrchni laborant -
Dana KoZana) — 1 mésic

Lékarna U And¢la strazce, Ostrava, pozice farmaceuticky laborant
(vedouci l1ékarny - Mgr. Jitka Letochovd) — 1 mésic

ReSené grantové projekty — ¢len FeSitelského tymu

2012 - 2015:
2012 — 2014:
2012 — 2014:
2012 - 2013:

GACR 501/12/0590 ,,Charakterizace procesti zapojenych v indukci
resistence rostlin na patogeny s vyuzitim elicitindi se zménénou
schopnosti vyvolavat obranné reakce* (feSitelka doc. RNDr. Lenka
Luhova, Ph.D.) — védecky pracovnik

OPVK BiochemNet - Vytvofeni sit¢ pro podporu spoluprace
biomedicinskych pracovist a zvySeni uplatnitelnosti absolventt
biochemickych oborti v praxi (¥esitel doc. Ing. Martin Mandl, CSc.) —
vedeni workshop a stazi, védecko-vyzkumna staz (Francie)

OPVK FytoChem - mezioborova integrace vyuky zaméfena na rostlinnou
biochemii a fytopatologii (feSitelka doc. RNDr. Michaela Sedlatova,
Ph.D.) — vedeni workshopt, tvorba vyukovych modulti

Mobility CR-Argentina ,,Interakce signalnich drah extracelularniho ATP,
oxidu dusnatého a rostlinnych hormonti pfi regulaci ristu a vyvoje
rostlin“ (fesitel doc. Mgr. Marek Pettivalsky, Dr.) — védeckd ¢innost,
védecko-vyzkumna staz (Argentina)

2011 FRVS 2043/2011/G4: »Zavedeni novych uloh do experimentalniho cviceni studentd

2011 — 2014:
2011 - 2012:
2010 — 2013:

oboru biochemie - Studium S-nitrosoglutathionreduktasy v prib&hu
vyvoje rostliny* (feSitelka Mgr. Lucie Kubienova, Ph.D.) — ucast
na vyuce cviceni EMORR

OPVK Biolink - Podpora spoluprace mezi akademickou sférou a praxi
V oblasti biochemickych obort (fesitel doc. Mgr. Marek Pettivalsky, Dr.)
— vedeni workshopti, koordinator praxi, védecko-vyzkumna staz
(Spanélsko)

OPVK AescuLab - systematické laboratorni vzdélavani studentt
a pracovniki VaV v oblasti Life Sciences s podporou e-learningu
(tesitelka doc. Lenka Luhova, Ph.D.) — vedeni workshopt

OPVK Piirodni védy ve 21. stoleti - Vzdélavani stfedoSkolskych
pedagogii a studentt stfednich Skol jako nastroj ke zvySovani kvality
vyuky pfirodovédnych pifedméta (fesitelka doc. RNDr. Ludmila
Zajoncova, Ph.D.) — vedeni laboratornich cviceni pro stfedoskolské
studenty

-173 -



	2019-09-06 Pavla Satková LL_revJL_MP_1 část (5)
	Moricová et al 2014
	2019-09-06 Pavla Satková LL_revJL_MP_2 část (3)
	Satková et al 2016
	2019-09-06 Pavla Satková LL_revJL_MP_3 část (3)
	Starý2018_Article_TheElicitinΒ-cryptogeinSActivi
	The elicitin β-cryptogein’s activity in tomato is mediated by jasmonic acid and ethylene signalling pathways independently of elicitin–sterol interactions
	Abstract
	Main conclusion 

	Introduction
	Materials and methods
	Plant material
	Isolation of elicitins
	Leaf disc inoculation and Pseudoidium neolycopersici phytoprotection test
	Semiquantitative determination of O2– and H2O2 in situ
	Enzyme activity assays
	Quantification of defence gene expression
	Quantitative analysis of salicylic acid, jasmonic acid and jasmonic acid–isoleucine
	Analysis of ethylene production
	Immunoblot analysis

	Results
	Response of tomato to β-elicitin cryptogein and its mutants
	Modulation of plant resistance by elicitor pretreatment
	Expression of defence-related genes in tomato treated with β-cryptogein and its mutants
	Signalling involved in β-cryptogein response

	Discussion
	Acknowledgements 
	References


	2019-09-06 Pavla Satková LL_revJL_MP_4 část (3)
	J.Exp.Bot.-2014-Noirot-5011-22
	2019-09-06 Pavla Satková LL_revJL_MP_5 část (9)
	S1+S2
	Satková et al 2016 S1
	Satková et al 2016 S2 na šířku

	2019-09-06 Pavla Satková LL_revJL_MP_6 část (3)
	Supplement Starý a Noirot
	1+2+3+4 nový
	S1 ok
	S2a ok nový 2
	S2b ok dobře 2
	425_2018_3036_MOESM3_ESM (4) opr

	Supplement Noirot et al 2014

	2019-09-06 Pavla Satková LL_revJL_MP_7 část (4)



