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Cilem disertacni prace bylo studium ulohy reaktivnich forem dusiku (RNS) a kysliku (ROS)
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spp. infikované patogenem Bremia lactucae. V prvnim feSeném projektu bylo potvrzeno
zapojeni oxidu dusnatého a enzymu s NO synthasovou aktivitou v obranné reakci rostliny
behem pocatecni faze infekce a v ramci systémové odpovédi rostliny na stres. Nasledujici
prace byla zaméfena na studium vlivu NO na vyvoj patogenu. Histochemicka detekce odhalila
akumulaci NO v penetrovanych bunkach rezistentnich genotypti Solanum spp. vztahujici se
k iniciaci hypersenzitivni reakce, a také v kli¢nich vlaknech a apresoriich patogenu, coz
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mechanismy. Druha tématicka ¢ast disertacni prace fesici problematiku lohy ROS a RNS pii
regeneraci protoplastti a vlivu toxickych kovli na bunéénou suspenzi, byla realizovana na
modelovém systému Cucumis sativus. Pomoci fluorescencni a konfokalni mikroskopie byla
prokazana lokalizace produkce NO v pribéhu regenerace protoplastti v chloroplastech, ROS
v cytoplasmé a pravdépodobné v peroxisomech. Byla prokazana ucast RNS a ROS pii
regeneraci protoplastd C. sativus. Pfi vysSich koncentracich NO byl pozorovan jeho
antioxidacni ucinek. Z dosazenych vysledkl je ziejmy regulacni vliv NO na regeneracni
proces po izolaci protoplastl a na intenzitu bunééného déleni. Ziskané vysledky dale potvrzuji
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1. Stresové faktory

Rostliny jsou béhem svého Zivota vystaveny ménicim se podminkam vnéj$iho prostiedi.
Tyto zmény mohou zpomalovat Zzivotni funkce rostlin a pfi prekroCeni urcité hranice
(tzv. hranice tolerance) dochazi k poskozeni jednotlivych organti nebo dokonce k uhynuti
(Prochazka et al., 1998). Trvalé puisobeni nevhodnych podminek vné&jSiho prostfedi na rostliny
vede ke stresu (Bohnert & Sheveleva, 1998). Jako stres je obvykle oznaCovan stav, kdy se
rostlina nachazi pod vlivem stresord (stresovych faktor®), které mohou byt povahy abiotické
nebo biotické. V rostlinach je bioticky stres zptisoben biotickymi faktory, mezi které fadime
herbivorni zivo€ichy, patogenni mikroorganismy, parasitismus a alelopatii. Abioticky stres je
zpasoben prevazné extrémnimi klimatickymi podminkami (vysoké a nizké teploty, sucho) a
nevhodnym sloZenim pudy (zasoleni, nedostatek zivin) (Mittler, 2006). Rostliny, které jsou
v pribéhu svého zivota vystaveny pasobeni riznych biotickych i abiotickych stresd, vyvinuly
ucinné obranné mechanismy potiebné pro pieziti v jejich ptirozeném prostfedi. Na pienosu
informace o pusobeni stresového faktoru a nasledném spusténi obrannych reakci se podili fada
signalnich molekul. Vyznamnou roli hraji reaktivni formy kysliku (ROS) - zejména peroxid

vodiku a reaktivni formy dusiku (RNS) - v posledni dob¢ intenzivné studovany oxid dusnaty.

2. Reaktivni formy kysliku

Od doby, kdy byl molekularni kyslik uvolnén do zemské atmosféry ¢innosti kyslik-
uvolnujicich fotosyntetickych organismul, tedy piiblizné pied 2,7 biliony lety, se reaktivni formy
kysliku staly nezadoucim produktem aerobniho Zivota (Halliwell, 2006; Halliwell & Guteridge,
1999). Druhy reaktivnich forem kysliku, které byly studovany u rostlin zahrnuji peroxid vodiku
(H,0,), superoxidovy anion (O,), hydroxylovy radikal (OH") a singletovy kyslik ('O,) (Dat
et al., 2000; Halliwell, 2006). Ve srovnani s molekularnim kyslikem jsou tyto Castecné
redukované nebo aktivované derivaty kysliku velmi reaktivni a toxické a mohou zpusobit
oxidaéni poskozeni bunék (Asada, 2006; Asada & Takahashi, 1987). Z toho vyplyva, zZe
uspésna evoluce rostlin, stejné¢ jako aerobnich organismu, na Zemi byla zavisla na vyvoji
ucinnych ROS-detoxifikujicich mechanismt. Tyto mechanismy umoznily organismiim piekonat
toxicky ucinek ROS a vyuzit nékteré tyto molekuly jako signalni pfenasece (Van Breusegem
et al., 2008; Mittler et al., 2004; Bailey-Serres & Mittler, 2006). ROS tedy hraji u rostlin dvoji
roli, toxickych slou¢enin a klicovych regulatord mnoha biologickych procest (Foyer & Noctor,
2005; Apel & Hirt, 2004; Mittler et al., 2004). ROS snadno reaguji s dalsimi molekulami, jako
jsou lipidy, nukleové kyseliny a proteiny, coz mize byt pro bunku velmi $kodlivé nebo dokonce

fatalni (Inzé & Van Montagu, 1995; Matés, 2000; Mittler, 2002). Podrobné informace



o produkci a degradaci ROS v rostlinném organismu jsou publikovany v pfehledném ¢lanku

Piterkova et al., 2005.

2.1 Produkce reaktivnich forem Kkysliku u rostlin

Hlavnimi zdroji produkce ROS v rostlinnych bunikach jsou organely s vysoce oxidacni
metabolickou aktivitou nebo s intenzivni rychlosti elektronového toku, jako jsou chloroplasty,
mitochondrie a peroxisomy. Produkce ROS Ilokalizovana v téchto organelach nebo ve
specifickych oddélenich, napf. apoplastu nebo $picce polarizovanych bunék, muze spoustét
ruzné signalni kaskady. Produkce ROS Mehlerovou reakci a anténovymi pigmenty
v chloroplastech je zvySena za podminek limitujicich fixaci CO,, jako je sucho, salinitni stres a
teplotni stres, nebo kombinace téchto podminek a stresu nadbytkem svétla (Miller et al., 2008).
Béhem patogeneze nebo poranéni je produkce ROS lokalizovana zejména v apoplastu, zatimco
be&hem salinitniho stresu, mohou byt ROS uvoliovany z endosomi NADPH oxidasou (Leshem
et al., 2006). U C3 rostlin mohou podminky limitujici CO, aktivovat fotorespiraci (del Rio
et al., 2006). Soucasti této drahy je produkce peroxidu vodiku v peroxisomech enzymem
glykolatoxidasou. V mitochondriich je za specifickych stresovych podminek hlavnim zdrojem
produkce superoxidového anionu elektronovy transportni fetézec (Mdaller, 2001). Dalsimi zdroji
ROS vrostlinnych bunkach jsou detoxifikaéni reakce Kkatalyzované cytochromy jak
v cytoplasmé, tak v endoplasmatickém retikulu, nebo produkce superoxidu xanthinoxidasou
v peroxisomech (Corpas et al., 2008; Mittler ef al., 2004; Van Breusegem et al., 2008).

Pfedmétem intenzivniho vyzkumu jsou NADPH-dependentni oxidasy plasmatické
membrany (Torres & Dangl, 2005; Torres et al., 2006) hrajici klicovou roli v ROS signalizaci, a
obsahujici flavocytochromy, které tvori elektronovy transportni fetézec umoziujici redukci
kysliku na superoxid. Kromé NADPH oxidas jsou ROS v apoplastu produkovany také
pH-dependentnimi peroxidasami bunécné stény, oxalatoxidasami a aminoxidasami (Mittler

et al., 2004; Van Breusegem et al., 2008).

2.2 Katabolismus reaktivnich forem kysliku u rostlin

Enzymy katabolizujici ROS, jako je superoxiddismutasa (SOD), askorbatperoxidasa
(APX), katalasa (CAT) a glutathionreduktasa (GPX) spolu s antioxidanty, kyselinou
askorbovou a glutathionem, poskytuji builkdm vysoce ucinny mechanismus detoxifikace
superoxidového anionu a peroxidu vodiku (Foyer & Noctor, 2005; Apel & Hirt, 2004; Mittler
et al., 2004). Tyto mechanismy spolu s chelataci kovovych iontli zamezuji tvorbé vysoce
toxického hydroxylového radikalu cestou Haber-Weissovy nebo Fentonovy reakce (Asada,
2006; Asada & Takahashi, 1987). Antioxidanty, kyselina askorbovd a glutathion, jsou
udrzovany vredukovaném stavu fadou enzymt vyuzivajicich NAD(P)H pro regeneraci

oxidovaného stavu enzymu (napt. monodehydroaskorbatreduktasa, dehydroaskorbatreduktasa a
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glutathionreduktasa). Monodehydroaskorbatovy radikal mize byt opét redukovan na kyselinu
askorbovou prostiednictvim ferredoxinu s vyuzitim elektront fotosyntetického aparatu (Asada,
2006). Odstranéni peroxidu vodiku muize byt u rostlin zprosttedkovano také rostlinnymi
peroxidasami za vyuziti riznych reduk¢nich ¢inidel. Membrany jsou velmi citlivé na oxidativni
stres. V rostlinnych bunkach jsou chranény fosfolipid-specifickymi glutathionperoxidasami a
a-tokoferolem (vitaminem E), ktery je udrzovan v redukovaném stavu poolem redukované
kyseliny askorbové. Ochrana bunék pred plisobenim singletového kysliku je zprostfedkovana
karotenoidy (Asada & Takahashi, 1987).

V posledni dobé je potvrzovano vyznamné postaveni peroxiredoxini, glutaredoxini
a thioredoxinti jakozZto slou¢enin detoxifikujicich ROS (Cheng et al., 2006; Dos Santos & Rey,
2006). Nedavno byla také navrzena nova funkce peroxiredoxinu PrxII E v odstranéni
peroxynitritového anionu, silného oxida¢niho a nitra¢niho ¢inidla vznikajiciho reakci oxidu
dusnatého se superoxidem (Romeo-Puertas et al., 2007; Hong et al., 2008; Wilson ef al., 2008).
Peroxiredoxiny jsou navic také zndmy jako redoxni senzory, spojujici bunéénou redoxni a ROS
signalizaci (Dietz, 2008). Nové poznatky o interakcich mezi riznymi ROS a ROS
detoxifikujicimi mechanismy byly také ziskany ze studii dvojitych nebo trojitych mutantt
postradajicich ROS katabolizujici enzymy v ruznych subcelularnich lokalitach (Giacomelli
etal,, 2007; Miller et al, 2007) a zkoumanim interakci mezi riznymi ROS jako napf.

singletovym kyslikem a peroxidem vodiku (Laloi et al., 2007).

2.3 Peroxid vodiku

Peroxid vodiku je produktem dvouelektronové redukce kysliku. Patii mezi reaktivni
formy kysliku, neni vSak volnym radikalem (Halliwell, 2006). Ve srovnani se superoxidem a
hydroxylovym radikalem je peroxid vodiku relativné bezpecny. V nepfitomnosti pfechodnych
kovl je stabilni a nereaktivni, a to dokonce i v koncentracich mnohem vyssich nez jaké mize
kdy biologicky systém produkovat. Tato vlastnost mu poskytuje vét§si mobilitu v pletivech, a
potencialni vyuZiti nejen jako substratu riznych reakci, ale také jako molekuly zapojené v ROS
signalizaci. U rostlin je produkovan v relativné velkém mnozstvi v mitochondriich,
chloroplastech, peroxisomech/glyoxysomech, na plasmatické membrané a bunééné sténé. H,O,
neni produkovan jen disproporcionacéni reakci katalyzovanou SOD, ale také redukci
superoxidového anion radikalu redukénimi ¢inidly jako jsou napt. askorbat, thioly, ferredoxiny
a dalsi (Asada & Takahashi, 1987). Hladina H,O, v burce je takto piimo spojena s produkci
superoxidu. H,O, je vSak uvollovan i dal§imi oxidasami, napf. glykolatoxidasami,
glukozaoxidasami, aminokyselinaoxidasami nebo sulfitoxidasami (Asada & Takahashi, 1987;
Asada, 1999). Byly také identifikovany dal$i enzymové zdroje 0, /H,0,, napi. peroxidasy
vazané na bunéCnou sténu, oxalatoxidasy, aminooxidasy a NADPH oxidasy plasmatické

membrany (Obr. 1; Wojtaszek, 1997; Halliwell & Gutteridge, 1999; Bolwell et al., 2002;
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Svedruzi¢ et al., 2005). H,O, je produkovan také mnoha reakcemi zahrnutymi ve fotosyntéze a
respiraci, coz znamena, ze H,O, a jiné ROS jsou nezadoucimi vedlej$imi produkty normalniho

aerobniho metabolismu (Dat et al., 2000; Mittler, 2002).

\ b glykolat peroxisom
l chloroplast %
PET Ho,
PSI — PSII
| 14 Ivei
« COQ ﬁXaCe, glyoxy! at—— glycin

0,”

SOD  fotorespirace
HZOZ

H,O, \\
} sop
NADP Oy glyein

NADPH oxidasa NA¢DH i NADH
NADPH ETC j

mitochondrie serin

PM

H,0, =— peroxidasy, oxidasy ECM  bunédna sténa

Obr. 1

Hlavni zdroje H,O, vruznych c¢astech buinky. Pomér produkce H,O, v chloroplastech
a peroxisomech je 1:2,5; a v chloroplastech/peroxisomech a mitochondriich 35:1. Tyto hodnoty
byly stanoveny z rychlosti produkce H,O, podle Foyer & Noctor (2003). ECM, extracelularni
matrix; ETC, elektronovy transportni fetézec; PET, fotosynteticky elektronovy transportni
fetézec; PM, plasmatickh membrana; PSI a PSII, fotosystém I a fotosystém II; SOD,
superoxiddismutasa; TCA, cyklus trikarboxylovych kyselin (pievzato a upraveno z Slesak et al.,

2007).

H,0, je produkovan také v cytoplasmé, plasmatické membran¢ a extracelularni matrix.
Hlavni podil HyO,/ROS v cytoplasmé pochazi z elektronového transportniho fetézce spojeného
s endoplasmatickym  retikulem. Zde  redukované  formy  cytochromu  P450
a cytochromP450reduktasa (oxidaéni a  hydroxylaéni  procesy) a  cytochrom b5
a cytochrombSreduktasa (desaturace mastnych kyselin), pfedavaji elektrony kysliku za tvorby
superoxidu. Cytosolicka forma SOD miize pfeménit superoxid na H,O, (Bartosz, 1997; Mittler
et al., 2004).

Nejintenzivnéji studovanym oxidasovym systémem je NADPH oxidasa plasmatické
membrany rostlinnych bun¢k. NADPH-dependentni oxidasovy systém katalyzuje produkci
superoxidového anion radikalu jednoelektronovou redukci kysliku s vyuzitim NADPH jako
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donoru elektronu (Desikan et al., 2003; Mahalingam & Federoff, 2003; Apel & Hirt, 2004).
Superoxidovy anion radikal je tvofen v apoplastovém prostoru a nasledné je pfeménén na H,O,
bud’ spontanné, nebo pisobenim extracelularni SOD (Obr. 1; Karpinska et al., 2001; Bolwell
et al., 2002). Extracelularni matrix (ECM) vyssich rostlin je tvofena celulosou, hemicelulosou,
pektiny nebo ligninem a obsahuje také enzymy produkujici nebo odstrafujici H,O,. Rada
enzymit ECM (napi. pH-dependentni peroxidasy bunécné stény, germin-like oxalatoxidasy a
aminoxidasy) byla navrzena jako zdroj H,O, v apoplastu (Lane, 1994; Bolwell et al., 2002;
Kacperska, 2004).

Role H,0, v rostlinné biochemii a fyziologii a jeho rtizné funkce u rostlin byly popsany
v mnoha ptehlednych ¢lancich (Neill et al., 2002a; 2002b; Apel & Hirt, 2004; Hung et al.,
2005). Centralni role H,O, v reakcich na riizné biotické a abiotické stresy u rostlin byla velmi
dobfe zdokumentovana. Tato molekula kontroluje rtzné stresové reakce a fyziologické
prizptisobeni, véetné bunééné ROS/hormondlni rovnovahy. V tfad¢é studii byla prokdzana
zvySena koncentrace H,O, po vystaveni rostliny stresu (piehledné ¢lanky: Neill et al., 2002a;
Kacperska, 2004). Rychlost produkce H,O, zavisi na intenzité a délce plisobeni stresu. Navic se
v zavislosti na typu stresu produkce H,O, vriznych c¢astech bunky 1i§i, napf. stres
z nadbyte¢ného svétla zplsobuje nadprodukei H,O, zejména v chloroplastu (Karpinski et al.,
1999; Karpinska et al., 2000; Slesak et al., 2003). V porovnani s Zivo¢i§nymi buiikami jsou
rostliny rezistentnéj$i k vysokym koncentracim H,O,. Peroxid vodiku je toxicky pro vétsinu
Zivogisnych bundk v koncentracich 10 - 10* uM (Halliwell & Gutteridge, 1999). Experimenty
s rostlinnym materidlem prokazaly, ze rostlinnd pletiva mohou tolerovat vysoké koncentrace
H,0,, a to a7 v rozmezi 10% - 2x10° uM. Navic, rostliny pfedinkubované s H,O, byly odolngjsi
k nadbytku svétla a chladovému stresu (Prasad et al., 1994; Karpinski et al., 1999; Karpinska
et al.,2000; Yu et al., 2003).

H,0, hraje u rostlin dvoji roli: v nizkych koncentracich plsobi jako signalni molekula
pii spousténi aklimatizaéni tolerance na rtzné abiotické a biotické stresy (Fukao & Bailey-
Serres, 2004; Laloi et al., 2004; Mittler et al., 2004), nadmérna akumulace peroxidu vodiku
mize vést k oxidativnimu stresu, ktery spousti bunécnou smrt (Dat et al., 2000). H,O, se Gi¢astni
mnoha obrannych reakci, napf. zesileni rostlinné bunécné stény (lignifikace, zesitovani
strukturnich proteinii bunétné stény), produkce fytoalexinii a zvySeni rezistence k riznym
stresim (Dempsey & Klessig, 1995). Dale byla prokazana uloha H,O, jako kli¢ového regulatoru
Sirokého spektra fyziologickych procest, jako je senescence (Peng et al., 2005), fotorespirace
a fotosyntéza (Noctor & Foyer, 1998), pohyb stomat (Bright ef al., 2006), bunéény cyklus
(Mittler et al., 2004), rist a vyvoj (Foreman et al., 2003). Evoluce vSech aerobnich organismi je
zavisla na vyvoji u€innych H,O, odstranujicich mechanismi (Arora et al., 2002). Eliminace
H,O, je spojena s odstranénim ostatnich ROS. Rovnovazny stav hladiny bunééného H,O, zavisi

na redoxnim stavu bunky (Karpinski et al., 2003; Mateo et al., 2006). V rostlinnych bunkach je
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proces produkce a odstranéni H,O, ptisné regulovan a koordinovan ve stejnych nebo riiznych
¢astech bunky. Rostliny vlastni vicestupiiovy antioxidacni systém, skladajici se z antioxidantt
(askorbat, a-tokoferol nebo glutathion) a celé fady ROS detoxifikujicich enzymd
(askorbatperoxidasa,  glutathionperoxidasa,  superoxiddismutasa, enzymy  askorbat-
glutathionového cyklu, katalasa) (Apel & Hirt, 2004).

Vétsina studii dokazuje, ze samotny H,O, je u rostlin klicovou signalni molekulou
zprostiedkovavajici fadu reakci (Desikan et al., 2003) a aktivujici mnoho dalSich dalezitych
signalnich molekul, jako je Ca*", kyselina salicylova (SA), kyselina abscisova (ABA), kyselina
jasmonova (JA), ethylen, oxid dusnaty (Gundlach et al., 1992; Dempsey & Klessig, 1995; Liu
et al., 2004; Desikan et al., 2004; Wendehenne et al., 2004). Tyto signalni molekuly hraji

komplexni roli v pfenosu signalu, v procesu obranné reakce, ristu a vyvoji rostlin (Obr. 2).

respirace

fotosyntéza / rozpoznani patogenu

‘ H,0, akumulace ‘

fyziologicky

metabolismus

s o i oxidativni
nizka normalni vysoka >
stres

tok iontd |

SA

NO pfenos genova redoxni

JA ( signalu regulace rovnovéha\

ethylen _ antioxidaéni

ABA regulace rostlinného

systém

rdstu a vyvoje

Obr. 2

Akumulace endogenniho peroxidu vodiku béhem normalniho metabolismu (fotosyntéza,
respirace, rast, senescence, pohyb stomat) a rdznych biotickych a abiotickych stresovych
podminek. Nadbytecny H,O, muze indukovat oxidativni stress poskozujici rostlinné bunky.
Pokud je mnozstvi H,O, udrzovano na bézné hladiné antioxidaénimi molekulami a enzymy,
poté H,O, funguje jako sekundarni prenase¢ a spolupracuje s dalsimi dulezitymi signalnimi
molekulami. Spole¢né poté chrani rostliny pted stresy a reguluji rostlinny rust a vyvoj (pfevzato
a upraveno z Quan et al.,, 2008). SA kyselina salicylovd, NO oxid dusnaty, JA kyselina

jasmonova, ABA kyselina abscisova.
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3. Reaktivni formy dusiku

Reaktivni formy dusiku mizeme rozdélit do dvou skupin: skupina volnych radikala
(oxid dusnaty (‘NO) a oxid dusicity (‘NO,)) a skupina latek, do které patii kyselina dusita
(HNO,), oxid dusity (N,O3), peroxynitrit (ONOQ"), alkylperoxynitrit (ROONO). Nejznaméjsi
formou RNS je oxid dusnaty (NO).

3.1 Oxid dusnaty

NO je velmi roz§ifenym vnitrobunéénym a mezibunécnym poslem se Sirokym spektrem
regulac¢nich funkci mnoha fyziologickych i patologickych procesit (Wendehenne et al., 2001,
Lamattina et al., 2003, Neill et al., 2003, del Rio et al., 2004). Znalosti funkci NO v rostlinnych
systémech jsou ve srovnani s zivo¢iSnymi systémy relativné malé. Emisi NO u rostlin poprvé
zaznamenal Klepper v roce 1975 (Klepper, 1979). Teprve nedavné studie potvrdily ulohu NO
jako dilezitého efektoru rostlinného ristu, vyvoje a rostlinnych obrannych reakci. Rada z
publikovanych praci byla zaméfena na roli NO v iniciaci nebo propagaci rostlinné
hypersenzitivni reakce a programované bunécné smrti v misté infekce (Zaninotto et al., 2006;
Mur et al, 2006). Byla prokazana ucast NO na indukci exprese komplementarni sady
rostlinnych obrannych genti, véetné dvou kliovych enzymut fenylpropanoidni drahy, ktera
reguluje produkci ridznych sekundarnich sloucenin, véetné ligninu a nizkomolekularnich
antimikrobialnich slou¢enin znamych jako fytoalexiny (Dixon, 2001).

NO je vysoce reaktivni molekula, snadno difundujici pies bunéfné membrany. Je to
volny radikal, ktery mlze bud ziskat, nebo ztratit elektron pro vytvofeni energeticky
vyhodnéjsich struktur, napf. nitrosoniovy kation (NO") a nitroxylovy radikdl (NO') (Durner
et al., 1998). Polocas zivota NO v biologickych tkanich byl stanoven na méné nez 6 s (Thomas
et al., 2001). Takto kratky polo¢as Zivota odrazi vysoce reaktivni povahu NO. NO reaguje
ptimo s kovovymi komplexy a dalsimi radikaly a neptimo jakozto reaktivni druh oxidu dusiku
s DNA, proteiny, a lipidy (Wink & Mitchell, 1998). U rostlin byly popsany jak cytotoxické tak
cytoprotektivni vlastnosti NO (Beligni & Lamattina, 2001).

Navzdory znalosti fady procesi kontrolovanych nebo indukovanych vlivem NO
u rostlin zlstavaji presné molekularni mechanismy syntézy tohoto radikalu u riznych rostlin za
riznych podminek stale pfedmétem intenzivni diskuse. V soucasnosti bylo popsano celkem Sest
enzymu, které mohou katalyzovat syntézu NO v rostlinnych bunkach (Crawford, 2006). Ke
vzniku NO vrostlinich miize vést také tada dalSich neenzymovych reakei vychazejicich

z anorganickych sloucenin dusiku.
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Dosud znamé a potvrzené informace o oxidu dusnatém, jeho produkci a zapojeni
v signalnich drahach byly shrnuty v pfehledném clanku, ktery byl publikovan v Casopise
Chemické listy v roce 2008 (viz. Ptiloha 1).

Oxid dusnaty je latka s velice kratkou dobou Zivota, ktera rychle reaguje zejména
s reaktivnimi radikaly kysliku, peroxidy lipidi, thiolovymi a hemovymi skupinami. Reaktivita
NO a jeho metabolitl in vivo a in vitro zna¢né omezuje piimé metody jejich detekce. Ptimé
stanoveni NO je mozno provést chemiluminiscenéni metodou po reakei s ozonem v plynné fazi,
nebo elektrochemickou detekci pomoci specifickych amperometrickych elektrod v roztoku. Ob¢
zminéné metody jsou vSak velmi naro¢né z hlediska ceny pouzitého ptistrojového vybaveni,
navic v rostlinném materialu se vyskytuje cela fada latek, které s témito metodami interferuji.
U zivocCisnych systémi jsou koneénymi produkty metabolismu NO v aerobnim prostiedi
dusitany a dusi¢nany, které lze jednodusSe stanovit spektrofotometricky. Naproti tomu je
metabolismus dusikatych latek u rostlin daleko bohatsi, coz omezuje pouziti celé fady metod a
interpretaci ziskanych hodnot. Pro stanoveni produkce NO lze pouzit specifické sondy na bazi
derivatli diaminonaftalenu, diaminofluresceinu a diaminorhodaminu, které reaguji s reaktivnimi
radikaly dusiku vzniklymi z NO v aerobnim prostiedi za vzniku vysoce fluoreskujicich derivatu.
Tyto sondy neprochazeji pfes membrany bunck a jsou proto pouzitelné pro meéieni NO
v bunéénych extraktech nebo v extracelularnim médiu bunéénych kultur. Jejich esterové
derivaty lze naopak pouzit pro vnitrobunééné sledovani vznikajiciho NO, protoze k reakci s
metabolity NO a zvySeni fluorescence dochazi az po rozstépeni esterové vazby
vnitrobunéénymi esterasami. Pfes svou jednoduchost maji fluorescenéni metody detekce NO
urcita omezeni v disledku moznych nespecifickych reakci v rostlinném materialu a proto je
nutno v§echny metody optimalizovat pro konkrétni rostlinny model.

Pro méfeni aktivity synthasy oxidu dusnatého v ptipadé nizkych aktivit byla zavedena
metoda vyuzivajici radioaktivné znaceny substrat [14C]-L-arginin, pii které se stanovuje
mnozstvi znaceného produktu L-citrulinu po separaci na kolonce katexu. Tato metoda ovSem
opét vyzaduje specializované pristrojové vybaveni a navic neni z divodd prace s radioaktivnim
materialem vhodna pro studentské védecké prace. Alternativné je mozno sledovat tvorbu
citrulinu v reakéni smési spektrofotometrickymi metodami, které dosahuji fadové cca uM
citlivosti. Casto vyuZivanou metodou stanoveni aktivity NO synthasy je oxyhemoglobinova

metoda, zaloZena na reakci NO s oxyhemoglobinem za vzniku methemoglobinu.
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Signalni drahy oxidu dusnatého v rostlinach
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1. Uvod

Oxid dusnaty (NO) je velmi roziffenym vnitrobunéé-
nym a mezibunéénym poslem se Sirokym spektrem regu-
laénich funkei mnoha fyziologickych 1 patologickych pro-
cest vriiznych typech organismi. Poprvé byl popsan
u savell, u kterych se idastni procestl vasorelaxace, neuro-
transmise, cytotoxicity, regulace imunitniho systému
a celé fady dalgich bunéénych a tlafiovych pochodi’. Po-
znatky o funkei NO v rostlinnych systémech byly done-
davna ve srovnani s Zivocisnymi systémy velmi omezene,
piestoZe emise NO u rostlin byla poprvé zaznamenana jiz
vroce 1979 (cit.?). Po zvefejnéni nékolika prilomovych
publikaci o tloze NO v signalnich drahach a obrannem
mechanismu rostlin pi infekeci™ se studium metabolismu
NO v rostlinach stalo stfedem pozornosti. Vysledky vy-
zkumu publikovane v poslednich letech potvrzuji ulohu
NO jako duleZité signélni molekuly podilejici se na regula-
ci fady rostlinnych fyziologickych procesti i obrannych
reakel ve stresovych podminkéach (tab. [). NO se ucastni
procesti klideni, riistu, kveteni, pohybu pruduchll, zrami,
senescence a programované bunééné smrti™®. Ve streso-
vych podminkach se podili na rostlinné odpovédi a mecha-
nismech odolnosti na rizné formy biotického a abiotické-
ho stresu’.

410
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2. Enzymova syntéza NO v rostlinach

V savéich burikach je NO produkovén zejmeéna pétie-
lektronovou oxidaci guanidinového dusiku L-argininu en-
zymy nazyvanymi NO synthasy (NOS, EC 1.14.13.39).
Produkty této reakce jsou L-citrulin a NO. NO synthasy
jsou hemoproteiny pfibuzné rodingé cytochromi P450.
Tyto enzymy byly pivodné charakterizovany jako homo-
dimery, ale protoZe je pro enzymovou aktivitu potfebna
navic vazba dvou monomerti kalmodulinu mez malou
a velkou podjednotku NOS, je funkéni holoenzym ve sku-
tednosti heterotetramer®. Kroms kalmodulinu je pro kataly-
ticky mechanismus NOS nutnd soudasna ucast daldich
4 kofaktory, zahrnujicich hem, FAD, FMN a tetrahydrobi-
opterin. V Zivo&idnych bufikach byly popsany tfi isoformy
NOS: konstitutivni formy endotelialni NOS a neuronalni
NOS, a indukovand forma iNOS. Podle nejnovéjich po-
znatkli mohou byt formy NOS v rfizné mife soudasné ex-
primovany v jednom typu bunék rliznych tkani v zavislosti
na stavu vyvoje buiiky & vnéjsich podminkach’.

V poslednim desetileti hledalo mnoho rostlinnych
biologh analogicky enzym produkujici NO reakénim me-
chamismem obdobnym NO synthasam savéich bunék. Vy-
sledkem je rostouci poéet publikaci naznacujicich piitom-
nost NOS aktivity v rostlinach, ale existence tohoto enzy-
mu nebyla doposud piesvéd&ivé experimentalng prokaza-
na. Proto navzdory mmalosti fady procest kontrolovanych
nebo indukovanych vlivern NO u rostlin zlistavaji presné
molekuldrni mechanismy syntézy tohoto radikdu u rlz-
nych rostlin za riznych podminek stile pfedmétem inten-
zivni diskuse. V soucasnosti bylo popsano celkem Sest enzy-
m, které mohou katalyzovat syntézu NO v rostlinnych buri-
kéch'® (tab. II). Ke vzniku NO v rostlinach miiZe vést také
fada dalsich neenzymovych reakci vychazejicich
z anorgamckych sloucenin dusiku (obr. 1).

Prvnim jednozna¢né identifikovanym enzymovym
zdrojem NO v rostlindch byla nitrétreduktasa'’ (NR, EC
1.7.1.1.). NR je homeodimerni protein s molekulovou
hmotnosti mezi 200 a 250 kDa v zavislosti na rostlinnem
zdroji, pricemZ kazdy monomer obsahuje tfi prosteticke
skupiny: FAD, hem a molybdenovy kofaktor. Aktivita NR
je posttranslacné regulovana reverzbilni fosforylaci. Hlav-
ni roli NR v rostlinach je katalyza NAD(P)H-dependentni
dvouelektronové redukce dusiénanu na dusitan. Experi-
mentalné bylo potvrzeno, Ze za urditych podminek mize
dochazet k jednoelektronové redukei dusitanu na NO, pfi-
padné NR milZe produkovat soubéné s NO také reaktivni
nitraéni dinidlo peroxodusitan'®

V peroxisomech hrachu byla popsana specificka for-
ma enzymu podobného Fivodiinym NO synthasam'. Pero-
xisomalni enzym produkujici NO wykazoval podobnou
substratovou a inhibiéni specifitu a reagoval s protilatkami
pfipravenymi proti indukovatelneé formeé iNOS. Zatim viak



Chem. Listy 102, 410-416 (2008) Referat

Tabulka I

Souhrn funkei NO ve fyziologickych a patofyziologickych procesech u rostlin

Funkce Lit.

Fyziologicke pochody rhst a vyvoj 44,56
klident 5,6
vyvo] kofenoveého systemu 22
pohyb svéracich bunék priduchi 42,52
senescence a programovana bunécéna smrt 54
lignifikace bunécné stény 53
metabolismus bunéénych organel 13,26

Funkce v bunéénych organelach

Chloroplasty biosyntéza chlorofylu, fotofosforylace 28

Mitochondrie regulace cytochrom ¢ oxidasy 32

Peroxisomy regulace katalasy a askorbatperoxidasy 58

Cytosol regulace akonitasy 49

Bioticky stres programovana bunééna smrt 45
hypersensitivni reakce 3,4,36,43
systémova odezva 48

Abioticky stres poranéni 57
salinita 41
vysoka teplota 41
sucho 41
tézkeé kovy 34,51

nebyla déle objasnéna piiesna identita piisluiného proteinu
& genu a peroxisomalni NOS aktivita nebyla potvrzena na
Zadném jiném pracovisti.

Vroce 2003 byla v tabaku popsdna indukovatelna
forma NO synthasy, jejiZ aktivita se vyrazné zvySovala po
napadeni rostlin virem tabdkové mozaiky'. Stejna skupina
popsala podobny enzym 1 u rajéete v souvislosti s odolnos-
ti na bakteridlni patogen'’, posléze se viak tyto vysledky
nepodafilo potvrdit a zminéné publikace byly autory odvo-
lany'®. Stejny osud stihl i nadéjného kandidata na konstitu-
tivnd formu rostlinné NO synthasy popsané v roce 2003
v Arabidopsis thaliana"’. U objeveného proteinu AtNOS1
byla popsana lokalizace v mitochondriich a tiloha v obrang
rostlinnych bunék proti oxidativnimu pogkozeni'®.
V navazujicich experimentech na spolupracujicich praco-
vistich viak bylo zpochybnéno, Ze protein AtNOS1 ma
NO-synthasovou aktivitu'™* a byl proto piejmenovan na

AtNOA1 (,nitric-oxide associated)®’. Vztah AtNOA1
k biosyntéze a signalni roli NO v rostlindch je pfedmeétem
aktuadlniho vyzkumu s vyuzitim mutantl atmoal u 4. thali-
ane.

Nitrit: NO reduktasa je dalSim specifickym rostlinnym
enzymem podilejicim se na syntéze NO. Tento enzym byl
doposud popsan pouze v plasmatické membrané kofeno-
vych bunék tabaku spoleéné s kofenové-specifickou for-
mou nitratreduktasy. Nifrit:NO reduktasa katalyzuje re-
dukci dusitanu na NQ, pficemZ piisluiny donor elektrond
in vivo zatim nebyl identifikovan. Predpeklada se, Ze NO
hraje dllezitou roli jako signalni molekula béhem vyvoje
kofenoveého systému a rozvoje symbiotickych interakei
s plidnimi bakteriemi na povrchu kofenii”. Kromé zming-
nych enzymt byly u rostlin popsény dalii potencialni en-
zymatické zdroje produkce NO, ale jejich fyzologicky
vyznam je zatim velmi nejasny. Kienova peroxidasa kata-

Tabulka II
Enzymove zdroje NO v rostlinnych buiikéch
Zdroj Substrat Kofaktor(y) Lit.
Enzym podobny NOS L-arginin NADPH, FAD, FMN, tetrahydrobiopterin 3,4,13
Nitratreduktasa NO; (NOy ) NADH 11
Nitrit: NO reduktasa NO,” NADH 22
Nanthinoxidasa Hydngyrnoéovina 25
Kfenova peroxidasa N-hydroxyarginin NADH 23
Cytochrom P450 NO,~ Cytochrom ¢ 24

411
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Obr. 1. Zdroje NO v rostlinach; NO je produkovan ¢innosti nitratreduktasy (NR), nitrit:NO reduktasy (NiNOR) a NO synthasy (NOS).
Dalsimi generatory NO jsou neenzymové reakce NO,": redukce za kyselého pH a svétlem pohanéna redukce v pfitomnosti karotenoidu.
NO miuZze vznikat také jako vedlejsi produkt denitrifikace, nitratové asimilace, nebo respirace

lyzuje tvorbu NO in vitro za ucasti peroxidu vodiku z N-
hydroxyargininu nebo hydroxymo¢oviny®. Dalsi hemo-
proteiny vyskytujici se v rostlinnych burikach jako
cytochromy P450, hemoglobiny a katalasa jsou schopny in
vitro produkovat NO a dalsi oxidy dusiku katalyzou oxida-
ce N-hydroxyargininu kumylhydroperoxidem?®.

V zivocis$nych bunikach byla také prokazana tvorba
NO ucinkem xanthinoxidasy obsahujici molybden (XOD,
cit.?®). XOD existuje ve dvou vzajemné proménnych for-
mach: xanthinoxidasa (produkujici superoxid, forma O;
EC 1.1.3.22) a xanthindehydrogenasa (forma D; EC
1.1.1.204). XOD aktivita byla nalezena v peroxisomech
lista hrachu, které jsou pravdépodobné jednim z mist ak-
tivni tvorby NO v rostlinnych butikach'>*,

3. Neenzymové drahy syntézy NO v rostlinach

K syntéze NO v rostlinach mohou za urcitych podmi-
nek vyznamné piispivat také neenzymové procesy. Nizké
pH v apoplastu podporuje neenzymovou redukei dusitanu,
kdy dusitan dismutuje na NO a dusi&nan®’. Dusitan mtize
byt také chemicky redukovan kyselinou askorbovou pii
fyziologickych hodnotach pH na NO a kyselinu dehyd-
roaskorbovou®®. Daldi neenzymovy mechanismus navrze-
ny pro tvorbu NO v membranach chloroplastu je svétlem
zprostiedkovana pfeména NO, na NO katalyzovana karo-
tenoidy?.

4. Reaktivita a detekce NO v rostlinnych
buiikach

NO je velmi reaktivni volny radikal, jehoz polocas
zivota v biologickych tkanich se pohybuje fadové
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v sekundach®. Konkrétni reaktivita NO v buiikach je znag-
né ovlivnéna mnozstvim a vzajemnou lokalizaci vznikaji-
ciho NO a potencialnich reaktantii. Typickou reakci NO
v aerobnim prostfedi je relativné pomala oxidace moleku-
larnim kyslikem na NO,, tato reakce je vSak kvantitativné
mén¢ vyznamna v bunéénych kompartmentech s nizkou
koncentraci kysliku. NO velmi rychle reaguje s jinymi
radikaly zejména ze skupiny reaktivnich forem kysliku.
Z biologického hlediska je nejvyznamngjsi reakce se su-
peroxidovym anionradikalem za vzniku peroxodusitanu.
Peroxodusitan jako silné nitraéni ¢inidlo dale reaguje
s proteiny, lipidy a DNA za vzniku pfislusnych nitroso-
a nitroderivati®'.

Dalsi vyznamnou reakci NO, podobn¢ jako u zivocis-
nych bun¢k, je tvorba nitrosylovych komplexu s atomy
kovu. Biologicky vyznamnou interakci je vazba NO na
atom Fe*" hemovych kofaktorii enzymii, kde nejdilezits;-
$im prikladem je regulace aktivity guanylatcyklasy
podrobngji zminéna v nasledujici kapitole. Podobné se NO
muze vazat napf. na atomy zeleza v aktivnim misté
cytochrom ¢ oxidasy a v komplexech nechemového zeleza
Fe-S proteint dychaciho fetézce mitochondrialnich mem-
bran®.

Hydrofobni povaha a malé rozméry molekuly NO
usnadiiuji jeji pohyb a piipadné lokalni zvyseni koncentra-
ce v prostiedi bunéénych membran, coz nasledné podporu-
je reaktivitu NO s lipofilnimi latkami, jako jsou radikalové
meziprodukty peroxidace membranovych lipidi*>. Podob-
n¢ jako v zivoCiSnych burikach byl také v rostlinnych
membranach popsan pii ruznych stresovych podminkach
antioxidaéni a ochranny vliv NO snizujici rozsah lipidni
peroxidace®. V rostlindch se vyskytuje fada dalsich latek
s vysokou reaktivitou vzhledem k NO, ty se vSak vétSinou
za normalnich podminek nachazi v jiném bunééném oddilu
(napt. fenolické latky ve vakuolach) a k jejich kontaktu
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s NO dochazi aZ pHi plsobeni uréitého stresového podnstu.

Vzhledem k vysoké reaktivité je experimentalni de-
tekee a kvantifikace NO in vive obtizna. Metody pouZiva-
né u rostlin pochazeji ze studii provadénych v Zivodisnych
systémech pouze s adaptaci na pedminky rostlinnych ple-
tiv. Monitorovani NO u rostlin zahrnuje metody jako che-
miluminiscence, EPR spektroskopie, elektrochemicke
sensory, kolorimetnie a fluorimetrie (pfehledné shrnuto
v ¢it.*). Pro histochemickou lokalizaci produkee NO fluo-
rescenéni nebo konfokalni mikroskopii se pouZivaji nej-
Casté)l derivaty 4,5-diaminofluoresceinu, specifické fluo-
rescendni sondy pro NO a jeho reakfivni metabolity®
ikdyz jejich specifita a vhodnost pro sledovani NO
v rostlinnych butikdch vzhledem k pfitomnosti interferuji-
cich latek byla nedévno zpochybnéna®’,

4. Oxid dusnaty jako signalni molekula
v rostlinach

Pfes nartstajici podet publikovanych poznatkil je
naSe pochopeni signéalnich funkei NO u rostlin teprve
v poéatcich. Podafilo se jiz identifikovat nékteré sloZky
pienosovych kaskad zprostiedkovanych NO, které jsou
mamé u zivodicht {obr. 2). Signdlni reakce NO v rostli-
nach zahrmyji syntézu sekundarnich piena$edl, jako jsou
eyklicky guanosinmonofosfat (¢cGMP) a cyklicka adeno-
sindifosfat ribosa (cADPR), které vedou ke zménam hladi-
ny cytosolického vapniku. Signalni funkce NO jsou take
zprostfedkovéany kovalentnimi modifikacemi proteint jako
nitrosylace cysteinll a nitrace tyrosini a fosforylace pro-
sttednictvim MAP kinas. NO specificky ovliviiuje expresi
Setnych gendl kdédujicich proteiny se vztahem k obrannym
reakcim, metabolismu, bunééné detoxifikaci, transportu, ho-
meostiz Yeleza, signalizaci, kveteni a biosyntéze ligninu®™.

Ga?* kanaly —® volny Ca™*

cGMP/
¢cADPR

MAPK a dalsi kinasy

A

NO

SH

/]

}

GSNO — g NO

— 3 Signalni sit

proteiny se signalni funkei
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5. Signalni drahy NO v rostlinach zavislé
na ¢cGMP

V Zdvodisnych buiikach je jednim zhlavnich mecha-
nismi vnitrobun&éné reakce na NO zvySeni hladiny druhé-
ho posla ¢cGMP. NO se vaZze na hemovou prostetickou
skupinu enzymu guanylatcyklasy a nasledna konformaéni
zména struktury zvySuje aktivitu guanylateyklasy o néko-
ik fadl. Zvyiend hladina ¢cGMP reguluje aktivity cGMP-
dependentnich proteinkinas, cGMP-dependentnich ionto-
vych kandlh a fosfodiesteras. Signalni kaskada zprostied-
kovana NO/cGMP hraje centralni roli v regulaci fady fyz-
ologickyeh i patologickych procesit. Také u rostlin byla
prokazana signalni funkce cGMP v fadé procestl, piestoZe
existence rostlinné guanylateyklasy nebyla dosud jedno-
znaéné potvrzena. Je znama udast cGMP napt. v regulaci
iontovych kanald nebo indukei gentl syntetizujicich obran-
né latky v rostlinach®.

U zivodichl aktivuje cyklicka ADP-ribosa (cADPR)
ryanodinovy receptor na membrané endoplasmatického
retikula, coz vede k mobilizaci ionti Ca™ wloZenych
v retikulu a naslednému zvySeni koncentrace volnych ion-
th Ca”™ v cytosolu. U rostlin byl popsan také obdobny ndi-
nelc cADPR na uvolnéni Ca’" zvakuoly do cytosolu™.
V kli¢ové studii na rostlinach tabdku infikevanych virem
tabakové mozaiky prokazali Durner a spol., Ze aktivace
obrammych genll je vyvolana zvySenou syntézou NO
v rostlinné buiice a tento mechanismus je zprostiedkovan
cADPR-zavislym zvy$enim koncentrace cytoplasmaticke-
ho vapniku®. V burikach tabaku ma NO vliv na zvyieni
cytosolického volného Ca®" indukovaného hyperosmotic-
kym stresem a mikrobidlnim elicitorem kryptogeinem®'.
Podobné podporuji vysledky experimentalnich studii hy-
potézu o roli cytosolického Ca®" ve zprostiedkovani adin-
kit NO vedoucich k uzavieni stomat*. Exogenni aplikace
NO nebo zvySeni intracelularni produkce NO po kontaktu
s mikrobialnim elicitorem vede ke zvySeni intracelularniho
Ca™ v builkéch Vicia fuba a buiikich tabaku® Tyto vy-

N

—3= bunécna odezva

Obr. 2. Schématické znazornéni signalnich drah NO v rostlinnych buiikach; primarmni cile NO zahrmyi mitogenem aktivovane pro-
teinkinasy (MAPK) a Ca** kandly regulované prostfednictvim zmén hladin ¢cGMP a ¢cADPR. NO moduluje aktivitu proteinti nitrosylaci
thiolovych skupin. Stabilni metabolit S-nitrosoglutathion (GSNO) mitiZe slouZit jako pfenafed signalu NO pro jeho uvolnéni a interakce

ve vzdélenych cilech
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sledky potvrzuji funkei NO jako intracelularni sloudeniny
mobilizujici Ca®* v rostlinnych buiikach. Obdobné procesy
byly popsény i u Avodichil. Rada studii prokaznje, Ze pri-
mérnimi cili NO jsou kanaly propouitdjici Ca®', vdetns
napétim ovladanych Ca®” kandlfi v plasmatické membrang,
Ca™ kanalli synchronizovanych cyklickym nukleotidem,
a inositoltrifosfatovy a ryanodinove receptory. NO modu-
luje jejich aktivity pfimo nitrosylaci nebo nepfimo pies
signalni drahy zahrnujici ¢cGMP anebo cADPR. cADPR
syntetizovany z P-NAD' vreakci katalyzované ADP-
ribosyleyklasou je roziifenym aktivatorem ryanodinoveho
receptoru™. Antagonisté cADPR, inhibitory ryanodinové-
ho receptoru a inhibitory ¢cGMP syntézy potlacuji u rostlin
nérfist koncentrace cytosolického Ca™ vyvolany NO
(cit.*®). Presto¥e zaktulnich poznatkfl jasnd vyplyva vy-
znamndé tGloha signélni drdhy NO/GGMP v rostlindch®,
zhstavaji vlastnosti enzymil generyjicich cGMP a cADPR
a pHsluinych Ca™ kanali modulovanych zvyenou kon-
centraci NO neznamé. Mechanismus syntézy cGMP
v rostlindch nebyl dosud objasnén. V genomu 4. thaliora
byl identifikovan pouze jediny strukturné piibuzmy gen
AtGC1, exprimovany protein s guanylateyklasovou aktivi-
tou viak postradd vazebné misto pro hem a nebylo u ng
pozorovéne zvyieni aktivity ¢inkem NO typické pro roz-
pustné guanylateyklasy u zivodichii™®. Nedavno byla po-
psana guanylateyklasova aktivita 1 v struktumé odlidného
membranového proteinu AtBRI1, receptoru pro brasi-
nosteroidy™’.

6. Signalni drahy NO v rostlinach nezavislé
na ¢cGMP

Dal&i vyznamnou signélnim drahou NO v rostlinnych
bunkach je aktivace kaskady proteinkinas aktivovanych
mitogenem (MAPK). Aktivace MAPK vede k reverzibilni
fosforylaci enzymi regulujici jejich aktivitu. Externi apli-
kace NO stimuluje MAPK aktivity v listech tabaku a 4.
thaliana™® Je také znamo, Ye stejné MAPK mohou byt
v tabaku aktivovany také dalSimi chemickymi signaly jako
kyselina salicylova nebo peroxid vodiku. Aktivace MAPK
kaskady v rostlinach tak pravdépodobné pfedstavuje spo-
legny bod signalnich drah aktivovanych v reakci na riizné
typy stresu.

NO mliZe také nitrosylovat thiolové skupiny cysteini
a tak reverzibilng regulovat strukturu proteindi a enzymo-
vou aktivitu. Typickym ptikladem je inhibice aktivity ako-
nitasy nitrosylaci popsana v buiikéch tabéku™. Dle soudas-
nych poznatkil je nitrosylace cysteinl povaZzovéna za jednu
z nejvyznamnéjich posttranslaénich modifikaci proteinti
v rostlinnych buiikach, ktera navic hraje stéZejni tilohu
v obrannych realcich rostlin pfi napadeni patogeny’’. NO
reaguje s glutathionem za tvorby relativné stabilniho S-
nitrosoglutathionu, ktery miZe slouZit jako transportni
donor NO v jingch &astech buiiky nebo rostliny’’.
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7. Vztah signalnich drah NO a rostlinnych
hormoni

Soucasne znalosti o tloze a funkei NO v rostlinach
prokazuji vzdjemnou propojenost signalnich drah NO
s drahami riznych rostlinnych hormontl a ristovych regu-
latort. Casto se také ukazuje, e NO spoledns s dal§imi
reaktivnimi formami dusiku a kysliku zprostfedkovava
bun&éné ndinky hormoni na molekularmi urovmi. Napf.
NO produkovany enzymem nitratreduktasou zprostredko-
vava uzavieni stomat vyvolané aplikaci kyseliny absciso-
vé™. Podstatou tohoto jevu je regulace iontovych kandlf
svéracich bunék vlivem NO prostiednictvim zmén intrace-
lulamni koncentrace vapniku®?. Podobné auxinovy hormon
kyselina indoloctova indukuje syntézu NO v kofenech
okurky™. Naopak interakee mezi NO a ethylenem pH do-
zravani a senescenci rostlinnych pletiv naznacuje antago-
nistickou &nnost obou plynil b&hem téchto obdobi rostlin-
ného vyvoje™.

Cytokininy indukuji syntézu NO v riznych rostlinach
a NO mlize zprostiedkovavat proces programované bunéé-
né smrti indukované aplikaci cytokinini’”. Podobng polya-
miny v ristovém médiu indukuji zvyenou syntézu NO
v semenadeich 4. thaliana™. NO také moduluje syntézm
kyseliny salicylové, kyseliny jasmonové a ethylenu béhem
rostlinné odpovédi na ynéjéi stresové faktory”’.

8. Zavér

Aktualni publikované poznatky potvrzuji vyznamnou
signalni funkei NO v rostlinnych burikach, pfestoZze presny
mechanismus a lokalizace syntezy NO nebyly vZdy jedno-
naéné popsany. V soucasnosti je velka pozornost véno-
vana studiu vzajemného vztahu a propojeni signalnich
drah NO a dalsich reaktivnich forem dusiku se signalnimi
drahami reaktivnich forem kysliku a rostlinnych hormont
a regulatori. Rada zisadnich vysledkii je ziskévéna
s vyuZitim dostupnych mutantll 4. #haliana, ve kterych
byla ovlivnéna exprese enzymi podilejicich se na syntéze
nebo metabolismu NO. V popfedi zajmu stoji také tloha
NO a jeho stabilngjsich metabolitl v obrannych a adaptad-
nich mechanismech rostlin v reakei na vndj§i stresové pod-

néty.

Tato prace byla podporena vyzkumnym zdmérem
MSM 61989592135.

Seznam zkratek

cADPR cyklicka adenosindifosfat ribosa
cGMP cyklicky guanesin-3°,5’-monofosfat
FAD flavinadenidinukleotid

FMN flavinmononukleotid

MAPK proteinkinasy aktivované mitogenem
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NO oxid dusnaty

NOS synthasa oxidu dusnatého

NR nitratreduktasa

XOD xanthinoxidasa
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J. Piterkova, M. Petrivalsky, and L. Luhova
(Department of Biochemistry, Faculty of Science, Palacky
University, Olomouc): Signalling Pathways of Nitric
Oxide in Plants

Purpose of Review

Similarly to animals, nitrous oxide (NO) has emerged
recently as a key signalling molecule in many physiologi-
cal and pathological processes in plants. This review sum-
marizes the current knowledge and understanding of the
molecular mechanisms of NO synthesis and signalling in
plant cells.
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Findings

NO has been shown to participate in vital develop-
mental processes in plants like germination, tissue differ-
entiation, growth, flowering and senescence. NO functions
as a signalling molecule in plant responses to abiotic and
biotic external stimuli. NO can be produced by several
different enzymatic and non-enzymatic reactions, depend-
ing on the plant cell type. Actually, the identity and role of
plant homologues of animal NO synthases has not been
clearly described, while nitrite-dependent NO production
by nitrate reductase has been demonstrated in several plant
species. High reactivity and mobility of NO in plant cell is
the basis for its complex reactions and a wide array of
plausible molecular targets. Intracellular downstream NO
signalling includes cGMP- and cADP-ribose cascade lead-
ing to changes in the intracellular Ca® level. NO signalling
can be mediated by microtubule-associated protein (MAP)
kinases or effected by covalent protein modifications such
as cysteine nitrosylation.

Conclusions

Despite considerable advances in plant NO research,
our understanding of NO signalling pathways is still very
limited. Current research is focused on the identification of
tissue and subcellular specific NO synthesis and its fate as
well as on the crosstalk of NO with signalling pathways of
reactive oxygen species and plant hormones. The employ-
ment of Arabidopsis thaliana mutants with altered expres-
sion of enzymes involved in NO synthesis or metabolism
will substantially contribute to the elucidation of the NO
role in plant cell signalling.



4. Uloha ROS a RNS v procesu patogeneze

Rostliny, které jsou v prubéhu svého Zivota vystaveny pisobeni riznych potencialnich
patogent, vyvinuly uc¢inné obranné mechanismy potiebné pro preziti v jejich pfirozeném
prostiedi. Pfestoze pasivni obranné mechanismy vi¢i patogenim, jako je napt. voskova kutikula
nebo zasoba antimikrobialnich sloucenin, mohou rostlinu ¢astecné ochranit proti infekci, hlavni
a u¢inngjsi je aktivni obrana, ktera zahrnuje transkripci specifickych gend a tvorbu obrannych
sloucenin. Vysledkem pilisobeni obrannych mechanismi je snizeni rychlosti nebo uplné
potladeni vyvoje patogenu, pripadné¢ zamezeni jeho sporulace. Na pienosu informace o ptisobeni
stresového faktoru a nasledném spusténi obrannych reakci se podili fada signalnich molekul.
V mnoha interakcich rostlina-patogen je indukce obranné reakce spojena s produkci ROS a
RNS, které maji riizné signalni a obranné role béhem patogeneze (Bolwell & Woijtaszek, 1997,
Delledonne et al., 2002; Mur et al., 2008; Neill et al., 2002b; Wendehenne et al., 2004).
Zvysena produkce ROS infikovanou buikou je pfimo spojend s procesem hypersenzitivni
reakce (HR), zesileni rostlinné bunééné stény a antibakterialni aktivitou (Shetty et al., 2008).

Vyznamna funkce oxidu dusnatého v signalizaci a rezistenci rostlin napadenych
patogeny byla velmi dobie zdokumentovana u celé fady modelovych patosystémid (Durner
et al., 1998; Modolo et al., 2005; Mur et al., 2005; Pettivalsky et al., 2007; Prats et al., 2005).
Signalni role NO zahrnuje iniciaci a vyvoj rostlinné HR, akumulaci "pathogenesis-related" (PR)
proteinii a modifikaci genové exprese (Mur ef al., 2006; Wendehenne et al., 2004; Zaninotto
et al., 2006). HR je obrannou strategii rostlin, kdy infikovana bunka nebo nékolik bunck
v blizkém okoli mista infekce podléhaji programované bunéné smrti, ¢imz eliminuji pfimé
zdroje energie a vyzivy pro vstupujici patogen (Low & Merida, 1996; Greenberg, 1997). HR je
charakteristicka prudkou akumulaci ROS (Keller et al., 1998) a NO (Delledonne et al., 1998).
Synergistické ptsobeni NO a H,0, vede k lokalizované bunééné smrti a omezuje invazi
patogenu (Zaninotto et al., 2006), piestoze mechanismus interakce mezi NO a ROS je stale
predmétem debaty (De Gara et al., 2003; Delledonne et al., 2003; Mur et al., 2006; Tada et al.,
2004; Wilson et al., 2008). Ptimou chemickou reakci NO s H,O, vznika bud’ vysoce reaktivni
singletovy kyslik nebo hydroxylovy radikal (Noronhadutra et al., 1993), ktery mize indukovat
bunénou smrt. Reakci NO s O, je produkovan silny oxidant, peroxynitrit (ONOO ). NO
indukuje také ftadu rostlinnych obrannych genti, v¢etné¢ fenylalaninamoniaklyasy a
chalkonsynthasy, dvou klicovych enzymu fenylpropanoidni drahy, produkujici sekundarni
slouceniny, jako napft. prekurzory fytoalexint a ligninu (Dixon, 2001).

Systematicky ziskana rezistence (SAR) u zdravych rostlinnych tkani je obvykle
aktivovand bunénou smrti v inkompatibilnich interakcich rostlina-patogen lokalné

infikovanych rostlin. Spousti se uvolnéni mobilnich signalnich molekul na kratkou a dlouhou
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vzdalenost, véetné kyseliny salicylové, jasmonové, metylsalicylatu, a stale malo definovanych
lipidovych a peptidovych efektort (Heil & Ton, 2008; Vlot et al., 2008). Béhem vyvoje SAR
byl pozorovan vzajemny vztah mezi NO, H,O, a kyselinou salicylovou (Delledonne et al.,
2001; Song & Goodman, 2001). Externi aplikace NO indukovala endogenni akumulaci SA a
jejich konjugatt v tabaku (Durner et al., 1998).

Hlavnim modelovym systémem, na kterém byly realizovany experimenty zaméfené na
studium reakce rostliny v prub&hu patogeneze byly zejména tti genotypy Solanum spp. liSici se
stupném rezistence na infekci patogenem Oidium neolycopersici. Padli rajéatové, Oidium
neolycopersici, je biotrofni epifytni patogen zplsobujici vazné onemocnéni rajéat péstovanych
ve skleniku zejména v Evropé a Severni Americe (Kiss et al., 2001; Lebeda & Mieslerova,
1999). Vétsina vypéstovanych kultivart rajéete (Solanum lycopersicum) je velmi citliva na
padli. Intenzivni screeening vSak odhalil mnoho potenciondlnich zdroji rezistence mezi
divokymi rajcaty (napt. S. habrochaites, S. chilense, S. parviflorum, S. peruvianum
Solanum spp.—O. neolycopersici dana monogennimi geny (Bai et al., 2005; Huang et al., 2000;
Li et al., 2007). Dominantni geny rezistence (OI-1, OI-3, Ol-4, OIl-5 a OI-6) zprostiedkovavaji
druhové zavislou rezistenci omezenim rlstu patogenu aktivaci hypersenzitivni reakce
hostitelskych epidermalnich bun¢k, zatimco recesivni gen o/-2 udava rezistenci cestou tvorby
genotypu rajéete v porovnani s vysoce rezistentnim genotypem. Vysledky potvrdily variabilitu
intenzity a nac¢asovani produkce ROS a exprese antioxidac¢nich enzymi ve vztahu k odlisnym
schopnostem rezistence studovanych genotypt rajcete (Mlickova et al., 2004; Tomankova et al.,
2006). V interakcich tohoto patosystému jsou zahrnuty i jiné obranné mechanismy, jako je napf.
produkce nizkomolekularnich obrannych sloucenin (alkaloidi, saponintl, fenolickych slouc¢enin

a fytoalexint) (Mieslerova et al., 2004).

Druhym studovanym modelovym systémem byla Lactuca spp. infikovana patogenem
Bremia lactucae. Plisen salatova je infekéni choroba zptisobena obligatné-biotrofnim parazitem
Bremia lactucae, ktera zpusobuje vyznamné Skody pfi péstovani salati (Lebeda et al., 2002).
Infekéni proces B. lactucae zahrnuje v raném stadiu adhesi konidii na povrchu listu, kliceni a
diferenciaci klicniho vlakna v apresorium a penetra¢ni hrot. Kolonizace bunék listu je zahajena
tvorbou primarnich a sekundarnich hyf, které proristaji mezi epidermalnimi bunkami a
mesofylem. Nakonec dochazi k ustaveni tésného kontaktu patogenu s zivymi hostitelskymi
bunikami prostfednictvim haustorii, které umoznuji fizeny transport organickych latek
zrostlinné bunky do patogenu (Lebeda er al.,, 2006). Diky své vysoké genotypické

a fenotypické variabilité je tento patosystém §iroce pouzivanym modelem pro studium interakci
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rostlina-biotrofni oomyceta (Lebeda et al, 2008a,b). Role ROS a antioxida¢nich enzymi

v téchto interakcich byla publikovana v ¢lanku Sedlarova et al., 2007.

4.1 Vysledky

Vysledky jsou detailné prezentovany formou ¢lanku, které tvoii prilohy 2, 3 a 4.

V prvni ¢asti tohoto projektu byla studovana mozna role NO a enzymu s NO
synthasovou aktivitou v interakci rostlina-patogen béhem pocatecni faze infekce se zaméfenim
na moznou ulohu NO vsystémové reakci u modelového systému Solanum spp. -
O. neolycopersici. Byla stanovena produkce NO oxyhemoglobinovou metodou u tfi genotypt
Solanum spp. liSicich se rezistenci k uvedenému patogenu, a to u S. lycopersicum cv. Amateur
(citlivy), S. habrochaites f. glabratum (vysoce rezistentni) auS. chmielewskii (sttedné
rezistentni), béhem prvnich 216 h po inokulaci. Specificky dvoufazovy nartst produkce NO byl
pozorovan v extraktech infikovanych listi stfedné a vysoce rezistentnich genotypt. Dale byla
detekovana systematickd odezva ve formé narUstajici produkce NO v intaktnich listech
sousedicich s listy inokulovanymi. Vysledky naznacuji, ze hlavnim zdrojem NO v pletivech
rajCete byla aktivita enzymu zavislého na argininu, ktera byla inhibovana kompetitivnimi
reversibilnimi a ireversibilnimi inhibitory Zivo¢isné NO synthasy, nikoliv vSak inhibitorem
rostlinné nitratreduktasy. U rezistentnich genotypld rajCete byla v infikovanych tkanich
lokalizovana zvySena produkce NO konfokalni laserovou mikroskopii s vyuzitim fluorescenéni
sondy 4-amino-5-methylamino-2',7'-difluorofluorescein diacetatu. Produkce NO pozorovana
v extraktech z patogennich konidii, spolu se zvySenou produkci NO Ilokalizovanou ve
vyvijejicich se hyfach patogenu, demonstruje komplexni roli NO v interakcich rostlina-patogen.
Na zaklad¢ ziskanych vysledkt Ize pfedpokladat zapojeni NO v obranné reakci studovanych
genotypld  Solanum spp. vici infekci patogenem O. neolycopersici, probihajici s riznou
intenzitou a mechanismem v zavislosti na stupni odolnosti jednotlivych genotypt. Vysledky
byly publikovany v ¢asopise Molecular Plant Pathology (viz. Ptiloha 2). Na zaklad¢ vysledki
zde prezentovanych a vysledkl ziskanych v predeslém vyzkumu zaméfeném na metabolismus
ROS v interakci rostlina-patogen (Mlickova er al,, 2004) mizeme predpokladat mozné
synergistické ptisobeni NO a H,O, v reakci rajéete na padli. NO a H,O, tak pravdépodobné tvori
dulezitou ¢ast molekularnich mechanismii rezistence rajcete k O. neolycopersici.

V navazujicim experimentu byl sledovan vliv NO na vyvoj biotrofniho patogenu
O. neolycopersici na modelovém systému tfi genotypt Solanum spp. studovanych v prvni ¢asti
tohoto projektu. VIiv donoru NO (SNP), lapate NO (PTIO) a inhibitoru NO synthasy
(L-NAME) na kli¢ivost konidii a vyvoj patogennich struktur na listovych discich testovanych
genotypld byl sledovan 8, 24, 48 a 72 hodin po inokulaci. Vysledek ptisobeni SNP na vyvoj
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patogenu se mezi studovanymi genotypy vyrazné li§il. U vSech tii genotypd rajCete byl
zaznamenan na vyvoj patogenu pozitivni vliv inkubace listovych diskii s PTIO a naopak
negativni s L-NAME. Distribuce NO v tkanich listi a infekénich strukturach patogenu byla
studovana konfokalni laserovou mikroskopii s vyuzitim fluorescencni sondy 4-amino-5-
methylamino-2',7'-difluorofluorescein diacetatu. Histochemicka detekce odhalila akumulaci NO
v penetrovanych bunkach rezistentnich genotypt S. chmielewskii a S. habrochaites f.
glabratum, vztahujici se k iniciaci HR, a také v kli¢nich vlaknech a apresoriich patogenu, coz
naznacuje vyznamnou roli NO p#i pruniku O. neolycopersici do bunky. Na zaklad¢ ziskanych
vysledkt 1ze predpokladat zapojeni NO v obranné reakci studovanych genotypt Solanum spp.
vici infekei patogenem O. neolycopersici, ale s riiznou intenzitou a mechanismem v zavislosti
na stupni odolnosti jednotlivych genotypt. Ziskané vysledky byly sepsany formou ¢lanku a jsou
pripraveny k odeslani do redakce (viz. Pfiloha 3).

V ramci tohoto projektu byla také studovana role NO a ROS, molekul zahrnutych
v signalnich drahach a obrannych reakci rostlin, u modelového systému Lactuca spp. x
B. lactucae. S vyuzitim modelového systému listovych diskii byl pomoci svételné mikroskopie
studovan vliv rdznych sloucenin ovliviyjicich metabolismus a hladinu NO v rostlinach.
Nitroprusid sodny (SNP), modelovy donor NO, snizoval rychlost kliceni konidii patogenu a
siln€¢ inhiboval jeho dalsi rist z hlediska vyvoje infekénich struktur apresoria, primarnich a
sekundarnich vackt. Naproti tomu PTIO, specificky lapa¢ NO, urychlil penetraci B. lactucae,
nem¢l vSak dal$i vliv na interakci rostlina-patogen. Inhibitory enzymut produkujicich NO,
L-NAME (inhibitor NO synthasy) a Na,WQ, (inhibitor nitratreduktasy) nemély na vyvoj
patogenu vyznamny vliv. U listovych diskd inkubovanych s rutinem, lapa¢em reaktivnich
radikald kysliku a dusiku, byl také pozorovan silny inhibi¢ni vliv na vyvoj patogenu ve vSech
stadiich. Produkce NO stanovend oxyhemoglobinovou metodou vyrazné vzrostla brzy po
vystaveni rezistentniho genotypu L. virosa infekci B. lactucae. Stejné jako u modelového
systému Solanum spp.-O. neolycopersici, tak 1 vtomto piipadé byla pomoci konfokalni
mikroskopie pozorovana akumulace NO v penetrovanych buiikach, a $pickach klicnich vlaken a
apresoriich patogenu B. lactucae. Zmény endogennich hladin rutinu a kvercetinu v extraktech
z listt Lactuca spp. jsou diskutovany ve spojeni s jejich ulohou v antioxida¢nich mechanismech,
které ovliviwji citlivost nebo rezistenci rostlin k plisni salatové. Ziskané vysledky naznacuji
ulohu NO jak vodpovédi Lactuca spp. na infekci patogenem B. lactucae, tak i v ramci
metabolismu bunék patogenu béhem jeho kliceni a rastu. Vysledky této studie byly publikovany

v Casopise European Journal of Plant Pathology (viz. Ptiloha 4).
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SUMMARY

Various genetic and physiological aspects of resistance of Lyco-
persicon spp. to Oidium neolycopersici have been reported, but
limited information is available on the molecular background of
the plant—pathogen interaction. This article reports the changes
in nitric oxide (NO} production in three Lycopersicon spp. geno-
types which show different levels of resistance to tomato
powdery mildew. NO production was determined in plant
leaf extracts of [. esculentum cv. Amateur (susceptible),
L. chmielewskii {moderately resistant) and L. hirsutum f glabra-
tun (highly resistant) by the oxyhaemoglobin method during
216 h post-inoculation. A specific, two-phase increase in NO
production was observed in the extracts of infected leaves of
moderately and highly resistant genotypes. Moreover, transmis-
sion of a systemic response throughout the plant was observed
as an increase in NO production within tissues of uninoculated
leaves. The results suggest that arginine-dependent enzyme
activity was probably the main source of NO in tomato tissues,
which was inhibited by competitive reversible and irreversible
inhibitors of animal NO synthase, but not by a plant nitrate
reductase inhibitor. In resistant tomato genotypes, increased NO
production was localized in infected tissues by confocal laser
scanning microscopy using the fluorescent probe 4-amino-5-
methylamino-2, 7'-difluorofluorescein diacetate. NO production
observed in the extracts from pathogen conidia, together with
elevated NO production localized in developing pathogen
hyphae, demonstrates a complex role of NO in plant-pathogen
interactions. Our results are discussed with regard to a possible
role of increased NO production in pathogens during pathogen-
esis, as well as local and systemic plant defence mechanisms.

*Correspondence: E-mail: marek.petrivalsky@upal oz
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INTRODUCTION

The induction of the plant defence response in response to stress
stimuli is facilitated by a number of signalling pathways. Reac-
tive oxygen species (ROS) and reactive nitrogen species (RNS)
have heen shown to be crucial components of the plant stress
response (De Gara ef af, 2003; Delledonne et af, 2001, 2002;
Mur et af., 2008; Wendehenne ef al., 2004; Yoshioka et al., 2008;
Zaninotto et al., 2006). Although nitric oxide (NO) has been the
focus of plant stress physiology and hiochemistry research
during the past decade, the exact origin, fate and function of NO
in plants under different physiological and stress conditions
still remain to be determined (Arasimowicz and Floryszak-
Wieczorek, 2007; Neill ef af., 2008; Planchet and Kaiser, 2006b;
Planchetet al., 2006; Wilson et al., 2008). Several enzymes have
been shown to produce NO in plants: NO synthase (NOS)-like
enzyme, nitrate reductase and nitrite: NO reductase (Arasimow-
icz and Floryszak-Wieczorek, 2007; Crawford et af,, 2006; Guo,
2006; del Rio ef al,, 2004; Zemojtel et al., 2006).

The prominent function of NO in both signalling and resis-
tance of plants infected by pathogens has been well documented
in a number of model pathosystems, for example, interactions
of plants with viruses (Durner et af., 1998), bacteria (Delledonne
et al,, 1998; Modolo et af, 2005; Mur et af., 2005), comycetes
(Petfivalsky et &f, 2007) and fungi (Prats et af, 2005; Tada et af,,
2004). Extensive research has focused on the signalling role of
NO in the initiation and progress of the plant hypersensitive
response (HR), accumulation of pathogenesis-related (PR) pro-
teins and modification of gene expression (Mur etal, 2006;
Wendehenne et af,, 2004; Zaninotto et a/,, 2006). HR, attributed
especially to race-specific interactions, is conditioned by the
rapid accumulation of ROS (Keller et af,, 1998) and NO (Delle-
donne efal, 1998). The synergistic action of NO and H,0; is
believed to orchestrate the localized cell death response and
restrict pathogen invasion {Zaninotto ef af,, 2006), although the
mechanism of interaction between NO and ROS is still a matter
of debate (De Gara efal,, 2003; Delledonne et al., 2003; Mur
etal, 2006; Tada etal, 2004 Wilson efal, 2008). Direct
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chemical reaction between NO and H,0, produces either highly
reactive singlet oxygen or hydroxyl radicals (Noronhadutra et al.,
1993), which can induce the processes of cell death. Reaction of
NO with O, leads to the formation of a strong oxidant com-
pound, peroxynitrite (ONOQ"), although it seems to be relatively
non-toxic to plant cells, in contrast with studies conducted with
animal cells. Peroxynitrite is not an essential signal for cell death
in soybean cell culture (Delledonne et al., 2001), although it has
been reported to induce PR-1 accumulation in tobacco leaves
(Durner and Klessig, 1999) and to modulate the cell redox state
through protein nitration (Delledonne et al., 2001; Saito et al.,
2006). NO is also known to induce a set of plant defence genes,
including phenylalanin amonia-lyase and chalcone synthase, two
key enzymes of the phenylpropanoid pathway, leading to the
production of secondary compounds, such as phytoalexins and
lignin precursors (Dixon, 2001).

Systemic acquired resistance (SAR) in healthy plant tissue is
usually activated by cell death in incompatible plant-pathogen
interactions of locally infected plants. This triggers the release
of short- and long-distance mobile signal molecules, including
salicylic acid, methyl salicylate, jasmonic acid and yet poorly
defined lipid and peptide effectors (Heil and Ton, 2008; Vlot
et al., 2008). Signalling relationships between NO, H,0, and
salicylic acid, starting in the vicinity of pathogen attack to the
final induction of SAR in distal tissues, have been observed
during the development of SAR (Delledonne etal., 2001;
Song and Goodman, 2001). The external application of NO
induces endogenous accumulation of SA and its conjugates in
tobacco, conditioning the establishment of SAR (Durner et al.,
1998).

Powdery mildew Oidium neolycopersici, a biotrophic epiphytic
pathogen, causes serious epidemics, mainly in glasshouse
tomato crops in Europe and North America (Kiss et al., 2001;
Lebeda and Mieslerova, 1999). According to previous studies, the
resistance in the pathosystem Lycopersicon spp.—0. neolycoper-
sici is conferred by monogenic genes (Bai et al., 2005; Huang
et al., 2000; Li et al., 2007). The dominant resistance genes (0/-7,
0I-3, 014, OI-5 and 0I-6) confer race-specific resistance by ham-
pering the fungal growth via HR of the host epidermal cells,
whereas the recessive gene ol-2 confers resistance via papilla
formation (Bai et al., 2005). Our previous experiments have
shown a relationship between ROS production and Lycopersicon
spp. resistance to tomato powdery mildew (Mlickova et al.,
2004; Tomankova et al., 2006). This work aimed to determine the
possible role of NO in plant-pathogen interactions as well as
the local and systemic resistance of tomato. Three Lycopersicon
spp. genotypes, L. esculentum cv. Amateur (susceptible),
L. chmielewskii (LA 2663, moderately resistant) and L. hirsutum
f. glabratum (LA 2128, highly resistant) (Mieslerova et al., 2004),
were studied during the course of 216 h post-inoculation (hpi) by
0. neolycopersici.

Fig. 1 Schematic diagram of Lycopersicon esculentum cv. Amateur plant
with labelled leaves of interest: 1A, 2A, 3A, first, second and third leaves
above the inoculation site; 1B, 2B, 3B, first, second and third leaves below
the inoculation site.

RESULTS

The study of tomato reactions to powdery mildew infection was
focused on the determination of NO production in the leaf
extracts, estimated as arginine-dependent NO generation by the
oxyhaemoglobin method. Tomato plants at the stage of eight
true leaves were used for the experiments; only the fourth true
leaf counted from the base up was inoculated with conidia of
0. neolycopersici. During 216 hpi, NO production was monitored
separately in extracts of inoculated leaves and of three leaves
above and below the inoculated leaf (Fig. 1).

Local response to infection: NO production in the
extracts of inoculated leaves

Significant differences in the extent and timing of the increase in
NO production were found between susceptible and resistant
tomato genotypes. In the susceptible genotype L. esculentum cv.
Amateur, elevated NO production was observed only during the
early interval following inoculation, at 4-8 hpi (Fig. 2A). However,
a two-phase increase in NO production was detected in the leaf
extracts of both resistant genotypes (Fig. 2B, C). For L. chmielews-
kii (LA 2663), the first phase was detected between 4 and 72 hpi,
with a maximum at 24-48 hpi, whereas, for L. hirsutum f. glabra-
tum (LA 2128), the first phase culminated at 8 hpi. A pronounced
and continual increase in NO production started from 96 hpi for
both L. chmielewskii and L. hirsutum, and lasted up to the end of
the studied interval at 216 hpi.

© 2009 THE AUTHORS
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Systemic response to infection: NO production in the
extracts of uninoculated leaves

The temporal changes in NO production varied in individual
Lycopersicon spp. during the course of 0. neolycopersici patho-
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Fig- 2 Time course of relative changes In nitric oxide (NO} production
within the extracts of leaves of Lycopersicon spp. genotypes inoculated by
Qidium neclycopersicl and In adjacent leaves below and above the
inoculated leaf, Data represent the differences between infected and
control plants. &, Lycoparsicon ascufentum cv. Amateur (susceptible); B,

L. chmislewskii (LA 2663) (moderately resistant); C, L. firsutum 1. glabratum
(LA 2128) (resistant). O, adjacent leaf above inoculation site; @, inoculated
leaf; A, adjacert leaf below inoculation site. Results are given as the mean
+ standard deviation (n = 9), and values statistically significantly different
from the zero time point are marked as *P = 0.05 or **P =0.01.

genesis. For the first time, to our knowledge, we have demon-
strated a plant systemic response to pathogen infection in the
form of increased NO production in the extracts of uninoculated
distal leaves (Figs. 2A—C, 3A-C). In susceptible L. esculentum, a
peak of NO production was detected in the uninoculated leaf
above the inoculated leaf at 8 hpi (Fig. 2A), whereas hardly any
difference was recorded in the leaves below the inoculated leaf.
No changes were found at later stages of infection (Figs. 24, 3).
However, a biphasic increase in NO production was detected in
the moderately resistant and resistant plants, although with
different timing. In L. chmielewskii, the timing of NO production
changes differed between adjacent leaves above and below the
inoculated leaf {Fig. 2B). An earlier increase in NO production
with a maximum at 4 hpi was observed in the upper adjacent
leafin L. chmiefewskii, whereas the enhancement of NO produc-
tion in the lower adjacent leaf continued until the first maximum
at 48 hpi, analogous to the inoculated leaf The timing of the
second maximum of NO production was similar for adjacent
leaves both above and below the inoculated leaf at 168 hpi. In
L. hirsutum, the changes recorded in uninoculated leaves close
to the infection site were parallel for both the upper and lower
leaves, but differed in intensity. The first prominent increase in
NO production occurred at 8 hpi in all inoculated and adjacent
uninoculated leaves. However, the second maximum occurred at
72 hpi for uninoculated leaves (Fig. 2C), with a subsequent
decline at later stages, whereas, in the inoculated leaf, the
second increase was found at 168 and 216 hpi. In both resistant
tomato genotypes, the elevation of NO production was stronger
in the extracts of older (lower) leaves than younger leaves {from
the upper part of the plants}.

Variation among Lycopersicon spp. genotypes with regard to
changes in NO production in the extracts of both inoculated and
adjacent uninoculated leaves should be interpreted with respect
to the resistance mechanisms and dynamics of pathogen growth.
Two main phases of powdery mildew development can be recog-
nized: (i) early germ tube development [including conidia
germination (3-9 hpi), development of appressoria {6-12 hpi),
formation of haustoria (12-24 hpi} and the initiation of intensive
myceliumbranching (48-72 hpi)]; and (ii) late stages—mycelium
expansion or retardation by HR at 72-216 hpi (Fig. 3A-C). In
compatible interactions (L. esculentum—-0. neolycopersici), char-
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Fig. 3 Increase in nitric oxide (NO) production in the extracts of leaves of
Lycopersicorn spp. genotypes inoculated by Oidium neolycopersici, and in
three leaves below and above the inoculated leaf. The results are expressed
as the difference hetween infected and control healthy plants at 4 hpi (),
72 hpi (B) and 216 hpl (C), Lycopersicon escufentum v, Amateur [grey
column), £, chmiefewskl (LA 2663) (dotted column), £, birsutunt 1
glabratum (LA 2128) (black column). 1A, 24, 34, first, second and third
|eaves above the inoculation site; |, inoculated leaf; 1B, 2B, 3B, first, second
and third leaves below the inoculation site (see Fig. 1), Results are given as
the mean = standard deviation (n= 9}, and values statistically significantly
different from the zaro time paint are marked as *F = 0.05 or **# =0.01.

acterized by rapid pathogen growth and no HR, the increase in NO
production in leaf extracts was recorded only during pathogen
germination in the inoculated leaf and the upper uninoculated
leaves {Fig. 3A). In incompatible interactions (L. chmiefewskii,
L. hirsutum-0. neolycopersici), typified by the expansion of HR,
NO production in leaf extracts increased in the whole plant body
with pathogen germination (Fig. 3A). During later stages of
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Fig- 4 Relative changes in jn vitro nitric oxide (NO) production in a conidial
extract of the pathogen (&) and in an extract of Lycoparsicon chmiefewskif
(LA 2663) inoculated leaves at 24 hpi (B), and the effect of pretreatments
with MO-modulating compounds. The extracts were pre-incubated with

1 mm 2-(d-carboxyphenyl)-4,4,5,5-tetramethylim idazoline- 1-oxyl-3-oxide
(cPTIC) (specific NO scavenger), 1 mim N-nitro-L-arginine methylester
{L-NAME) or 5 mm aminoguanidine [nitric oxide synthase (NOS) inhibitors]
for 5 min prior to the measurement of enzyme activity. In the last variant,
L-arginine (NOS substrate) was omitted from the reaction mixture. The data
represent the percentage of NO production in pathogen () or plant (B)
exiracts in optimal reaction conditions (100%). The results are given as the
mean = standard deviation (n = 3 independert treatments)

pathogenesis, the reaction varied with the degree of host resis-
tance {Fig. 3B,C). At the end of the studied interval (216 hpi), the
enhancement of NO production was detected in the inoculated
leaves of both resistant genotypes, and in the moderately resis-
tant L. chmiefewskii also in uninoculated leaves close to the
infected leaf (Fig. 3C).

NO production in the extracts of pathogen
infection structures

The oxyhaemoglobin method was used to determine NO produc-
tion in extracts from 0. neolycopersici conidia (Fig. 44). NO
production in the extracts of pathogen conidia, used as inocu-
lum, reached 1.0 nmol/sfg fresh weight (FW) (Table 1}. Further
more, an estimation of the contribution of pathogen NO
production to the total value measured in the extracts from
inoculated leaves was performed. The amount of pathogen

© 2009 THE AUTHORS

MOLECULAR PLANT PATHOLOGY (2009) 10(4), 501-513 JOURNAL COMPILATION © 2009 BLACKWELL PUBLISHING LTD

-32-



NO production in tomato response to infection 505

Table 1 Comparison of in witro nitric oxide
{NO) production In the leaf extracts of control
and inoculated plants (8 hours post-inoculation,

MO production (nmolfsig FW)

L. ascufantum v, Amateur L. chmislawskdi (LA 2663)

hpiy and the extracts of pathogen conidia.
Control leaf

Inoculated leaf & hpi
Pathogen

0.146
0.172

0.0Mm 0,169 £ 0013
0.031 0.256 £ 0.042
0.0010 = 0.0003

I+ I+

conidia transferred to leaves of L. esculentum cv. Amateur by
surface contact during inoculation was estimated to bhe 1-2 mg
by the weight difference, which corresponds to 0.001-
0.002 nmol/s of pathogen NO production per gram of FW of the
inoculated leaves. At the time of inoculation, this value repre-
sents approximately 0.7% of the NO production in the extract of
an uninoculated leaf of L. esculentum cv. Amateur and 0.6% of
the activity in L. chmielewskii,

Identification of NO source in pathogen infection
structures and inoculated tomato leaves

The identity of NO as the compound reacting with oxyhaemoglo-
bin in the assay was confirmed by the complete loss of production
potential when the extractwas incubated with the NO scavenger
2-(4-carhoxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (cPTIO). Arginine-dependent enzyme activity as an impor-
tant source of NO was suggested by a 90% loss of activity in
experiments in which the NOS substrate L-arginine was omitted
from the reaction mixture (Fig. 4A). The competitive inhibitor of
animal NOS, A-nitro-L-arginine methylester (-NAME), decreased
the activity to 42%, and aminoguanidine, an irreversible inhibitor
of animal NOS, to 32%.

The effect of several pretreatments was tested to unveil the
NO origin in leaf extracts of L. chmielewskii (24 hpi) by the
oxyhaemoglobin method (Fig. 4B). in vitro NO production in
the extracts of inoculated leaves was decreased to 47% hy the
addition of the NO scavenger cPTIO. Similar results were
obtained with the application of I-NAME, which reduced the
activity to 43%, whereas aminoguanidine decreased NO produc-
tion to 27% (Fig. 4A, B). NO production was totally abolished in
the reaction mixture in the absence of the NOS substrate
L-arginine,

Histochemical localization of NO

In control, inoculated and systemic leaves of L. esculentum
and L. chmielewskii (8-216 hpi), the in vivo localization of
NO was followed by confocal laser scanning microscopy (Fig. 5).
The distribution of NO was studied by incubation with
the cell-permeable NO probe 4-amino-5-methylamino-2’,7'-
difluorofluorescein diacetate (DAF-FM DA). Usually, there was no
fluorescence signal detected within the plant tissues at 8 hpi
(Fig. 5A), or very weak in rare cases for L. chimielewskii (Fig. 5E).
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However, an intense green fluorescence of the NO probe was
found in germinating conidia, germ tubes and appressoria of
0. neolycopersici (Fig. 54, E). The specificity of the fluorescence
signal was confirmed by pre-incubation of leaf samples with the
NO scavenger cPTIO (Fig. 5C, G). The same results were obtained
after tissue pre-incubation with the NOS competitive inhibitor
I-NAME, which almost completely abolished the fluorescence
signal. The spatial distribution of the fluorescence signal inside
pathogen invasive structures was demonstrated by ‘2.5D" soft-
ware modelling, as illustrated by the volume model in Fig. 6.

No dramatic changes in NO localization were revealed during
the course of 0. neolycopersici pathogenesis, as demonstrated at
168 hpi (Fig. 7) and 216 hpi (Fig. 8). NO was localized within
pathogen mycelium (especially the tips of hyphae and haustoria)
in susceptible L. esculentum cv. Amateur (Figs 74, 8A), whereas,
in L. chimielewski, the fluarescence signal for the NO probe also
occurred in epidermal cells either in intimate contact with the
pathogen or adjacent to the infection site {Figs 7C, 8C). NO was
not detected in any of the adjacent uninoculated leaves below or
above the inoculation site by DAF-FM DA staining.

DISCUSSION

In this work, an increase in NO production was found in all
Lycopersicon spp. genotypes inoculated with 0. neofycopersidi,
although in a different manner with regard to intensity and
timing. A relationship between the developmental stage of the
pathogen, the timing of the increase in NO production and H,0,
accumulation, as well as the subsequent HR, has been shown by
previous and present experimental data. We have shown previ-
ously that key periods of 0. neolycopersici pathogenesis involve:
conidia germination {3-9 hpi}; development of appressoria
{6—12 hpi}; formation of haustoria (12—24 hpi); and the initiation
of intensive mycelium branching {4872 hpi) (Mieslerova et af,
2004; Mlickova et al, 2004). In all tomato genotypes, the first
increase in NOS-like activity is observed at 4-8 hpi, concurrent
with the oxidative burst (Tomankova ef a/,, 2006). This analo-
gous increase in NO production and accumulation of H;0; within
plant tissues is linked to the germination of conidia and the
formation of appressoria {Mieslerova et al.,, 2004). This pattern
of increase in NO production is similar to that detected by the
oxyhaemoglobin assay in soybean and tobacco cell suspensions
challenged with an incompatible strain of Pseudomonas syrin-
gae, where NO accurmulation reaches a maximum approximately
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Fig. & Spatial distrbution of nitric oxide (NO}specific fluorescence signal
within the germinating conidium of Oiium neciwopersici (8 hpi). The
2.50" wolume model was reconstructed from a series of 10 cross-sections
in LCS Imaris 5.0.3. software.

Fig 5 Histochemical detection of nitric oxide
(NO) production in the leaves of Lwopesicon
spp. inoculated with Qidivm necycopesicl

{8 hpi). Confocal fluorescence (8, C E, Gy and
light dfferential interference contrast (B, O, k. H)
microgrphs of L escofentem cu. Amateur
(A-Dhand L. dhmilensial (L8 2653) (E-H) leaf
tksues incubated with the cell-parmeable NO-
sensitive fluomscent dye d-amino-5
methylmine-2°, 7 difluorofluomescein diacetate
(DAF-FV DAY, Control specimens (2 D G, H)
were pre-incubated with the specific NO
scavenger 2-(d-carbosyphenylk4,4.5,5
tetramet hylimidazeling-1-omyl-3-oxide EFTIO).
Infection structures: a, appressorium; <,
conidium; gt, garm tube. Bar 20 pm.

1 hpiand is followed by a more intensive second burst of NO at
4-% hpi (Delledonne et af, 1998). Early NO production, known
as the NO burst, seems to be cosely related to the process of
recognition in race-specific interactions (Bennett et af, 2005;
Mur et af, 2006). The second and more intense increase in NO
production and Hy0; levels is coinddent with the period of
rryeelium branching, as the retardation of pathogen growth on
resistant plant leaves can be observed earier than HR symptoms
[Mieslerovd et al, 2004 Mligkovd et al, 2004). Similarly a tran-
sient NO burstis observed in barley epidermal cells infected by
the powdery mildew (Blumeria graminis £ sp.hordel) just prior to
their HR-associated collapse (Prats et af, 2005). The timing of
increased MO production and Ha0p production within tissues
of resistant tomato genotypes is consistent with the hypothesis
of essential cooperation of the two molecules in the HR process,
as shown in other pathosystems (Delledonne et of, 2002) Thizis
also supported indirectly by data obtained for the susceptible
Loesculentum ov. Amateur, where increased NO production was
recorded only early after inoculation and Ha0z accumulation only
during the later phase of 0 nealycopersicl pathogenesis In a
similar manner, an eatly MO burst and a subsequentwave of HO
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Fig. 7 Lecalzation of nitrc oxide (NO) at bter
stages of Qidivm neolwopersio pathogenesis
{168 hpi) on Lwopersicon escufentum .
Bmateur (8, Brand L. chmisfenst (LY 2663)
(€, 00 Confocal flucrescence (&, O and bright-
field differential interferance contrast (B, 00
micrographs of tissues stained with
Jeamino-S-methylamine-2°, F-difluorofluorescein
diacetate (DAF-FI D&). Infection structunes; a,
appressorium; €, conidium; gt, gem tube. Barg
50 .

Fig. & Lecalzation of nitrc oxide (NO) at kte
stages of Qidivm neofwopersicl pathogenesis
216 hpi) on Lwopersioon escufertum .
Amateor (&, By and {. chmiesensshii (LA 2663)
(C, Oy Confocal fluorescence (&, ) and bright-
field differential interference contrast (&, O)
mickagraphs of tissues stained with
Jeamino-S-methylamine-2°, 7-difluorofluorescain
digcetate (DAF-FM DAY, Bar, 50 pm.
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generation enhance the resistance of pelargonium to the
necrotrophic pathogen Botiytis cinerea (Floryszak-Wieczorek
etal, 2007).

The results of a study on the influence of the NO scavenger
¢PTIO and the superoxide dismutase (SOD)-catalysed dismuta-
tion of 05~ to H,0; has indicated that, in oat leaves, NO and O
may not trigger hypersensitive cell death in infected cells;
however, they play an important role in the induction of apop-
tosis in adjacent cells (Tada et af., 2004). In our host—pathogen
interaction, the highest production of O;~ was detected his-
tochemically in the inoculated leaves of susceptible L. esculen-
tum cv. Amateur during the first several hours after inoculation
(Mlitkova et al., 2004). The role of the possible synchronous
production of both O;~ and NO by increased NOS-like activity is
not so clear in this case. A slightly increased content of 0, was
also detected in the moderately resistant L. chmiefewskii,
whereas the 0, signal was low in the leaf tissues of resistant
L. hirsutum (Mlickova et al, 2004). The small amount of 0,
detected in the tissue of resistant plants might be related to its
rapid reaction, with possibly increased amounts of generated
NO. Recently, the formation of structural barriers by cell wall
modifications has been suggested to be controlled by the
balance of NO, H;0; and O, production in the initial phases of
the interaction of L. esculentum with Colfetotrichum coccodes,
the causal agent of anthracnose (Wang and Higgins, 2005a). The
generation of H,0; during the development of 0. neolycopersici
was shown to be strongly associated with HR and papilla for-
mation, and thus involved in tomato resistance to powdery
mildew (Li efaf., 2007). In contrast with our results, increased
levels of NO, decreased H,0; levels and, hence, accelerated infec-
tion development were reported in L. escufentum (cv. Perkoz),
susceptible to the necrotrophic pathogen Bofrytis cinerea {(Malo-
lepsza and Rozalska, 2005).

The study of NO production in tomato leaf extracts was
complemented by i vivo NO imaging of inoculated and systemic
tomato leaves, following incubation of the tissues with the cell-
permeable NO fluorescence probe DAF-FM DA. The data on NO
distribution acquired by confocal microscopy in vive are generally
consistent with the results obtained by the spectroscopic oxyhae-
moglobin method in vitro. In moderately resistant L. chmiefews-
ki, a weak fluorescence signal for NO was detected in a few cells
in contact with the pathogen structures at 8 hpi, whereas, at a
later stage of the 0. neofycopersici infection process (216 hpi),
more intense fluorescence was recorded. The production of NO in
plant cells within infected leaves presumably relates to the acti-
vation of local resistance mechanisms that involve an increase in
NO production. However, no fluorescence signal was recorded in
systemic leaves in which an in vitro increase in NO production
potential was determined. This could be explained by the hypoth-
esis that, in the systemic response, the increase in NO-generating
enzyme activity was not transduced into an increased NO level, or

that the increased NO amount was evenly distributed within the
whole leaf tissue and low NO concentrations were not sufficient
to produce a detectable fluorescence signal. As for susceptible
L. esculentum, NO was not localized in host tissues, hut was
documented within the pathogen mycelium and haustoria
(Fig. 8C). In vivo-recorded NO production by O. neolycopersici
was confirmed by the oxyhaemoglobin method in extracts from
pathogen conidia (Table 1, Fig. 4A). The involvement of the
enzyme with arginine-dependent NO-generating activity in the
pathogen production of NO was suggested in experiments in
the absence of the NOS substrate 1-arginine; moreover, NO pro-
duction in pathogen extracts was decreased by the application of
NOS inhibitors (Fig. 44). Thus, NO production by the endogenous
pathogen was expected to contribute to changes in total NO
production measured in homogenized tissues of inoculated
leaves (Table 1). To distinguish the NO production of the patho-
gen from that originating in plant leaves, a measurement per-
formed on the separate extracts of both partners is required.
Unfortunately, we were unable to separate the growing myce-
lium without damage, as the biotrophic pathogen lives in inti-
mate contact with host tissues. At least for the early stage after
inoculation, the contribution of pathogen conidia was estimated
from the specific NO-generating activities and the mean mass of
pathogen conidia transferred during inoculation, which seems to
represent 0.6-0.7% of total NO production. This is very low and
the results of confocal microscopy indicate an intense increase in
NO production within the mycelium during the infection process.
Unfortunately, this could not be measured in vitro as it is not
possible to cultivate viable biotrophs on artificial medium for
longer time periods. However, a notable conclusion is that the
specific enzyme NO-generating activity, when expressed per
grams of FW, is one order of magnitude higher in pathogen
conidia in comparison with untreated leaves. This may explain
why an NO-positive signal was observed in pathogen structures,
but was not detectable in tomato leaves using the DAF-FM DA
probe (Fig. 5).

Our findings indicate the importance of endogenous NO pro-
duction during powdery mildew development, as already
reported for lettuce downy mildew, Bremia lactucae (Petfivalsky
et al,, 2007}, Similarly, exogenous application of NO delayed the
germination of Cofletotrichum coccodes conidia, and treatment
with NO inhibitors accelerated germination, suggesting that NO
may have a regulatory effect on the processes of fungal patho-
gen germination (Wang and Higgins, 2005h). NO produced by
Blumeria graminis f. sp. hordei was detected recently by 4,5
diaminofluorescein diacetate (DAF-2 DA) and confocal micros-
copy, and was shown to be a pathogenesis determinant on
barley required for the formation of fungal appressoria (Prats
etal, 2008). Currently we are addressing this issue on the
model system of tomato leaf discs to investigate specific effects
of various NOS inhibitors and NO scavengers or donors on
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0. neolycopersici development. However, based on our experi-
ence, as well as discussions on the appropriate methodology
{(Jourd’heuil ef af, 2005; Planchet and Kaiser, 2006a; Planchet
etal., 2006), we strongly suggest more careful interpretation of
the data obtained exclusively by confocal microscopy using
diaminofluorescein derivatives.

In vitro NO production in the extracts of uninoculated leaves
was related to the level of tomato genotype resistance, and
points to a possible role of NO in the process of systemic signal
transduction throughout Lycopersicon spp. plants. The biphasic
timing of the increase in NO production seems to be charac-
teristic only for moderately resistant and highly resistant toma-
toes. The second phase of the NO production increase in the
extracts of uninoculated leaves shifts to earlier time intervals in
highly resistant L. hirsutum compared with moderately resis-
tant L. chmielewskii. This conditions the presumption of NO
participation, especially in the initiation of resistance mecha-
nisms, which are triggered rapidly by L. hirsutum. However, the
moderately resistant genotype L. chmielewskii showed
increased NO production in the extracts of adjacent leaves
compared with the inoculated leaf at 216 hpi also, when no
systemic response was recorded in the other genotypes
{Fig. 3C). In both moderately and highly resistant genotypes,
the increase in NO production was detectable at 4 hpi in rela-
tively long-distance plant organs, up to the third leaf above
and below the inoculated leaf (Fig. 3}. These results support the
hypothesis that the capacity to rapidly and continuously
increase local and systemic NO production by an arginine-
dependent NO-generating enzyme, as a response to pathogen
challenge, forms a part of the molecular basis of tomato resis-
tance to biotrophic fungi, at least to powdery mildew. NO is
likely to play both signalling and defence roles in the systemic
resistance of tomato plants. NO has been reported to be
involved in phytoalexin accumulation in potato tubers (Nori-
take et al,, 1996), and the application of NO triggered the bio-
synthesis of antimicrobial flavonoids in elicitor-treated soybean
cotyledons (Modolo etal, 2002). Systemic accumulation of
phytoalexins is one of the defence mechanisms suggested for
L. hirsutum (Mansfield, 2000).

This study did not address directly the nature and fate of
long-distance signals transferred from inoculated to distal unin-
oculated parts of a plant under pathogen attack. In some host—
pathogen interactions, it has been shown that interplay between
NO, salicylic acid and its conjugates plays a fundamental role in
SAR (Durner et al., 1998; Song and Goodman, 2001), although
the underlying mechanism has not been elucidated fully. Tomato
plants show spiral phyllotaxy, and the third leaf above is the
nearest orthostichous leaf to the inoculated leaf. Indeed, at
4 hpi, the highest systemic increase in NOS-like activity in sus-
ceptible and moderately resistant genotypes was ohserved in the
third leaf above the inoculated leaf, whereas the resistant geno-
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type showed an even stronger response in all three leaves below
the inoculation site {Fig. 3A). At later time intervals, the relation-
ship of the systemic response to vascular architecture is much
less clear and deserves further investigation. Similarly, the sys-
temic induction of proteinase inhibitor on tomato leaf wounding
was strongest in the third leaf above and lowest in the first leaf
above the wounded leaf (Orians ef al,, 2000). Conceming the
downward movement of systemic signals, electrical signals have
been described as important mediators of tomato systemic
response in both directions, as demonstrated for heat stimuliand
mechanical wounding (Heil and Ton, 2008; Pefa-Cortés et al,,
1995; Stankovic and Davies, 1998).

Several experiments were performed in order to confirm the
involvement of the NO-generating enzyme as the source of
increased NO production after tomato inoculation. Enzyme and
non-enzyme source(s) of NO in plant cells have been the subject
of a long-lasting debate with controversial results published
repeatedly (Crawford etal, 2006, Guo, 2006; Planchet and
Kaiser, 2006h; del Rio et al, 2004; Zemojtel et al., 2006). Using
the specific NO scavenger cPTIO, we aimed to confirm the reli-
ability of our experimental method based on the interaction of
NO with oxyhaemoglobin. Even at high cPTIO concentrations in
reaction buffer {up to 1 mm), we did not observe complete inhi-
bition of methaemoglobin production. This could be explained by
the much higher rate constant for the NO—oxyhaemoglobin reac-
tion than the NO—cPTIO reaction, and therefore much more
efficient scavenging of NO by oxyhaemoglobin in the reaction
buffer. As reported previously, NO-mediated oxidation of oxyhae-
moglobin to methaemoglobin proceeds with a specific rate con-
stant of 3.7 % 10’ M~ s7' (Gow et al,, 1999}, whereas the rate
constant for the reaction of nitronyl nitroxides with ¢PTIO has
been reported in the range (0.5-16) x 10* M~' s7' (Goldstein
et al., 2003). In our host—pathogen interaction, NO is likely to
be synthesized, in major part, by an arginine- and NADPH-
dependent enzyme(s) that could be inhibited by pretreatment
with the competitive inhibitor of animal NOS, 1-NAME, and the
irreversible inhibitor of animal NOS, aminoguanidine. The
involvement of arginine-dependent enzyme activity in NO pro-
duction was confirmed by the results obtained in the absence of
l-arginine and NADPH in the reaction mixture. Similar results to
those obtained by oxyhaemoglobin assay were determined by
the fluorimetric method using DAF-FM DA, both with respect to
differences between the activity values of control and infected
plants, and to their sensitivity to the NOS scavenger cPTIO and
NOS inhibitors I-NAME and aminoguanidine (data not shown).
However, the participation of other enzymatic and non-
enzyrmatic sources in basal orincreased NO production in tomato
leaves cannot be excluded. We can conclude that the identifica-
tion of NO sources in 0. neolycopersici pathogenesis on tomato
deserves further detailed study, with special focus on the nature
and localization of NO-generating enzyme activities in both leaf
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and pathogen cells, and the evaluation of the possible involve-
ment of other NO sources.

To summarize the results discussed above, our study has
confirmed the role of increased NO production, probably gen-
erated in major part by an arginine-dependent enzyme activity,
in the model pathosystem Lycopersicon spp.—0. neolycopersic.
For the first time, we have demonstrated a systemic plant
response to biotrophic pathogen infection in the form of
increased NO production /n vitro in the extracts of adjacent
and distant uninoculated leaves. The possible synergistic action
of NO and H;0; in the tomato response to powdery mildew
can be hypothesized on the basis of the results presented here
and previous investigations focused on ROS metaholism in the
plant-pathogen interaction (Mlickova etaf., 2004). In resistant
genotypes, increased NO production was observed on infec-
tion, in parallel with increased amounts of H,0;, and in two
specific time periods in both inoculated and distant uninocu-
lated leaves. Thus, NO and H;0; are likely to form an important
part of the molecular mechanism of tomato resistance to
0. neolycopersici.

EXPERIMENTAL PROCEDURES

Pathogen isolate

Oidium neolycopersici Kiss (isolate C-2) from the Czech
National Collection of Microorganisms UPOC (Clomouc) was
used for the experiments. The isolate originates from natural
infections of L. esculentum cv. Lucy plants grown in glasshouses
of the State Phytosanitary Administration (SPA, Olomouc, Czech
Republic) {Mieslerova efal, 2004). The pathogen was main-
tained and multiplied on 5-8-week-old plants of susceptible
L. esculentum cv. Amateur, grown under plastic covers in a
growth chamber with a 12-h photoperiod (light intensity
100 wmol/m?) and day/night temperature of 20/18 °C (Toménk-
ova ef al,, 2006).

Plant material

Three Lycopersicon spp. genotypes, L. esculentum (syn. Solanum
Iycopersicumy cv. Amateur, L. chmiefewskii (5. chmielewskii) (LA
2663), L. hirsutum (S. habrochaites) . gfabratum (LA 2128),
expressing differential phenotypes of resistance to 0. neolyco-
persici (Mieslerova et al., 2004), were studied. Seeds were sown
on moistened Perlite (Agroperlite, Novy Ji¢in, Czech Republic)
and seedlings were transferred to a garden soil-peat mixture
{2 1, viv} in plastic pots {7 em in diameter}. Plants were grown
in a growth chamber with a 12-h photoperiod {light intensity,
100 umol/m?) and day/night temperature of 20/18 °C. Plants
aged approximately 10 weeks (at the stage of eight true leaves,
Fig. 1) were subjected to the following experiments.

Procedures of inoculation, incubation and
sample collection

Freshly sporulating mycelium (8 days post-inoculation) of
0. neolycopersici (isolate C-2} was used as the source of inocu-
lum. The fourth oldest true leaf per plant was inoculated by
surface contact (dusting/tapping) with conidia of 0. neolycoper-
sici. Both inoculated and control plants of each genotype were
kept under plastic covers in a growth chamber at 20/18 °C with
a 12-hf12-h light/dark photoperiod. The inoculated leaf as well
as three leaves above and three leaves below the inoculated leaf
were collected separately at4, 8, 24, 48, 72, 96, 168 and 216 hpi,
immediately frozen in liquid nitrogen and stored at—80 °C. Plant
growing and inoculation procedures were repeated in three
independentexperiments, and for each data point corresponding
leaves from three plants were collected.

Preparation of plant extracts

Frozen leaf tissues were homogenized in chilled mortar
with  ice-cold 20 mM  N-2-hydroxyethylpiperazine-N'-2-
ethanesulphonic acid (HEPES) buffer {pH 7.5) containing 2 mM
ethylenediaminetetraacetic acid (EDTA}, 0.5% polyvinylpolypyr-
rolidone and 10% glycerol in a ratio of 1:2 {(wiv). Prior to
homogenization, 5 mM dithiothreitol (DTT), 2 mM aprotonin and
2 mn phenylmethylsulphonyl fluoride were added to the extrac-
tion buffer. Leaf homogenates were centrifuged at 16 000 g for
15 min at4 °C, and the supernatants were used immediately for
the determination of NOS-like activity.

Preparation of pathogen extracts

Extracts were prepared from frozen O. neolycopersici conidia
dabbed off 50 leaves of L. escufentum cv. Amateur with freshly
sporulating mycelium (8 dpi). Approximately 50 mg of pathogen
conidia was collected, frozen in liquid nitrogen and stored at
—80 °C. Conidia were processed as described for plant tissues,
except that horogenization with HEPES was performed in the
ratio of 1: 10 {wiv).

Pretreatment of leaf and pathogen extracts

Prior to the measurement of NOS-like activity by the oxyhaemo-
globin method, the extracts were pre-incubated with 1 mm
¢PTIO, 1 mM L-NAME or 5 mM aminoguanidine for 5 min.

Determination of NO production

NO production in plant or pathogen extracts was determined
spectrophotometrically by the oxyhaemoglobin method based on
the reaction of NO with oxyhaemoglobin to yield methaemoglo-
bin and nitrate (Hevel and Marletta, 1994). The reaction medium
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contained 10 um oxyhaemoglobin, 1 mM L-arginine, 1 mm CaCl,,
1 mv Mg™, 1 uM calmodulin, 140 pM NADPH, 1 um flavin
adenine dinucleotide (FAD), 1 puM flavin mononucleotide (FMN)
and 10 um tetrahydrobiopterin in 100 mm HEPES buffer, pH 7.5.
Norvaline as a competitive inhibitor of potentially interfering
tomato arginase was added at a final concentrationof 1 mm. SOD
(50 U} and catalase (100 U) were added to prevent interference
by 05~ and H.0.. All measurements were performed at37 °C, and
changes in absorbance were followed at A =401 nmevery 155
for 10 min on a Synergy HT microplate reader (Biotek, USA). All
measured values were subtracted from the blank values, where
the extracts were replaced in the reaction mixture by the same
volume of extraction buffer. Foreach variant, three measurements
for each of the above-mentioned three independent sets of
samples were conducted, i.e. nine values were obtained. The data
are presented as the mean = standard deviation.

NO production in the extracts was determined spectrophoto-
metrically also using the NO probe DAF-FM DA. The reaction
medium contained 10 uM DAF-FM DA, 1 mM L-arginine, 1 mi
CaCh, 1 mm Mg?', 1 uM calmodulin, 140 uM NADPH, 1 UM FAD,
1 M FMN, 10 M tetrahydrobiopterin, 1 mm norvaline, superox-
ide dismutase {50 U) and catalase (100 U) in 100 mm HEPES
buffer, pH 7.5. Fluorescence was measured in 10-min intervals
for 1 hin the dark at 37 °C by a Synergy HT microplate reader
{Biotek; excitation filter, 485/20 nm; emission filte, 516/20 nm).

Histochemical localization of NO

Pieces of tissue (approximately 1 x 1 mm) were cut off the control
and inoculated leaves of L. esculentum cv. Amateur and L.
chmielewskii (LA 2663) at8, 24, 48,72, 168 and 216 hpi. Samples
were incubated in a solution of the NO probe 10 1M DAF-FM DA
for 30 min, mounted on microscopic slides and subjected to
confocal laser scanning microscopy (Fluorview 1000 attached to
an inverted microscope IX81; Olympus C&S, Czech Republic).
Excitation was provided by a 488-nm line of an argon ion laser.
Dye emission was recorded using a 505-525-nm band-pass filter.
To adjust the correct intensity of the lasers, samples from control
uninoculated plants were examined at the beginning of the
experiment. Leaf samples treated for 30 min with 0.1 miM cPTIO
prior to staining served as negative control. To exclude sources of
NO other than the enzyrme with NOS-like activity, the tissues were
pretreated with 10 mm -NAME (competitive inhibitor of animal
NOS) and 10 mM aminoguanidine {irreversible inhibitor of animal
forms of NOS) for 30 min before staining.

Digital image processing

The spatial distribution of the NO-positive signal within samples
was studied by ‘2.5D" reconstructions from cross-section series in
LCS Imaris 5.0.3. software (Bitplane, Switzerland).
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Statistical analysis

The experimental data were analysed by the one-way analysis of
variance mode of the commercial software Statistica CZ v.8.0.
The homogeneity of experimental groups at individual time
points was compared by post hoc analysis of the corresponding
mean values by Fisher's least statistical difference procedure. The
significantly different values at the 0.05 and 0.01 probahility
levels are marked in the figures by single and double asterisks,
respectively.
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Abstract

The role of nitric oxide and reactive oxygen species, molecules indispensable for plant-pathogen
signalling, was studied in the Lactuca spp.-Bremia lactucae pathosystem. Using a leaf disc
model the translaminar effect of various compounds affecting the metabolism was studied by
light microscopy. Time course studies revealed a slowdown in the development of B. lactucae
(race BL16) infection structures by rutin (scavenger of reactive nitrogen and hydrogen species)
and SNP (NO donor) within 48 h post inoculation, followed by a retardation of sporulation.
Application of the specific NO scavenger, PTIO, accelerated penetration of B. lactucae but had
no further effects on the plant-pathogen interaction. Inhibitors of NO synthase (L-NAME) and
nitrate reductase (sodium tungstate) did not influence pathogen development. Our results
suggest that drastic change in the NO: hydrogen peroxide ratio seems to determine the
pathogens” fate. NO synthase-like activity significantly increased early after B. lactucae
challenge in resistant L. virosa. Confocal laser scanning microscopy revealed the accumulation
of nitric oxide in the penetrated cells, pointing to a role in the initiation of the hypersensitive
reaction. The tips of germ tubes and appressoria of B. lactucae also accumulated NO, also
suggesting an essential role for this molecule in penetration of the biotrophic pathogen.
Additionally, temporal changes in endogenous levels of rutin and quercetin in extracts from
Lactuca spp. leaves will be discussed in connection to their role as part of the antioxidative
machinery that influences the plants” susceptibility/resistance to lettuce downy mildew.

Abbreviations

DAF-FM DA 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate
hpi hours post inoculation

HR hypersensitive response

L-NAME N%nitro-L-arginine-methylester

NOS nitric oxide synthase

NR nitrate reductase

PTIO 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
PV primary vesicle

ROS reactive oxygen species

RNS reactive nitrogen species

SNP sodium nitroprusside

SD standard deviation

SV secondary vesicle
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Introduction

Throughout their co-evolution, plants and pathogens have continually confronted each other in a
struggle for growth and survival. Numerous components involved in pathogen perception,
signal generation and transmission, and activation of defence responses have already been
identified whilst others wait to be understood. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) rank among the crucial components of signalling pathways in stressed
plants (Delledonne et al. 2001, 2002; De Gara et al. 2003; Wendehenne et al. 2004; Yoshioka
et al. 2009; Zaninotto et al. 2006).

Nitric oxide (NO) is an essential regulatory molecule of plant immunity in synergy with
reactive oxygen species (Arasimowicz and Floryszak-Wieczorek 2007). Induction of local
biochemical defence responses in plant cells surrounding the infection site correlates with the
accumulation of RNS. NO as a significant component of signalling networks is able to diffuse
through membranes thanks to its hydrophobicity and small size (De Gara et al. 2003). The
production of NO in plants was shown to be catalyzed by nitrate reductase (EC 1.7.1.1.) and
nitric oxide synthase-like enzyme(s). However, the identity and structure of plant NO synthase
has not been elucidated so far (Corpas et al. 2009; Wilson et al. 2008). NO can be also
generated in plant cells by non-enzymatic processes like NO,  dismutation or reduction (Cooney
et al. 1994; Stohr and Ullrich 2002; Yamasaki 2000). In interactions with fungal pathogens
sensu lato ROS and RNS are required for the initial signalling between both partners as well as
for the activation of plant defence. Local generation of ROS is a typical feature of fungal
pathogenesis, related to the active penetration of host cells (Sedlarova et al. 2007; Tomankova
et al. 2006). In resistant plants ROS and RNS modulate gene expression, induce structural
defences or a local cell death, i.e. hypersensitive reaction (HR). Since the HR is accompanied by
the generation of excess amounts of oxidative molecules, the fate of cells surrounding the
infection site is determined by their ability to buffer this oxidative stress (Mur et al. 2008). Host
cell collapse generally coincides with cessation of the attempted colonization, thus biotrophic
pathogens must avoid triggering this process by, for example, elicitors released during cell wall
penetration (Panstruga 2003). Additionally, ROS have direct antimicrobial effects (Shetty et al.
2008). The strategy of biotrophs may involve reduction of oxidative stress in the penetrated cell,
e.g. by peroxidase production in the infection structures (Sedlatova et al. 2007). Antioxidant
mechanisms involve specialized enzymes (superoxide dismutase (EC 1.15.1.1), peroxidase (EC
1.11.1.7) and catalase (EC 1.11.1.6)), as well as non-enzymatic systems (ascorbate, glutathion,
a-tocoferol, B-caroten, phenolic compounds) (Blokhina et al. 2003; De Gara et al. 2003; Grace
2005).

Lettuce and its wild relative Lactuca spp. are threatened by Bremia lactucae infection that
causes downy mildew with enormous economic losses in crop yield (Lebeda et al. 2002). Due to
its high genotypic and phenotypic variability, this pathosystem is a widely used model to study
plant-biotrophic oomycete interactions from field to molecular level (Lebeda et al. 2008a,b).
The role of ROS and antioxidative enzymes in these interactions has been already shown
(Sedlafova et al. 2007). An intensive accumulation of H,O, early after inoculation was linked to
race-specific resistance by initiation of HR, although variations in timing and intensity were
found among genotypes. The tissues surrounding the HR showed an induction in antioxidative
capacity, mainly due to an increased POX activity. This allowed the confinement of the HR
cells with their excess in ROS. H,0, and POX were also observed in B. lactucae infection
structures during initial stages of the infection process (Sedlafova et al. 2007). Recently,
accumulation of NO in germ tubes, appressoria and penetration pegs of powdery mildew, was
proposed as an important determinant for successful invasion into host tissues (Piterkova et al.
2009; Prats et al. 2008).

Our recent work describes the role of NO in the development of infection structures of
downy mildew, Bremia lactucae, as well as in interacting host cells of Lactuca spp. The effect
of external application of compounds modulating NO levels was studied in a series of
experiments involving four Lactuca spp.-Bremia lactucae interactions with differential
phenotype of susceptibility or resistance.
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Materials and methods

Pathogen isolate

The experiments were performed with Bremia lactucae Regel race BL 16 (sextet code
EU-A63/31/02/00) from the collection of the Department of Botany, Palacky University in
Olomouc, included in the Czech National Collection of Microorganisms (collection number
UPOC-FUN-013). The isolate was maintained and multiplied on seedlings of susceptible
lettuce, L. sativa (cv. Cobham Green or cv. British Hilde), grown as reported previously
(Sedlarova et al. 2001, 2007).

Plant material and cultivation

Eight-week-old plants of Lactuca spp. genotypes with different phenotypes of response to
B. lactucae (race BL16) were used: susceptible L. sativa L. (UCDM2) and resistant L. sativa L.
(Mariska), L. saligna L. (CGN 05271) and L. virosa L. (NVRS 10.001 602). Histology of these
plant genotype-pathogen race interactions has been described previously (Sedlarova et al. 2007).
Plants were grown in a soil/peat (2:1, v/v) mixture in a growth chamber at 18/15 °C (day/night),
12 h photoperiod, irradiance of 100 pE.m™s” provided by warm-white fluorescent lamps.
Following inoculation, the cultivation temperature was decreased to 15/10 °C and the plants
were kept in dark during first 24 h to establish optimal conditions for pathogen development.

Inoculation, incubation and collection of samples
Whole plants/leaf discs were inoculated by spraying with a suspension of B. lactucae conidia in
distilled water (approx. 5x10° ml"') and further incubation followed previously described
procedures (Sedlafova et al. 2007). The 4™ to 6™ youngest leaves per plant were harvested 0, 4,
8, 24, 48, 72, 96, 168 or 216 h post inoculation (hpi), and either subjected to histochemical
staining followed by confocal microscopy or frozen in liquid nitrogen and stored at -80 °C until
enzyme activity or concentration of antioxidants was studied in the leaf extract.

For light microscopy experiments, leaf discs (12 mm in diameter), derived from 4"-6"
youngest leaf of a plant, were placed abaxial side up on wet filter paper in Petri dishes and
subsequently inoculated.

Modulation of NO levels
Most of the following chemicals were purchased from Sigma-Aldrich, Czech Republic, except
the glycerol (Tamda, Czech Republic) and NO-specific probe (Axxora, U.S.A.).

Different NO level modulators were applied to the filter papers under the leaf tissues in
Petri dishes. The filters were saturated with 10 ml of the solution to be tested. The final
concentrations of the studied substances were 0.1 mM SNP (NO donor), 0.1 mM PTIO (NO
scavenger), 0.1 mM rutin (NO/ROS scavenger), ]| mM L-NAME (NOS inhibitor), and 5 mM
Na,WOy (inhibitor of nitrate reductase). In case of enzyme inhibitors, the tissues were pre-
incubated 1 h in vacuum prior to the inoculation, other variants were inoculated directly. The
control leaf discs were incubated with deionised water. Leaf discs were collected 4, 8, 24 and
48 hpi. Each Petri dish contained five leaf discs from one plant for each time interval and three
Petri dishes per solution variant were used, i.e. each sample contained 15 leaf discs.

Light microscopy of B. lactucae development and Lactuca spp. tissue reactions

Leaf discs were fixed in 100% acetic acid for 2 days and then transferred and stored in
85% glycerol. Prior to observation the specimens were stained with 1% Aniline Blue (w/v).
Pathogen development and host tissue reactions were examined by light microscopy (Olympus
BX-60) and documented with a CCD camera (Olympus DP70; Olympus C&S, Prague, Czech
Republic). In each variant 5 leaf disc and 15 spores/infection sites per leaf disc were randomly
evaluated. The results were expressed as a mean frequency and standard deviation for each
substance and time interval.
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Statistical analysis

For each genotype the effect of the treatment on pathogen development and tissue response was
statistically analyzed using NCSS 2001 software (Kaysville, UT, U.S.A.). The frequency of
infection structures or hypersensitive cells was analyzed by ANOVA applying the Tukey-
Kramer multiple-comparison test. Significantly different mean values (at 0.05 level) were
marked by asteriscs in Figs. 2-5.

Localisation of NO production by confocal microscopy

Small pieces of Lactuca spp. leaf tissues were cut off plants or leaf discs incubated with either
water or modulators of NO production, incubated in 20 pM solution of DAF-FM DA (4-amino-
5-methylamino-2',7'-difluorofluorescein diacetate) (Axxora, U.S.A.) for 30 min, washed with
buffer and mounted in 20 mM K-phosphate buffer (pH 7.0) on microscopic slides and subjected
to confocal laser scanning microscopy (Olympus Fluorview 1000 attached to inverted
microscope IX81). Excitation was provided by the 488 nm line of an argon ion laser; a 505-nm
dichroic filter and 519-nm longpass emission filter were applied to detect the signal. The base
intensity of lasers was set according to samples from uninoculated plants at the beginning of
each experiment. Negative controls were pre-treated with NO scavenger (0.1 mM c-PTIO) or
NO synthase inhibitor (10 mM L-NAME) for 30 min prior to staining. The positive control was
pre-incubated with a NO generator (0.1 mM SNP) (Piterkova et al. 2009).

Preparation of plant extracts

Frozen leaf tissues were homogenized (1:2; w/v) with ice-cold 20 mM HEPES buffer, (pH 7.5),
containing 2 mM ethylenediamine tetraacetic acid (EDTA), 0.5% polyvinylpolypyrrolidone
(PVPP) and 10% glycerol in a chilled mortar. Prior to homogenisation, 5 mM dithiothreitol
(DTT), 2 mM aprotonin and 2 mM phenylmethylsulphonyl fluoride (PMSF) were added to the
extraction HEPES buffer. Leaf homogenates were centrifuged (16 000 x g, 15 min, 4 °C) and
supernatants immediately used for the determination of NO production.

Determination of NOS-like activity

NOS-like activity in plant extracts was determined spectrophotometrically by an
oxyhemoglobin method based on the reaction of NO with oxyhemoglobin to yield
methemoglobin and nitrate (Hevel and Marletta 1994) as previously described in tomato
(Piterkova et al. 2009). The reaction medium contained 10 uM oxyhemoglobin, 1 mM L-Arg,
1 mM CaCl,, 1 mM Mg*, 1 uM calmodulin, 140 uM NADPH, 1 uM FAD, 1 uM FMN and
10 uM tetrahydrobiopterin in 100 mM HEPES buffer, pH 7.5. Norvaline as a competitive
inhibitor of potentially interfering arginase was added to give a final 1| mM concentration.
Superoxide dismutase (50 U) and catalase (100 U) were added to prevent interference by O,”
and/or H,O,. All measurements were performed at 37 °C and the absorbance was determined at
A =401 nm on a microplate reader Synergy (Biotek, U.S.A.). The blank values were subtracted
from all measured values (leaf extracts replaced by the same volume of buffer in the reaction
mixture). For each variant, three measurements for each of the above mentioned three
independent sets of samples were conducted, i.e. nine values were obtained. Data are presented
as mean + standard deviation (SD).

Rutin and quercetin content in leaves

Leaf samples were frozen in liquid nitrogen and lyophilised. Dried leaf samples were pulverized
in a chilled mortar and transferred to plastic microtubes. Samples were extracted with 2 ml of
70% methanol by sonication (5 min) and incubation for 1h, followed by centrifugation (13000 x
g, 10 min, RT). Supernatants of methanol extracts were transferred to clean microtubes
and evaporated at 40 °C under a nitrogen stream. Samples were analysed by HPLC (system
Gold; Beckman, U.S.A.) on HS PEG column (150x4 mm, 5 um, Supelco, U.S.A.), using
isocratic elution with the mobile phase 50% methanol in 0.1 M formic acid at 30 °C. The
retention time of rutin and quercetin was 2.1 and 6.8 min, respectively. The amount of rutin and
quercetin in leaf extracts was quantified using a calibration set of commercial rutin and
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quercetin standards. Results were expressed as molar concentration per dry weight and represent
mean of 9 measurements and standard deviation.

Results

Development of B. lactucae infection structures and reaction of Lactuca spp. tissues
Germination and development of Bremia lactucae (race BL16) primary infection structures was
studied on leaf discs incubated with solutions of compounds that influenced NO concentration
within host tissues (Fig. 1). Pathogen spores usually germinate and form appressoria few hours
after inoculation (Fig. la, b). Penetration of epidermal cell is followed by development of
primary and secondary vesicles (Fig. Ic, e) and either 1/ further intercellular growth with
abundant haustoria formation in susceptible host tissues (Fig. 1d); or 2/ cessation of pathogen
growth in resistant plants often followed by hypersensitive reaction (Fig. 11).

Fig. 1 Infection structures of Bremia lactucae (race BL16) and response of Lactuca spp. tissues. a.
Germination. b. Detail of germ tube with appressorium on L. virosa (NVRS 10.001 602) 24 hpi. ¢, d.
Epidermal cells of susceptible L. sativa (UCDM2) penetrated by: ¢, primary infection structures 24 hpi
and d, haustoria 168 hpi. e. Onset of hypersensitive reaction in L. saligna (CGN 05271) 48 hpi. f. Late
stage of hypersensitive reaction in L. virosa (NVRS 10.001 602) 48 hpi. Infection structures: spore (S),
germ tube (GT), appressorium (4), primary vesicle (PV), secondary vesicle (SV), intracellular hypha (/H),
haustorium (H). The bar corresponds to 20um.

Pathogen germination on susceptible L. sativa (UCDM?2) and resistant L. sativa (Mariska),
L. saligna (CGN 05271) and L. virosa (NVRS 10.001 602) was recorded at 4 and 8 hpi (Fig. 2).
Application of the NO donor SNP reduced conidial germination. Rutin had an even stronger
inhibitory effect on germ tube formation in all genotypes, namely 4 hpi. Similarly, these
compounds reduced the penetration rate in all genotypes from 8 hpi on (data not shown). The
application of rutin had the opposite effect on L. saligna, where it intensified B. lactucae
penetration 24 hpi (Fig. 3). The frequency of primary vesicles was increased in PTIO (a specific
NO scavenger) - treated tissues, in all genotypes from 24 hpi (Fig. 3). The NOS inhibitor
L-NAME and the NR inhibitor sodium tungstate had no significant effect on B. lactucae
germination and primary vesicle development (Figs. 2, 3).
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Fig. 2 Germination of B. lactucae (race BL16) conidiosporangia on leaf discs of Lactuca sativa
(UCDM2, and Mariska), L. saligna (CGN 05271) and L. virosa (NVRS 10.001 602) incubated on
distilled water (control) and solutions of substances modulating RNOS level (SNP, PTIO, rutin, L-NAME
and sodium tungstate) 4 and 8 hpi. Data are given as mean+SD, n=15.
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Fig. 3 Penetration rate of B. lactucae (race BL16), expressed as percentage of epidermal cells in contact
with pathogen that contained primary vesicles. Leaf discs of Lactuca sativa (UCDM2, and Mariska),
L. saligna (CGN 05271) and L. virosa (NVRS 10.001 602) incubated on distilled water (control) and
solutions of substances modulating RNOS level (SNP, PTIO, rutin, L-NAME and sodium tungstate) are
compared 24 and 48 hpi. Data are given as mean+SD, n=15.

Development of secondary vesicles was not affected by PTIO; all other compounds

delayed growth and decreased frequency of secondary vesicles, especially in L. sativa genotypes
(Fig. 4). The strongest effect was recorded for rutin and SNP both 24 and 48 hpi. Additionally,
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variation in expression of HR (Fig. le, f) was evaluated by light microscopy in all samples.
Significant differences were recorded only for L. virosa (NVRS 10.001 602) 48 hpi, as
presented in Fig. 5. The proportion of infection sites with hypersensitively responding cells
(Fig. 5a) was significantly lowered by application of SNP, PTIO, L-NAME and strongest by
rutin. The average number of cells per HR (Fig. 5b) was increased by the enzyme inhibitors.
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Fig. 4 Proportion of epidermal cells with developed secondary vesicle of B. lactucae (race BL16). Data
recorded for leaf discs of Lactuca sativa (UCDM2, and Mariska), L. saligna (CGN 05271) and L. virosa
(NVRS 10.001 602) incubated on distilled water (control) and solutions of substances modulating RNOS
level (SNP, PTIO, rutin, L-NAME and sodium tungstate) are compared 24 and 48 hpi. Data are given as
mean+SD, n=15.
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Fig. 5 L. virosa (NVRS 10.001 602)-B. lactucae (race BL16) interaction 48 hpi: a, proportion of infection
sites with hypersensitive response of epidermal cells; b, average number of cells per HR. Leaf discs were
incubated on distilled water (control) and solutions of substances modulating RNOS level (SNP, PTIO,
rutin, L-NAME and sodium tungstate). Data are given as mean+SD, n=45.

Histochemical localization of NO in inoculated leaves

Localization of nitric oxide within tissues of Lactuca spp. and infection structures of Bremia
lactucae (race BL16) was studied by confocal laser scanning microscopy following staining
with the fluorescent probe DAF-FM DA (Fig. 6). Production of NO was observed in the

-50-



infection structures of B. lactucae grown both on susceptible and resistant genotypes, although
these differed in timing of the pathogen development. An intensive signal in the tip of the germ
tube and appressorium (Fig. 6a) indicates an essential role of the molecule in the process of
pathogen infection structures growth and penetration. A weaker NO signal was detected also in
developing primary and secondary vesicles (Fig. 6f), intracellular hyphae and in haustoria on
susceptible L. sativa (UCDM2) (Fig. 6d). In L. virosa (NVRS 10.001 602), a genotype with an
abundant hypersensitive response, NO was frequently localized in penetrated cells undergoing
HR before occurrence of detectable necrosis (Fig. 6b, ¢).

Fig. 6 Nitric oxide production in lettuce downy mildew and challenged host epidermal cells visualized by
confocal laser scanning microscopy. a. During germination the signal for NO was detected in B. lactucae
germ tubes and appressoria, L. virosa (NVRS 10.001 602) 24 hpi. b, c. In resistant genotypes NO
accumulates in pre-necrotic cells 24hpi: b, L. saligna (CGN 05271); ¢, L. virosa (NVRS 10.001 602). d.
Interestingly, signal for NO was found in epidermal cells of susceptible L. sativa (UCDM2) stressed by
formation of pathogen haustoria 168 hpi. e. At late stages of infection the autofluorescence of infection
structures within HR co-localized with f, a signal of NO-sensitive fluorescent dye DAF-FM DA, L. virosa
(NVRS 10.001 602) 168 hpi. Infection structures: spore (S), germ tube (GT), appressorium (4), primary
vesicle (PV), secondary vesicle (SV), intracellular hypha (/H), haustorium (/). Bar corresponds to 20pum.

Changes of NOS-like activity in leaves inoculated by B. lactucae

NOS-like activity was determined as L-arginine and NADPH-dependent NO production by the
oxyhemoglobine method in extracts of 4™-6™ youngest plant leaves during 216 hpi (Fig. 7). Four
Lactuca spp. genotypes involved in our study were characterized by differential basal levels of
NOS-like activity. The highest activity was found in non-infected plants of the resistant
genotypes of L. virosa (NVRS 10.001 602) and L. saligna (CGN 05271) whereas almost no
activity was detected in L. sativa genotypes 0 hpi (Fig. 7). Following inoculation, a rapid
increase in NOS-like activity was recorded in L. virosa (NVRS 10.001 602), to 300% of
constitutive level at 4 and 8 hpi. The activity rapidly decreased from 24 hpi to the level of
uninoculated plants. The resistant L. sativa (Mariska) displayed an increased activity of
NOS-like enzyme upon inoculation with a maximum between 48-168 hpi. On the other hand,
the NOS-like activity in resistant L. saligna (CGN 05271) with reduced hypersensitivity
moderately increased at 4 hpi but was lower again at later stages of infection process. Minor
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fluctuation of NOS-like activity characterized also susceptible L. sativa (UCDM2), with
moderate increase between 4-24 hpi and 72-216 hpi.
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Fig. 7 Changes in NOS-like activity in leaves of Lactuca spp. plants infected with B. lactucae (BL 16)
during 216 hpi. Data are given as mean+SD, n=9.
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Fig. 8 Content of rutin (a) and quercetin (b) in leaf extracts from plants infected with B. lactucae (BL 16)
(grey column) during 216 hpi. Controls are non-infected plants 0 hpi (black column). Data are given as
mean+SD, n=9.
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Rutin and quercetin content in leaves

Contents of rutin and its aglycone form, flavonol quercetin, were determined by HPLC analysis
in leaf extracts of Lactuca spp. plants during 216 h following inoculation by B. lactucae. The
highest level of rutin and quercetin, 2.4 and 7.5 mmol/g FW, respectively, was detected in leaf
tissues of L. virosa (Fig. 8). Rutin content decreased 24 hpi, however, increased during
48-216 hpi. Susceptible L. sativa (UCDM?2) was characterized by rather low constitutive level
of both compounds which increased at late stages of infection, 216 hpi. During pathogenesis of
B. lactucae on resistant L. sativa (Mariska) the content of both substances gradually decreased
to approx. 50% amount at 216 hpi. Intermediate levels of rutin and quercetin were found in
intact tissues of L. saligna (CGN 05271) which increased in infected plants starting at 24 hpi
and peaking at 48 hpi (Fig. 8).

Discussion

Histological and biochemical features of the Lactuca spp.-Bremia lactucae interaction, a model
plant-biotrophic oomycete pathosystems, have been studied intensively in our laboratory for
two decades (Lebeda et al. 2001, 2002, 2008b). It is a well accepted fact that spore germination
of the pathogen isolates reaches the highest rate on genotypes of the original host plant species
(e.g. Sedlarova et al. 2001). Thus, in the present study almost 100% of the conidiosporangia of
B. lactucae (race BL16) germinated on lettuce leaf tissues (cvs. UCDM2 and Mariska), whereas
on wild Lactuca spp. plants, L. saligna (CGN 05271) and L. virosa (NVRS 10.001 602), the
number was reduced to approx. 60%. B. lactucae germ tubes also had a reduced length on the
wild Lactuca spp. compared to L. sativa genotypes and the interspecific breeding lines (Lebeda
and Pink 1998), and significant differences in the length of germ tubes between seedlings and
adult plants of L. sativa were described (Lebeda and Reinink 1991). This can be explained by
leaf surface characteristics (composition of waxes, abundance of trichomes) that modify
attachment of spores and shorten water availability for their germination (Lebeda et al. 2001).

Although oxidative processes are considered as vital for plant resistance, including Lactuca
spp. (reviewed in Lebeda et al. 2008b), the importance of NO and ROS for oomycete
pathogenesis has not been reported in detail yet. In previous work (Petfivalsky et al. 2007) we
found that the processes localized outside of the leaves, e.g. germination and appressoria
formation are affected by the compounds infiltrated into leaves to a limited extent. Here, we
report that the number of germ tubes was significantly decreased only in tissues treated with
rutin 4 hpi. During penetration, the local concentrations of NO and ROS change due to a release
by both pathogen infection structures and host cells. Application of a NO donor or a strong
antioxidant (rutin) reduced the development of primary as well as secondary vesicles. The only
exception was an increase of the downy mildew penetration rate in L. saligna upon rutin
treatment. On the opposite, lower NO concentrations after PTIO application led to an increase in
frequency of primary vesicles.

The response of the individual lettuce genotypes to B. lactucae (race BL16) infection was
reported in a previous study (Sedlafova et al. 2001), where initiation of the HR was shown to
correlate with pathogen developmental stages rather than with real time of pathogenesis. Here
we show that application of NO level modulators mainly altered the response of plant genotypes
with a pronounced HR response, i.e. L. virosa (NVRS 10.001 602). NO level modulators
lowered the proportion of infection sites with HR but had only a minor effect on the extent of
the HR (Fig. 5). The synergistic action of NO and H,O, is believed to orchestrate the HR and
restrict pathogen invasion (Zaninotto et al. 2006), although the interactions between NO and
ROS are still a matter of discussion (Delledonne et al. 2003; Wilson et al. 2008). Interaction of
NO and H;O, leads to the production of either highly reactive singlet oxygen or hydroxyl
radicals, both of which can induce the processes of cell death. Reaction of NO with O, leads to
the formation of a strong oxidant compound, peroxynitrite (ONOO-; Saito et al. 2006).
Accumulation of superoxide has not been recorded in the Lactuca spp.-B. lactucae interactions,
however, H,O, production colocalizes with NO (Sedlafova et al. 2007). Excess amounts of
antioxidant, in the form of rutin solution applied to leaf tissues, diminished the HR in L. virosa
and concurrently retarded pathogen growth. A spectrum of methodological approaches to study
NO is available although the specificity of some is not yet clear (Miller and Chang 2007
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Vandelle and Delledonne 2008). We localized NO in the infected cells of resistant Lactuca spp.
before expression of symptoms as visualized by DAF FM-DA staining (Fig. 6b-d) which is in
agreement with previous experiments based on application of the most sensitive assays
(reviewed by Mur et al. 2006). This early NO burst has been reported to precede H,O,
generation, and in a plant-powdery mildew model it occurred about 6 h before the first visible
signs of cell death (Mur et al. 2006). There are indications that NO can affect the generation of
ROS, which are closely associated with the HR in plants. Zeier et al. (2004) demonstrated that
the pathogen-challenged nitric oxide dioxygenase transgenic lines of Arabidopsis exhibited not
only reduced NO generation, but also a reduced oxidative burst (decreased H,O, levels) and a
blockage of phenylalanine ammonia lyase expression in incompatible interactions with
Pseudomonas syringae. Interestingly, NO can influence apoptosis at many points and can be
either pro- or anti-apoptotic. In plants, there have also been reports of NO suppressing cell death
(Bethke et al. 2004). The relative concentrations of particular ROS and NO appear to be vital in
the initiation or suppression in cell death. Our results confirm the need for NO in plant race-
specific defence to oomycetes. However, no activation of host NO production has been found in
interactions between animals and pathogenic oomycetes (Phillips et al. 2008).

Recently, a special emphasis has been put on approaches taking into account the life
strategy of pathogens because huge differences exist in pathogen biology, physiology,
toxicology and the reactions of host plants (Glazebrook 2005). Nitric oxide was shown to
participate not only in plant resistance to biotrophic pathogens but also to necrotrophs. NO and
oxidative bursts were induced during compatible interaction of Nicotiana benthamiana with the
necrotrophic fungal pathogen Botrytis cinerea. NO was shown to play a pivotal role also in
basal defence against B. cinerea and PR-1 gene expression in N. benthamiana. By contrast,
ROS had a negative function in resistance, i.e. had a positive role in expansion of disease
lesions during the B. cinerea—N. benthamiana interaction (Asai and Yoshioka 2009).

Both partners in plant-fungus interactions have been shown to produce NO (Mur et al.
2006; Prats et al. 2008), thus, we expected a similar phenomenon in oomycete pathogenesis.
Our experiments showed a strong signal for NO in the apical parts of B. lactucae mycelium, tips
of germ tubes and appressoria, which is prerequisite for penetration (Fig. 6a). In compatible
interactions NO was detected also in haustoria (Fig. 6d) which indicates an involvement of NO
in pathogen development. Sources of NO in oomycetes have not been studied but the presence
of an enzyme similar to NOS is highly probable. Nevertheless, one methodological aspect of
our work may be a matter of discussion. We are aware that we measured NOS-like activity in
extracts of infected leaves that covers the enzyme activity from both organisms. However,
B. lactucae is biotrophic endoparasite which makes its cultivation or detachment off infected
tissues impossible (Lebeda et al. 2008b). Thus, we presume that application of constant
inoculum concentration and standard cultivation conditions diminished the variation among
genotypes. On the other hand, the influence of pathogen-derived enzyme activity might increase
with increasing pathogen biomass during infection, especially in the susceptible genotype
L. sativa (UCDM2) or the resistant L. saligna (CGN 05271), where B. lactucae (BL16) is
arrested at later stages of development (Sedlafova et al. 2001). However, tissue and cell
responses of non-host resistance of L. saligna accessions (Lebeda et al. 2001, 2002) are
different from race-specific and field resistance of L. sativa (Lebeda and Reinink 1994). In
L. saligna (CGN 05271) at 48 hpi significantly lower frequencies of hyphae and haustorium
formation were observed, however, higher a frequency of HR in infection sites, in comparison
with susceptible L. sativa (Lebeda and Reinink 1994). Nevertheless, there is also a large
variation in formation and development of infection structures and tissue response in different
accessions of L. saligna (Lebeda and Pink 1998; Lebeda and Reinink 1994; Lebeda et al. 2006)
showing delicate differences in metabolic pathways (including ROS and RNS metabolism) in
individual host genotype-pathogen race interactions (Sedlafova et al. 2007) primarily due to the
genetic background of these interactions (Zhang et al. 2009).

Our results suggest that plants use multiple ways for the synthesis of NO, the critical
molecule in plant-pathogen communication. Nitric oxide (NO) is a highly diffusible and short-
lived physiological messenger. Despite its diffusible nature, NO modifies thiol groups of
specific cysteine residues in target proteins and alters protein function via S-nitrosylation.
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Tyrosine nitration of proteins by NO was recently reported to be increased in susceptible but not
in the resistant cultivar of sunflower following downy mildew (Plasmopara halstedii) infection.
Therefore, post-translational protein modifications were proposed as a marker of nitrosative
stress in the plant—pathogen interaction (Chaki et al. 2009).

External application of rutin had a striking impact on B. lactucae development so we
analyzed the in planta concentrations among Lactuca spp. genotypes. Rutin, a plant flavonoid
glycoside with antioxidant properties utilized in human medicine, is composed of flavonol
quercetin and the disaccharide rutinose. Rutin helps to maintain levels of the biological
antioxidant reduced glutathione. Importantly, following nitrosation, both molecules may
become pro-oxidants (Laughton et al. 1989). Only minor increases in levels of both rutin and
quercetin in L. saligna tissues were recorded. Generally, there is no need to overstimulate the
antioxidant machinery in this genotype characterized by reduction of downy mildew without
large expression of HR (Lebeda and Pink 1998; Lebeda and Reinink 1994; Sedlarova et al.
2001). On the opposite, L. virosa is generally showing a high proportion of infection sites with
HR (Lebeda and Pink 1998; Lebeda et al. 2006), expressed also phenotypically as tissue
necrosis (Lebeda et al. 2002; Norwood et al. 1981). Tissues of this species are rich in both rutin
and quercetin as there is a necessity to protect tissue surrounding HR cells. Higher levels of both
antioxidants were found in the resistant cv. Mariska that decreased during the course of downy
mildew infection. In the susceptible cv. UCDM?2, an increase was found very late after
inoculation (216 hpi), probably induced in order to buffer oxidative stress linked to B. lactucae
intercellular growth. Our results show evidence for a dual (dose-dependend and balanced) role
of NO and ROS in this host-pathogen interaction, summarized as follows. In L. virosa (NVRS
10.001 602) high levels of rutin together with phenolic acids (Griz and Sedlafova,
unpublished), and peroxidase activity (Sedlafova et al. 2007) are important components of
resistance mechanisms that buffer oxidative molecules released in relation to: 1/ B. lactucae
penetration of epidermal cells to limit formation of infection structures; 2/ the onset of HR
following B. lactucae recognition in the cytoplasm. Intensive hydrogen peroxide release in
L. virosa leads to HR which often involves more than one cell from not only epidermal but also
mesophyll tissue, in comparison to other resistant Lactuca spp. genotypes (Lebeda and Pink
1998; Lebeda et al. 2006; Sedlatova et al. 2001). On the other hand, still little is known about
the physiology and biochemistry of resistance mechanisms of L. saligna to downy mildew,
which is primarily characterized by limited HR (Lebeda and Reinink 1994; Lebeda et al. 2001,
2002) and minor changes in all of parameters investigated so far (Sedlarova et al. 2007; this
paper). However, recent genetic investigations suggest that non-host resistance in L. saligna is
the results of cumulative effects of many QTLs (at least 15) differentially operating at various
developmental stages (Zhang et al. 2009). This is also supporting our recent biochemical data
and their variation.

In many plants, resistance has been associated with a higher activity of antioxidant
enzymes (peroxidase, catalase, superoxiddismutase) or antioxidant substances (Bolwell
and Daudi 2009). However, there is no such direct link between any of the above-mentioned
traits and susceptibility/resistance in Lactuca spp.-B. lactucae. Lettuce genotypes differ from
other wild relative Lactuca spp. in many physiological features (Lebeda et al. 2008b). These
differences demand further detailed study of specific host-pathogen interactions and various
developmental stages. HR-based resistance in L. virosa as well as non-HR resistance in
L. saligna is promising alternatives to be utilized in lettuce resistance breeding (Lebeda et al.
2009).
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5. Kombinace teplotniho stresu a patogeneze

Na rostliny Casto plisobi soucasné ruzné abiotické a biotické stresové faktory. Jednim
chladovy stres. Vystaveni rostlin témto stresovym podminkam vede ke zvyseni tvorby
reaktivnich forem kysliku a dusiku. Dusledkem vystaveni rostlin chladovému stresu je
zpomaleni metabolismu, a modifikace membranovych lipidi a dal$ich dulezitych molekul. Za
chladnych a mrazivych podminek byla také pozorovana zména exprese nékterych gend a
detekovana syntéza novych proteini zahrnutych v rezistenci rostlin vii¢i témto stresim (Foyer
et al., 2002; Thomashow, 1999).

Teplotni stres spolu s dal§imi stresy zplsobuje denaturaci nebo agregaci proteind
vedouci az k bunééné smrti a indukuje zvySenou expresi "heat shock" proteini (Hsp) (Lindquist
& Craig, 1988; Parsell & Lindquist, 1993). VétSina Hsp je v zivych organismech pfitomna
konstitutivné. ZvySenou produkci Hsp indukuji rizné podnéty, napf. ptirodni nebo stresové
podminky (vysoké teploty, téZké kovy nebo detergenty) nebo patofyziologické podminky
(virova infekce). U vySsich rostlin je produkce Hsp indukovana teplotami kolem 38 — 40 °C
(Iba, 2002). Heat shock proteiny, jejichz zvySend produkce je charakteristicka pro teplotné
stresované organismy, pusobi v regulaci membranové fluidity a homeostaze proteini a
v ochrané¢ pred bunécnou smrti (Parsell & Lindquist, 1993). Hsp funguji jako molekularni
chaperony, které jsou dilezité pro spravné posttranslacni sloZeni proteint, a stimuluji opravné
mechanismy. Spolu s Hsp jsou v rostlinné obranné reakci na teplotni stress exprimovany také
LEA proteiny, dehydriny a ubiquitin (Huang & Xu, 2008). Vysoka teplota u rostlin indukuje
oxidativni stress jako dusledek akumulace ROS a RNS (Larkindale & Knight 2002; Vacca
et al., 2004). Vyssi obsah NO byl pozorovan v bunkach listd tabaku vystaveného vysoké teploté
(Gould et al., 2003). Vliv kratkodobého teplotniho stresu na zvySenou produkci NO byl také
zaznamenan u vojtéSky (Leshem, 2001). Byla navrZena role NO jakozto signalni molekuly
aktivujici obranny antioxida¢ni systém v obrané rostlin vii¢i oxidativnimu stresu vyvolanému
teplotnim stresem (Song et al., 2006).

Hsp jsou klasifikovany do péti tfid na zaklad¢ jejich molekulové hmotnosti: Hsp100,
Hsp90, Hsp70, Hsp60 a nizkomolekularni Hsp (Becker & Craig, 1994; Raska & Weigl, 2005;
teplotnim stresem, hraji totiz roli v ochrané proteinll pred agregaci, jsou zapojeny do skladani
proteinti a tvorby jejich nativni konformace. Hsp70 se Gi¢astni transportnich procesi, usnadiuji
proteolytickou degradaci nestabilnich proteini jejich nasmérovanim do lysosomti nebo
proteasomii (Frydman, 2001; Hartl, 1996; Iba, 2002). Rada proteinii Hsp70 rodiny je zapojena
do transportu a translokace proteinti do chloroplastti a mitochondrii (Huang et al., 1999; Zhang

& Glaser, 2002) a do mezibunécného pienosu proteinti pres plasmodesmata (Aoki ef al., 2002).
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5.1 Vysledky

Vysledky jsou detailné prezentovany formou ¢lanku, ktery tvori ptilohu 5.

Druhy tématicky projekt fe$i problematiku reakce rostlin vystavenych puasobeni
souCasnému, pripadné naslednému vlivu riznych stresovych faktord. Po vystaveni genotypi
S. lycopersicum cv. Amateur a S. chmielewskii kratkodobému pusobeni teplotniho stresu byly
rostliny, ptfipadné listové disky inokulovany patogenem O. neolycopersici. Zaméfili jsme se na
detekci vlivu teplotniho stresu a patogeneze na produkei signalnich molekul NO a H,0, a
Hsp70. Dale byl studovan vliv modulatorti koncentrace ROS a RNS na reakei rostlin (produkci
Hsp) vystavenych plsobeni danych stresovych faktori. Ziskané vysledky byly sepsany formou
¢lanku a jsou ptipraveny k odeslani do redakce (viz. Priloha 5).

Experimenty byly provedeny na listovych discich na zakladé metodickych postupti
realizovanych ve fytopatologickych laboratorich, umoznujicich aplikaci testovanych latek
k listovému pletivu. V1liv mechanického poSkozeni pletiva pii piipravé listovych diskd byl
testovan v experimentu porovnavajicim produkci Hsp70 po aplikaci kratkodobého teplotniho
stresu u intaktnich rostlin a listovych diskid. V ptipadé listovych diskt byl detekovan narust
produkce Hsp70 jako disledek mechanického poskozeni rostlinného pletiva. Po aplikaci
teplotniho stresu byl zaznamenan dal$i vyznamny narust produkce Hsp70. Metodou Western
blot byl prokazan vliv abiotického stresu, biotického stresu a jejich kombinace a regula¢ni vliv
koncentrace ROS a RNS na expresi Hsp70. Béhem experimentu byly detekovany dva proteiny
Hsp70 rodiny li§ici se molekulovou hmotnosti: teplotné-inducibilni protein Hsp72 a
konstitutivné exprimovany protein Hsp75. Vlivem mechanického poskozeni a patogeneze
dochazelo ke zvySeni exprese Hsp75, teplotni stres aktivoval zejména produkci Hsp72. Byla

nalezena korelace mezi piisobenim ROS a RNS a expresi Hsp70.
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PRILOHA 5

Nitric oxide influences Hsp70 accumulation in tomato leaves
in response to mechanical injury, heat shock and pathogen

infection

Jana Piterkova, Zuzana Matulkova, Lenka Luhova, Barbora Mieslerova and

Marek Petiivalsky

Plant Cell and Environment
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6. Studium ulohy reaktivnich forem kysliku a dusiku pri
regeneraci protoplasti a obranné reakci vyvolané

pusobenim tézkych kovii

Protoplast je rostlinna buiika zbavena bunécné stény. Protoplasty mohou byt izolovany
mechanicky nebo enzymaticky (Davey et al., 2005; Navratilova, 2004). K enzymatické
degradaci bunééné stény slouzi zejména celulasy (EC 3.2.1.4) a hemicelulasy (EC 3.1.1.73),
které rozru$i vlastni bunéénou sténu, a pektinasy (EC 3.2.1.15) zajist'ujici rozpusténi stiedni
lamely a tim rozpad pletiva na jednotlivé bunky (Davey et al., 2005; Navratilova, 2004). K
izolaci protoplasti 1ze pouzit také macerozym R-10 (smés pektinasy, celulasy a hemicelulasy)
(Navratilova, 2004) a driselasu (EC 3.2.1.23) (Gajdova et al., 2007). Protoplasty je mozno
izolovat z riznych rostlinnych pletiv a organd, vSechny bunky v rostlinném organismu jsou
totipotentni. Nejvhodnéj§im zdrojem bunék pro protoplastové kultury jsou vSak malo
diferenciované bunky, napi. embryonalni nebo meristematické (Petiek et al., 2006; Davey et al.,
2005). Uspé&snost izolace protoplastl je ovlivnéna fadou faktorti. Patii mezi né napf. rostlinny
material (druh, kultivar) a jeho fyziologicky stav, teplota, slozeni enzymatickych smési, doba
pusobeni enzymt, pH a osmotické podminky b&hem izolace (Navratilova, 2004; Davey et al.,
2005). Proces regenerace rostlin z izolovanych protoplastli zahrnuje tfi na sebe navazujici faze:
s rozdilnym obsahem auxin®, cytokininti a osmotik (Nagata & Takebe, 1971). Protoplasty
bun¢k jsou ve fazi GO. K jejich navraceni do bunécného cyklu je tieba specifickych podnéti
fyzikalniho nebo chemického charakteru (napft. sloZeni média — vhodna koncentrace riistovych
latek). Tyto podnéty mohou byt pfi¢inou, pro¢ se nedafi vzdy indukovat bunéné d¢leni
(Navratilova, 2003).

Protoplasty maji po jejich izolaci a nasledné kultivaci schopnost dediferenciace, mohou
znovu vstoupit do bunécného cyklu, a poté proliferovat nebo se regenerovat v rizné organy,
nebo dat vzniknout novym rostlinam (Grafi, 2004; Davey et al, 2005). Dediferenciace
protoplastii  je charakterizovana rovnovahou mezi rozvolnénou a kondenzovanou
(heterochromatinem) ¢asti genomu. Dekondenzace heterochromatinu protoplasti Arabidopsis je
doprovazena strukturnim uvolnénim centromernich (180bp), pericentromernich a 5S rDNA
repetici, a také transpozont lokalizovanych na chromocentrech listt (Tessadori e al., 2007).
Prestoze dekondenzace heterochromatinu v protoplastech byla jiz popsana (Tessadori et al.,
2007; Ondfej et al., 2009), divody této relaxace (plus proces rekondenzace a vliv na

diferenciaci protoplastil) jsou stale pfedmétem debaty.
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Rostlinné protoplasty predstavuji unikatni a jednoduchy bunéény systém, ktery je
vhodny pro vyzkum v mnoha oblastech moderni biotechnologie. Nejc¢astéji jsou protoplastové
kultury vyuZzivany napf. pii studiu syntézy bunécné stény a transportu pres bunécnou sténu.
Pouzivaji se také pii somatické hybridizaci (fuze protoplastll), inkorporaci exogenniho
genetického materialu (cybridizace) nebo genové transformaci rostlin (Navratilova, 2004;
Davey et al., 2005). Rostlinné protoplasty jsou také pouzivany pii studiu abiotického stresu,
napf. stresu tézkymi kovy (Parys ef al., 1998), teplotniho (Dong ef al., 2007) a salinitniho stresu
(Lynch et al., 1989). Cerstvé izolované protoplasty byly také vyuzivany jako univerzalni
bunéény systém pro studie mechanismt bunééné signalizace u rostlin (Sheen, 2001).

Protoplastové kultury byly jiz pfipraveny z fady druhii jednodéloznych i dvoud€loznych
rostlin (Davey et al., 2005). Rod Cucumis zahrnuje nékolik agronomicky dilezitych plodin,
které by mohly vyuzivat vlastnosti jinych divokych druhti Cucumis spp.. Kvuli velkému
mnozstvi problémil vSak bézné kiizeni u nich neni mozné. Pouziti somatické hybridizace pro
tok genti mezi druhy je zavislé na schopnosti protoplastti regenerovat bunéénou sténu, podléhat
bunéénému déleni a regenerovat se v rostlinu. Na rozdil od rodt Solanum a Brassica, u kterych
byl potvrzen pienos rezistence nebo novych kvalitativnich vlastnosti u somatickych hybridd,
byly pokusy pouziti této metody u Cucurbitaceae pro pienos rezistence z divokych druht
zna¢n¢ neuspéSné (Lebeda, 1999). Jednim z divodi tohoto neuspéchu mize byt béhem
kultivace nebo izolace protoplasti vznikajici oxidativni stres (Papadakis & Roubelakis-

Angelakis, 2002).

Zivotni prostfedi dnes obsahuje velké mnozstvi toxickych latek. Kadmium, rtut
a jiné kovy, unikajici z primyslovych provozi, zneistuji vodu, pudu i vzduch. Rostliny jsou
tak vystaveny vys§im koncentracim kovi, coz ovliviiuje jejich rust a produktivitu. Aby rostliny
prezily v prostiedi tézkych kovil vyvinuly riizné adaptacni mechanismy. Rostlinné strategie, jak
omezit fytotoxicitu téZkych kovil zahrnuji sniZzeni ptijmu kovovych iontt, jejich uloZzeni do
vakuoly, chelataci s proteiny bohatymi na cystein jako jsou fytochelatiny nebo metalothioneiny,
nebo oprava poSkozenych bunéénych slozek (Clemens, 2001; Hall, 2002; Wang et al., 2004).
Kadmium je neesencidlni kov znamy svym silnym fytotoxickym tc¢inkem. Rostliny mohou
kadmium piijimat velmi rychle pfes Ca®" kanily nebo pienaseée (Clemens, 2001) nebo
pienaSeCe jinych kovil, napf. zinku (Korshunova et al, 1999). V bunce je kadmium
akumulovano ve vakuole nebo okoli bunééné stény (Ma et al., 2005; Ramos et al., 2002).
Kadmium ovliviuje piijem vody a zivin z pidy, otevirani stomat a aktivitu fotosyntetického
aparatu (Clemens, 2006). Kadmium je také schopné vytésnit vapenaté ionty z kalmodulinu a
interferovat tak s buné¢énou signalni kaskadou (Rivetta et al., 1997). Jednim z pfedpokladanych

mechanismu toxicity kadmia je zvySena produkce ROS a oxidativni stres. Indukce oxidativniho
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stresu kadmiem zahrnuje zvySenou produkci peroxidu vodiku a superoxidu a podporu lipidové

peroxidace (Garnier et al., 2006; Kopyra et al., 2006; Rodriguez-Serrano ef al., 2006).

6.1 Vysledky

Vysledky jsou detailné prezentovany formou ¢lanku, které tvoii piilohy 6, 7 a 8.

Experimenty v ramci tohoto projektu, ktery fesi problematiku tlohy ROS a RNS pii
regeneraci protoplasti a vlivu toxickych kovii na bunéfnou suspenzi, byly realizovany na
modelovém systému Cucumis sativus. Uloha NO v regeneraénim procesu protoplastii byla
studovana s vyuzitim modulatorii koncentrace aktivnich forem kysliku a dusiku v kultivacnim
mediu. Byla prokazana ucast RNS a ROS pfti regeneraci protoplasti C. sativus a Uzky vztah
mezi produkci oxidu dusnatého a tvorbou RNS a ROS. Pii vysSich koncentracich NO byl
pozorovan jeho antioxidacni uCinek. Intenzivni tvorba mikrokalusit byla detekovana v
kultiva¢nim mediu se snizenou hladinou NO. Z dosazenych vysledki je zfejmy regulacni vliv
NO na regeneraéni proces po izolaci protoplastl a na intenzitu bunééného déleni. Ziskané
vysledky byly sepsany formou ¢lanku a jsou ptipraveny k odeslani do redakce (viz. Ptiloha 6).

V ramci feSeni disertacni prace jsem se také zapojila do studie vlivu oxidativniho stresu
na rekondenzaci repetitivnich sekvenci v jadru rostlinného protoplastu. V tomto experimentu
byla vedle porovnavani hladiny rekondenzace chromatinu strovni oxidativniho stresu,
ovlivnéného aplikaci antioxidantd pfipadné schopnostmi aktivace antioxida¢nich systému
protoplasti béhem prvnich 72 hodin jejich kultivace, sledovana také de- a re-kondenzace
satelitni DNA typu I a 5S rDNA repetitivnich sekvenci. Bylo demonstrovano, ze kultivace
protoplastti s kyselinou askorbovou nejen snizila hladinu oxidativniho stresu, ale také pozitivné
stimulovala expresi askorbatperoxidasy a katalasy, vedla k vétsi rekondenzaci chromatinu ve
srovnani s protoplasty kultivovanymi bez kyseliny askorbové, a navic také podporovala
bunéénou proliferaci. Z vysledkti vyplyva, Ze rozsahla relaxace genomu je spiSe spojena
s oxidativnim stresem nez s rozsahlymi zménami genové exprese. Vysledky této studie byly
publikovany v Casopise Journal of Experimental Botany (viz. Ptiloha 7).

Dale byla studovana role ROS a RNS vreakci bunécné suspenze C. sativus na
pritomnost kadmia v ristovém mediu. Zkoumali jsme produkci RNS a ROS a vliv latek
znamych jako modulatory koncentrace RNS a ROS na rust a zivotnost bun¢k okurky seté.
V ranné fazi reakce bunék vystavenych plsobeni kadmia byla pozorovana zvysena produkce
RNS a ROS a intenzivni bunééna smrt. Po delSim vystaveni bunék pisobeni kadmia doslo
k poklesu produkce RNS a ROS. Kadmiem indukovany nariist produkce NO byl lokalizovan
v chloroplastech a ROS zejména v cytoplasmé. Pro stanoveni zapojeni RNS a ROS v reakci

bun¢k C. sativus na stres kadmiem byl pouzit lapaé NO cPTIO, inhibitor NO synthasy
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L-NAME a donor NO GSNO. Pozorované zmény zivotnosti a rdstu bunék nebyly piimo
spojeny se zménami produkce RNS a ROS. Dlouhodobé vystaveni pisobeni kadmia inhibovalo
bunééné deleni a dediferenciaci. Zvysena produkce NO patii k rannym reakcim rostlinnych
bun¢k vystavenych kadmiu a je spojena s ¢innosti enzymu s NO synthasovou aktivitou.
Vysledky této studie potvrzuji roli NO jakozto medidtora signalizace a odezvy rostlinnych
bun¢k na kratkodobé a dlouhodobé pilsobeni kadmia. NaSe poznatky také pfispivaji
k porozuméni fytotoxicity kadmia a mechanismiim G¢inku kadmia na rist a vyvoj rostlinnych
bun¢k. Vysledky ziskané v tomto experimentu byly sepsany formou ¢lanku a jsou pfipraveny

k odeslani do redakce (viz. Ptiloha 8).
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Abstract

Protoplast cultures are remarkable examples of plant cell dedifferentiation. The state of dedifferentiation is evidenced
by changes in cell morphology, genome organization, as well as by the capability of protoplasts to differentiate into
multiple types of cells {depending on the type of the stimulus applied). The first change in the genome structure is
connected with large-scale chromatin decondensation, affecting chromocentres involving various types of these
repetitive sequences. This paper describes not only the de- and recondensation of satellite DNA type | and 5S rDNA
repetitive sequences, but it also compares the recondensation level of chromatin with the levels of oxidative stress
which were decreased by using an antioxidant, as well as the capabilities of the antioxidative systems within
protoplasts, during the first 72 h of their culture. It is demonstrated that the treatment of protoplasts with ascorbic
acid not only decreased the level of oxidative stress but also positively stimulated the expression of the ascorbate
peroxidase and catalase. It also led to a greater recondensation of the chromatin (when compared to the untreated
protoplasts); in addition, it supported cell proliferation. It is concluded that large-scale genome relaxation is more
directly connected with oxidative stress than with large changes in the expression of genes; and further, that its
recondensation is related to the start of (as well as the level of) protection by the antioxidative systems.

Key words: Chromatin, nuclear organization, oxidative stress, protoplasts.

Introduction

Plant protoplasts (plant cells devoid of a cell wall) represent
a very spectacular example of cell dedifferentiation. After
their isolation and subsequent culture they have the
capability to dedifferentiate, re-enter the cell cycle, and then
proliferate or regenerate into the various organs. They can
also make new plants in the same way as zygotes (Grafi,
2004). This is one reason that protoplast cultures are such
valuable tools for biotechnological applications such as
somatic hybridization, increasing genetic variability by
somaclonal variability, and genetic transformation
{Debeaujon and Branchard 1992; Rakoczy-Trojanowska,
2002; Navratilova et al, 2006). However, in many plant
species, a high level of protoplast recalcitrance occurs
(Papadakis and Roubelakis-Angelakis, 2002).

Protoplast dedifferentiation is characterized by a new
balance between the less-dense portion of the genome and
that which is condensed and with transcription repressed
(heterochromatin). The heterochromatin decondensation of
Arabidopsis protoplasts is accompanied by the structural
relaxation of centromeric {180 bp), pericentromeric, and
5S rDNA repeats, as well as transposons localized at the
chromocentres of leaves (Tessadori er al, 2007). Although
the phenomenon of heterochromatin decondensation in
protoplasts has recently been clearly described (Tessadori
et al, 2007; Ondfej et al, 2009), the reasons for this
relaxation (plus the process of the recondensation, together
with its influence on protoplast differentiation) remain an
open question.

Abbreviations: Al, after isolation; ROS, reactive oxygen species; APX, ascorbate peroxidase; CAT, catalase; H.DCF DA, 2, 7-dichlorodihydroflucrescein diacetate.

2010 The Author(s}.

This is an Open Access article distributed under the tenms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is propeily cited.
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This study is supportive of the hypothesis that there is
a correlation between the recondensation of the chromatin
in protoplast nuclei with the levels of oxidative stress in the
protoplast cultures. As is generally known, oxidative stress,
resulting from an imbalance between reactive oxygen species
(ROS) generation and the antioxidant capacity of cells, has
been proposed as contributing to the recalcitrance of plant
protoplasts (reviewed in Papadakis and Roubelakis-Angelakis,
2002). The ROS superoxide anion radical (O3 ), hydrogen
peroxide (H,0,), and hydroxyl radicals (-OH) are inevitably
produced in higher plant cells during normal metabolism.
Their production is enhanced during situations of stress
such as drought, salinity, high and low temperatures, UV or
ozone stress, as well as pathogen infections. ROS limit the
spread of the pathogen by a strengthening of the plant cell
walls and/or the killing of the pathogens directly; however,
they also act as signalling molecules during biotic and
abiotic stresses. In the same way as during a pathogen
attack, ROS is generated during the enzymic maceration of
the cell walls during protoplast isolation (reviewed in
Papadakis and Roubelakis-Angelakis, 2002).

Materials and methods

Protoplast isolation and culiure

Seeds of Cucumis sativus L. {(cv. Marketer; SEMO Ltd., SmrZice,
Czech Republic) were sown, under sterile conditions, on half-
strength MS medium (Duchefa). After germination, the seedlings
were planted on MS medium (supplemented with 20 g 1 ' sucrose,
0.8% agar, 0.049 pmol | ' IBA, and 0.044 umolfl BA) in plastic
boxes. The plants were cultivated in a culture room with a 16 h day
(light intensity 32-36 umol m 2s 1), and a temperature of 22+2 °C.
The leaves of the plantlets were chopped and digested in
a maceration enzyme mixture containing 1% (w/v) Cellulase
Onozuka R-10 (Duchefa) and 0.25% (w/v) Macerozyme R-10
{Duchefa), and then dissolved in PGly washing solution (Debeaujon
and Branchard, 1992). The pieces of leaves were incubated in the
enzyme mixture for 16-17 h in the dark at 27 °C. The protoplasts
were isolated according to Gajdova et al (2007), and then
resuspended (2x10° protoplasts ml ') in LCM1 culture medium
(Debeaunjon and Branchard, 1992) supplemented with 0, 100, and
200mg | ! of ascorbic acid in order to get the experimental series.

Fixation, fluorescence In situ hybridization (FISH), image acquisition

Freshly isolated protoplasts and cells from protoplast cultures at
24, 48, and 72 h after protoplasts isolation were fixed in ethanol:
acetic acid (3:1 v/v) (EAA), and prepared for FISH. Cells from the
cultures were treated with a solution of 1% Pectinase and 2%
Cellulase Onozuka R-10 (Duchefa) for 15 min at 37 °C, to remove
newly synthesized cell walls. Young leaves were also fixed in EAA,
and then macerated in a solution of 1% Pectinase from Aspergillus
niger (Serva) and 2% Cellulase for 30 min at 37 °C. They were then
gently squashed in 45% acetic acid, next washed in 96% ethanol,
and then dried and prepared for FISH.

FISH was carried-out on the interphase nuclei of the leaves,
protoplasts, and protoplast-derived cells, with the slight modifica-
tions of the hybridization protocol used by Ondrej et al (2008).
The probe for telomere-associated regions was prepared by PCR
amplification of the satellite DNA type I repeats (Ganal et al,
1986) from genomic DNA using primers: forward 5'-CTG-
GGTGGCCTCATTTTG-3" and reverse 5'-GACCTTTGGCAC-
CGTTGT-3". The PCR products were identified by electrophoresis

on 2% agarose gel, then purified (Gene Elite PCR Clean-Up Kit,
Sigma), and finally labelled with a Biotin-nick translation kit
(Roche) according to the manufacturer’s protocol. The probe for
58 rDNA was prepared by DIG-labelled PCR using primers:
forward 5'-GATCCCATCAGAACTCC-3' and reverse 5'-GGT-
GCTTTAGTGCTGGTAT-3'. The hybridized probes were de-
tected wusing mouse anti-digoxin rhodamine red-X-conjugated
antibody and extravidin conjugated with FITC (Jackson Immunor-
esearch Laboratories, Inc.). Nuclei were counterstained using DAPT,
diluted in Vectashield (Vector Laboratories, Burlingame, CA), in
order to reduce photobleaching.

Image acquisition was carried out with a fluorescent microscope
(Olympus BX 60) fitted with a CCD camera (Cool Snap, Photo-
metrics). The images were analysed with ImageJ freeware (http://
rsb.infonih.gov/ij/index.html). The relative signal area was calcu-
lated as a percentage of the signal area (yellow or red signals of
satellite DNA type I and 58 rDNA) in relation to the total area of
DAPI stained nuclei. The data were presented as the mean plus
errors and treated by one-way ANOVA analyses (Daniel’'s XL
Toolbox version 2.57; http://xltoolbox.sourceforge.net).

ROS measurement

The concentration of H,O, in the cell suspension of protoplasts
was determined fluorimetrically using the fluorescent probe
2 7-dichlorodihydrofluorescein diacetate (H,DCF DA). H,DCF
DA can permeate through the cell membrane into the cell, where it
can there be metabolized by cell esterase into H,DCF. Then,
H,DCF is oxidized by reactive oxygen species into fluorescent
DCF (Gomes et al., 2006). The H,O, assessments were performed
on a Synergy microplate reader (Biotek, USA). Into 100 pl of cell
suspension, 5 ul of 0.2 mM fluorescent probe H,DCF DA was
added. The fluorescent signal (hey—485 nm and Aeyn—515 nm) was
measured immediately after the probe’s addition, as well as after
1 h of cell suspension incubation at 26 °C in the dark. For each
variant, three measurements, for each of the above-mentioned
three independent sets of samples, were conducted (i.e. nine values
were obtained). The data were presented as a mean+standard
deviation.

Localization of ROS production

The sedimented protoplasts were resuspended in PBS (pH 7.0) and
then incubated in 1 mM Hoechst 33342 (Sigma-Aldrich, USA) for
20 min to stain the nuclei and in 20 pM solution of H,DCF DA
(Axxora, USA) for 10 min to visualize H,O, inside the cells.
Samples were subjected to confocal laser scanning microscopy
(Olympus Fluorview 1000 attached to inverted microscope IX81).
Excitation was provided by the 405 nm diode laser {for DNA
staining) and the 488 nm line of an argon ion laser (for H,O,
detection). Dye emissions were recorded using 430-470 nm and
505-525 nm band-pass filters, respectively. To adjust the correct
intensity of the lasers, control samples without fluorescent probes
were examined at the beginning of experiment.

Real-time PCR of ascorbate peroxidase and catalase

Total RNA was isolated from the young leaves of plantlets
cultivated under sterile conditions and from freshly isolated
protoplasts derived from protoplasts cultured using the Spectrum
Total RNA isolation Kit (Sigma), and subsequently treated by
RNAse free DNAse (Promega). RNA was reversely transcribed
into ¢cDNA by oligo dT(18) primers and a Transcriptor High
Fidelity cDNA Synthesis Sample Kit (Roche). In order to describe
the expression level of the cytosolic ascorbate peroxidase (acces-
sion number D88649) and catalase (accession number D63385) at
each time point of the media series, a LightCycler 2.0 instrument
(Roche) was used. The quantified cDNA was used as a template
in order to perform the series of amplification analyses
using 2 SYBR Green I containing kit and specific primers: APX,
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forward 5'-CTCTGGTGGTCACACATTGG-3' and reverse
5'-CCTCATCGGCAGCATATTTT-3'; CAT, forward 5'-TTGA-
CGATATTGGCATCC-3' and reverse 5'-TAGCATCTTCCTC-
CAGCA-3'. The LightCycler Software 4.1 was used to get Cp,
amplification, and the melting curves. The relative quantification
was performed, in which the measured Cp for the leaves was taken
as the standard.

Results
Oxidative stress in protoplasts

The protoplasts of cucumber were isolated from the
mesophyll tissues originating from the young leaves of
plantlets cultured in vitro. The viability of the isolated
protoplasts was about 80% (estimated by FDA staining).
Protoplasts were obtained in normal yields (2-5x10° cells
27! of donor tissug) and were of normal size and shape
(spherical). Immediately after isolation of the protoplasts,
the ascorbate acid antioxidant was added to the culture
media, in order to obtain the concentration series of 0, 100,
and 200 mg 17! of media. The detection of ROS was
performed for the whole concentration series at four time
points 0, 24, 48, and 72 h after isolation (AI). The results
(summarized in Fig. 1A) demonstrate a decreasing tendency
of the ROS level in the protoplasts in relation to the AA

2
3

Relative fluorescence _

concentration and the time of culture. Only for the pro-
toplast cultures without AA, were the highest levels of ROS
measured 24 h Al Protoplasts cultivated for 24 h in the
medium with 100 mg 17" of AA showed the same level of
ROS as measured in freshly isolated protoplasts. Histo-
chemical detection of ROS using confocal microscopy
(Fig. 1B) not only showed ROS decreasing during pro-
toplast cultivation, as described by fluorimetric ROS de-
tection, but it was possible to localize ROS within the cells.
The ROS were mostly found in the cytosol, chloroplasts, as
well as in the nuclei.

Thus, real-time PCR for the quantification of the
cytosolic ascorbate peroxidase (APX) and catalase (CAT)
transcripts was performed. The results show that the
transcript level of APX in freshly isolated protoplasts
decreased in relation to the leaves (Fig. 2A). Moreover, the
expression of ascorbate peroxidase was not detected at 24 h
Al, throughout all of the concentration series. The expres-
sion of CAT was not detected in freshly isolated protoplasts
or in protoplasts 24 h Al in all of the concentration series
(Fig. 2A—C). These facts correlate with the ROS measure-
ment where protoplasts in the medium without AA display
the highest level of ROS; indicating that the stress defence
apparatus is not switched on at that time. At the following
two time points, protoplast cultures with the addition of
AA differed from cultures without AA in both their

Fig. 1. The RGS measurement and cellular localization. The subset (&) shows measurements of ROS during protoplast culture (72 h) in
relation to AA treatments (0, 100, and 200 mg | ). The values marked with an asterisk were significantly different from values obtained in
freshly isolated protoplasts (P <0.05). The subset (B) shows not only the level of ROS in the cells, in relation to the time of culture and
AA concentration, but also demonstrates the localization of ROS within cells. The highest intensity signals of the ROS (green) are visble
in freshly isolated protoplasts and protoplasts at 24 h Al localized mostly in chloroplasts, cytoplasm, peroxisomes, and also in nuclei that
were stained by Hoechst {blug). The subset (C) demonstrates a part of the protoplast populations in cultures without AA and 100 mg |
AA occurring between 24-48 h Al. These types of protoplasts are characterized by high ROS content and enlarged weakly stained
nuclei or without nuclel. The subset (D) displays, separately, a proliferation for 2 week cultures of protoplast-derived cells, compared to
the AA treatment. Application of AA led to the increasing amounts of microcalll. The scale bar=10 um.
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Fig. 2. APX and CAT expression profile in protoplast cultures, treated and untreated with AA. The subset (A) demonstrates the relative
qguantification of the APX (circles) and CAT (triangles) transcription by RT-PCR for protoplasts, during their culture and AA application.
The transcription level was related to the expression measured in the leaves. The circles and triangles (marked in red) demonstrate
down-regulation of AP expression; the green ones up-regulation. The subset (B) shows amplification and melting curves from RT-PCR
experiments and (C) shows the size of RT-PCR products of APX and CAT for leaves (L) and protoplasts at 72 h Al (P). The PCR products
of APX and CAT using genomic DNA as a APX template displaying intron are also shown.

expression level and tendency. Protoplasts not treated with
AA started slowly to switch on the expression of APX and
CAT at 48 h Al, and reached the expression level of leaves
at 72 h AL By contrast, protoplasts treated with AA rise
above the APX and CAT expression level of leaves at 48 h
Al and the low level of ROS led to the down-regulation of
APX and CAT expression at 72 h AT (Fig. 2A-C).

The level of the AA also influenced the subsequent
proliferation of the cultivated protoplasts. As demonstrated
in Fig. 1D, the highest proliferation capacity was observed
for protoplasts cultivated in medium supplemented by
100 mg 17" of AA. Lower concentrations decreased the level
of proliferation.

Chromatin de- and recondensation

To study the level of the changes of chromatin condensa-
tion, both the satellite type I and 535 rDNA repetitive
sequences were selected. Figures 3 and 4 demonstrate and
summarize the relative level of de- and recondensation of
the studied repeats in leaves, protoplasts at the same time-
points, as well as the concentration series when the levels of
ROS and antioxidative enzymes expression were measured.
Freshly isolated protoplasts and protoplasts up to 24 h after
their isolation showed as significant the highest levels of 55
rDNA and satellite type I DNA decondensation, compared
with leaf nuclei and satellite type T DNA and also in

relation to other time points of protoplast cultivation
(Figs 3, 4). Satellite type I DNA also displayed four huge
signals at the nuclear periphery (characteristic for this
period of protoplast culture). This signal configuration
became condensed into smaller ones during subsequent
culturing (Fig. 3). Increases in the relative amounts of
58 rDNA signals in the protoplast nuclei at 48 h after
isolation is significantly connected with replication during
the S phase, through which the protoplasts had passed.
58 rDNA showing double dots at this time (Fig. 3) are
replicated earlier then satellite DNA type I (of heterochro-
matin origin) at a time when the nuclear volume (in this
case area) had not fully increased (as the result of whole
genome replication). This could misrepresent the relative
area of 58 rDNA at this time point. The strongest
recondensation levels for both types of DINA were achieved
at 72 h Al at the time when the S phase had finished
(double dots signals, two nucleolei) (Figs 3, 4). The changes
in chromatin de- and recondensation levels at most time
points were statistically significant (Fig. 4A).

The AA treatment supported recondensation of both
types of repetitive sequences (statistically significant for the
72 h time point); however, the nuclei of protoplasts treated
with 200 mg 17! of AA displayed higher levels of chromatin
decondensation than that measured for the 100 mg 17!
concentration. The highest level of repetitive DNA decon-
densation was observed during the peried from protoplast
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sat I type DNA

L ]

58 rDNA

protoplast 0 hrs

Fig. 3. The de- and recondensation of satellite DNA type | and
55 rDNA sequences in protoplast nuclel during the first 72 h of the
culture and leaf nucleus. The figure shows nuclel blue), satellite
DNA type | (green), and 58 rDNA (red) condensation levels.
Satellite DNA type | (green) display the highest decondensation
after protoplast isolation, and during the first 24 h of the culture.
The massive signals were located at four locations within the cell
nucleus. Subsequently, these signals started to disintegrate and to
form a greater number of smaller signals. The relaxation of

55 rDNA (red) was not as extensive as that observed for satellite
DNA type I; the largest relaxation occurred at 24 h and 48 h into
the culture. The double-dot signals indicate that the S-phase

has passed and were observed at 48 h and 72 h Al. The scale
bar=10 pm.

isolation, until 24 h Al. This period corresponds to the time
of the highest level of ROS, and the lowest expression of
APX and CAT; revealing the connection between chroma-
tin decondensation and oxidative stress in protoplasts. The
period between 24 h and 48 h Al is characterized by a high
variability of chromatin recondensation within the cell
population (Fig. 4B). The cell population could be divided
into two groups: the less condensed (6% with more of the
relative area for satellite type I repeats, and 1% and greater

for 58 rDNA) and more condensed ones (less than 6% of
the relative area for satellite type I repeats and less than 1%
for 58 rDNA). The highest number of the cells with more
condensed chromatin was found for protoplast cultures
treated with 100 mg 17! of A and the lowest for cultures
without AA (Fig. 4B). ROS localization by the confocal
microscopy also revealed protoplasts with high levels of
ROS across the whole cell and with totally decondensed,
enlarged, and weakly stained nuclei (or without them);
indicating the degradation of nuclei including chromatin in
protoplasts undergoing high oxidative stress (Fig. 1C).

Discussion

The results presented here demonstrate that chromatin de-
and recondensation correlate with the level of oxidative
stress as well as the reactivation of the antioxidative
systems. A common feature of in vitro cultures, including
protoplasts, is the increased rate of ROS production, and
also the accumulation of ROS. The extent of damaging
effects of ROS depends upon the effectiveness of the
antioxidative systems, which include low molecular mass
antioxidants (ascorbate, glutathione, carotenoids), as well
as several antioxidative enzymes (ascorbate peroxidase,
glutathione reductase, catalase, superoxide dismutase)
(reviewed in Bat'kova er al, 2008). In agreement with the
results reviewed by de Marco and Roubelakis-Angelakis
(1999), the application of ascorbate reduced the ROS level
in protoplasts during the cultivation period; the reactivation
of APX and catalase followed. However, a decrease of
cytosolic APX expression in AA-treated protoplasts 72 h Al
was determined; this could be connected with the ascorbate
cycle in the cells. Protoplasts treated with AA displayed
reduced ROS levels. This could lead to the depletion of the
reduced ascorbate, on which the APX activity depends.

Moreover, it has been proposed that a reduced form of
ascorbate, in contrast to an oxidized one, is required for cell
division and to promote cell cycle progression in competent
cells (Potters ef al., 2000). Thus, protoplast cultures without
AA treatment lack ascorbate to protect themselves from
oxidative stress. They also did not proliferate in the experi-
ments as much as was observed for AA treatments.
However, the expression of APX at 72 h Al was reduced.
The preservation of the ROS and levels of the reduced form
of ascorbate were sufficient for the rapid cell proliferation
of the AA-treated protoplasts.

Oxidative stress has been proposed as the main factor
responsible for the recalcitrance of plant protoplast differenti-
ation. It has been demonstrated that oxidative stress could
cause cell death of protoplasts in a manner similar to the
hypersensitivity responses during plant pathogen attacks
{Maccarone et al, 2000; Papadakis and Roubelakis-Angelakis,
2002). Cell death is clearly characterized by DNA fragmen-
tation and ladder formation during DNA electrophoresis
{(Maccarone ¢t al, 2000). In this work, the chromatin
changes under oxidative stress were studied directly in the
cell nucleus. It was noted that heterochromatin organized in
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Fig. 4. The subset (A) shows the calculated differences in the condensation level {mean of relative area of the signals+standard errors) of
the studied sequences in relation to the time of culture and AA treatments (0, 100, and 200 mg | ). For statistical analysis, cells from
multiple experiments were pooled together for each expermental group and a one-way ANOVA test was performed. The statistically
significant differences of condensation levels {(marked by bracket with an asterisk =P <0.06) were found for most of the time points,
freshly isolated protoplasts and leaves. The condensation levels in relation the concentration of AA significantly differs just for 72 h and for
satellite DNA type | repeats. The subset (B) shows protoplast population variability during the time of cultivation and AA treatment. The
protoplasts were divided Into five categories according to the condensation level (relative area of the signals) of satellite DNA

type | (categories: |, 0>3.00; II, 3.01-6.00; I, 6.01-8.00; IV, 8.01-10.

lll, 1.01-1.50; IV, 1.51-2.00; V, 2.01<).

the chromocentres had undergone intense decondensation
during protoplast isolation, and this had been observed for
protoplasts of several species {Zhao er al, 2001; Tessadori
et al., 2007; Ondiej ef al., 2009). As shown here, this decon-
densation persists at an extreme level for the first 2 d of the
cultivation, timed with maximum ROS occurrence; thereaf-
ter, the chromocentres started to reassemble, when the
S-phase had passed. Subsequently, the protoplast-derived
cells re-enter into the cell cycle and began to divide (Ondfej
et al., 2009).

Several theories have been proposed to explain such
massive chromatin decondensation. The decondensation is
often connected with cell reprogramming and dediffer-
entiation at this stage of protoplast regeneration (Exner and
Hennig, 2008). However, it has been documented that
decondensation of the chromatin did not dramatically
change the expression profile of protoplasts, and the up-
regulation of the expression is connected with genes involving
cell wall reconstruction and the cell eycle. Moreover, the
chromocentres that were mainly affected by decondensation

00; V, 10.01<) and 53 rDNA (categories: |, 0=0.50; I, 0.51-1.00;

represent the constitutive heterochromatin—gene pure and
the silent parts of the genome (Avramova, 2002; van Driel
and Fransz, 2004). Further, the decondensed chromatin still
retains its characteristics, with unchanged epigenetic markers
(Tessadori er al., 2007). It has been demonstrated here that
two repetitive sequences (58 rDNA satellite DNA type 1
located in chromocentres) are significantly less decondensed
in relation to AA treatment, ROS level, and the reactivation
of the antioxidative systems. It has also been shown that
oxidative stress is connected with DNA damage, not only in
the chloroplasts (Kim e/ @/, 2000), but alse in cell nuclei
(Mancini ¢t al, 2006) and in reaction to pathogen attacks
(Sedlatova ef al, 2007). Thus, large-scale decondensation of
the chromatin could promote DNA damage as a response to
cell wall degradation; or as a response to substances
occurring in enzyme solution for cell wall degradation, which
could behave as pathogen elicitors.

Overall, the results of this work have shown that large-
scale decondensation of the chromatin within protoplast
nuclei and the subsequent reassembly is connected with the
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levels of oxidative stress and the antioxidative systems.
Reassembly of chromocentres (Ondfej ef al, 2009) and an
adequate dose of antioxidants could promote the re-entry
into the cell cycle and the subsequent proliferation rate. It is
hypothesized that the limitation of large-scale chromatin
decondensation can also reduce the induction of changes in
the genome, leading to the somaclonal variation known
from plant biotechnologies. These changes are often associ-
ated with cytogenetic abnormalities, including changes in
the ploidy level, chromosomal rearrangement, activation of
transposons and retrotransposons, leading to mutations
when transpesed into genic regions (Grafi, 2009).
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7. Role oxidu dusnatého v procesu Kkliceni v prostredi

salinitniho a osmotického stresu

Stres ze sucha (také osmoticky stres) je jednim z faktord negativné ovliviujicich
produktivitu zemedélskych plodin. Klesajici vakuolarni turgor indukuje syntézu ABA, ktera
nasledné stimuluje produkci NO v bunikach pruducht. U nékterych rostlinnych druhti zptsobila
aplikace donoru NO uzavieni praduchii, coz vedlo ke sniZeni transpirace (Garcia-Mata
& Lamattina, 2001). Je pravdépodobné, Ze v procesu uzavirani priduchti NO nefunguje sam, ale
interaguje s dal$imi signalnimi molekulami (napf. H,O,). Existuji ditkazy o tom, Ze interakci
ROS sNO dochazi k indukci biosyntézy ABA (Neill et al, 2003). Aktivita
NADPH-dependentni oxidasy (EC 1.6.3.1) indukovana kyselinou abscisovou byla spojena
s nartstem koncentrace ROS v kukufici béhem osmotického stresu (Jiang & Zhang, 2002), coz
demonstruje uzky vztah mezi ABA, ROS a NO. Dalsi faktor negativné ovlivijici péstovani
plodin je salinitni stres. Je zplsoben vysokou koncentraci soli v ristovém mediu (Rao ef al.,
2002). Zvysena produkce NO v bunééné suspenzi tabaku vystaveného pisobeni osmotického
stresu, salinitniho stresu, vysokych teplot a nadbytku svétla byla prokazana s vyuzitim svételné
mikroskopie. Vysledky experimentu s kalusy dvou druhti rakosu liSicich se salinitni toleranci
naznacuji, Zze NO slouzi jako signal v indukci salinitni rezistence, ktera vykazuje vyssi pomeér
K":Na" ionti (K'je méné toxicky nez Na’). Tento narlist je vysvétlen vys§i aktivitou
membranové H-ATPasy (EC 3.6.3.7), ktera se podili na transportu iontti do rostliny (Zhao
et al., 2004).

Jak ptred¢asné kli¢eni, tak prodlouzena dormance jsou nevhodné pro plodiny vyrustajici
ze semen. Vyzkum semen ruznych druhti naznacuje, ze NO je slozkou signalni sité, ktera
kontroluje dormanci semen. Je také zndmo, Ze¢ dormanci a kli¢eni semen mohou ovlivnit
rostlinné hormony. Napt. ABA inhibuje kliceni (Gubler et al., 2005), zatimco kyselina
giberelova (GA) kli¢eni podporuje (Zentella et al., 2002; da Silva et al., 2004). Aplikace donori
NO snizila nebo odstranila dormanci semen u A. thaliana (Batak et al., 2002; Bethke et al.,
2004; Bethke et al., 2006), Hordeum vulgare (Bethke et al., 2004), Paulownia tomentosa (Giba
et al., 1998), a L. sativa (Beligni & Lamattina, 2000). Vysledky ziskané u Arabidopsis
naznacuji, Ze NO muze snizit citlivost semen na ABA (Bethke et al., 2006), vztah mezi
signalizaci NO a GA vS$ak nebyl stanoven.

Recesivni ,,single gene* mutant rajéete (Solanum lycopersicum Mill.), 7B-1, byl
selektovan na zakladé samdi sterility zavislé na fotoperiod€. Za dlouhych dni (16/8h svétlo/tma)
a letnich podminek, vykazuji rostliny 7B-1 sam¢i sterilitu; kvéty obsahuji tyCinky, které jsou
zakrn€lé a neprodukuji Zivotaschopné mikrospory (Sawhney, 1997). Za kratkych dni (8/16h

svétlo/tma) jsou kvéty mutantu schopny reprodukce a tvofi normalni ty¢inky a Zivotaschopny
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pyl. Mutant 7B-1 disponuje n¢kterymi pleiotropnimi vlastnostmi, jako napf. snizenim deetiolace
hypokotylu za dlouhych dni, zvySenou velikosti a vahou semen a snizenou rychlosti transpirace.
Vyznamnou vlastnosti 7B-1 je zvySena rezistence vici pusobeni abiotickych stresort, jako jsou
osmotika, rizné soli a nizké teploty (Fellner & Sawhney, 2001). Tyto vlastnosti podpotily
vyznam mutanta jakoZzto atraktivniho systému pro pouziti v programu péstovani rajéat
(Shawney, 2004). Ve srovnani s divokym druhem rajéete (WT) je kli¢ivost semen mutanta
relativné rezistentnéjsi k inhibiénimu G¢inku manitolu a riznych soli, véetné¢ NaCl. Inhibic¢ni
ucinek raznych strestt mize byt ¢asteéné nebo Gplné prekonan plsobenim fluridonu, inhibitoru
biosyntézy ABA (Fellner & Sawhney, 2001). Informace naznacuji, Ze semena 7B-1 maji vyssi

hladinu ABA, ktera poskytuje rezistenci k riznym stresim (Fellner & Sawhney, 2001, 2002).

7.1 Vysledky

Vysledky jsou detailné prezentovany formou ¢lanku, ktery tvori ptilohu 9.

Nasledujici projekt byl zaméfen na studium ulohy RNS a ROS v reakei rostlin na riizné
formy abiotického stresu. Pro tento experiment byl vybran specificky model dvou genotypi
S. lycopersicum Mill. — WT a mutant 7B-1, ktery vykazuje vy$$i odolnost vic¢i puisobeni fady
abiotickych stresti (osmoticky, salinitni, teplotni stres). Mutant 7B-I piedstavuje cenny model
pro studie interakci svétlo/rostlinné hormony. Experimenty zaméfené na studium tillohy NO pfi
kliceni a vyvoji zvolenych rostlinnych modeld byly realizovany za riznych svételnych
podminek (tma, modré nebo bilé svétlo), u rostlin vystavenych salinitnimu a osmotickému
stresu, v pritomnosti, pfipadné¢ absenci moduldtori koncentrace RNS a ROS. Pii studiu
vzajemného propojeni mechanismu pusobeni NO a rostlinnych hormonti podilejicich se na
regulaci procesu kli¢eni, jako je napf. kyselina abscisova, byly do media aplikovany zvysené
koncentrace daného hormonu, pfipadné inhibitoru jeho produkce, fluridonu. Vedle kli¢ivosti a
zakladnich parametrti charakterizujicich vyvoj rostlin (vaha, délka kofene a nadzemni casti
rostliny) byla stanovena produkce NO, obsah dusitanti a obsah ABA. Nase vysledky potvrdily
zahrnuti NO v obrannych reakcich rajéete vystaveného pulsobeni abiotickych strest. Byl
navrzen uzky vztah mezi svételnymi podminkami a obrannou reakci spojenou s NO. Celkove
niz§i aktivita enzymu podobnému NO synthase a obsah dusitanti u mutantu ve srovnani s WT
mohou byt spojeny s vysokou koncentraci ABA nebo poruchou vnimani modrého svétla u
tohoto genotypu. Detekovali jsme zesilujici a kontrolni vliv modrého svétla na obranné reakce
zprostiedkované oxidem dusnatym u rostlin rajCete vystavenych osmotickému a salinitnimu
stresu. Jednozna¢né byla potvrzena esencialni regula¢ni funkce NO v procesu kliceni
rostlinnych semen. Ziskané vysledky byly sepsany formou ¢lanku a jsou ptipraveny k odeslani

do redakce (viz. Ptiloha 9).
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ZAVER

Vysledky ziskané vramci prvniho projektu naznacuji, ze hlavnim zdrojem NO
v pletivech rajCete je aktivita enzymu zavislého na argininu, kterd byla inhibovana
kompetitivnimi reversibilnimi a ireversibilnimi inhibitory Zivoc¢isné NO synthasy, nikoliv v§ak
inhibitorem rostlinné nitratreduktasy. Specificky dvoufazovy narust produkce NO byl
pozorovan v extraktech infikovanych listh stifedné a vysoce rezistentnich genotypt. Aktivita
enzymu podobnému NO synthase vyrazné vzrostla také brzy po vystaveni rezistentniho
genotypu L. virosa infekci B. lactucae. Dale byla pozorovana systémova odezva rajCete ve
form¢ nartstajici produkce NO v intaktnich listech sousedicich s listy inokulovanymi. U obou
studovanych modelovych systémi odhalila histochemicka detekce akumulaci NO
v penetrovanych bunkach, vztahujici se k iniciaci HR, a také v kli¢nich vlaknech a apresoriich
patogenu, coz naznaCuje vyznamnou roli NO ptfi pruniku patogenu do bunky. Na zaklade
ziskanych vysledkt Ize pfedpokladat zapojeni NO v obranné reakci studovanych patosystému a
také v kliceni a rustu patogend O. neolycopersici a B. lactucae. Paralelné s narstem produkce
NO byl pozorovan u rezistentnich genotypt nartist mnozstvi H,O,, taktéz ve dvou specifickych
casovych periodach jak v inokulovanych tak ve vzdalenych neinokulovanych listech. NO a
H,O, tak pravdépodobné tvori dilezitou ¢ast molekularnich mechanismii rezistence rajéete k
O. neolycopersici. Lze predpokladat synergistické plsobeni NO a H,O, vreakci rajcete na
padli.

V piipadé listovych diskd byl detekovan narust produkce Hsp70 jako dusledek
mechanického poskozeni rostlinného pletiva. Metodou Western blot byl prokazan vliv
abiotického stresu, biotického stresu a jejich kombinace a regula¢ni vliv koncentrace ROS a
RNS na expresi Hsp70. Béhem experimentu byly detekovany dva proteiny Hsp70 rodiny liSici
se molekulovou hmotnosti, a to teplotné-inducibilni protein Hsp72 a konstitutivné exprimovany
protein Hsp75. Vlivem mechanického stresu, patogeneze nebo pusobenim modulatort
koncentrace ROS a RNS dochazelo ke zvyseni exprese Hsp75 proteinu. Byla nalezena korelace
mezi ROS a RNS a expresi Hsp70 proteinu.

Dale byla prokazana loha ROS a RNS v procesu regenerace protoplastt C. sativus a
v obranné reakci jejich bunécné suspenze vystavené plisobeni kadmia. Z dosazenych vysledki
je zfeymy regulaéni vliv NO na regeneraéni proces po izolaci protoplasti a na intenzitu
bunééného déleni. Bunécna suspenze C. sativus byla také pouzita pro studium vlivu
oxidativniho stresu na rekondenzaci repetitivnich sekvenci v jadru rostlinného protoplastu.
Kultivace protoplastl s kyselinou askorbovou nejen snizila hladinu oxidativniho stresu, ale také
pozitivné stimulovala expresi askorbatperoxidasy a katalasy, vedla k vétsi rekondenzaci
chromatinu ve srovnani s protoplasty kultivovanymi bez kyseliny askorbové, a navic také

podporovala bunéénou proliferaci. Kadmiem indukovany nartust produkce NO byl lokalizovan
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v chloroplastech, a celkovych ROS a RNS v cytoplasmé. ZvySena produkce NO patii k rannym
reakcim rostlinnych bun¢k vystavenych kadmiu a je spojena s ¢innosti enzymu s NO
synthasovou aktivitou. Vysledky této studie potvrzuji roli NO jakozto medidtora signalizace a
odezvy rostlinnych bunék na kratkodobé a dlouhodobé piisobeni kadmia.

Vysledky diserta¢ni prace dale potvrdily zapojeni NO v obrannych reakcich rajcete
vystaveného plsobeni abiotickych stresti. Pro genotypy Solanum lycopersicum Mill. — WT a
mutant 7B-1 byl navrZen Gzky vztah mezi svételnymi podminkami a obrannou reakci spojenou
s NO. Zesilujici a kontrolni vliv modrého svétla na obranné reakce zprostfedkované oxidem
dusnatym byl detekovan u rostlin rajcete vystavenych osmotickému a salinitnimu stresu.

Jednozna¢né byla také potvrzena esencidlni regula¢ni funkce NO v procesu kli¢eni semen.
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kyselina askorbova
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askorbatperoxidasa
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cyklicka adenosindifosfat ribosa

cyklicky guanosin-3.,5.-monofosfat

2-(4-karboxy-2-fenyl)-4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxid

katalasa
4,5-diaminofluoresceindiacetat
4-amino-5-methylamino-2',7'-difluorofluoresceindiacetat
difenyliodonium

dithiotreitol

extracellularni matrix

kyselina ethylendiamintetraoctova
elektronova paramagneticka rezonance
elektronovy transportni fetézec
flavinadenidinukleotid

fluorescein diacetat
flavinmononukleotid
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hodin po inokulaci

2,7 -dichlorofluorescein diacetat
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N(G)-nitro-L-argininmethylester

"late embryogenesis abundant” protein
nitrit:NO reduktasa
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mechanicky stres

medium Murashige and Skoog
3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
oxid dusnaty

synthasa oxidu dusnatého
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PET fotosyntheticky elektronovy transportni fetézec
PM plasmaticka membrana

PMSF fenylmethylsulfonylfluorid

POX peroxidasa

Prx peroxiredoxin

PR protein patogenezi piibuzny protein

PS stres vyvolany ptisobenim patogenu
PSI fotosystém I

PSII fotosystém I1

PTIO 2-fenyl-4,4,5,5-tetramethylimidazolin-1-oxyl-3-oxid
PV primarni vacek

PVPP polyvinylpolypyrolidon

RNS reaktivni formy dusiku

ROS reaktivni formy kysliku

SA kyselina salicylova

SAR systémov¢e ziskana rezistence

SD smérodatna odchylka

SNG S-nitrosoglutathion

SNP nitroprusid sodny

SOD superoxiddismutasa

SV sekundarni vacek

TCA cyklus trikarboxylovych kyselin
WT divoky druh ("wild type")

XOD xanthinoxidasa
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