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SOUHRN

Po vystaveni rostlin stresovym faktorim, at’ uz biotickym ¢i abiotickym, dojde k
produkci reaktivnich forem kysliku (ROS), které zplsobuji poSkozeni riiznych komponent
fotosyntetického aparatu. Proto, aby se rostliny vyrovnaly se s vykyvy Zivotniho prostfedi a
byly schopné branit se invazi patogent, musi byt jejich metabolismus flexibilni a dynamicky.
U rostlin se vyvinulo n€kolik protektivnich mechanismt, které maji za kol potlacit produkci
reaktivnich forem kysliku a pomoci rostliné vyrovnat se s nasledky oxida¢niho poSkozeni.
Prace je postavena jak na vysledcich modelovych experimenti simulujicich oxida¢ni stres
v listech rostlin tak na vysledcich ziskanych na celych rostlinach, kde byl oxidacni stres
navozen virovou infekei.

V prvnim feSeném projektu jsme se zaméfili na modelovy oxidacni stres vyvolany
aplikaci methyl viologenu. Cilem bylo zjistit, jak jsou obranné mechanismy rostliny schopny
se s timto mirnym stresem vypotadat. Zaméfili jsme se na zmény v aktivit¢ antioxidacnich
enzymu, rozdily v elektronovém transportu, zmény v xantofylovém cyklu a nefotochemickém
zhaSeni fluorescence. Zjistili jsme, ze v podminkach mirného oxida¢niho stresu pii slabé
ozéatenosti nebyl urychlen elektronovy transport a dosSlo k poklesu aktivity askorbat
peroxidasy. Zjistili jsme nerovnovahu mezi vysokym obsahem zeaxanthinu v thylakoidni
membrané a nizkou urovni NPQ pii limitnich svételnych podminkach. Ukazalo se, ze
violaxanthin de-epoxidasa je aktivni také pfi limitnich svételnych podminkéch a c¢innost
tohoto enzymu je omezena spiSe dostupnosti violaxanthinu, nez aciditou Iumenu.
Predpokladame, Ze mirny oxidacni stres mlze mit vliv na uvoliiovani violaxanthinu ze
svétlosbérnych komplexii. Dale jsme ukézali, ze pfi mirném oxida¢nim stresu zeaxanthin
uc¢inné ochranuje thylakoidni membranu pied lipidovou peroxidaci.

Béhem kompatibilnich virovych interakci dochazi k mnohym zméndm na uUrovni
bunék, pletiv i celych rostlin. Jak rostlina pti kompatibilni interakci reaguje, neni zatim zcela
objasnéno ikdyZ jsou to praveé kompatibilni patogeny, které¢ zptisobuji onemocnéni rostlin a
tim 1 velké ztraty v zeméd¢€lstvi. Modelovym systémem, na kterém byly realizovany
experimenty zaméfené na zmény v primdrnim metabolismu rostliny v priitbéhu systémové
virové infekce, byl hrach sety (Pisum sativum cv. Merkur) infikovany virem enaéni
vyrustkové mozaiky (PEMV). Zjistili jsme pokles v obsahu fotosyntetickych pigmentt,
pokles maximalniho kvantového vytézku fotochemie fotosystému II, pokles v rychlosti

asimilace CO,. Zaznamenali jsme aktivaci fotoprotektivnich mechanismi, tj. nartst hodnot

SOUHRN IX



Helena KYSELAKOVA Doktorska disertacni price

NPQ ktery byl spojeny s akumulaci de-epoxidovanych xantofyld. Predpokladame, ze
ve studovaném modelovém systému jsou zmény ve fotosyntéze hostitele spojeny s inhibici
Calvinova cyklu zplsobenou nariistem aktivity invertasy a naslednou akumulaci asimilatd v
infikovaném pletivu a také ze virova infekce urychlila proces senescence, jez byl spojen
s poklesem rychlosti asimilace CO, a efektivniho kvantového vytézku fotochemie
fotosystému II.

Treti tematicka Cast prace se zabyva ulohou reaktivnich forem kysliku a dusiku
(RONS) pfi systémové PEMV infekci hrachu. Lokalizovali jsme RONS piedevsim v blizkosti
listovych zilek, kde byly formovany enace a chlorotické skvrny. Pfedpokladame, ze RONS se
podileji na regulaci hyperplazie a tkanové diferenciace u buné¢k nové vzniklych v meristému.
PEMV infekce vyvolala zmény v koncentraci hormont v roslinném pletivu. UZ 5. den po
inokulaci byl zaznamenan nardst v koncentraci kyseliny abscisové, zatimco koncentrace
kyseliny salicylové klesla, tento jev se vyskytuje pfi potlaceni hypersenzitivni reakce. Zjistili
jsme antagonisticky vztah mezi zménami v hladinach SA/JA u studovaného patosystému, kdy
ziejme doSlo k inhibici JA signdlem SA. Béhem systémové infekce byly zjiStény zmény v

produkei proteinu tepelného Soku (HSP70) a aktivité peroxidazy.
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ABSTRACT

Exposure of plants to stress factors, whether biotic or abiotic, results in production of
reactive oxygen species (ROS) which causing damage to different components of
photosynthetic apparatus. To cope with environmental fluctuations and were able to defend
themselves against the invasion of pathogens, plant’s metabolism must be flexible and
dynamic. Plants have developed several protective mechanisms to suppress ROS production
and to help them cope with the oxidative damage. This work is based on the results of model
experiments simulating oxidative stress in plant leaves and on the results obtained for the
whole plants, where the oxidative stress was induced by viral infection.

In the first project we studied the oxidative stress, which was purposely induced by
methyl viologen treatment on barley leaves. The aim of this study was to find how are defense
mechanisms of plant capable to cope with this mild stress. We focused on changes in the
activity of antioxidant enzymes, xanthophyll cycle and non-photochemical quenching (NPQ).
We found that electron transport in thylakoid was not accelerated in such condition of slight
oxidative stress at moderate light and activity of ascorbate peroxidase was reduced. Futher,
we found out the misbalance between a high amount of zeaxanthin in thylakoid membranes
and low NPQ under light limiting conditions. It has indicated that VDE is active also at
moderate light and its activity is limited by violaxanthin availability and no by the lumenal
acidity. We hypothesize that the mild oxidative stress could initiate the release of violaxanthin
from LHCs. Further, we have shown that under mild oxidative stress zeaxanthin could
effectively protect the thylakoid membrane against lipid peroxidation.

During compatible interactions, viral invasion triggers numerous changes in host cells,
tissues and even whole plants. However, how plants respond to infection by compatible
viruses is less well understood despite the fact that it is compatible pathogens that cause
disease and hence economic losses in agriculture. The model systems, on which experiments
focused on alterations of primary metabolism of plant during systemic viral pathogenesis
were realized, was pea (Pisum sativum cv. Merkur) infected by Pea enation mosaic virus
(PEMYV). We found out decrease of photosynthetic pigments, the maximum quantum yield of
photochemistry of photosystem II, CO, assimilation. Concomitant photoprotective responses,
i.e. an increase in NPQ and accumulation of de-epoxidized xanthophylls, were also detected.
Interestingly, alternative electron sinks in chloroplastswere not stimulated by PEMV infection.

We assume that changes in photosynthesis in the studied model system during host infection

ABSTRACT XI
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are associated with inhibition of Calvin cycle following the rise in invertase activity and
subsequent accumulation of assimilates in the infected tissue and also that viral infection
accelerated senescence during which a decrease in effective quantum yield of photosystem II
photochemisty took place in coordinated manner with an inhibition of CO; assimilation.

The third thematic part of the thesis addresses the issue of the role of reactive oxygen
and nitrogen species (RONS) during systemic PEMV infection of pea plant. We found out
that RONS were accumulated mostly in the vicinity of leaf veins, where enations and
chlorotic flecks were formed. We assume that RONS have a crucial role in the control of
hyperplasia and tissue differentiation throughout wall synthesis in the cells newly derived by
the meristem. PEMV induces systemic changes in concentration of hormones. At 5 days post
inoculation (dpi) abscisic acid level increased while this of salicylic acid decreased, which is
known to act in suppression of hypersensitive reaction. We observed antagonistic relationship
in temporal changes of SA and JA concentrations in studied pathosystem, i.e. the induction of
SA attenuates JA signal. With the systemic development of infection were detected changes

in production of heat shock protein (HSP70) and peroxidase activity.
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SEZNAM POUZITYCH ZKRATEK

ABA
APX
ATP

Asc
avr-geny
C3 rostliny
CAT
CET

CP

CWP
DAB
DAF-FM DA
DHAR
dpi

ApH
ELIP

ET

ETC

ETR

ER

Fd

FNR

Fv/ FM

GR

GTP

FAR
GSH
GSSH
H202
H,DCF DA
HPLC
HPLC-MS
HSP70
HR
Chla/Chlb
'Chla
’Chla
Chlps
ISR

JA

LHC (1, II)
NADPH
NADP"
MAMPs
MAPKs
MDHAR
Mit

MP

MV

NO

NOX

kyselina abscisova

askorbatperoxidasa

adenosintrifosfat

askorbat

geny avirulence

fixace CO,probiha pomoci Calvinova cyklu

katalasa

cyklicky elektronovy transport

plastovy protein viru; ,, coat protein “

peroxidasy bunécéné stény

3,3’-diaminobenzidin-4HCl
4-amino-5-methylamino-2',7'-difluorofluorescein diacetat
dehydroaskorbatreduktasa

dny po inokulaci

gradient protond

proteiny indukované nadmérnou ozatrenosti; ,, early light-inducible protein *
etylen

elektronovy transportni fetézec

rychlost trasnportu elektrond

endoplazmatikcé retikulum

ferredoxin

ferredoxin-NADP oxidoreduktasa

maximalni kvantovy vytézek fotochemie PS II
glutathionreduktasa

guanosintrifosfat

fotosynteticky aktivni zafeni

glutathion (redukovana forma)

glutathion (oxidovana forma)

peroxid vodiku

2,7’ - dichlorofluorescein diacetat

vysoceucinna kapalinova chromatografie

vysoceucinna kapalinova chromatografie s hmotnostnim spektrometrem
proteiny teplotniho Soku, 70kDa (heat shock proteins)
hypersenzitivni reakce

chlorofyl a /chlorofyl b

singletni excitovand molekula Chla

tripletni excitovana molekula Chla

chloroplasty

indukovana systémova reakce

kyselina jasmonova

svétlosbérné komplexy PSI a PSII (light harvesting complexes)
nikotinamid adenin dinukleotid fosfat (redukovana forma)
nikotinamid adenin dinukleotid fosfat (oxidovana forma)
mikroblim pfidruzené molekularni vzory (microbe-associated molecular patterns)
mitogeny-aktivované proteinkinasy
monodehydroaskorbat reduktasa

mitochondrie

protein slouzici k pohybu viru; ,, movement protein
methyl biologem

oxid dusnaty

NADPH-dependentni oxidasa
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OJIP kiivka
OH
PAMPs
PCD
PEMV

Py

POX
PR-proteiny
PRRs

PSI, PSII
qP

R-geny
RC

ROS

NPQ

RNS
RONS
RUBISCO
SA

SAR

SOD

TMb

v

VDE

WK

Z

ZE

nefotochemické zhaseni fluorescence chlorofylu Chla

signletni kyslik

superoxidovy radikal

rychlé faze fluorescencéni indukce

hydroxylovy radikal

patogentim ptidruzené molekularni vzory (pathogen-associated molecular patterns)
programovana bunécna smrt

enacéni vyrustkova mozaika hrachu (Pea Enation Mosaic Virus)
rychlost Cisté asimilace CO,

guiakolova peroxidasa

proteiny ptibuzné patogenu (pathogenesis-related proteins)
rozeznavajici vzorové receptory (pattern recognition receptors)
fotosystém I, fotosystém II

koeficient fotochemického zhaSeni fluorescence Chla

geny rezistence

reakeni centra

reaktivni formy kysliku (reactive oxygen species)

nefotochemické zhaseni fluorescence (non-phochemical quenching)
reaktivni formy dusiku (reactive nitrogen species)

reaktivni kyslikové a dusikové formy (reactive oxygen and nitrogen species)
ribul6za-1,5-bisfosfat karboxylasa-oxygenasa

kyselina salicylova

systémove ziskana odolnost (systemic acquired resistance)
superoxiddismutasa

thylakoidni membrana

violaxanthin

violaxanthin de-epoxidasa

relativni vyska viny K vztazena k vysce viny J v OJIP kiivce
zeaxanthin

zeaxanthin epoxidasa
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CILE PRACE

1)

2)

Reserse poznatki tykajicich se oxida¢niho stresu u rostlin

- faktory vyvoléavajici oxidac¢ni stres u rostlin

- produkce a degradace ROS (enzymaticka, neenzymaticka)

- obranné mechanismy zabranujici oxidacnimu poskozeni fotosyntetického aparatu:
xantofylovy cyklus, cyklus voda-voda, nefotochemické zhaSeni fluorescence

ReserSe poznatka tykajicich se biotického stresu rostlin

- uloha RONS béhem patogeneze rostlin

- zmény ve fotosyntéze roslin po biotickém stresu vyvolaném viry
- pea enation mosaic virus — popis a zakladni vlastnosti

- role fytohormonti a HSP70 béhem virové infekce

Na zaklad¢ teoretickych poznatkli a po osvojeni si meficich technik uvedenych v Casti

material a metody v jednolivych publikacich, byly feSeny nasledujici projekty:

vliv mirného oxidac¢niho stresu vyvolaného aplikaci methyl viologenu (MV) na funkci
fotosyntetického aparatu (efektivita fotochemie fotosystému II, celkovy elektronovy
transport, Calviniiv cyklus) se zaméfenim na ochrannou roli zeaxanthinu (peroxidace
lipidit a NPQ) a antioxida¢nich enzymu

vliv virové infekce na funkcénost fotosyntetického aparatu (fotochemie PSII, Calviniv
cyklus, fluorescence Chla), monitorovani zmén vyvolanych virovym napadenim na
urovni plazmatické membrany a obsahu fotosyntetickych pigmemti v PPC, zapojené
obranné mechanismy (xantofylovy cyklus — zeaxantin, NPQ, peroxidace lipidd TMb),
zmény v heterogenité fluorescenc¢niho signalu na listech zptsobené virovou infekci
studium ulohy ROS, RNS, fytohormonu (SA, JA, ABA), HSP70, antioxidacnich
enzymli béhem kompatibilni interakce Pisum sativum cv. Merkur a Pea Enation
Mosaic Virus (PEMV) spolecné s lokalizaci tvorby ROS a RNS v rostlinném pletivu

napadeném virovym patogenem
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1. PREHLED PROBLEMATIKY

1. SPOLECNE MECHANISMY STRESOVYCH REAKCI

Nepriznivé vlivy vnéjsiho prostfedi zavazné ohrozujici rostlinu oznacujeme jako
stresové faktory neboli stresory. Stres rostlin se déli dle charakteru ptisobiciho stresoru na
stres abioticky a stres bioticky. Bioticky stres pozorujeme pii napadeni patogenem, herbivory
a pii vzajemném ovliviilovani rostlin (alelopatie, parazitismus). Abioticky stres byva zpiisoben
prirodnimi stresory (napt. UV zafeni, nedostatek/nadbytek vody, extrémni teploty) nebo
stresory plynoucimi z antropogenni ¢innosti (napt. ptisobeni toxickych latek ve vzduchu/pade,
herbicidu, pesticidl) (napr. Wojtaszek, 1997; Buchanan a kol., 2000, Mittler, 2006). Jelikoz
rostliny Ziji pfisedlym zpisobem Zivota, ktery jim neumoziuje unik pied pisobenim stresort,
vyvinuly se u nich G¢inné obranné mechanismy potiebné pro preziti v jejich pfirozeném
prostiedi. Pokud rostlina neni schopna zvladnout pisobeni stresorti, dochdzi u ni ke
zpomaleni zivotnich funkci, poSkozeni jednotlivych organi, sterilit¢ nebo dokonce i1 k uhynuti
¢asti nebo celé rostliny (Buchanan a kol., 2000).

Stresové podminky vyvolavaji u rostlin specifické odpovédi, které se lisi v zavislosti
na intenzité¢ a typu pusobiciho stresu. Stresové a aklimacni reakce neprobihaji nahodile, ale
jsou zavislé na programech aktivace urcitych genti, které mohou byt za jistych okolnosti
spustény, a to nékdy i n¢kolika odliSnymi mechanismy (Lichtenthaler, 1998).

Ukazuje se, Ze u rostlin existuji komplexy spoleénych stresovych reakci, které¢ vedou
ke zvyseni odolnosti vii¢i nékolika stresorim soucasné. Mezi spole¢né zmény, které vedou ke
zvySeni odolnosti rostlin béhem plsobeni stresti, patii tvorba stresovych proteintt (HSP-
proteiny teplotniho Soku, inhibitory protedz Pinl a Pin2, ELIPs-, early light-inducible
proteins “‘; PR-proteiny spojené s pfitomnosti patogenu) (napr. Bol a kol., 1990; Bowle, 1990;
Ryan 1990; Adamska a kol., 1992; Aranda a kol., 1996, Adamska, 1997, Aranda a kol., 1999),
produkce a odstranovani reaktivnich forem kysliku a dusiku (RONS) (napr. Elstner a
Osswald, 1994, Wendehenne a kol., 2004; Mur a kol., 2006), produkce stresovych hormoni
(kyseliny abscisové ABA, kyseliny jasmonové JA, ethylenu ET, metyljasmonatu MeJA a
polyamintl) (napr. Penia-Cortéz a kol., 1989; Hildman a kol, 1992) a syntéza
osmoregulacnich slou¢enin (cukry, polyalkoholy) (napr. Pearce a kol., 1991).

Metabolické zmény v bunikéach pfi plisobeni i velmi odliSnych stresorti maji sice fadu

spole¢nych znaki, nicméné piedstava jediné stresové reakce je zcela nerealna. Navic u rostlin
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existuje 1 znacnd nejednotnost ve zplsobech piijmu a pfevodu signdlu od receptori k
efektorim. Konecnou odpovédi rostlin na stres je metabolicka odezva, aktivace transportnich
proteinli nebo aktivace specifickych gent. U biotickych stresti, spojenych s prinikem
patogent do buiiky, je zplsob indukce stresové reakce znacné nejednotny. Pii pusobeni
stresového faktoru jsou spoustény, upravovany a kombinovany rtizné fyziologické procesy.
Podobnost obecnych charakteristik signalnich drah pii abiotickém a biotickém stresu vedly
k navrhu modelu s propojenymi spolecnymi uzly (Obr.1) (Fujita a kol., 2006; Sedlarova,
2009).

Abiotické stresy Biotické stresy Obr. 1: Model poukazujici
) na propojenost signalnich drah pri

Sucho Patogeny puisobeni abiotickych a biotickych
Chlad El=trmre strest  (Fujita a kol, 2006,
Vysokd ozatenost Hmyz upraveno) legenda: ABA-kyselina
Vysoka teplota Poranéni abscisova, SA-kyselina salicylovd,

JA-  kyselina  jasmonova;, ET-
ethylen; MAP Kindzy-mitogeny-
— aktivované proteinkinasy

Tvorba ROS Aﬂf 14 sf ET .
Ptenos signalu z
- receptoru ke kone¢nym
MAP Kinazy
efektorim neni  realizovan
Transkripéni faktory jednim  linearnim  fetézcem
tzn. proteiny spoustéiici ¢i reguluiici transkripci DNA mezidlénki ( druho tn}'lch

pienasecl), ale spiSe slozitou

[ e ] siti  vice paralelnich  cest
(Trewavas a Malhd, 1997).

Kli¢ovou ulohu v pfenosu signalti maji jak vapenaté kationty (Ca®"), tak i po&etna skupina
mitogeny-aktivovanych proteinkinas (MAPKSs) (Yang a kol., 1997). Z proteind, které jsou
schopné vazat Ca®", jsou predmétem studii predevsim kalmodulin, annexiny a proteinkinasy C
(napr. Sedldiovd, 2009). Na koncentraci Ca®* je mimo jiné zavisla i depozice kalozy (B-1,3-
glukan). Urychleni toku ionth pfes plazmatickou membranu vlivem penetrace patogenu a
nasledné zvyseni koncentrace Ca®" v cytolosu, pak vede k tvorbé kaléznich usazenin kolem
infek¢nich struktur patogenu (napr. Sedlarova a Lebeda, 2001a; Vellosillo a kol., 2010). Pro
Sifeni signalu jsou vyznamné také zmény fosforylace proteinti, aktivace transkripénich faktort
gend, jejichZ produkty zahrnuji glutathion S-transferasy, peroxidasy, proteiny bunécné stény,
hydrolytické enzymy, PR-proteiny, enzymy biosyntézy fytoalexinii (napr. Yang a kol., 1997;
Lopez a kol., 2008, Sedlarova, 2009).
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2. REAKTIVNI FORMY KYSLIKU

Bézny molekularni kyslik je pomérné malo reaktivni, protoze je v zdkladnim stavu
tripletem (°0,). Jedna o biradikal obsahujici dva neparové elektrony s paralelnim spinem
(napt. Elstner a Osswald, 1994, Blokhina a kol., 2003). Reaktivni formy kysliku (ROS) jsou
castecné redukované nebo aktivované derivaty kysliku, které maji ptivod v molekule kysliku v
tripletnim stavu popfipad¢é nékterych jeho slouceninach (napr. Mehdy a kol., 1996, Lamb a
Dixon, 1997; Halliwell, 2006; Mittler, 2002). Mezi ROS tadime singletni kyslik (‘O,),
superoxidovy radikal (O, "), hydroxylovy radikal (OH") a peroxid vodiku (H,0O,). Ve srovnani
s molekularnim kyslikem jsou ROS velmi reaktivni a toxické a mohou zplsobit oxidacni
poskozeni bun€k (4sada, 2006).

Bylo prokazano, Ze stresové reakce rostlin jsou neodmysliteln€ spojeny se zvySenim
tvorby ROS. Napftiklad pifi napadeni patogenem miize rostlina prod¢lat oxidacni stres. Jedna
se vlastné o lokalni hyperakumulaci ROS, jako dusledek jejich intenzivni tvorby a/nebo
snizené aktivity enzymu schopnych ROS odbouravat (Piterkova a kol., 2005). ROS jsou vSak
generovany i1 v prubéhu normdlnich bunéénych metabolickych procest, jako je bunééné
dychani nebo fotosyntéza, intra- a inter-bunécné signalni cesty, a byvaji tvofeny i
membranové vazanymi nebo volnymi enzymy v cytoplazmé (Wojtaszek, 1997, Mano, 2002;
Arora a kol., 2002; Mittler, 2002, Asada, 2006).

Za zminku stoji, ze rostlinné buiiky jsou na rozdil od zivo¢isSnych bun¢k velmi odolné
viuci vyssim koncentracim H,O, (0,1-200mM) (Halliwell a Gutteridge, 1999). Déle bylo
zji$téno, ze rostliny oSetfené H,O, byly odolnéjsi jak ke stresu vyvolanému vyssi ozafenosti,

tak k chladovému stresu (Karpinski a kol., 1999, Karpinska a kol., 2000; Yu a kol., 2003).

2.1 NEENZYMATICKA A ENZYMATICKA PRODUKCE REAKTIVNICH
FOREM KYSLIKU

ROS vrostlinném organismu mohou vznikat enzymovymi nebo neenzymovymi
reakcemi. Kterda ze dvou cest vzniku ROS bude upiednostnéna, zavisi na koncentraci O,
uvnitf rostlinného pletiva. Obecné plati, ze ¢im mensi je intracelularni koncentrace O,, tim
vice je blokovan elektronovy transportni fetézec (ETC) v mitochondriich a tim i vznik ROS.
Jestlize je koncentrace O, v rostlinném pletivu niz$i nez 5.107M, nedochézi k saturaci
termindlnich oxidas v dychacim fetézci a rychlost respirace je limitovana dostupnosti O,. Za

této situace je vznik ROS zanedbatelny. Je-li koncentrace O, v rostlinném pletivu 5.107"M az
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10™M k saturaci terminalnich oxidas jiz dochazi. Stale viak je koncentrace O, nizka na to, aby
se ROS hromadily. Toto rozmezi koncentraci O, uvniti' rostlinného pletiva je optimalni pro
aerobni zptisob metabolismu. Pti koncentracich O, vyssich jak 10°M jsou oxidasy dychaciho
fetézce plné saturovany, a tak dochazi v rostlinném pletivu k nartistu koncentrace O, a
dalsich druhi ROS diky neenzymatické jedno-elektronové redukcei O, (Skulachev, 1997).
Pribéh neenzymatického vzniku ROS je zobrazen na (Obr.2). Jedno-elektronové
redukce probihaji samovoln€ anebo za asistence vhodného donoru elektront (nap#. Dat a kol.,
2000). Jako donory elektroni slouzi v biologickych systémech prechodné kovy (Fe*', Cu®) a
semichinony. Ctyfelektronova redukce kysliku v respiraénim ETC je vzdy spojena s
¢astecnou jedno- az trielektronovou "parazitickou" redukci, kterd vede k formovani ROS
(Blokhina a kol., 2003). Singletni kyslik je velice reaktivni molekula a mize bud’ piedat
excitacni energii dalSim organickym molekuldm ve svém okoli anebo s nimi reagovat a tim
déavat vzniku hydroperoxidt (Vranova a kol., 2002). Univalentni redukce O, vede ke vzniku
0,7, coz je molekula majici vlastnosti redukéni i oxidacni, neschopna prechodu pies
biologické membrany, s polo¢asem zivota 2-4 us. Hlavni podil na tvorbé O, mé cytochrom
C oxidasa a NADH oxidasa. Nicmén¢ nemaly podil na tvorbé€ O, mohou mit i xanthin

oxidasa, aldehyd oxidasa a NO-syntasa (napr. Fridovich, 2001, Piterkova a kol., 2005).

'o, HO;

H+
._“

Haber-Weissoval
Fentonova reakce

Obr 2: Produkce reaktivnich forem kysliku. K preméné molekuldrniho kysliku na singletni kyslik ('O5)
v thylakoidnich membrandch je tieba doddani energie (22 kJ mol ™), jez je ziskdana prenosem excitacni
energie svételnych kvant pigmenty fotosyntetického reakcniho centra fotosystémii a kterd postacuje k
obrdaceni spinu jednoho z neparovych elektronit O,. Celkova redukce molekularniho kysliku na vodu
vyzaduje Ctyri elektrony a je vidy doprovizena postupnou jedno az tii elektronovou redukci, kdy
dochazi k tvorbe superoxidového radikalu (O57), peroxidu vodiku (H,O,) a hydroxylového radikadlu
(OH) (podle Vranova a kol., 2002).

albiaus
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Pii reakci O, s dieny se produkuji Skodlivé hydroperoxidy. O, muze oxidovat fadu
aminokyselin (histidin, methionin, tryptofan), Asc, NADPH, redukovany cytochrom C,
chinony a komplexy ptechodnych kovil, ¢imz ovliviluje aktivitu metaloenzyml (napr.
Vranova a kol., 2002). Protonovana forma superoxidového radikalu, perhydroxylovy radikal
(O,H), je hydrofébnéjsi oproti O, a diky tomu snadnéji proniké biologickymi membranami,
kde mize odebirat atomy vodiku z polynenasycenych mastnych kyselin a lipidovych
hydroperoxidi, ¢imz je spusténa fetézova peroxidace lipidi (napr. Vranova a kol., 2002). Oy~
dismutuje samovolné nebo mize bt jeho dismutace katalyzovana metaloenzymem
superoxiddismutasou (SOD) (Wojtaszek, 1997, Blokhina a kol., 2003). V chloroplastech, kde
je vysoky obsah Asc, miize dojit pravé diky Asc k rychlé redukci O, (Noctor a Foyer, 1998).
H,0; je produkovéan dvouelektronovou redukei kysliku, je sttedné reaktivni a fadi se
mezi vyznamné oxidanty (Halliwell, 2006). H,O, ma relativné dlouhou dobou Zivota (polocas
zivota je piiblizné 1 ms), ¢imz je zajiSténo, Ze se miZe snadno piemistovat z mista své
produkce do mist vzdalengjSich a plnit tak signalizacni funkci (napr. Bhattacharjee, 2005).
H,0O, mutze inaktivovat enzymy oxidaci jejich thiolovych skupin (Bowler a kol., 1994, Noctor
a Foyer, 1998; Alscher a kol., 2002). JelikoZ enzymy s thiolovymi skupinami (enzymy
Calvinova cyklu, Cu/Zn-SOD a Fe-SOD) jsou pro spravnou funkcnost fotosyntézy velice
dilezité, je zadouct, aby v chloroplastech byla zachovana nizka hladina H,O, (Noctor a Foyer,
1998). Detoxifikace H,O, probiha béhem tzv. askorbat-glutathionového neboli Foyer-
Halliwel-Asadova cyklu, ktery je typicky spoluplisobenim enzymi askorbatperoxidasy (APX),
dehydroaskorbatreduktasy (DHAR) a glutathionreduktasy (GR) a je lokalizovan v
chloroplastech, peroxisomech, cytosolu a mitochondriich (Noctor a Foyer, 1998; del Rio a
kol., 2002) (vice v kapitole 3.2.). Dalsim zptisobem odbourani H,O, v rostlinnych pletivech je
jeho rozklad na O, a H,O v reakci katalyzované katalasou (CAT) (Wojtaszek, 1997; Noctor a
Foyer, 1998; Dat a kol, 2000). V soucasné dob¢ je na H,O, nahliZzeno nejen jako na silny
toxicky oxidant zplsobujici silné poSkozeni bun¢k béhem oxidacniho stresu, ale i jako na
signalni molekulu, ktera aktivuje a obranny systém k opétovnému nastoleni bunécné
homeostazy (Hung a kol., 2005). H,O, se podili na regulaci rostlinného vyvoje a biologickych
procest napt. programované bunééné smrti (PCD) (Apel a Hirt, 2004, Geschev a Hille, 2005),
zavirani praducht zprostifedkovaného pomoci kyseliny abscisové (ABA) (napr. Pei a kol.,
2000), gravitropismu (napr. Joo a kol., 2001), odpovédi na mechanické poranéni (napr.
Orozco-Cardenaz a kol., 2001), systémové ziskané rezistenci (SAR) (nap#. Ryals a kol., 1994,
Inzé a van Montagu, 1995), interakci rostlina-patogen (napr. Mittler a kol, 1999).

Experimenty potvrdily, ze H,O, je dulezitou slozkou kaskadnich pienost signali béhem
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adaptace rostlin k ménicim se podminkdm wvné&jSiho prostiedi a pii aktivaci obrannych
mechanismu (napr. Knight a Knight, 2001, Neill a kol., 2002a).

Nejreaktivnéjsi ze vSech ROS je hydroxylovy radikal (OH’), ktery vznik4 rozkladem
H,0, béhem Fentonovy reakce za vyuziti katalytického ucinku Zeleznatych nebo médnatych
iontll, nebo je formovan béhem interakce O,~ s HO, Haber-Weissovou reakci. Hydroxylovy
radikal je velmi silny oxidant, ktery snadno iniciuje radikdlové fetézové reakce s mnohymi
organickymi molekulami jako je peroxidace lipidl, inaktivace enzymi nebo poSkozeni
nukleovych kyselin a ma polocas zivota mensi nez lus (napr. Piterkova a kol., 2005). Jelikoz
v bunkéch neexistuje zddny enzymaticky mechanismus, ktery by eliminoval hydroxylovy
radikal, jeho nadprodukce vede piimo k bunééné smrti (napr. Vranova a kol., 2002).

Mimo neenzymovou produkci se mohou ROS v rostlinném organismu generovat i
cestou enzymovych reakci (napr. Piterkova a kol., 2005). Oy~ vznikd pii reakcich
katalyzovanych enzymy xanthinoxidasou, aldehydoxidasou, NADPH-dependentni oxidasou
plazmatické membrany nebo diaminoxidasou (Wintson, 1990). Dalsi skupinu enzymu, které
redukuji molekularni kyslik ptimo, bez tvorby O, jako meziproduktu, tvoii: guanylatcyklasa,
glukosaoxidasa a prostaglandinsyntasa. Peroxid vodiku vznikd pii reakcich katalyzovanych
oxalatoxidasou (Wei a kol., 1998) nebo aminoxidasou (Allan a Fluhr, 1997). Zdrojem
produkujicim ROS béhem hypersenzitivni reakce jsou pH-dependentni peroxidasy bunécné
stény (Siegel, 1993). Dalsim moznym zdrojem ROS je reakce katalyzovana lipoxygenasou,
pfi niZ dochazi k peroxidaci polynasycenych mastnych kyselin. Vznikajici peroxyderivaty
podléhaji autokatalytické degradaci, pfi které dochazi k tvorbé radikald iniciujicich fetézové

reakce peroxidace lipidQ (Blokhina a kol., 2003).

2.2 ULOHA REAKTIVNICH FOREM KYSLIKU, OXIDACNI STRES

Uloha ROS v rostlinnych butikach je zna¢né rozmanita a do jisté miry rozporna. Na
jednu stranu ROS vznikaji jako nebezpecné toxické produkty béhem aerobniho metabolismu
rostlin, ale naproti tomu maji i prospésné funkce (napr. Heber a kol., 1996, Polle, 1996).

Z ROS putsobi jako signalni molekula predevsim H,O,. H,O, je vyznamnym
regulatorem mnoha biologickych procesu: prispiva ke zpevnéni Ci prestavbé bunécné stény,
biosyntéze ET, uzce souvisi s hypersenzitivni reakci (HR), metabolismem fenolickych latek,
plni signaliza¢ni funkci pii uzavirani priducht, funguje jako signalni molekula ovliviujici
expresi genl, ma primy toxicky ucinek pii napadeni patogeny. Vzhledem k esencialnim
uloham ROS v rostlinném organismu, je zadouci, aby byla udrZzena koncentrace ROS v
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buiikach na urcité Grovni. (napr. Scandalios, 1990; Kuzniak a Urbanek 2000; Neill a kol.,
2002b; Mano, 2002; Mittler, 2002; Foyer a Noctor 2005; Apel a Hirt, 2004, Mittler a kol.,
2004, Torres a kol., 2006, Sedlarova, 2009).

Oxidacni stres rostlin piedstavuje finalni fazi ptisobeni fady abiotickych a biotickych
stresovych faktord a je charakteristicky prudkou ptechodnou tvorbou zna¢ného mnozstvi ROS
a naslednym poruSenim rovnovahy mezi produkci a odbouravanim ROS. Mezi faktory, které
ptispivaji ke vzniku oxida¢niho stresu u rostlin, patfi nadmérnd hladina fotosynteticky aktivni
radiace (FAR) (napr. Niyogi 1999; Hideg a kol., 2000), UV-B zateni (napr. Hideg a Vass,
1996), teplotni zmény (napr. Hippeli a Alstner, 1996; Wise, 1995), pusobeni patogenti (napr.
Tiedemann, 1997; Mlickova a kol., 2004) nebo mechanické poranéni (napr. Orozco-Cardenaz
a kol., 2001). ZvySené hladina ROS ma také velky vliv na spusténi a rozvoj senescence (napr-
Ye a kol. 2000, Jing a kol., 2003; Bhattacharjee 2005). Jednou z pticin zvysené hladiny ROS
béhem senescence je rostouci nerovnovaha mezi transportem a funkénim vyuzitim elektronti
v ETR, ktera je zpusobena ptfednostni inhibici stromalnich reakci v porovnani s inhibici
fotochemie PSII (Grover 1993; Spundova a kol., 2003). Tim, Ze jsou blokovany stromalni
reakce fotosyntézy, zvysi se pravdépodobnost pienosu elektronli na molekularni kyslik, coz
vede k hromadéni ROS a vzniku fotooxida¢niho posSkozeni komponent chloroplasti.

Pfi nedostatecné aktivit¢ antioxidacnich enzymi, nedostatecném mnoZzstvi antioxidantl
a/nebo vlivem velké nadprodukce ROS dojde k poruseni rovnovahy a buiika je vystavena
oxida¢nimu stresu. K poSkozeni ROS jsou nachylné piredevsim nukleové kyseliny, proteiny a
nenasycené¢ mastné kyseliny v lipidech (napr. Sedlarova, 2009). Oxidaénim poskozenim
DNA dochazi ke zlomiim vldkna, DNA-DNA nebo DNA-protein "crosslink", anebo ke zméné
baze DNA, coz ma za nasledek syntézu poSkozenych proteini, které mohou mit vliv na
funk¢nost buniky. Oxidace proteinti s enzymatickou funkci mize zplisobit naruSeni nebo tplné
,»vypnuti* jejich katalytické schopnosti. U proteint jsou teréem Skodlivého G¢inku ROS témét
vSechny aminokyseliny, pficemZz methionin a cystein jsou k oxidaci extrémné nachylné
(Bokov a kol., 2004). Nejcitlivéjsim mistem pro atak radikalti v molekule mastné kyseliny je
-CH;- skupina obklopena z obou stran dvojnou vazbou. Z toho divodu casto podléhaji
peroxidaci polynenasycené mastné kyseliny, které jsou soucésti fosfolipidové bunécné
membrany (Bokov a kol., 2004). Peroxida¢ni poSkozeni plazmalemy potom vede k tniku
bunééného obsahu a k bunééné smrti. Poskozeni membran uvniti buiiky ma vliv na respiracni
aktivitu mitochondrii a rovnéz zplsobuje ztratu schopnosti chloroplastu fixovat CO, (napr.

Scandalios, 1990, Mittler, 2002).
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2.3 LOKALIZACE TVORBY REAKTIVNICH FOREM KYSLIKU

Hlavnimi zdroji produkce ROS v rostlinnych buiikdch jsou organely s vysoce oxidacni
metabolickou aktivitou nebo s intenzivni rychlosti elektronového toku (Mittler, 2002; Mittler
a kol., 2004).

Jedna se o chloroplasty (fotosyntéza—0O,"; excitace chlorofylu—'0,), mitochondrie
(respirani fetézec—0;"), peroxisomy (glykolatoxidasa—H,0,; xanthinoxidasa—O;";
lipoxygenasa—H,0;), endoplazmatické retikulum (cytochrom P-450, cytochrom P-
450reduktasa— O,7) a glyoxysomy (glyoxylatovy cyklus—H,0,) (4sada, 1999, Mittler,
2002; Apel a Hirt, 2004, del Rio a kol., 2006). Mimo uvedené vnitrobunécné kompartmenty,
muizeme produkci ROS zaznamenat v apoplastu (aminoxidasa—H,0»; s klicenim souvisejici
("germin-like") oxaldtoxidasa— H»0;), bunécné sténé (peroxidasy vazané na bunécnou
sttnu—0,", oxidasy véazané na bunéfnou sténu—H,0;; polyaminoxidasa bunécné
sttny—H»0,), plazmatické membrané¢ (NADPH oxidasa—0,") a cytoplazmé (cytosolicka
forma SOD pfeménuje O, na H,0O;). Peroxidasy vdzané na bunécnou sténu jsou schopné
oxidovat NADH, pfti oxidaci zarovén katalyzuji vznik O,". Oxidasy vazané na buné¢nou sténu
katalyzuji oxidaci NADH, ktery je schopen redukce O, na Oy. (Allan a Fluhr, 1997;
Wojtaszek, 1997, Grant a Loake, 2000, Dat a kol., 2002).

2.3.1 CHLOROPLASTY

Diive pietrvaval ndzor, ze chloroplasty jsou hlavnim mistem produkce ROS v
rostlinné bunice a tudiz i hlavnim ter¢em ROS béhem stresu (Mittler, 2002, Dat a kol., 2000;
Apel a Hirt, 2004). Nicméné, v poslednim desetileti je pfijimén ndzor, Ze chloroplasty nejsou
tak citlivé k oxida¢nimu poSkozeni, jako se uvazovalo diive (Karpinska a kol., 2000). Je-li
faktorem limitujicim vyuZiti excitani energie kapacita linearniho transportu elektronti, mtize
byt mira nadmérné excitace RC obou fotosystému vyrazné snizena kazdym procesem, ktery
urychli odcerpani elektronit z nadmérné redukovanych slozek fetézce linearniho transportu
elektront.

Ve fotosyntetickém aparatu rostlin je tvorba ROS lokalizovana zejména na oblast
svétlosbérnych komplexti fotosytému II (LHCII), v reak¢énich centrech PSII (RC PSII) a na
akceptorové strané fotosystému 1 (PSI) (Obr.3) (Asada, 1999; Arora a kol., 2002; Ivanov a
Khorobrykh 2003).
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STROMA. o __' H.0, Obr.3: Schematicke zndzornéni
f 2 produkce superoxidového

radikalu (O57), peroxidu vodiku

(H0:) a singletniho kysliku ('O-)
v chloroplastu v misté
fotosystemu I (PS 1) a
fotosystemu Il (PS 1l). Pouzité
zkratky: Chl - chlorofyl, Chl* -
excitona molekula  chlorofylu,
P680-reakcni centrum PSII; Z-
thyrozin, Q-plastochinon; PQ-

H,0 PC = > PC plastochinonovy pool; PQH>-
- plastochinol;  PC-plastocyanin;
- 0, cytB6-cytochrom  B6;,  P700-

LUMEN THYLAKOIDU . 'eakcni  centrum  PSI; Fe/S-
Rieskeho protein; Fd-ferredoxin,

(Arora a kol., 2002, upraveno).

V ramci linearntho ETC v chloroplastech elektrony sméfuji z molekuly vody
(donorova strana PSII) do reak¢nich center (RC) fotosystému pies fetézec prenasecu az k
NADP", ktery je redukovan na NADPH. Nasledné NADPH vstupuje do Calvinova cyklu a
redukuje finalni elektronovy akceptor CO, a sam se oxiduje na NADP". Existuji i alternativni
elektronové transportni cesty zahrnujici Mehlerovu reakcei, cyklicky transport elektront kolem
PSI, cyklicky elektronovy transport uvnitt PSII a nitratovou asimilaci (Makino a kol., 2002).
Redukce kysliku u PSI po piijeti elektrontt z ETC se nazyva Mehlerova reakce (Mittler a kol.,
2004). Primarnim produktem této reakce je O,7, ktery je disproporciovan za katalytického
ucinku SOD na H;0, a kyslik. Poté je H,O, je zneSkodnén diky APX, na vodu, ¢imz se cely
cyklus uzavird. Mehlerova reakce je konkurencni reakci standardné probihajici redukci
NADP" a za normalnich podminek je podil Mehlerovy reakce mensi nez 10% (Badger a kol.,
2000). Fotoredukce O, na O,” u PSI probihd nevyhnutelné za vyuziti 10-20% elektronti
z ETC dokonce pfi podminkach, kdy mnoztvi CO, dosahuje satura¢nich hodnot (Mano, 2002).
Ovsem Mehlerova reakce nabyva na vyznamu za stresovych podminek, kdy je inhibovan
Calvintiv cyklus, kdyz je rostlina adaptovana na tmu (aktivita Calvinova cyklu je minimalni),
anebo kdyz je PSII nadmérné redukovan elektrony a cast elektroni v ramci PSI jde z
ferredoxinu (Fd) na O, misto k NADP". Mimo tvorbu zvyseného ApH pies TMb (spotieby H"
ve stromatu; aktivace xantofylového cyklu; néasledné indukce nezarivé disipace absorbované
energie), zprostiedkovava Mehlerova reakce vyrazné odCerpani elektroni predevSim
z akceptorové strany PSI (Park a kol. 1996), ¢imZ je minimalizovany energeticky pfenos mezi
energeticky aktivovanym stavem chlorofylu a kysliku v zékladnim stavu a tim je zabrdnéno

vzniku 'Oy (Noctor a Foyer, 1998). Kapacita tohoto ochranného mechanismu je podminéna
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dostupnosti  kysliku a kapacitou detoxifikacnich mechanismti (Polle, 1996). Cely
pseudocyklicky transport elektronii za¢inad z molekuly vody na lumenérni strané TMb v PS 11
a kon¢i molekulou vody ve stromdlni ¢asti membrany, proto byva oznacovan také jako cyklus
voda-voda (WWC) (Obr.12) (Asada, 1999; Asada 2000). Pii podminkdch nadmérné
ozatenosti je az 30% z celkového ETC spotifebovano ve WWC a to naznacuje, ze O, hraje
dalezitou ulohu alternativniho elektronového akceptoru ve fotoprotekei (Asada, 1999, Apel a
Hirt, 2004). Dokonce pii vysoké koncentraci CO, v chloroplastech tok elektronii na O,
zabraniuje fotoinhibici a tim produkci O,” (Mano, 2002). WWC je proto povazovan za
vyznamny ochranny proces pii disipaci nadmérného mnozstvi excitacni energie (4sada 1999,
Asada 2000) (vice v kapitole 3.4 a 3.4.1).

Mistem vzniku ROS je i donorova strana PSII, kde probiha fotolyza 2 molekul vody
za uvolnéni Ctyt elektontl, ¢tyf protont a molekuly kysliku. Elektrony jsou ptenaSeny do RC
PSII, mize se ale stat, Ze i v tomto misté dojde k jejich uniku. Jestlize pak uniknuvsi
elektrony z ETC piechazeji na molekulu kysliku, dojde nasledné¢ ke vzniku ROS.

Akceptorova strana PSII v mistech chinonovych pifenasecit (Q chinon, PQ
plastochinon) je dal§im moZnym zdrojovym mistem uniku elektroni na O,. Kyslik se po
ptijeti elektronu redukuje na O,". Na stromalni strané membrany je O,” dismutovan na H,O,
za katalytického ucinku CuZn-SOD (Quan a kol., 2008).

Dal§im mistem vzniku ROS je fotoaktivovana molekula chlorofylu (‘Chla’) v LHCII
(Obr.4). Fotoaktivovany 'Chla' v podminkach, kdy je ETC presycen elektorny (nadmérna
ozatenost, sucho, nedostatek zivin, zaviené praduchy, herbicidy apod.), mize pfejit do
tripletniho stavu a pak reagovat s molekularnim kyslikem za vzniku singletniho stavu (‘0y),
ktery mize poskodit jemné struktury TMb (Niyogi 2000).

Existuji dv& strategie branici vzniku 'Oy v TMb chloroplastu. Prvni je regulace
velikosti LHC, diky niZ se omezuje generace *Chla. Druhym zpisobem deaktivace 'Oy je
reakce se zhaSe&i vazanymi na TMb. Deexcitace 'Chla' pies ’Chla,, je vyznamnym
deexcitatnim procesem nadbytecné energie, protoze se touto cestou deexcituje 4% - 25%
z absorbovaného mnozZstvi fotoni PSII (Foyer a Harbinson 1999; Niyogi 2000). Protoze v
ramci LHCII je priméméa doba Zivota 'Chlaw n&kolikrat delsi nez vLHCI, je
pravdépodobnéjsim mistem vzniku reaktivnich molekul kysliku v LHC pravé LHCII (Niyogi
1999). Moznymi zpisoby deexcitace 'Chla’, které brani vzniku 'O, jsou také tepelna disipace,
fluorescence a fotochemické reakce (Obr. 4). Hlavni fotoprotekéni podil je pfipisovan tepelné
disipaci, ¢imz je omezena rychlost redukce primarniho stabilniho akceptoru elektronti v PSII

chinonu A (Qa).
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1 .
Chla —— FLUQRESCENCE Obr4: Mozné zpiisoby deexcitace

excitované molekuly Chla. Jestlize
molekula Chla absorbuje svétlo

3Chla prejde ?’0 Sl'i’lgletl.’ll’h(). exvcitoyaného
. stavu, ~Chla . Existuje nékolik cest,
TEPELNA kterymi se excitovana molekula muze
DISIPACE  vrdtit zpét do zdkladniho stavu.
(NRD) Molekula  miuze  relaxovat  do
zakladniho stavu vyzdrenim sveétla,
tedy fluorescenci. Energie
. excitovaného stavu miize byt vyuzita
0, N FOTOCHEMICKE pro pohon fotochemickych reakcit (qP)
- Chla REAKCE nebo miize byt disipovana jako teplo
10, (NRD). Dale miize byt
2

mezisystémovou konverzi preménéna
molekula ~ 'Chla”  na  molekulu
chlorofylu v tripletnim stavu *Chla,
ktera Jje schopna reakce
s molekularnim kyslikem za vzniku
velmi reaktivniho ! O; (Miiller a kol.,
2001; upraveno).

SVETLO

Diilezitym zdrojem ROS u C3 rostlin jsou reakce spojené s fotorespiraénim cyklem
zahrnujici oxygenazovou aktivitu enzymu RUBISCO (ribuldza-1,5-bisfosfat karboxylasa-
oxygenasa) (EC 4.1.1.39) v chloroplastech napojenou na glykolat-oxidazovy cyklus a aktivni
zapojeni katalasy a peroxidasy v peroxisomech (Willekens a kol., 1997; Apel a Hirt, 2004).
Jestlize jsou rostliny vystaveny stresovym podminkdam a dostupnost CO; je velice omezena,
coz muze nastat pfi podminkach sucha, teplotniho stresu nebo pii vysokych ozatrenostech,
zastavaji dulezitou fotoprotektivni tilohu pravé Mehlerova reakce (redukce O, u PSI) a
fotorespirace (Obr.5) (Apel a Hirt, 2004). Fotorespirace je slunecnim zatenim stimulované
dychani, tj. pfijem O, a vydej CO,, zejména ve stavu suzavienymi pruduchy. Diky
mechanismu fotorespirace je spotiebovano ATP a dochézi ke spotfebé elektroni z nadmérné
redukovanych slozek linearniho elektronového transportu, ¢imz je udrzovéna céaste¢na
oxidace akceptort PSII a je tim zabranéno fotoinkativaci PSII v podminiach omezené
dostupnosti CO; v rostlinném pletivu (4sada, 1999, Apel a Hirt, 2004). V listech C3 rostlin je
fotorespiracni adice kysliku k ribuldsa-1,5-bisfosfatu (RuBP) za vzniku fosfoglykolatu a
fosfoglyceratu katalyzovana enzymem RUBISCO. Oxygena¢ni reakce vedou k uvolnéni
glykolatu, ktery je translokovan z chloroplasti do peroxisomt. Zde je glykolat oxidovan na
glyoxalat a H,O, diky aktivité¢ glykolat oxygenasy. Pfi saturacnich ozafenostech se rychlost
fotorespira¢ni produkce H,O; v listech C3 rostlin zvySuje a mize dosahovat hodnot cca

70pmol H,O, min™'g FW™ (Willekens a kol., 1997).
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Obr. 5: Fotosynteticky elektronovy transport v podmindch vysokych ozarenosti vede k produkci ROS v mistech
chloroplastit a peroxisomii. Jestlize dojde k nadmeérné redukci prenasecii ve fotosyntetickém transpotrnim retézci
Jjsou mistem spotieby elektronii Mehlerova reakce a fotorespirace. Mehlerovou reakci je generovan O;™ a H,0,.
Oxygendzovou aktivitou RUBISCO a fotorespiracni drahou vznika H,O, uvniti* peroxisomit. Cisla v kruhu znaci
zapojené enzymy: 1) SOD 2) RUBISCO 3) glykolat oxidasa, 4) CAT 5) APX. PSI a PSII- fotosystémy I a II; Fd-
ferredoxin;, RuBP- ribulosa-1,5-bisfosfat; PgA-3fosfoglycerat; MDHA-monodehydroaskorbat; AA-kyselina
askorbova,; P680*-excitované reakcni centrum PSII; NADPH-nikotinamid adenin dinukleotid fosfat, redukovanda
forma; NADP" -nikotinamid adenin dinukleotid fosfat, oxidovana forma (podle Apel a Hirt, 2004).

2.3.2 MITOCHONDRIE

Rostlinné mitochondrie jsou hlavnim mistem produkce H,O, pii pribéhu aerobni
respirace. Mitochondrialni ETC je sloZzeny ze c¢tyt komplexi: NADH-dehydrogenasy
(komplex 1), sukcinat dehydrogenasy (komplex II), cytochrom bel (komplex I1I) a cytochrom
C oxidasy (komplex IV). Nachazi se zde také péctice enzymu charakteristickd vyhradné pro
rostlinnou fisi: alternativni oxidasa (AOS) a ¢tyfi NAD(P)H dehydrogenasy, jeZ se skladaji z
flavoproteinti a pravé tyto enzymy jsou potencialnimi zdroji ROS (Maller, 2001).

Za normalnich podminek jsou komplex I a komplex III misty produkce ROS v
mitochontridlnim fetézci (Obr. 6). Na komplex III je navdazadna molekula ubichinonu, ktera je
hlavnim zdrojem O,", ktery je pohotové enzymem MnSOD pifeménén na H,O,. Kolem 1-5%
mitochondrialni spotteby kysliku vede k produkci H,O, (Moller, 2001). Aktivita komplexu I
mize byt inhibovadna ucinkem rotenonu a difenyleniodiem. Aktivitu komplexu III inhibuje
KCN, ktery pierusuje Q-cyklus a tim inhibuje produkci semichinont (Quan a kol., 2008). V
komplexu I je hlavnim zdrojem O,” jeden z Fe-S klastrh tj. Rieskeho centrum (bud’ N-1a

nebo N-2).
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V komplexu III se nejvice O,” tvoii jako vysledek autooxidace ubisemichinonu na
vnéj§i a vnitini stran€ mitochondridlni membrany (Turrens, 2003). Produkce O, v
mitochondridlnim elektronovém transportnim fetézci je zjevné zvySena v pritomnosti
antimycinu A, ktery blokuje tok elektroni pifes ubichinon, coz vede k hromadéni
redukovaného ubichinonu, jenz pak podléhd autooxidaci za tvorby O, Plati, Ze ¢im vice je
respiraéni fetézec redukovan, tim vice O, je produkovano. OvSem ne vSechny
mitochondridlni inhibitory maji tento uUc¢inek. VétSina produkce O,” z komplexu III je
zastavena, jestlize je pferuSen elektronovy tok mezi Rieskeho Fe-S centrem a kyslik je
blokovan napt. KCN a myxothiazolem. Tento inhibi¢ni efekt naznacuje, Ze O,” musi byt
produkovan jako vysledek autooxidace ubisemichinonu (UQ), jeZ je tvoifen béhem Q-cyklu v

komplexu III (Turrens, 2003).

2.3.3 PEROXISOMY

Peroxisomy jsou strukturné¢ jednoduché, ale funkéné velmi rozmanité bunécné
organely. Jsou to sférické bunecné kompartmenty ohrani¢ené jednou membranou a jsou
tvofeny v endoplazmatickém retikulu. Hlavni funkei peroxisomt je redukce H,O, a oxidace
pro buitkku Skodlivych latek. Peroxisomy vzdy obsahuji enzym katalasu (CAT) (marker

peroxisomil), ktery se podili na Stépeni peroxidu vodiku a mimoto i flavinové oxidasy
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produkujici H,O, (del Rio a kol., 1998). V rostlinnych peroxisomech probihaji metabolické
dé¢je jako fotorespirace, glykolatoxidazovy cyklus, metabolismus ureidli, enzymatické reakce
flavinovych oxidaz, metabolismus ROS (dismutace O,”) a odbourdvani mastnych kyselin
v procesu nazvaném [-oxidace mastnych kyselin (del Rio a kol., 2002).

Peroxisomu existuje v rostlinné tisi nékolik typt, z nichz kazdy ma specifickou funkci
a je lokalizovan v riznych pletivech. Listové peroxisomy jsou specializované peroxisomy,
které jsou lokalizované ve fotosyntetizujicich pletivech a probiha v nich fotorespirace (u C3
rostlin). DalSim typem peroxisomii jsou glyoxisomy obsazené v zasobnich pletivech
olejnatych semen a obsahuji enzymy, které jsou potiebné pro pro preménu zasobnich lipida v
semenech na cukry (rostlina je vyuziva béhem kliceni a rtstu) a také enzymy glyoxylatového
cyklu. Déle u rostlin rozezndvame gerontosomy vyskytujici se v odumirajicich listech, které
obsahujici enzymy katabolismu lipidt. V hlizkach tropickych nodulujicich bobovitych rostlin
se nachazi peroxisomy specializované na dusikaty metabolismus tzv. urikosomy, které jsou
schopny odbouravat guanin pies kyselinu moc¢ovou na alantoin (hlavni metabolit transportu
dusiku) za soucasné produkce H,O; (del Rio a kol., 1998).

V peroxisomech jsou nejméné dvé mista vzniku O,” a to v matrix a peroxisomalni
membrané (Obr. 7). V matrix probiha oxidace xanthinu a hypoxanthinu na kyselinu mocovou
za uvolnéni O;", kterd je katalyzovana xanthinoxidasou (XOD). Peroxisomy maji dilezitou
ulohu v katabolismu xanthinu, ktery je produkovany jako vysledek metabolismu purinovych
bazi (del Rio a kol., 2002). V. membrané¢ peroxisomu je tvorba O," zavisla na NADH a je zde
ukotven kratky transportni fetézec. Transportni fetézec je tvofen peroxisomalnimi
membranovymi polypeptidy (PMP): cytochromem b5 (Cyt b5) (18kDa), flavoproteinovou
NADH: ferrikyanid reduktasou (32kDa) a proteinem o molekularni hmotnosti 29kD. Protein o
molekulové hmotnosti 32kDa (PMP32), produkujici O,” v zavislosti na NADH, odpovida
podle imunochemickych a biochemickych vlastnosti monodehydroaskorbat reduktaze
(MDHAR) (del Rio a kol., 2002; Quan a kol., 2008).

Tato produkce O;" je vysledkem reoxidace NADH v peroxisomalnim elektronovém
transportnim fetézci, regenerovany NAD" je dale vyuzity v metabolickych procesech v
peroxisomu. Pfi normalnim pribéhu metabolismu neni O,” vyprodukovany peroxisomalni
membranou pro bunku nebezpecny, protoze ochranné antioxidac¢ni procesy v buiikch jsou
pln¢ funk¢ni a adekvatni k mnozstvi vznikajiciho O,". OvSem ve stresovych podminkach

dochazi k nartstu uvolnéného O,” z peroxisomalni membrany do cytosolu del Rio a kol.,

1998).
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Obr.7: Produkce peroxidu vodiku a superoxidového anionu v peroxisomech. Matrix a membrana peroxisomu
Jsou dvé mista generace O,". XOD oxiduje xanthin na kyselinu mocovou a poskytuje elektrony, jez redukuji O,
na Oy". Cyt b5 také dodava elektrony k redukci O; na O5". O;” je preveden na H,O, pomoci SOD. Znazornén je
i askorbat-glutathionovy cyklus majici své zastoupeni v matrix peroxisomu. XOD-xanthinoxidasa, Cytb5-
cytochrom b5, MDHAR-monodehydro-askorbat reduktasa, DHAR-dehydroaskorbat reduktasa; SOD-
superoxiddismutasa;, CAT-katalasa;, ASC-askorbat redukovana forma;, DHA-dehydroaskorbat,GR- glutathion
reduktasa; GSSG-glutathion oxidovand forma; GSH-glutathion redukovana forma; NADPH-nikotinamid adenin
dinukleotid fosfat, redukovana forma; NADP-nikotinamid adenin dinukleotid fosfat, oxidovana forma (del Rio a
kol., 1998, Quan a kol., 2008, upraveno)

2.3.4 PLAZMATICKA MEMBRANA

Plazmatickd membréana neboli plazmalema je tenky semipermeabilni obal ohranicujici
buiiku, ktery se sklada z lipidové dvouvrstvy a v ni ukotvenych proteinti. Zakladni funkci
plazmatické membrany je zajisténi selektivniho pfesunu latek mezi buiikou a jejim okolim a
dale kontakt a zprostfedkovavani informaci mezi bunkou a jejim okolim. V plazmatické
membrané dochédzi k produkci O, diky ¢innosti enzymu NADPH-dependentni oxidasy
(NOX) ukotveného na vnéjsi strané plazmatické membrany (Penel a Castillo, 1991). NOX
(Obr. 8) obsahuje flavocytochromy, které tvofi transportni fetézec. V odpovédi na cytokininy,
Ca’" a riistové faktory pienasi NOX elektrony z intracelularniho NADPH na kyslik za vzniku
O,". Superoxidovy radikal je tvofen v apoplastovém prostoru a nasledné je preménén na H,O,
bud’ spontanné, nebo plisobenim extracelularni SOD (Karpinska a kol., 2001; Bolwell a kol.,
2002; Torres a Dangl, 2005; Torres a kol., 2006, Bolwell a Daudi, 2009).

Rostlinné NOX jsou strukturalng i funkéné podobné NADPH oxidasam vyskytujicich
se v sav€ich neutrofilech (neboli oxidasy respiraéniho vzplanuti, RBO). Béhem respiracniho
vzplanuti v zivoc¢iSnych fagocytech, sté&jné jako pfi uspésném rozpoznani patogenu v
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rostlinnych buiikach, nastava uvoliiovani O," (Mehdy, 1994, Jabs a kol., 1997; Mittler a kol.,

2004, Torres a Dangl, 2005). Tvorbu ROS lze pozastavit difenyliodiem, coz je znamy
inhibitor savéi NADPH oxidasy a enzymil obsahujicich flavin (Low a Merida, 1996, Jabs a
kol., 1997). Pii navozeni jak abiotickych, tak i biotickych stresovych podminek dochazi u
rostlin, po aplikaci difenyliodidu, k blokaci tvorby ROS (4llan a Fluhr, 1997, Pellinen a kol.,
1999).

Bylo prokézéano, ze patogenni nebo houbové elicitory zpusobuji narlst v transkripci
genl NOX (Rboh geny) (Simon-Plas a kol., 2002). Studie s mutanty s eliminovanymi Rboh
geny poukazaly na odli$nosti v riistu patogenniho organismu a HR. Naptiklad u rostlin tabaku
s uml¢enym Ntrboh genem, ktery nevykazoval zjistitelny vliv na genotyp, se zjistilo, ze jsou
vice nachylné k avirulentnimu kmenu Phytopthora infestans a doslo také k potlaceni HR
(Yoshioka a kol., 2003).

Aktivita rostlinnych NOX roste béhem odpovédi bun¢k na infekci zplisobenou viry,
bakteriemi nebo houbami a také pti poranéni (Penel a Castillo, 1991). Maximum aktivity
NOX bylo zjisténo béhem formovani 1ézi u napadenych rostlin tabaku virem tabdkové
mozaiky (TMV). Léze byly pozorovany ¢asnéji a ve vétSim rozsahu u rezistentnich odrid ve
srovnani s nerezistentnimi odridami. UvaZzuje se tedy, ze rezistence rostlin vii¢i patogentim je

nasledek zvySené aktivity NOX a peroxidaz (Penel a Castillo, 1991).

2.3.5 BUNECNA STENA

Peroxidasy bunécné stény produktuji O,” za spotieby NADPH v reakci zavislé na
manganatych iontech (Dat a kol., 2000). Aktivita peroxidas bunééné stény (CWP) je silné
zavisla na pH, proto je pfesny nazev téchto enzymi pH dependentni-peroxidasy bunécné
stény (Mittler a kol., 2004). Béhem patogenniho napadeni dojde k rozpoznani molekul
produkovanych mikroorganismy (napt. oligosacharidy, proteiny a glykoproteiny), obecné
oznacovanych jako MAMPs/PAMPs (microbe/pathogen associated molecular patterns),
odpovidajicimi  vysoce afinitnimi PRPs receptory (pattern recognition receptors)
lokalizovanymi na povrchu plazmatické membrany (Bari a Jones, 2009, Sedlarova, 2009). Po
rozpoznani je informace o pritomnosti patogenu pienaSena v ramci rostliny plasmodesmy
nebo cévnimi svazky prostfednictvim signalnich molekul, metaboliti patogenu a/nebo
napadenych bunék (Sedldrova a Lebeda, 2002). V uvodnich fazich pienosu signalu jsou
dilezité procesy piechodu iontl pfes membranu specifickymi kandly (Sedlarova, 2009).
Otevieni iontovych kandlii vede k nastoleni zasaditého pH v exoceluldrni matrix a nasledné
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aktivaci CWP (Obr. 8.) (Wojtaszek, 1997). Diky aktivit¢ CPW je O," dale metabolizovan na

H,0,, ktery se podili na vzniku novych vazeb mezi polysacharidy a glykoproteiny bohatymi

na hydroxyprolin a na tvorbé ligninu.

Patogen
Bunééna :
sténa :
hydrolazy
..... houby
rostlinné A A
hydrolazy g A
Plazmaticka El
membrana ==
komplex
NADPH
Ex oxidazy

Cytosol G v v /\
AC | PLaseA | PLaseC / ;
ca*

H+
NADPH  NADP'+H"

Obr. 8: Schematické znazornéni hypotézy popisujici tvorbu ROS v bunécné sténé a plazmatické
membrane. Zkratky: AC-adenylat cyklasa; PLaseA-fosfolipasaA; PLaseC-fosfolipasaC; CWP-
peroxidasa bunécné steny; SP-spotreba protonii;, R-reduktant; El-diive elicitor nyni MAMP/PAMP;
Eg-drive receptor nyni PRP; G-GTP vazané proteiny (Wojtaszek, 1997, upraveno).

Peroxidasy bunécné stény jsou dulezité diky své uloze pii lignifikaci a suberinizaci.
Aktivné ptispivaji k tvorb¢ difenylovych mustkli a hydroxyprolinovych proteint (extensin) v
matrix bunécné stény. CWP se déle podileji na regulaci redoxniho stavu v apoplastu. Bylo
dokézano zapojeni peroxidaz ve stresovych fyziologickych procesech (Low a Merida, 1996),
a stejné tak jejich uloha pii patogennim napadeni rostlin (Montalbini a kol., 1995; Wojtaszek,
1997).

3. OBRANNE MECHANISMY ROSTLIN PROTI OXIDACNIMU STRESU

Zivé organismy si vytvofily, ve snaze zabranit nezidoucim oxida¢nim reakcim,
obranné mechanismy. Tyto mechanismy u rostlin miizeme rozd¢lit do dvou skupin.

Prvni skupinou jsou mechanismy, které se snazi tvorbé ROS piedejit jako napt. kvalita
a kvantita reak¢nich center (RC) fotosystémt, rovnovaha mezi PSI a PSII, uc¢innd regulace

transportu elektronti a svétlosbérné funkce. V ochrané proti pisobeni oxidacniho stresu maji
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dilezitou roli karotenoidy. V RC obou fotosystém rostlin a fas ma nezanedbatelnou tilohu (-
karoten, ktery chrani fotosynteticky aparat pfed fotooxidativnim poSkozenim zhaSenim
tripletniho stavu chlorofylu a singletniho kysliku (napr. Scandalios, 1993). Dal$im
ochrannym mechanismem chranici fotosynteticky aparat pfed poSkozenim, které pilisobi
nadmérné mnoZzstvi absorbované radiacni energie je xantofylovy cyklus (vice kapitola 3.3).
Mezi xantofyly ma nezanedbatelnou ulohu zeaxanthin (Z), ktery mé schopnost disipovat
energii singletniho chlorofylu na teplo. Druhou funkci Z je snizovéni fluidity TMb. Cim vice
klesne fluidita membrany, tim méné¢ ROS projde dovnitt thylakoidni membranou (Demmig-
Adams a Adams, 1996). Mezi dalsi ochranné mechanismy patii cyklicky elektronovy transport
(CET) okolo PSI (napr. Allen, 2003) a pseudocyklicky elektronovy transport (WWC), jez
poskytuji alternativni cestu toku elektronii za podminek kdy je inhibovan Calviniv cyklus a
zaroven generuji ApH pies TMD, ktery je potifebny pro konverzi violaxanthinu (V) na Z a pro
disipaci nadbytku absorbované energie (napr. Miyake a kol, 2005). Tyto regulacni
mechanismy pifedchdzi nekontrolovatelnému toku elektroni na O, a tim snizuji
pravdépodobnost oxida¢niho poskozeni.

Druhou skupinou jsou mechanismy, které se jiz aktivné snazi ROS vychytavat a
znéSkodnovat. Tato skupina mechanismii zahrnuje ochrannou funkci nizkomolekulérnich
antioxidantli a antioxida¢nich enzymii. Mezi nizkomolekuldrni antioxidanty patii kyselina
askorbova, tokoferoly, karotenoidy a glutathion (vice kapitola 3.1.). Mezi antioxidacni
enzymy (vice kapitola 3.2) tfadime takové enzymy, které 1) regeneruji redukované formy
antioxidant (DHAR, GR, MDHAR), 2) reakce mezi antioxidanty a ROS katalyzuji nebo jim
napomahaji (APX, DHAR, GR, glutathionperoxidasa (GPOX)), guaiakolova peroxidasa
(POX) a 3) pfimo aktivné ROS odbourdvaji nebo pfeméinuji (CAT, SOD). Popsany
komplexni antioxida¢ni systém poskytuje buitkdm vysoce U€inny mechanismus detoxifikace
0, a H,O,. Antioxidacni kapacita je velmi zavisld na ptsobeni stresovych faktort, stejné
jako na druhu, stadiu vyvoje a na fyziologickém veku rostliny (napr. Niyogi 1999; Dat a kol.,
2000; Foyer a Noctor, 2005, Apel a Hirt, 2004, Mittler a kol., 2004, Piterkova a kol., 2005).

Mimo jin¢ i mnohé fenolické slouceniny (flavonoidy, taniny a prekurzory ligninu)
mohou v rostlinnych pletivech slouzit jako potencialni antioxidanty, které snizuji u¢inky

pusobeni ROS (Blokhina a kol., 2003; Grace, 2005).
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3.1 ANTIOXIDANTY

Karotenoidy, zahrnujici xantofyly, jsou antioxidanty vazané na proteiny TMb.
Karotenoidy zabraiuji peroxidaci lipidl, zajistuji stabilizaci membran a podileji se na
odstrafiovani 'Oy’ z pigment-proteinovych komplext (napr. Tardy a Havaux, 1997; Havaux a
Niyogi, 1999; Niyogi 1999). Ve fotosyntéze chlorofyl plsobi ve stavu singletni excitace
('Chla’), kdy ma velmi kratkou dobu Zivota (fadové 10 s). Diky vhodnému uspotadani
kofaktorti v RC dojde i v tomto kratkém &ase k prenosu elektronu na primarni akceptor. 'Chla’
prechazi s malou, ale nezanedbatelnou, pravdépodobnosti v *Chla’, ktery ma dosti dlouhou
dobu Zivota (fadové 107 s) na to, aby se setkal s O,. Pii jejich srazce piejde *Chla do
zékladniho stavu a kyslik do 'Oy, ktery je velmi reaktivni a oxiduje bilkoviny i barviva
fotosyntetického aparatu. Karoteny (v RC) a nékteré xanthofyly (v anténdch) piejimaji od
3Chla excitaci, kterd na nich zanik4, aniZ by zptsobila §kody. Je to proto, e karotenoidy v
tripletnim stavu s kyslikem nereaguji a excitovany tripletni stav karotenoidii se velmi snadno
vraci do zakladniho stavu za uvolnéni tepla. Karotenoidy tedy velmi ucinné brani reakci
3Chla s O, ktera by vedla ke vzniku nebezpeného 'Oy (napr. Foyer a Harbinson 1999). p-
karoten se nachazi v RC PSII a podili se na zhaSeni 'Oy, odstranéni radikaléi hydroperoxidi
lipidii produkovanych béhem peroxidace lipidd, zvySuje fluiditu TMb a je hlavnim
prekurzorem vitaminu A (Niyogi, 1999). Xantofyly vdzané na LHC proteiny jsou
lokalizované v t&sné blizkosti Chla, proto maji nezanedbatelny podil na zhaseni *Chla i 'Oy
(Niyogi, 1999).

Uinnym systémem chranicim membranové lipidy pfed destrukci ROS miize byt
pfechodna piitomnost Z v lipidové matrix TMb (Havaux a kol., 2000). V zéavisloti na
prostorovém uspofadani molekul Z a B-karotenu v TMb dochézi ke zménam fluidity této
membrany. Kolmym uspofddanim molekul Z v lipidické dvojvrstvé, klesd fluidita TMb.
Naopak B-karoten svym ndhodnym uspofaddnim v lipidické dvojvrstvé membrany fluiditu
TMb zvysuje (Gruszecki a Srtzatka, 1991;Havaux, 1998). Na druhou stranu dochézi k nartstu
termostability TMb (Tardy a Havaux, 1997), a tim se snizuje citlivost lipidd z TMb
k peroxidaci (Havaux, 1998, Havaux a Niyogi, 1999). Antioxidacni efekt Z v TMb se
pravdépodobn& projevi terminaci fetézce peroxidacnich reakci lipidd iniciovanych 'Oy
(Baroli a kol., 2000). Z pravdépodobné doplnuje antioxidacni efekt a-tokoferolu. Pfitomnost
relativné malého mnozstvi Z v TMb lipidové matrix miize mit podstatny vliv na

fotoprotektivni aktivitu a-tokoferolu (Havaux a Niyogi 1999).
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Dal8im dilezitym antioxida¢nim ¢inidlem TMb je lipofilni sloucenina o-tokoferol
(vitamin E), ktera je schopna deaktivovat 'Oy, O,” a OH- a chranit membranové lipidy pied
peroxidaci tim, Ze zneSkodnuje volné peroxylové radikdly (Niyogi 1999). Zatimco
karotenoidy jsou vazané na proteiny TMb, a-tokoferol se vyskytuje volné v lipidové slozce
membran a zda se, Ze ma vliv na fizeni membranové fluidity a stability. Dulezitou ulohou a-
tokoferolu je ucast pfi uspeé$ném zakoncovani fetézovych reakci lipidové peroxidace za
privodniho vzniku radikdlu a-tokoferolu tj. a-chromanoxylu.

Askorbat (Asc) je antioxidant, ktery se uplatiuje predevdim v pHimém zhageni 'O,
0O, a OH", pii tvorb& molekuly a-tokoferolu z radikalu o-chromanoxylu a pfi redukci H,O,
na vodu v reakci s APX (Noctor a Foyer, 1998). V chloroplastu funguje Asc respektive
kyselina askorbova jako kofaktor violaxantin de-epoxidasy (VDE), ktera pievadi V na Z ptes
A (Foyer a kol., 1994). Kyselina askorbova v lumenu thylakoidu je donorem elektronti do
PSII. Prestoze se Asc v chloroplastech vyskytuje velice hojné (~25 mM), byla teprve v roce
1998 objasnéna jeho syntéza a fotoprotektivni funkce (Niyogi 1999).

Dal8im dilezitym antioxidantem je glutathion (GSH) vyskytujici se hojn€ v cytosolu,
mitochondriich a dal§ich bunéénych kompartmentech, kde vykonava rtzné funkce, mezi
nimiz dominuje obranné funkce pied oxidacnim stresem (A/lscher, 1989). Redukované forma
GSH je hlavni zdsobarnou siry a spolu se svou oxidovanou formou (GSSG) udrzuje redoxni
rovnovahu v bunéénych oddélenich (Noctor a kol, 1998, Noctor a Foyer, 1998). Diky
redoxnim vlastnostem se dvojice GSH/GSSG miize ucastnit regulace bunééné¢ho cyklu
(Blokhina a kol., 2003). GSH zabranuje peroxidaci lipidii odstranénim lipidovych alkyli nebo
lipoxylovych radikalt. Jednou z hlavnich funkci GSH je zabranéni oxidace thiolové skupiny
stromdlnich enzymil, jez by zpusobila jejich okamzitou inaktivaci (napr. Piterkova a kol.,
2005). Béhem puisobeni fotooxidacniho stresu dochazi ke zménam v obsahu glutathionu
(Tausz a kol., 2004). V pocatecnich fazich fotooxida¢niho stresu byla pozorovdna zména
v poméru GSSG/GSH, kdy bylo zaznamenéano vice oxidované formy GSSG, coz mohlo byt
zpusobeno mirnou degradaci celkového glutathionového poolu. AvSak pii dalSich,
alklimacnich fazich fotooxida¢niho stresu bylo zjisténo vice GSH a celkovy glutathionovy
pool se navySuje ve srovnani s nestresovymi podminkami. Glutathion odstranuje H,O, a
reaguje neenzymové i s dal§imi ROS: 'Oy, OH: a O,” . Vyznamna role GSH v antioxida&ni
obranég spoc¢iva v jeho schopnosti regenerovat askorbat cestou askorbat-glutathionového cyklu

(Niyogi 1999; Blokhina a kol., 2003).
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3.2 ANTIOXIDACNI ENZYMY

Superoxiddismutasa (SOD) je metaloenzym odstranujici O,, ¢imZ snizuje nebezpeci
tvorby OH ze O, v procesu Haber-Weissovy reakce. SOD je lokalizovana ve vSech
kompartmentech rostlinné buiiky, které jsou citlivé na oxidacni stres tj. mitochondrie,
chloroplasty, glyoxysomy, peroxisomy, apoplast a cytosol. Diky SOD je dismutace O,
10 000x rychlejsi nez by byla rychlost dismutace spontanni (Blokhina a kol., 2003). Bylo
dokazano, ze fosfolipidova membrana neni propustna pro nabité O," molekuly, z toho divodu
je nezbytné, aby SOD byla pfitomna ve vSech mistech produkce O," (Alscher a kol., 2002).
Podle kovového kofaktoru SOD délime do tii skupin (izoenzymi): Fe SOD, Mn SOD a
Cu/Zn SOD (Inzé a van Montagu, 1995). Fe SOD je lokalizovana v chloroplastech, Mn SOD
v mitochondriich a peroxisomech a Cu/Zn SOD v chloroplastech, cytosolu a mozna i v
mimobunééném prostoru. Jednotlivé izoenzymy mohou byt identifikovany na zakladé jejich
citlivosti k H,O, a KCN, jsou geneticky kodované, pfi€emZ geny reaguji na zvysenou tvorbu
ROS (Blokhina a kol., 2003). Fe SOD muzeme nalézt u eukaryot i prokaryot. V buiice se Fe
SOD nachazi v chloroplastech. Rozlisujeme dvé skupiny Fe SOD. Jeden typ je homodimer,
tvofen dvéma stejnymi jednotkami, proteiny o 20 kDa a 1-2 atomy Fe v aktivnim centru.
Druhy typ Fe SOD je tetramer tvofeny ctyfmi stejnymi podjednotkami o molekulové
hmotnosti 80-90 kDa. Tento typ Fe SOD ma v aktivnim centru 2-4 atomy Fe (4dlscher a kol.,
2002). Fe SOD je nevratn¢ inhibovana H,0O,, ale KCN ji neinaktivuje (Scandalios, 1993). Mn
SOD se v bunice vyskytuje v mitochondriich a peroxisomech. Je to bud’ homodimericky nebo
homotetramericky enzym s jednim atomem Mn na podjednotku. Vyskytuje se jak u eukaryot,
tak u prokaryot (4lscher a kol., 2002). Mn SOD neni ovliviiovana KCN ani H,O, (Scandalios,
1993). Zatimco Fe SOD a Mn SOD maji podobnou strukturu diky podobnym vlastnostem
jejich kovovych kofaktorti, struktura Cu/Zn se od nich vyrazné lisi. Cu/Zn SOD se objevuje
pfevazné u eukaryot, a to ve dvou formach. Jedna z nich je homodimerick4 a najdeme ji v
cytoplazmé nebo periplazmé bakterii. Druhd je homotetramer a je lokalizovéana v
chloroplastech a extracelularné¢ v intersticialni matrix (Alscher a kol., 2002). KCN Cu/Zn
SOD reverzibiln¢ inhibuje, H,O, zptsobuje nevratnou inhibici Cu/Zn SOD (Scandalios, 1993).
V posledni dobé byl objeven i ¢tvrty izoenzym s niklem v aktivnim centru (Ni SOD) a zatim
byl prokazan pouze u bakterii rodu Streptomyces (Alscher a kol., 2002).

Katalasy (CAT) jsou tetramerni hemové proteiny nachézejici se v bunécnych
mikroorganeldch témét vSech aerobnich organismt, kde katalyzuji preménu H,O, (napr.

Willekens a kol., 1995, Dat a kol., 2000, Luhova a kol., 2003). CAT je jednim z mala enzymil
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vykazujicim dvoji enzymovou aktivitu. Hyperoxiddzovou aktivitu vykazuje CAT béhem
piimé dekompozice H,O; na vodu a kyslik. Peroxidasovou aktivitu katalasy pozorujeme pfi
oxidacich substrat tj. metanolu, etanolu, formaldehydu, nitritu, formatu peroxidem vodiku
(Dat a kol., 2000, Luhova a kol., 2003). CAT se nachazeji v peroxisomech, glyoxysomech a
jim pfibuznym organeldm, v nichZ jsou pfitomny enzymy produkujici H,O,, napt. glykolat
oxidasa. RozliSujeme tfi hlavni isoformy tohoto enzymu CAT1, CAT2 a CAT3, které dale
tadime do tti t¥id (Willekens a kol., 1994a; Willekens a kol., 1997; Dat a kol., 2000). Enzymy
1. katalasové tfidy jsou lokalizovany v listech, jejich ¢innost je zavisld na svétle a podileji se
na odstraiiovani H,O, béhem fotorespirace. Enzymy 2. katalasové tfidy se nachazeji prevazné
v cévnich svazcich. Ve treti katalasové tfidé jsou seskupené enzymy zapojené hlavné v
procesu odstraiiovani H,O, z glyoxysoml a jsou hojné pfitomné v semenech a mladych
semendccich rostlin (Willekens a kol., 1995; Dat a kol., 2000). Exprese CAT genl neni
regulovana pouze béhem vyvojovych stadii rostlin, ale byla potvrzena citlivost exprese CAT
genu na signaly z vnéjsiho prostiedi (Scandalios, 1994; Willekens a kol., 1994b; Dat a kol.,
2000). K fotoinaktivaci CAT dochdazi jiz pii vystaveni rostlin mirnym svételnym intenzitam
pii souc¢asném piisobeni stresového faktoru (Streb a Feierabend, 1996). Hladina CAT v buiice
se meéni okamzité jako odpovéd’ na stresové podminky tj. mlize byt rychle snizena pii stresu,
ktery ma za nasledek inhibici translace CAT geni nebo zvySeni degradace gentii CAT
(Feierabend a kol., 1996). Mnozstvi mRNA isoenzymli CAT1 a CAT?2 je pii reakci na svétlo
zvySené, zatimco mnoZstvi mRNA CAT3 postupné klesd (McClung, 1997). Vliv svételnych
podminek na enzymovou aktivitu CAT v semenéccich hrachu (Pisum sativum) pe€stovanach
za kontrolovanych svételnych podminek a u etiolovanych rostlin byl zkoumén napt. v praci
Luhova a kol. (2003). ZvySena aktivita CAT zjisténd u neetiolovanych rostlin v porovnani
s etiolovanymi poukazuje na mnohem intenzivngj$i produkci toxického H,O, v zelenych
rostlinach. Mimo jiné je CAT aktivita znacn€ inhibovana béhem nizkych teplot i
vysokotelotnich Sokt (Hertwig a kol., 1992; Dat a kol., 2000) Byly publikovany prace, které
poukazuji na zmény v aktivit¢ CAT b&hem strestt vyvolanych UV-B zafenim, zvySenou
koncentraci SO, nebo ozonu (Willekens a kol., 1994a).

Askorbat-glutathionovy cyklus (Obr. 9) nékdy taktéz nazyvany Foyer-Halliwell-
Asadliv cyklus je zodpovédny za odbouravani H,O, na H,O z takovych bunéénych
kompartmentt, v nichz neni pfitomna CAT. V tomto cyklu jsou zapojeny neenzymové
antioxidanty kyselina askorbovd a GSH a antioxida¢ni enzymy DHAR, MDAR, APX a GR.
Mistem c¢innosti akrobat-glutathionového cyklu jsou chloroplasty, mitochondrie, peroxisomy

a cytosol (napr. del Rio a kol., 2002). Na povrchu TMb je O, efektivné zménén enzymem
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SOD, (konkrétn¢ Cu/Zn-SOD) na H,O; a ten je nasledné redukovan na H,O enzymem APX

za soucasné oxidace kyseliny askorbové na monodehydroaskorbat (MDHA) (vice v kapitole
3.4.). Tyto reakce mohou probihat nejen v bezprostiedni blizkosti TMb, ale 1 ve stromatu,
nebot’ SOD 1 APX byly nalezeny jak vazané na TMb tak i volné ve stromatu (Ogawa a kol.,
1995). Cely sled antioxida¢nich reakci se uzavira regeneraci (opétovnou redukci) MDHA
zpet na Asc. Dochazi k ni hlavné neenzymaticky redukovanym ferredoxinem béhem Mehler-
peroxiddzovém cyklu (Asada 1999). Mozna je také enzymaticka redukce enzymem MDHAR
za soucasné spotieby NAD(P)H nebo neenzymaticka reakce dvou molekul MDHA za vzniku
Asc a dehydroaskorbatu (DHA). DHA je pak redukovan na Asc pomoci DHAR, za soucasné
oxidace GSH na GSSG. Oxidovany glutathion se redukuje zpét na GSH v reakci katalyzované
GR za spotieby NADPH (napr. Inzé a van Montagu, 1995, Asada 1999; Kotabova, 2007).
Nutno dodat, ze kyselina askorbova ani GSH nejsou touto cestou spotiebovavany, pouze se
ucastni cyklickych redoxnich reakci za pouziti 4 enzym, které dovoluji redukci H,Oz na vodu s

vyuzitim elektroni ziskanych z NAD(P)H.

Obr.9: Askorbat-glutathionovy
NADP* NADPH+H* cyklus. DHA-dehydroaskorbat;, AA-
kyselina askorbova; GSH-glutathion,
GSSG-oxidovany glutathion;
DHAR-dehydroaskorbat reduktasa;
el e ] s [ — - GR-glutathion reduktasa; MDHAR-
monodehydroaskorat reduktasa;
APX-askorbat peroxidasa;, SOD-
superoxiddismutasa; NADPH-
DHA nikotinamid  adenin  dinukleotid
fosfat, redukovana forma; NADP-
nikotinamid  adenin  dinukleotid
fosfat, oxidovana forma (Noctor a
Foyer 1998, upraveno).
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3.3 XANTOFYLOVY CYKLUS

Fotosynteticky aktivni radiace (FAR) pfedstavuje nejen zdroj excitaéni energie pro
pohon primarnich fotosyntetickych reakei, ale je na druhou stanu také potencialnim stresovym
faktorem. Pokud jsou rostliny vystaveny vysokym intenzitdm FAR, snazi se mnozstvi pfijaté
FAR omezit. Jednim ze zpiisobli omezeni dopadli vysoké ozatfenosti na fotosyntézu je snizeni
velikosti LHCII, coz vede ke snizeni absorpcniho priifezu PSII. Toto snizeni obsahu LHC je
spojeno s relativnim zvySenim obsahu pigmentd xantofylového cyklu (Niyogi 1999).

Vramci xantofylového cyklu dochazi k vzajemné konverzi tfi xantofyli —
violaxantinu (V), anteraxanthinu (A) a zeaxanthinu (Z), které se 1isi poctem konjugovanych
dvojnych vazeb (Obr. 10). Reakce xantofylového cyklu, deepoxidace V na Z a zpétna
epoxidace, spociva pravé ve zméné¢ poctu pritomnych konjugovanych dvojnych vazeb
v molekulach xantofyld, tedy zménu z deviti (V) na jedenact (Z) ptes A, ktery jich mé deset.
Vyznam této reakce je dvoji. Za prvé, pocet dvojnych vazeb ovlivituje zivotnost molekuly a
excitovaného stavu (S;) Chla 14880 cm™; u V byla namdfena hodnota 15580 cm™ a u
Z 14610 cm™ (vice kapitola 3.3.1). Young a Frank (1996) uvadi nasledujici doby Zivota (t)
singletnich excitovanych stavii karotenoid: V(t)= 23,9 ps; A(t)= 14,4 ps; Z(t)=9,0 ps. Za
druhé, prodlouzeni zdkladniho fetézce zamezi rotaci koncovych skupin, k niz dochazi u
karotenoidii obsahujicich napt. epoxidovou skupinu, jako je violaxantin. Vysledkem je
rozdilnd konformace molekul V a Z. Koncové skupiny mohou byt umistény viic¢i hlavnimu
fetézci bud’ kolmo, nebo mohou byt v jedné roviné s hlavnim fetézcem. Karotenoidy tak
mohou snadno tvofit agregaty a pfedpoklada se, Ze konformacni zmény probihajici béhem
xantofylového cyklu mohou ovliviiovat usporadani svétlosbérnych komplexii (Young a Frank
1996, Bassi a Caffarri 2000).

Konverze xantofylii jsou katalyzovany enzymy violaxanthin de-epoxidasou (VDE) a
zeaxanthin epoxidasou (ZE). Pfi nadmérné ozarenosti dochazi k de-epoxidaci V prfes A na Z
enzymem VDE. Tato reakce je reverzibilnia a zpétnd epoxidace probihd pomoci enzymu ZE
(Obr. 10).

Enzym zeaxantin epoxidasa (ZE) je vdzan na membrdnu na stromdlni strané¢ TMb
(napr. Pfiindel a Bilger 1994, Eskling a kol. 1997). Epoxidace Z ptes A na V probiha ve tmé,
je stimulovéana slabym svétlem a byla prokdzana zavislost pribéhu epoxidace na

kosubstratech O, a redukovaném ferredoxinu (Fd) za spotteby NADPH (Eskling a kol., 1997).
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Optimalni pH pro aktivitu ZE se pohybuje v rozmezi 7-7,5. V pribéhu této reakce je redukéni
sila z NADPH pfenasena na ZE prostiednictvim ferredoxinu (Bouvier a kol., 1996).

Enzym VDE se nachazi v lumenu thylakoidi a kromé Asc respektive kyseliny
askorbové potiebuje pro svou aktivaci lumendrni pH okolo 5,2 a v neposledni fad¢ také V
(Eskling a kol. 1997; Miiller a kol. 2001). Vazba na TMb se uskute¢ni pravdépodobné v
mistech, kde je pfitomny lipid monogalactosyldiacylglycerol (MGDG) tvofici invertované
hexagonalni struktury (Latowski a kol. 2004). Ve tmé (pii neutrdlnim pH) se VDE pohybuje
volné ve vodni fazi lumenu thylakoidd. Pii zvySeném ozafeni dochdzi ke snizeni pH v
lumenu diky transportu protoni ze stromatu do lumenu thylakoidu. Dusledkem tohoto
poklesu je aktivace enzymu VDE, tedy jeji pfipojeni k TMb (Eskling a kol., 2001;
Morosinotto a kol., 2003). Mezitim dojde u V, ktery je za obvyklych svételnych podminek
vazan v LHCII ve své cis konformaci (15, 15 -cis konformace), k izomeraci z cis na trans
konformaci, indukovanou svétlem. Bylo zjisténo, ze pouze 3,6.-epoxy xantofyly v trans

konformaci za ptitomnosti lipidii mohou byt substratem pro VDE (Grotz a kol., 1999).

NIZKE SVETLO Obr. 10:  Schématické
znazornéni xantofylového
cyklu. Deepoxidace
violaxantinu na zeaxantin
] pres anteraxantin probihd

za katalytickych ucinki
violaxantin  deepoxidasy
(VDE)  pri  piisobeni
vysoké ozarenosti. Naopak
epoxidace Zna V pres
A probitha pri nizke
ozarenosti nebo ve tmé a
je katalyzovana enzymem

kyselina  HO
askorbova
VDE

Monodehydro-

askorbat
zeaxantin epoxidasou (ZE)
(Foyer a Harbinson 1999,
) upraveno).
vysoki  HO Zeaxantin
SVETLO

Po uvolnéni V do lipidové matrix se V stava pristupnym pro VDE, ktera postupné
odstrani jeho epoxidové skupiny. Vznikd A, zjehoz molekuly se po odstranéni zbylé
epoxidové skupiny vznika Z, ktery ma dvoji umisténi (Eskling a kol., 2001). Cast Z se
vyskytuje voln¢ v TMb a cast je vazana na proteiny svétlosbérnych antén. Ukazuje se, ze
volny Z se podili na ochrané lipidl pted peroxidaci (Havaux a Niyogi, 1999). Z véazany na
vnitinich svétlosbérnych komplexech PSII (CP 26, CP 29) (Morosinotto a kol., 2003) plsobi

jako ,,zhase¢* 'Chla a podporuje vznik agregatd LHCII, v nichZ probiha disipace nadmérmé
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excitaéni energie (Demmig-Adams a Adams 1996; Gilmore, 1997). Pti dal§im poklesu pH
lumenu na hodnotu okolo 6 dochdzi k protonaci Asc na kyselinu askorbovou, ktera je
skutecnym substratem pro VDE (Eskling a kol., 1997). Za normalnich podminek se pH
lumenu pohybuje v rozmezi 5,8 — 6,5 (Kramer a kol., 1999), z ¢ehoz plyne, ze limitujicim
faktorem pro aktivitu VDE neni pH lumenu, ale dostupnost V (Morosinotto a kol., 2003;
Kotabovd, 2007). Tento ptedpoklad byl potvrzen diky studiu na mutantu je¢mene chlorina f2
(nemé Chlb a postrada nc¢které LHC proteiny), kde deepoxidace V probihala rychleji. Za
nizké ozarenosti je V vézany v pigment proteinovych komplexech a je tedy prakticky
nepiistupny pro VDE. OvSem pii vysoké ozarenosti dojde k indukci strukturné funkcnich
zmén v PPC, které umoziuji odpojeni V od apoproteinid LHCII a tim se V dostane lipidové
faze thylakoidu, ¢imz se stane ptistupnym pro VDE (Eskling a kol., 2001).

Zajimavym aspektem regulace xantofylového cyklu je skuteCnost, Ze zatimco
maximalni mira konverze V na Z v podminkach nadmérné ozafenosti je vétSinou dosazena
béhem 10-15 minut, mize doba zpétné konverze Z na V vyrazné kolisat v casovém rozmezi
nckolika minut az hodin (napr. Jahns a Miehe, 1996; Firber a kol., 1997) a v extrémnich
podminkach az n¢kolika dni (napr. Ottander a kol., 1995).

3.3.1 SPOJENI XANTOFYLOVEHO CYKLU S NPQ

Fluorescence Chla odrdzi zmény v uc¢innosti fotosyntetickych procest. Fotochemické
zhaSeni (qP) odpovidd obecné energii spotiebované pii separaci ndboje v RC PSIL
Nefotochemické zhaseni (NPQ) je vyvolano tvorbou ApH na TMb, jakoz i aktivaci cetnych
regulacnich mechanismti, které zajist'uji efektivni zuzitkovani excitacni energie a jsou schopny se
vyportadat s fotoihibi¢ni ozafenosti nebo jinym druhem poskozeni fotosyntetickych komplexti.

Ptesny mechanismus, kterym se Z podili na NPQ, neni dosud zcela objasnén. Existuji
zde dva hlavni mysSlenkové proudy — pfimé a nepiimé zhaSeni excitované¢ho chlorofylu Z diky
konformacéni zmén¢ LHC. Dilezitou ulohu pti konformaéni zméné hraje protein PsbS (Li a
kol., 2000, Niyogi a kol., 2005). PsbS protein ma funkci regulacni podjednotky LHC a slouzi
jako senzor lumendlniho pH (nap7. Li a kol., 2002; Li a kol., 2004, Kotabova, 2007). Jak
piimy, tak nepfimy mechanismus zhaSeni excitovaného chlorofylu, zabranuje tvorbé ROS ve
fotoinhibi¢nich podminkach.

Prvni hypotéza predpokladd, Zze konformacni zména umozni pifimou interakci mezi Z
a excitovanym 'Chla’. Dojde k pienosu energie z molekul 'Chla" na heterodimer chlorofyl-Z a

naslednou velmi rychlou separaci naboje na Chla™ a Z* (Holt a kol., 2004). Z" se vrati do
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puvodniho stavu mechanismem vnitini konverze (napr. Demmig-Adams 1990, Polivka a kol.
2002; Morosinotto a kol. 2003; Ma a kol., 2003, Kotabova, 2007).

Podle druhé hypotézy je Z pouze jakymsi zprostiedkovatelem, ktery se podili na
zménach ve struktutfe PSII, a zajiStuje tak zhaSeni nepiimo (Obr.11). Tato hypotéza vychazi
ze strukturnich vlastnosti molekul karotenoidi. Diky rozdilné konformaci, kterou zaujimaji
koncové skupiny u V a Z, se jejich molekuly také odlisuji ve své polarité. Z je mnohem vice
hydrofobni neZ V, protoZe postrada epoxidové skupiny (Pfiindel a Bilger, 1994; Horton a kol.,
1994, Young a Frank, 1996, Bassi a Caffarri, 2000). Tim jsou pigmenty xantofylového cyklu
predurceny k odlisné vazbé s proteiny LHCII a mohou tak ovliviiovat jejich strukturu.
Snizené¢ pH uvniti lumenu aktivuje protonaci vazebnych mist pro koncové skupiny xantofylt,
které jsou umistény na CP komplexech. Prave tyto vnitini svétlosbérné komplexy PSII (CP 26
a CP 29) byly urceny jako misto, kde NPQ probihd (Horton a kol., 1994). Protoze V nema
diky své odlisné polarit¢ potfebnou afinitu k témto mistim, mohou se zde vazat jen
deepoxidované xantofyly. Navazani Z na PsbS protein je mozné jen v ptipadé, kdyz je PsbS
protein protonovany (Aspinall-O'Dea a kol., 2002). Ty pak nasledné¢ zplsobi vyrazné
konformaéni zmény, diky nimz mtize dojit k p¥iblizeni molekuly Z a 'Chla *, co nejblize
k sobé, ¢imz je usnadnén nasledny prenos energie. Tyto strukturni zmény mohou také vyustit
v pfimou ztratu energie z 'Chla - mechanismem vnitini konverze (Demmig-Adams a Adams

1996).

LH: Pshs LHE Psnf |_HE: Pkt

Stav & NPQ

Obr.11: Mechanismus NPQ. S poklesem pH lumenu dojde k aktivaci enzymu VDE a k protonaci
proteinu PsbS. V je pomoci VDE konvertovan na Z, ktery se poté vaze na protonovany PsbS. Komplex
(PsbS/H'/Z) pak interaguje s LHC vyvold stav s naristem NPQ (Nivogi a kol, 2005; prevzato
z Kotabovd, 2007).

3.4 CYKLUS VODA-VODA

Prili§ velké mnoZzstvi FAR pfijat¢ LHC je pro rostliny nebezpecné (viz. kapitola
3.3), protoze by mohlo zplsobit vznik ROS schopnych oxidovat bunééné komponenty.

Cyklus voda-voda (WWC) neboli pseudocyklicky transport elektront je dalsim ochrannym
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mechanismem, ktery je schopen likvidovat jiz vzniklé a nebezpe¢né ROS zejména O, a
H,0,. Nazev cyklu plyne ze skuteCnosti, ze voda je jak pocatecnim, tak i konecnym
produktem cyklu (Obr.12) (Asada, 1999; Asada, 2000).

Nejen ze WWC odklizi Skodlivé ROS, ale také generuje ApH na TMb v podminkéch,
kdyZ je dostupny pouze maly pocet akceptorti elektront v PSI tj. kdyZ je blokovan Calviniv
cyklus. Pak jsou elektrony pies ETC pumpovany do PSI s rychlosti vétsi, nez s jakou probiha
zpétna oxidace NADPH na NADP' v Calvinové cyklu (Foyer a kol., 1994; Arora a kol.,
2002). Diky nartstu ApH dojde ke zvySeni nezaiivé disipace absorbované energie, coz
pozorujeme nariistem NPQ. Vytvofeny ApH muze byt vyuzit enzymem VDE, jeZ katalyzuje
konverzi V na Z (Foyer a Noctor 2005).

WWC probihd v chloroplastech za ucasti specifickych enzymi. Témito enzymy jsou
SOD, APX, GR, MDAR a DHAR. Zminéné enzymy jsou vazané na TMb anebo se vyskytuji
volné rozpusténé ve stromatu. Prvnim krokem WWC je fotooxidace vody na kyslik
probihajici v PSII. Ziskané elektrony jsou pfenaSeny fetézcem pifenaSeci umisténych
v tylakoidni membrané na PSI a odtud na ferredoxin (Fd) nebo v mensi mife také na stromalni
faktor ¢1 pfimo na O,. Stromalni faktor (MDAR) vyrazné zvySuje kapacitu cyklu tim, zZe
zprostfedkovava prenos elektrond na O, (napr. Asada 1999).

Pokud molekula O, pfijme elektron, vznikd zni O,”. Tato reakce je nejpomale;jsi
reakci v celém WWC. O, je odstranovan enzymaticky SOD vazanou na TMb, anebo SOD
ve stromatu. V obou pfipadech je O, disproporcionovan na O, a H,O,. DalSim zplisobem
odstranéni O, je spontanni reakce s glutathionem, Asc nebo Mn®", ale piispévek téchto
reakci je velice zanedbatelny z divodu malé reaktivity O, s témito latkami. H,O, vznikajici
ze Oy je odstranovan v ramci thylakoidniho systému pomoci APX vazané na TMb (tAPX),
ktera je umisténa pobliz SOD. Ve stromatu tuto Cinnost zastdva stromalni APX (sAPX).
V obou pfipadech je pro reakci nutny Asc, ktery dodava elektrony na redukci H,O,.
Katalyticky cyklus APX zahrnuje dvouelektronovou oxidaci tohoto enzymu H,O,. V dalSim
kroku reaguje oxidovana forma enzymu s Asc za vzniku monodehydroaskorbatu (MDA).
Poslednim krokem je redukce enzymu pomoci Asc. Enzym se regeneruje do vychoziho stavu
a vznikéd druha molekula MDA. MDA, ktery vznikd jednoelektronovou oxidaci Asc, jiz neplni
svou fyziologickou funkci, a proto je v chloroplastu redukovan zpét na Asc. Pokud MDA
vznika v ramci thylakoidniho systému pobliz membrany thylakoidu, poskytuje elektrony pro
redukci p¥imo Fd. Ten redukuje MDA dokonce ochotné&ji nez NADP'. V tomto piipadé

probiha tedy obnova Asc pfevazné neenzymaticky. Ve stromatu probiha naopak enzymaticka
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obnova Asc, a to pomoci enzymu MDAR. Moznymi donory elektronti pro tuto reakci jsou

piednostné NADH anebo také NADPH.

MNADP JGSH DHA
§E€ Reakce ve stromatu
MNADFPH GSS0 A/

NAD(PIH

NADVP®

m?.
T T T PR P

Y R

Reakce na thylakoidni
rembrand

lumen

Ash MDA

DI |.n:j
J

Obr.12: Cyklus voda-voda, ktery probihd v chloroplastech a zahruje fotoredukci molekuldarniho kysliku na
superoxid u PSI, disproporcionaci superoxidu na H,0,, redukci H,O, na vodu a zpétnou redukci oxidovaného
askorbatu na askorbat. Enzymy zapojené do popsanych reakci jsou podrobné uvedeny v textu. SF-stromalni
faktor (Asada, 2000, upraveno).

MDA m

\

V prvnim kroku enzymové reakce dochazi k dvouelektronové redukci FAD a navazani
NADPH, nésleduje redukce MDA a tvorba semichinonu a finalni reakci je od§tépeni NADP"
ze semichinonu. MDA podléha spontanni disproporcionaci na DHA+askorbat. Tento proces
je ovlivnén hodnotou pH prostiedi, pficemz probiha nejrychleji pti pH v rozsahu 3-5. Ve
stromatu je pH vétSinou v rozsahu 7-8, takze MDA, pokud neni enzymaticky pfeménén, zde
zustava relativné dlouho oxidovan (4sada, 2000). Dehydroaskorbat (DHA) vznikajici
dvouelektronovou oxidaci Asc se vramci WWC redukuje zpét na Asc pomoci enzymu
DHAR. Donorem elektroni je v tomto piipad¢ glutathion. Glutathion je zpét redukovan

pomoci enzymu GR.
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3.4.1 FUNKCE CYKLU VODA-VODA

Cyklus voda-voda zastava v rostliné dvé zakladni funkce: likviduje ROS a podili se na
disipaci prebyteéné excitacni energie. Enzymy ucastnici se WWC jsou schopny piimo
odklizet O, a H,0O, a podileji se tak na ochrané predevsim stromdlnich enzymu tcastnicich
se Calvinova cyklu. Dal$im divodem, pro¢ je rostlinnd buiikka vybavena tak dokonalym
ochrannym systémem, je zabranéni vzniku silné reaktivnich radikald OH, které¢ jsou hlavnim
puvodcem oxidacniho poskozeni chloroplastii. Dilzitd je i funkce WWC v ochrané PSI,
jehoz ptipadna inhibice, je narodil od PSII, ireverzibilni. Pokud systém neni schopen chranit
PSI, nastdva prednostné fotoinhibice PSII, ktery je k oxida¢nimu poSkozeni citlivéjsi
(Gilmore a Govindjee 1999). Ptechodnou inaktivaci PSII se snizi tok elektronti do PSI a tim
dojde i ke snizeni tvorby nebezpe¢ného O, . Degradovany D1 protein, obsazeny v PSII, je
pak nahrazen novym D1 proteinem a funkce PSII je obnovena.

WWC ptispiva k linearnimu toku elektrontt v TMb. Timto déjem vznikd na membrang
ApH, ktery vede ke tvorbé ATP. Pfi pribéhu WWC ovSem nedochazi k produkci NADPH ani
redukovaného Fd, ale vznikd pouze ATP. Proto je tento d& také oznaCovan jako
pseudocyklicka fosforylace. Odtud plyne dilezita funkce WWC, kterou je regulace poméru
ATP/NADPH v chloroplastech. Nedostatek ATP se objevuje napt. v prvnich sekundach po
osvétleni rostliny, kdy je limitovana funkce Calvinova cyklu. Diky WWC se vSak rychle
vytvoii ApH a zacne se syntetizovat ATP. Mnozstvi ATP potiebného za normadlnich
podminek pro fixaci CO, zavisi na typu rostliny. V C3 rostlindch je pro fixaci CO; linearni
elektronovy tok dostacujici. Jiné procesy podilejici se na tvorbé ATP, kterymi jsou WWC a
CET, nejsou z tohoto diivodu nutné. Naproti tomu C4 rostliny vyzaduji vice ATP, nez je
mozno ziskat linearnim ETC, proto se WWC u nich podili na fixaci CO, i pii normalnich
podminkach (4sada 2000).

WWC se rovnéz ucastni disipace prebytecné svetelné energie a to jak piimo, tak i
nepiimo. Nepifimy zplsob souvisi se zvySovanim hladiny ATP ve stromatu. Cyklus WWC
timto umoznuje prubéh fotorespirace, ktera potiebuje vice ATP (vyssi pomér ATP/NADPH)
nez fixace CO,. Procesem fotorespirace je disipovana nadbyteCna excitani energie, ale
zarovei je dodavan CO, do chloroplasti. WWC funguje jako ,,odbocka* pro elektrony, které
nasledné¢ ve WWC redukuji O, na H,O,. Tento dé€j probiha ve vétsi mife predevsim pfii
stresovych podminkach, kdy je kapacita vyuziti fotonové energie a tedy i elektrond pro

redukci CO; sniZena.
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Dalsi funkci WWC je udrzeni Asc a glutathionu v redukované formé, jez jsou
nezbytné nejen pro priabeh samotného WWC, ale zastavaji i dalsi dulezité¢ funkce v rostlinach

(vice kapitola 3.1.).

4. CHARAKTERISTIKA INTERAKCI HOSTITEL-PATOGEN

Interakce rostliny s Zivymi organismy muze byt vzdjemné vyhodnd (mykorhiza,
symbidza) nebo pro rostlinu neptizniva, kterd navodi stres oznaCovany jako bioticky. Pfi
biotickém stresu jsou rostliny ohrozovany patogeny, konkurujicimi rostlinami nebo
bylozravymi zivoCichy. 1 kdyZz jsou rostliny vici vétS§iné patogentt imunni, piedstavuje
bioticky stres nebezpecny faktor ohrozujici Zivot rostlin a zplsobujici znacné ekonomické
ztraty na kulturnich rostlinach (Agrios, 1997, Dangl a Jones, 2001; Berger a kol., 2007).
Rostliny, jako nepohyblivé organismy, maji vyvinuty znacné komplexni, efektivni,
konstitutivni 1 indukovatelny obranny systém. Pro rostlinu je dilezité, aby co nejdiive
identifikovala plivodce stresoru a navodila odpovidajici zpisob obrany (Paviova, 2005).

Pojmem patogen oznacujeme takovy bunécny ¢i nebunéény organismus, ktery je
schopen zptisobovat chorobu na jednom hostiteli nebo okruhu hostitelit (Landa a kol., 2002).
Patogeny délime podle nutri¢nich narokii na biotrofni, hemibiotrofni a nekrotrofni. Z hlediska
lokalizace infek¢nich struktur jsou rozdé€leni na ektoparazity a endoparazity. V zavislosti na
zivotni strategii patogenu a pribéhu infekéniho procesu je pozorovana odlisna tloha ROS a
aktivace signalnich drah (Obr. 13) (Shetty a kol., 2006, Lopez a kol., 2008, Bari a Jones,
2009) (vice v kapitole 4.3).

Specializovani parazité (nejcastéji biotrofni, napt. Pseudomonas spp., rzi) maji znacné
vyhranény okruh hostitel. Naopak nespecializovani parazité (nekrotrofni, napt. hnilobu
zpusobujici bakterie Erwinia spp, Botrytis cinerea zpusobujici plisenn Sedou) maji okruh
hostitela velmi Siroky a jsou schopni produkovat Sirokou tfadu extraceluldrnich enzymii,
umoznujici jim vstoupit do rostlinnych buné€k prosttednictvim odbouravani polymert bunééné
stény. Biotrofni patogeny jsou nutricn€ vazany na zivé hostitelské buiiky, coz je odliSuje od
patogent nekrotrofnich, ktefi ziskavaji organické latky z usmrcenych bunék hostitele (napr-.
Hammond-Kosack a Jones, 2000, Glazebrook, 2005). Hemibiotrofové (napi. Phytophthora
infestans) jsou prechodnou formou mezi biotrofii a nekrotrofii a béhem svého vyvoje
v hostiteli-rostlin€ mohou projevit oba zplisoby vyzivy, zpocatku ziji biotrofng, ale
s postupujici infekci méni zptisob vyzivy na nekrotrofni nebo saprotrofni (napr. Kidela a kol.,
1989; Ashby 2000, Hammond-Kosack a Jones, 2000; Berger a kol., 2007). Mezi biotrofy
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fadime i viry, protoze jsou striktné z hlediska nutriéniho a reprodukéniho zavisli na zivych
bunkach hostitele. U hub a bakterii byly popsany jak biotrofni, hemibiotrofni, tak i
nekrotrofni zplisob vyzivy (napr. Panstruga, 2003; Berger a kol., 2007). Pojmem hostitel
charakterizujeme organismus, jenz piechovéava jiny bunéény nebo nebunéfny organismus

(virus), ktery je na ném ¢aste¢né nebo uplné zavisly.

PR-proteiny —SAR?

BIOTROFNi PATOGENY antimikrobidinf slout.
elicitory pfestavba bunééné stény
PAMPs HR

2

fytohormony

ROS napf. H;0, antioxidaéni
systémy

RNS napf. NO

'
enzymova a heenzymové

zdroje ROS
organely produkujici ROS

faktory virulence )
PR-proteiny

>
Aktivace obrannych gent
HR?
toxin
. - =

--..______________Bu né&cna smrt (nekroza)

NEKROTROFNI PATOGENY

Obr.13: Zdroje a funkce ROS a RNS behem interakce rostlin sbiotrofnimi a nekrotrofnimi patogeny
(Shetty a kol., 2008).

Témeét kazda interakce hostitel-patogen je jedine¢nd v aktivaci, lokalizaci, ¢asovém
rozvrzeni a mife obrannych reakci. Aktivity patogenu sméfuji na kolonizaci rostlinného
hostitele, zatimco rostliny jsou ,,naprogramovany” ke zjisténi pfitomnosti patogenu a ke
spusténi obranné reakce (napr. Agrios, 1997; Bolwell a Daudi, 2009). Odezva na infekci a
ptipadny rozvoj ¢i potlaceni projevii choroby primarné zavisi na genetické vybavé hostitele i
patogenu. Skutecnost, zda rostlina bude vic¢i patogenu odolnd nebo ne, vysvétluje hypotéza
»gen-proti-genu* (napr. Greenberg, 1997).

Specifi¢nost vztahu hostitel-patogen zavisi na tom, zda je rostlina schopna patogen
rozpoznat. Z tohoto hlediska miizeme délit interakce mezi rostlinou a patogenem na interakce
kompatibilni a nekompatibilni (napr. Almasi a kol., 2001). Ke kompatibilni interakci dochazi
tehdy, jsou-li obé slozky vztahu hostitel-patogen biologicky slucitelné. U kompatibilnich
interakci rostlina nerozezna patogen a dojde k infekcei, kolonizaci a $ifeni patogenu v rostling

(napr. Walton, 1997). Pti interakci nehostitel-nepatogen, kdy jsou obé slozky biologicky
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neslucitelné, mluvime o nekompatibilni interakci. Mezi nekompatibilni interakce patii ptipady,
kdy je rostlina nehostitelska a patogen se na ni nemize uchytit. U nekompatibilni interakce
nedochdzi k typickému vyvoji symptomi choroby, dochédzi k zapojeni obranné reakce spousténé
po aktivaci signalnich drah zahrnujicich kyselinu salicylovou a/nebo jasmonovou a také
k akumulaci ROS vedouci k programované bunécné smrti tzv. hypersenzitivni reakci (HR) (napr.

Sedlarova a Lebeda, 2001b, Paviova, 2005) (vice v kapitole 4.1.2).

4.1 MECHANISMY REZISTENCE ROSTLIN

Obrana rostlin proti patogenim zahrnuje rtizné strategie, ma rozlicné projevy a
vyuziva mnoha mechanismu plsobicich na riiznych urovnich (Walton, 1997). Hlavnim cilem
téchto pochodii je posileni stdvajicich mechanickych bariér, vytvoreni novych bariér v
bunécné sténé, nastoleni podminek pro patogen nepfiznivych a poskozeni nebo usmrceni
patogenu. Obrana rostlin proti patogentim je proces komplexni a jeho soucasti je i aktivace
regula¢nich mechanismii koordinujicich pribéeh jednotlivych reakei v prostoru i Case (Paviova,
2005). Nicméné vzhledem k jedinecnosti dosud znadmych interakci mezi rostlinami a riznymi
skupinami patogenti nelze stanovit obecné schéma pribéhu patogeneze ani obrannych
mechanismu (Tsuda a kol., 2008; Walton, 1997, Sedlarova, 2009).

Rostliny se proti patogeniim brani tim, Ze jsou schopny vytvaret strukturni bariéry, jez
zabrafuji vstupu a rozSifeni patogenli po rostliné. Jinym obrannym mechanismem je
biochemickd obrana, ktera spociva v produkci latek pro patogen toxickych anebo silné
brzdich jeho vyvoj (Agrios, 1997; Gloser, 1998). Obranné¢ mechanismy délime i podle toho,
zda jsou v rostlin¢ pritomny vzdy (preformované), anebo je-li jejich tvorba indukovana az
v pritbéhu patogeneze (mechanismy indukované neboli aktivni) (Sedldrovd a Lebeda, 2001b;
Walton, 19997). Podle délky casového useku uplynuvsiho od infekce rostliny patogenem

rozeznavame ¢asné lokalni obranné reakce a zpozdéné systémové reakce.

4.1.1 KONSTITUTIVNI OBRANA

Strukturni obranu proti patogenim zajistuji preformované fyzické bariéry, ale také
bariéry produkované az jako odpovéd’ na infekci. Preformované fyzické bariéry jsou vlastné
primarni a sekundarni kryci pletiva, chranici rostlinu pfed nepfiznivymi vlivy vnéjSiho

prostiedi i pred napadenim rostliny patogeny (Walton, 1997).
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Zakladni strukturni bariérou je bunécna sténa. Mnohé patogeny pronikaji do rostliny
poranénim nebo vyuzivaji piirozené otvory (priduchy, lenticely, hydatody) nebo jsou do
rostliny aktivné vpravovany pomoci vektoru (bodavé saci Gstroji msic — viry), nicméné fada
houbovych patogenil je schopna penetrovat piimo pies bunéénou sténu, coz je podminéno
vyvinutim vysokého mechanického tlaku a produkei lytickych enzymi. Mechanickd pevnost
bunécné stény je zajisSténa zvySenim poctu vazeb mezi latkami jiz pfitomnymi 1 vkladanim
latek syntetizovanych de novo. Aktivuji se enzymy nezbytné pro syntézu zakladnich
stavebnich kament ligninu  (fenylalaninamoniak lyasa (PAL), chalkonsyntasa,
chalkonizomerasa, guiakol peroxidasa), nutné k polymeraci slozek bunééné stény. Zvysuje se
syntéza glykoproteinii bohatych na hydroxyprolin. Aktivuje se NADPH-oxidasa, lokalizovana
na vngj$i stran€ plazmatické membrany, kterd katalyzuje vznik O,"°. O,” je dale
metabolizovan na H,O,, jez je mimo jiné potiebny v procesu lignifikace bunécné stény a
tvorby papil (Olson a Varner, 1993, Bolwell a Daudi, 2009). V misté prianiku bunécné stény
se vytvari papily, které zabranuji pronikani patogenu dale do buiky. Papily jsou utvafeny
v misté mezi plazmalemou a bunécnou sténou zesitovanymi proteiny, kaldézou (B-1,3 glukan)

a ligninem, coz zabezpeci

PATOGEN | 7 N
¢ PRR & /: R-protein posileni mechanické odolnosti
MAMP-spusténd buné¢né stény v misté infekce
— 9% | Efektorem-spusténd )
i— imunita (Lamb a Dixon, 1997; Walton,
®
1997; Bolwell a Daudi, 2009,
Apoplast Vellosillo a kol., 2010) (Obr. 14).
Chloroplasty
) Peroxizomy
02 — HZOZ Mitochondrie Obr. 14: Presné regulovana
= . Jadro produkce ROS v riznych organeldach
= Endoplazmat. retikulum a typech bunek je rozhodujici pro
E Endomembran. vezikuly preziti rostliny. Ukladani kalozy a
- ’ lipidova peroxidace jsou spustény

4 T nasledkem  interakce  rostlinnych
lﬂlf_lff}éi: ace epidermalni a mezofylové burky bunék s patogenem (Vellosillo a kol.,
tpicu 2010, upraveno).

I I
Antioxidacni systém a signalizace

Pii virové infekci se kaloza

- uklada v plazmodezmech, ¢&imz

bunikami, ale i pfenosu vody a

zivin do infikovanych oblasti (Paviovd, 2005). Ze strukturnich proteinli, Gcastnicich se

reorganizace bunécné stény, maji velky vyznam extensiny - hydroxyprolinové glykoproteiny.
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K jejich zesitovani dochazi jiz nékolik minut po napadeni patogenem v pfitomnosti H,O, a
tyrosinu (Sedlarovd a Lebeda 2002). Kutikula a vosky na povrchu listd a plodi vytvaieji
hydrofobni povrch, ktery eliminuje vlhkost potfebnou pro vyvoj fytopatogennich hub nebo
Sifeni bakterii. Mnozstvi dostupné vody snizuji i trichomy (Agrios, 1997).

Cytologické zmény je mozno pozorovat jiz v uvodnich fazich kontaktu rostlinné
bunky s patogenem. Jednou z prvnich reakci je piestavba cytoskeletu. Aktinovy cytoskelet se
podili uz na rozpoznani patogenu a je nepostradatelny pro expresi nehostitelské rezistence
(Kobayashi a kol., 1997). Rychld reorganizace cytoskeletu provazi proces penetrace
fytopatogennich hub, ovliviiuje vyvoj patogenu v bunkéach a urcuje dalsi pribéh infekce;
mikrotubuly se napt. mohou podilet na pfenosu virovych proteini mezi sousednimi bunkami.
V obrannych procesech se cytoskelet U€astni pfesunu organel, pfestavby membran a fibril
celulozy v bunécné sténé (Sedlarova a Lebeda, 2001b).

Ptirozenou ochranu rostliné poskytuji fytoncidy a inhibitiny, které jsou pro patogeny
toxické. V rostlin€ jsou pfitomny stale nebo ve formé prekurzorti, kdy k syntéze aktivni latky
dochazi az pii poskozeni bunky. Tyto pfirozené metabolity byvaji nejcastéji ulozeny ve
vakuolach povrchovych vrstev bun€k nebo v buiikach krycich pletiv. Chemicky se fadi mezi

terpenoidy, fenolické latky, flavonoidy nebo alkaloidy (Grace, 2005).

4.1.2 OBRANA INDUKOVANA PATOGENEM

Po rozpoznani patogenu je informace o jeho pfitomnosti pfendSena v ramci rostliny
pies plazmodesmy nebo cévnimi svazky prostfednictvim signdlnich molekul, metabolith
patogenu a/nebo napadenych bunék (Sedldrovd a Lebeda, 2002). Poté dojde k aktivaci
obrannych mechanismi, které podle rychlosti jejich nastupu miizeme rozd¢lit na déje rychlé a
pomalé (Obr. 15). Rychlé déje jsou zalozené na aktivaci jiz existujicich slozek, dochazi k
syntéze ROS, zménam v propustnosti membran, otevieni iontovych kanald, depolarizaci
membran, syntéze NO a k aktivaci MAPKs. Rychlé dé&je probihaji ve velké mife pouze
v infikovanych bunikach ptipadné v bunikach k nim tésné ptiléhajicim, kde maji za nasledek

HR, ktera vede k nekroze rostlinného pletiva spojené s usmrcenim patogenu.
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Obr.15: ROS zastavaji stezejni ulohu pri aktivaci obrannych mechanism, které jsou aktivovany po
napadeni patogeny (Torres a kol., 20006).

HR je rychlé programované odumieni napadenych bunék, zahajeny na urovni
transkripce specifickych gend, které vede k odumieni napadenych bunék, ¢imz patogen ztraci
zdroj vyzivy (Levine a kol., 1994, Baker a Orlandi, 1995; Mittler a kol., 1996, Bestwick a
kol., 1997; Greenberg, 1997, Walton, 1997; Pontier a kol., 1998; Torres, 2010). Dochazi
k prudkému hromadéni H,O, a NO, jsou aktivované lipasy, roste hladina toxickych
polyfenolli (Delledonne a kol., 2001). Déale dochazi v mist¢ ataku k uvolnéni obrannych
proteinii a toxickych metabolitli, a také signall, které aktivuji obranné mechanismy
sousednich 1 vzdalenych bunék. HR piedstavuje jeden ze Ctyf typl programované bunécné
smrti (PCD) (Torres, 2010). Jedna se o vysoce regulovany proces, ktery zahrnuje: kondenzaci
jédra a cytoplasmy; oddé€leni protoplastu od bun&cné stény; pieruSeni spojeni sousednich
buné¢k pres plasmodesmy; rozpad membranového systému bunék; aktivaci proteas a nukleas;
aktivaci K'/H™ a Ca®" transportu pies plazmatickou membranu; rozloZeni chloroplastd,
degradaci proteini a nukleovych kyselin nasledkem prudké akumulace ROS a NO (napr-
Greenberg, 1996; Levine a kol., 1996, Montillet a kol., 2005; Ptackova, 20006).
Charakteristicka je tmavé hnéda pigmentace odumtelé bunky, pfipadné stén protoplastu
sousednich zivych bunék, v disledku tvorby melaninu (napr. Sedldarova, 2009). Zékladnim
znakem HR je peroxidace membranovych lipidi, pii které dochazi ke ztraté integrity a

funkénosti jak plazmatické membrany, tak membrdn jednotlivych organel. Lipidova
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peroxidace je iniciovana pomoci ROS nebo také ¢innosti lipoxygenas. Produkty lipidické
peroxidace (napr. malondialdehyd a te€kavé uhlovodiky) maji antibakterialni vlastnosti i
signalizaéni funkci (Rustérucci a kol., 1999; Jalloul a kol., 2002, Ptickova, 2006). Pii
poruseni membran dochéazi k uvolnéni kyseliny a-linolenové, z niz se nasledné syntetizuje JA
(napr. Conconi a kol., 1996, Vick a Zimmerman, 1984). Nékteré kmeny biotrofnich hub
produkuji latky zvané supresory, které potlacuji vznik a pribéh HR (napr. Greenberg, 1997,
Pontier a kol., 1998; Hammond-Kosack a Jones, 2000; Pavlovd, 2005). Uvedena strategie
ochrany je zaloZena na rozpoznani patogenu a na komunikaci bunky patogenu s builkou
hostitele v pletivu ptilehlému k mistu infekce (Thomma a kol., 2001). Funkce ROS pii HR
nejsou pouze destrukéni. H,O, také funguje jako signalni molekula, ktera ovliviiuje
sekundérni metabolismus.

Mezi pomalé déje patii zmény v genové expresi, modifikace sekundarniho a
priméarniho metabolismu, zesileni bunécné stény a syntéza latek produkovanych de novo t;.
fytoalexinti, PR-proteinti, akumulace signalnich molekul SA, JA, ET). Bylo zjisténo, ze
patogen muze zpusobit nemalé zmény ve funkcnosti antioxidacni sité rostlinného hostitele,
¢imz dojde k naruSeni ROS homeostazy v buiice a také ke zménam v HR (Torres, 2010).
Ovlivnéni HR zprostfedkovava vysoka hladina SA, kterda muze omezit expresi klicovych
antioxidacnich enzymt a tim se zvySuje produkce ROS v bunikach hostitele (Torres, 2010).
Soucasn¢ s HR je v odumirajicich nebo sousednich buinikdch zahéjena tvorba fytoalexinii a
fytoanticipint. Fytoalexiny jsou specifické nizkomolekuldrni slou€eniny s antimikrobialnim
ucinkem, které jsou produkovany v misté infekce de novo, a jsou G€inné i ve velmi nizkych
koncentracich (10° az 10°M) (Hammerschmidt, 1999; Walton, 1997; Dixon, 2001). Jejich
charakter je ptevazné lipofilni, coz jim umoznuje prichod membranami a vstup do bunék
patogenu (Walton, 1997; Pavlova, 2005). Fytoanticipiny anebo jejich prekurzory byvaji
v rostlinném pletivu pfitomné jiz pted infekci (Dixon, 2001). Stejnd latka mize slouzit
v ruznych rostlinach jako fytoalexin i fytoancipin. Piikladem je flavonoid sakuranetin, ktery
se hojn¢ vyskytuje v listech Cerného rybizu (fytoaticipin), ovSem v listech ryze je jeho tvorba
indukovédna az po napadeni fytopatogeny (fytoalexin) (Dixon, 2001). Mnohdy jsou v
literarnich zdrojich obé¢ tyto latky s antimikrobidlnim ucinkem souhrnné oznacovany jako
fytoalexiny (Sedldrova, 2009). Pomoci produktd pomalych reakci rostlina zvySuje odolnost
vuci sekundarnimu ataku stejnymi nebo 1 jinymi patogeny. Pokud se tyto mechanismy rozsiti
do celé rostliny tedy i do neinfikovanych bunék, nastava tzv. systémové ziskané rezistence
(SAR, systemic acquired resistence), kterd je vSak nespecifickd a ptechodna (Paviovad, 2005)

(vice v kapitole 4.3.).
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Vyznamny je i pfimy antimikrobidlni u¢inek ROS, nazvany oxidacni vzplanuti, které
je jednou z prvnich odpovédi buniky na kontakt s patogenem (Wu a kol., 1997; Chamnongpol
a kol., 1998). Produkce ROS béhem interakce rostliny s patogenem probiha ve dvou fazich
(Obr. 16). Prvni taze tvorby H,O, zacind 1-2min od poc¢atku plisobeni elicitoru s maximem
kolem 10. min a oznacuje se jako nespecificka odpovéd’ a nastava jak u kompatibilni, tak
nekompatibilni interakce rostlina-patogen (Kuzniak a Urbanek, 2000). Druha, specificka faze,
typickd markantni tvorbou a akumulaci ROS, je nazyvéana oxida¢ni vzplanuti (oxidative burst),
nastava 1-3 hod od pocatku piisobeni patogenu a to pouze u interakce inkompatibilni, kde
oxidacni vzplanuti spousti HR (Levine a kol., 1994; Baker a Orlandi, 1995; Wojtaszek, 1997;
Dat a kol., 2000, Torres, 2010). Pii napadeni patogeny se uplatiiuje i NAPDH-dependentni
oxidasa, jejimZ pusobenim vznika superoxid. Ten je pomoci SOD dismutovan na H,O,, ktery
indukuje akumulaci SA (Dat a kol., 2000). SA inhibuje CAT, coz vede ke zvySovani hladiny

H,0, a dale az k aktivaci obrannych gent a programované bunééné smrti (Dat a kol., 2000).

Obr. 16: Dvoufazova
akumulace H>0, behem
‘l 11 oxidacniho vzplanuti u rostlin,
ktera je typickou odpovedi
rostliny na napadeni
avirulentnim patogenem
(nekompatibilni interakce).
Jednofazova akumulace H,0,
je typicka pro napadeni
rostliny virulentnim patogenem
(kompatibilni interakce) Faze |
je mespecificka a vyskytuje se
jako odpoved na mnohé
: S stresové stimuly, jako je napr.
| | | > poranéni. Faze Il koreluje
0 1 9 1 s ustanovenim rezistence proti
patogenu. (Grant a Loake,
2000).

HzOz

avirulentni patogen
....... virulentni patogen

¢as (hodiny)

Reaktivni formy dusiku (RNS) a to zejména oxid dusnaty (NO) (vice v kapitole 4.4)
jsou tvoteny zahy po infekci a ziejmé pusobi synergisticky s ROS s tim, ze se oba signaly
navzajem moduluji. Synergistické ptisobeni NO a H,O, vede k lokalizované bunécné smrti a
omezuje invazi patogenu (Zaninotto a kol., 2006), prestoZze mechanismus interakce mezi NO a
ROS neni stale objasnén (Mur a kol., 2006; Wilson a kol., 2008). NO se vaze na hem, ktery je
funk¢ni skupinou CAT a APX, inhibuje odbouravani H,O, a tim mtize navodit smrt bunky.

Pro indukci bunécéné smrti vyvolané patogenem je nezbytna velice t€sna rovnovaha mezi NO
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a H,O, (Gloser, 1998, Agrios, 1997, Wojtaszek, 1997, Apel a Hirt, 2004, Pavlova, 2005;
Chisholm a kol., 2006, Bolwell a Daudi, 2009; Torres, 2010).

4.1.3 BIOCHEMICKA REZISTENCE

Biochemicka obrana spociva v tvorbé latek, které jsou pro patogeny toxické a brzdi
jejich vyvoj. Odpovéd’ rostliny zacina aktivaci geni zodpovédnych za syntézu obrannych
latek jiz n€kolik minut po navazani kontaktu rostliny a patogenu (Sedlarova, 2009).
Inhibitory ptisobici pfimo na patogen nebo latky interagujici s iritanty vytvofenymi
patogenem byvaji v rostliné pfitomny bud’ jiz pied infekci, anebo se nové syntetizuji az jako
odpovéd’ na infekci (Agrios, 1997).

Néchylnost ¢i rezistence rostlin mize byt do jisté miry ovlivnéna podminkami
prevladajicimi na povrchu rostlinnych organd. Na semenech, kofenech a nadzemnich ¢astech
rostlin se mohou vyskytovat latky puasobici na patogenni organismy stimulaéné¢ nebo
inhibicng. Tyto exsudované latky jsou vylucovany na povrch rostliny sekundarnimi zlazkami
nebo hydatodami, ptip. difunduji z vnitinich pletiv. Chemické slozeni téchto latek je velmi
ruznorodé, jsou to sacharidy, organické kyseliny, proteiny, fenolické latky, enzymy, éterické
oleje aj. (Lebeda a kol., 2001). Tyto latky ovliviiuji fytopatogenni mikroorganismy nékolika
zpusoby: bud’ jsou pro mikroorganizmy substratem, anebo piisobi lyticky, inhibi¢né nebo
toxicky pfimo na patogeny, ale také mohou stimulovat kli¢eni dormantnich struktur hub a
jejich dalsi vyvoj (Kudela, 1989).

Reakei rostlin v prubéhu patogeneze je produkce proteinli, oznacovanych jako PR-
proteiny (proteiny indukované patogeny, pathogenesis—related proteins) (van Loon a van
Strien, 1999; Edreva, 2005). Tyto proteiny zahrnuji mimotfadné pocetnou a rtznorodou
skupinu, kterd je dale délena na podskupiny podle velikosti a pfevazujicich funkci. Podle
isoelektrickych bodii délime PR-proteiny na kyselé a bazické. Kyselé PR-proteiny se
vyskytuji v mezibunééném prostoru a bazické ve vakuolach. Kysel¢ PR-proteiny jsou
systetizovany jako odpovéd’ rostliny na napadeni mikroorganismy, kdezto bazické se
vyskytuji po napadeni rostliny herbivornim hmyzem (Kitajima a Sato, 1998). D€lime je do
¢trnacti rodin tj. PR-1 az PR-14 (van Loon et van Strien, 1999) (Tab.1). Nejdiive byly pomoci
molekularnich a molekularné-genetickych technik v rostlindch tabadku charakterizovany
proteiny PR-1 az PR-5, jez jsou sefazeny podle klesajici elektroforetické mobility (Edreva,
2005). Pozdgji bylo rozpoznano a klasifikovano dalSich 11 rodin (PR-6 az PR-16) a to nejen u
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tabaku, ale i1 u rajcat, okurky (PR-8) a petrzele (PR-10), u fedkvicek byly rozpoznany PR-12,
u Arabidopsis PR-13, u je¢mene PR-14.

PR-proteiny maji nékteré spolecné fyzikalni a chemické vlastnosti, napf. jsou
selektivné extrahovatelné pti nizkém pH nebo vysoce odolné vii¢i proteolytickym enzymuam.
PR-proteiny deaktivuji proteasy, rozkladaji bunécné stény patogenu a jeho proteiny, mohou
inhibovat sporulaci patogenu, deaktivuji ribozomy a omezuji pronikani patogenu. Rada t&chto
proteintt vykazuje enzymové vlastnosti, napi. chitinasy a glukanasy. Peroxidasy a
lipoxygenasy se podili na produkci lipidovych peroxidi a sekundarnich metabolitd s
antimikrobialni aktivitou. Mechanismus ucinku fady PR proteint neni doposud zcela objasnén
(Benesova a kol., 2011).

PR-proteiny nehraji primdrni roli v rozpozndvacim procesu, ale maji neobycejny
vyznam v mechanismech indukované rezistence (Dangl a Jones, 2001, Berger a kol., 2007).
Za normalnich podminek nejsou v rostliné pfitomny, po kontaktu s patogenem dochéazi k
jejich expresi. Syntéza PR-proteint je indukovéana rostlinnymi hormony: SA, cytokininy a
auxiny. PR-proteiny nemusi byt exprimovany pouze v misté¢ infekce, ale 1 systémoveé ve
spojitosti s rozvojem SAR proti ndslednym houbovym, bakteridlnim nebo virovym infekcim.
Jiné skupiny PR-proteinti jsou nezbytné ke spusténi HR, ¢i tvorb¢ signdlnich molekul nutnych
ke spravnému fungovani obranné reakce (syntéza JA a peroxidovanych lipidt) (Walton, 1997,
van Loon a van Strien 1999). Maximalni hladiny dosahuji PR-proteiny piiblizn¢ po 48hod a
zvySend hladina pfetrvava i nékolik mésicl po infekci, v tomto obdobi je rostlina odolnéjsi
vici piipadnému dalSimu patogennimu napadeni (Edreva, 2005).

Tab. 1.: Rozpoznané a navrzené rodiny PR-proteinii (van Loon a van Strien, 1999).

RODINA DRUHOVY ZASTUPCE VLASTNOSTI
PR-1 tabak PR-1a neznamé
PR-2 tabak PR-2 B-1,3-glukanasa
PR-3 tabdk P, Q chitdnasovy typ |, Il, IV, V, VI, VII
PR-4 tabak "R" chitanasovy typ |, Il
PR-5 tabdk S tabdk S "thaumatin-like"
PR-6 rajCatovy inhibitor | proteinasovy inhibitor
PR-7 rajce P69 endoproteinasa
PR-8 okurkova chitinasa chitinasovy typ llI
PR-9 tabakova lignin tvorici peroxidasa" peroxidasa

PR-10 petrzel "PR-1" "10 ribonuclease-like"
PR-11 tabak tfida V chitinasa chitinasovy typ |
PR-12 12 fedkev Rs-AFP3 defensin

PR-13 Arabidopsis THI2.1 thionin

PR-14 je€men LTP4 proteinovy prenasec lipidd
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4.2 PRENOS SIGNALU PRI VZNIKU OBRANNE REAKCE

Rozpoznani patogenu je dulezitym procesem nasledujicim ihned po kontaktu s
rostlinou a mize probihat dvojim zptisobem. Prvnim je rozpoznavani nizkomolekularnich
latek produkovanych mikroorganismy (dfive elicitory), které¢ jsou obecné oznacované jako
PAMPs nebo MAMPs (pathogen- nebo microbe-associated molecular patterns),
odpovidajicimi vysoce afinitnimi receptory PRRs (pattern recognition receptors) umisténymi
na vnéjsi strané plazmatické membrany (Bolwell a Daudi, 2009; Bari a Jones, 2009). Tento
typ rozpoznani navozuje zakladni rezistenci v nehostitelskych a hostitelskych rostlinach a plni
funkci primarni bariéry k zastaveni infekce patogenem (Berger a kol., 2007; Ldpez a kol.,
2008). MAMP/PAMP miiZze mit charakter proteinu, peptidu nebo sterolu. Jako MAMP/PAMP
mohou slouzit jednak metabolity vylucované patogenem, ty jsou nazyvany exogennimi
elicitory, patii sem polysacharidy, specifické enzymy a peptidy, ale i slou¢eniny, které se
uvolnuji z naruSovanych bunéénych stén patogenu (tj. stavebni jednotky chitinu, oligoglukany,
glykoproteiny bunééné stény hub nebo flagelin uvoliiovany z bakterialnich patogentt) (Torres,
2010). Jako endogenni elicitory oznacujeme slouc¢eniny uvolnéné z bunéénych stén rostliny tj.
oligogalakturonany - latky, které vznikaji pii rozkladu pektinti stény napadené rostlinné
bunky plsobenim enzymi produkovanych patogenem (Gloser, 1998; Paviovd, 2005; Bolwell
a Daudi, 2009). U rostlinnych virti bylo prokazano, ze jako elicitory plsobi proteiny tvofici
jejich obal (CP, ,,coat protein*), replikasy 1 proteiny dilezité pro Sifeni viru plasmodesmy
(MP, ,,movement protein“). Elicitory zpravidla neovliviiuji genovou aktivitu piimo, ale
zprosttedkované pomoci specifickych receptorti v plazmatické membrané a navazujici sité
vnitrobunééného pienosu signalu. Béhem spousténi obranné reakce rostlin byla pozorovana
signalizace pomoci zvysené koncentrace Ca>’ s aktivaci MAPK a CDPK (protein kinasy
zavislé na Ca”), ale také signalizace pomoci ROS (Romeis a kol., 2000; Romeis a kol., 2001,
Jonak a kol., 2002). Elicitor se vaZe na receptorovy protein rostlinné butiky, obvykle znaceny
R (rezistence), ktery dava rostlinné butice schopnost patogen rozeznat. R proteiny jsou casto
lokalizovany na vngjsi stran¢ plazmatické membrany, mohou se vSak nachdzet i v cytoplazmé.
Vytvoteni komplexu R-proteinu s elicitorem je signdlem pro spusténi obrannych reakci. R
protein je produktem genu R a rezistence rostliny je podminéna pfitomnosti jeho dominantni
alely. Zatim znamé R-proteiny maji mnozstvi opakujicich se sekvenci bohatych na leucin
nebo jinou hydrofobni aminokyselinu. Sekvence se oznacuji LRR (;, leucine-rich repeats“).

Obvykle se u R proteinit vyskytuje také oblast schopna vazat nukleotidy, oznaCovana jako

PREHLED PROBLEMATIKY -42 -



Helena KYSELAKOVA Doktorska disertacni price
NBS (,, nucleotide-binding site ) (Jones, 2001). Navazani nukleotidu ATP nebo GTP je nutné

pro ptenos signalu, komplexy mohou, ale nemusi mit kinasovou aktivitu. Nékteré typy NBS-
LRR R proteini maji jesté strukturu leucinového zipu (LZ), coz jim dava schopnost vazat
dalsi proteiny (Pavlovd, 2005).

Druhy zptisob rozpoznavani patogenu je vysvétlovan teorii ,,gen-proti-genu®, pti niz
hlavni roli hraji specifické produkty avr-genti daného patogenu a piisobi pouze na ty rostliny,
které vlastni receptorové proteiny kodované odpovidajicimi geny rezistence (R-genti),
lokalizované uvniti hostitelské bunky (Bonas a Lahaye, 2002; Sedlarova, 2009). Zminéné
rasove specifické elicitory jsou sekretovany do mezibunééného prostoru nebo jsou vpoustény
piimo do bun¢k pres sekrecni systém (Peck, 2003). V tomto piipad¢ je rozpoznan patogen,
ktery piekonal zakladni rezistenci, tj. bariéru v podobé preformovanych obrannych
mechanismu (Lopez a kol., 2008).

NADPH-oxidasou ukotvenou na vné&jSim povrchu plazmatické membrany je
produkovan O,”, ktery je nasledn¢ dismutovan na H,O, pomoci SOD. H,O; je schopen
plazmalemu piekonat a vstoupit do protoplastu, kde aktivuje detoxifikacni enzymy a reaguje s
2-hydroxylasou kyseliny benzoové (BA2-H) za vzniku SA, jejiz funkce je signélni a regulaéni
(Leon a kol., 1995, Hammond-Kosack a Jones, 2000). Krom¢ mozného ptimého ucinku H,O,
na expresi genil existuje jeSt¢ nepiima cesta, pfi které nejprve peroxidaci lipidd v
membranach vznika JA spolu s methyljasmonatem a ty pak nésledné ovliviiuji transkripci

(Obr. 17).

SIGNAL Obr.17: Schéma prenosu signadlu
pomoci jasmonoveé kyseliny, kterd se
R K P ) ¢ tvori  z  linolenové  kyseliny

(RECEPTOR S :Plazn;a!mka (dehydraci a p-oxidaci) za ucasti
/ @ / ~membrana enzymu lipoxygenasy. Linolenova
: kyselina je uvolnovana membranove

\ f\/ l vazanou lipasou po jeji aktivaci
\ signalem prenesenym z receptoru.

J

-~ linolenova kyselina Tato cesta, bézna pri poraneni listu
) herbivory i nékterymi patogeny,
1 ¢ === lipoxygenaza vede zejména k tvorbé inhibitorii

proteas, které piisobi herbivorim
poruchy traveni. (G, G-protein, PK,
proteinkinasa) (Gloser, 1998).

receptor JA — — aktivace genu

jasmonova kyselina (JA)
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4.3 HORMONY A JINE SIGNALNI MOLEKULY

Fytohormony jsou obecné se vyskytujici organické nizkomolekularni latky, s funkci
endogennich signalnich latek. Tyto pfirozené metabolity jsou v rostlinach pfitomny ve velmi
nizkych koncentracich (10 az 10°M) a slouzi k pfenosu informaci mezi pletivy a organy v
rostlin€. Jsou transportované na kratké vzdalenosti pfedevSim bunéfnym transportem, na
dlouhé vzdalenosti vodivymi pletivy. Mezi fytohormony a latky s fytohormonalnim
charakterem fadime: auxiny, cytokininy, gibereliny, ABA, ET, JA, SA, brassinosteroidy,
polyaminy, strigolaktony a peptidové hormony. Efekt fytohormont je dale dan schopnostmi
bunky signal rozeznat a reagovat na n¢j. Signal je rozeznavan specifickymi receptory, jejichz
mnozstvi urcuje citlivost builky k signdlu. Sila signdlu fytohormonu odpovidd jeho
koncentraci. Hladina fytohormonu je fizena na mnoha trovnich — pfedevsim intenzitou jeho
biosyntézy a degradace v mist¢ jeho vzniku, rychlosti transportu do mista odpovédi a
intenzitou odbouravani nebo reverzibilni inaktivace v misté plisobeni (Paviovd, 2005).

Je nezbytné uvést, ze aktivace signalnich drah siln¢ zavisi na zivotni strategii patogenu
a prib¢hu infek¢éniho procesu (Lopez a kol., 2008, Bari a Jones, 2009). JA-ET a SA signalni
drahy se mohou vzijemné ovliviiovat jak synergisticky, tak inhibi¢né (nap#. Rojo a kol., 2003;
Loake, Grant, 2007; Bari a Jones, 2009). Aktivace drdhy JA/ET nastavd pii napadeni
nekrotrofnimi patogeny anebo jako odpovéd’ na poranéni rostliny (napr. Smith a kol., 2009;
Garcia-Brugger a kol., 2006, Kessler a Baldwin, 2002). Pti interakci rostliny s nekrotrofnim
patogenem je dilezita role ABA, ktera jednak zvySuje rezistenci rostliny prostfednictvim
interakce s JA anebo mulZe zvySovat nachylnost k patogenu potlacenim tvorby JA. Je
pravdépodobné, Zze i1 sam nekrotrofni patogen interaguje s produkty ABA ke zvySeni
nachylnosti rostliny (napr. Lopez a kol., 2008, Sedlarova, 2009). Naopak rezistence rostlin
vuci biotrofim vyZzaduje nejen aktivaci obrannych odpovédi zéavislych na SA, ale také
potlaceni signalnich drah auxini a ABA, vedoucich ke sniZeni dostupnosti Zivin a vody pro
patogen (Glazebrook, 2005). Draha SA kromé zahijeni HR, zprostiedkovava produkci
fytoalexinli a proteinti souvisejicich s patogenezi (PR-proteinll), coz nasledné vede ke
spusténi systémove ziskané rezistence (SAR) proti Sirokému spektru patogenti (napr. Ryals a
kol., 1994; Durrant a Dong, 2004; Loake a Grant, 2007). Patogenem aktivované auxinové a
ABA signalni cesty postacuji k produkci antimikrobidlnich latek zavislych na SA signalizaci.

Krom¢ lokalni odpovédi v misté kontaktu rostlinné builkky a patogenu existuji i

systémové reakce, kdy dochazi k aktivaci obrannych mechanismi i v nezasazenych ¢astech
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rostliny. RozliSujeme tii typy rezistence: systémovée ziskanou rezistenci (SAR), systémove
indukovanou rezistenci (SIR) a indukovanou systémovou rezistenci (ISR).

HR aktivuje SAR, pii niZ se akumuluji SA a PR-proteiny a navozuje dlouhodobou
odolnost vici Siroké skale patogenti. Signalem, ktery je pfi SAR transportovan floémem je SA,
methylsalicylat a kyselina gentisova. SAR je spojena s produkci kyselych PR-proteind. SIR
byva navozena mechanickym poSkozenim, herbivory a nekrotrofnimi parogeny. SIR je
vyvolana signdlnimi drahami, které jsou spojeny s JA/ET. Signalizace se d¢je prostfednictvim
methyl jasmonatu, zmén elektrického potencidlu a je doprovazena akumulaci bazickych PR-
proteint (napr. Sedlarova, 2009). Nepatogenni bakterie rizosféry rostlin, ptisobi pfechodnou
aktivaci obrannych mechanismii tj. ISR. ISR je spojena s pfechodnym zvySenim hladiny ET a
JA, nezménéna vSak zlstava hladina SA a PR-proteint (Robert-Seilaniantz a kol., 2007).

Bylo prokazano, ze odezva rostlin na infekci patogenem je spojena také se zménami
hladin auxind, brasinosteroidu, cytokininti, giberelinli a ABA. Fytopatogenni mikroorganismy
zasahuji do metabolismu hormoni rostlin nepfimo, ovlivnénim jejich endogennich hladin
anebo jsou samy producenty hormont nebo jejich analogli (Robert-Seilaniantz a kol., 2007;
Bari a Jones, 2009; Sedlarovad, 2009). NaruSeni rovnovahy auxinl a cytokininl po napadeni
patogeny vyvolava histopatologické zmény tj. hypertrofie (rast pletiva vlivem zvétSovani
objemu jednotlivych bunék) a hyperplazie (rost pletiva masivni délenim bungk) (Suti¢ a
Sinclair, 1991). Pro pribéh obrannych mechanismu je vyznamna i kombinace metabolickych
signalii s fytohormony, které se podileji na senescenci tj. ABA, ET a cytokininy (napr-
Sedlarova, 2009).

Dulezitymi signdlnimi molekulami jsou 1 sacharidy, jez reguluji expresi
fotosyntetickych gentt (Wingler a Roitsch, 2008). Béhem patogeneze dochéazi k nartstu
aktivity enzymu Stépicich cukry tj. invertasy vazané na bunécnou sténu a fruktohyrolasy
v apoplastu, ¢imz se radikalné zvysi pomér glukoza+fruktdza/sachardza (Berger a kol., 2007).
Zmény v hladinach sacharidii ovlivituji buné¢nou aktivitu od transkripce pres translaci az po
stabilitu ¢i aktivitu proteinii a maji vliv na zpétnovazebnou inhibici rychlosti fotosyntézy
(napr. Wingler a Roitsch, 2008, Sedlarova, 2009).

V posledni dobé se usuzuje, ze kaléza a zejména pak produkty jejiho Stépeni, jsou
dal$imi moznymi signalnimi molekulami (napr. Sedlarova a Lebeda, 2002; Panstruga, 2003;
Sedlarova, 2009).

Dulezitou signalni ulohu v rostlinném organismu, v zavislosti na koncentraci, zastava
H,O,. Pfi nizkych koncentracich ptisobi H»O, jako signdlni molekula pfi spousténi

aklimatizac¢ni tolerance na rizné abiotické a biotické stresy (napr. Laloi a kol., 2004, Mittler a
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kol., 2004), nicmén¢ jeho nadmérnd akumulace miize vést k oxidacnimu stresu, ktery spousti
bunécnou smrt (Dat a kol., 2000, Neill a kol., 2002a). Rovnovazny stav hladiny bunécéného
H,0, zavisi na redoxnim stavu bunky (Mateo a kol., 2006). V rostlinnych buiikdch je proces
produkce a odstranéni H,O, pfisné regulovan a koordinovdn pomoci vicestupiiového
antioxida¢niho systému (4pel a Hirt, 2004). Vétsina studii dokazuje, ze samotny H,O, je u
rostlin klicovou signalni molekulou zprosttedkovavajici fadu reakci (Desikan a kol., 2003) a
aktivujici mnoho dal$ich dulezitych signélnich molekul, jako je Ca2+, SA, ABA, JA, ET, NO
(napr. Neill a kol., 2002b; Desikan a kol., 2004; Wendehenne a kol., 2004).

Utinnou signalni molekulou, ktera je v poslednich letech v popiedi zijmu

fytopatologti je oxid dusnaty (vice kapitola 4.4).

4.4 OXID DUSNATY

Reaktivni formy dusiku (RNS, reactive nitrogen species) miuzeme rozd¢lit do dvou
skupin. Na skupinu volnych radikalt, kam fadime (oxid dusnaty (NO) a oxid dusicity (NO,))
a skupinu latek, do které patii kyselina dusitd (HNO;), oxid dusity (N2O3), peroxydusitan
(ONOO). Nejznamé;jsi a nejvice studovanou formou RNS je NO.

Hydrofoébni povaha a malé rozméry molekuly NO usnadnuji jeji pohyb a pfipadné
lokdlni zvysSeni koncentrace v prostiedi bunéénych membrén, coz nasledné podporuje
reaktivitu NO s lipofilnimi latkami, jako jsou radikdlové meziprodukty peroxidace lipida
(napr. Piterkova a kol., 2008). Nejdiive byl NO popsan jako velmi dilezitd molekula
v zivo¢iSnych bunkéach. V rostlinnych buiikkdch byl popsan pii riznych stresovych
podminkach antioxidacni a ochranny vliv NO snizujici miru lipidové peroxidace (napr.
Piterkova a kol., 2008). NO ma funkci vnitrobunécného a mezibunééného posla nejen béhem
patogeneze, ale i v mnoha dalSich fyziologickych procesech u rostlin tj. pti regulaci otevirani
pruduchi, kveteni, opyleni, kliceni, ukonceni dormance semen (Delledonne a kol., 1998, De
Gara a kol., 2003; Romero-Puertas a kol., 2004; Piterkova a kol., 2008; Sirovd a kol., 2011).
Bylo prokézano, ze NO plisobi synergisticky s ROS v iniciaci a propagaci HR v mist¢ infekce
(Delledonne a kol., 1998, Delledonne a kol., 2001; Zaninotto a kol., 2006, Mur a kol., 2006).
Byla popséana ucast NO na expresi genti kodujicich proteiny se vztahem k obrannym reakcim
(PR-proteiny), metabolismu, bunééné detoxifikaci, transportu, homeostaze zeleza, signalizaci,
kveteni a biosyntéze ligninu (Delledonne, 2005).

NO reaguje jak pfimo s kovovymi komplexy a dalSimi radikaly, tak neptimo s DNA,
proteiny, a lipidy (Wink a Mitchell, 1998). Mimo jiné bylo navrzeno, ze NO funguje jako
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signalni molekula aktivujici obranny antioxidacni systém v obrané rostlin vici oxidativnimu
stresu vyvolanému teplotnim stresem (napr. Song a kol., 2006). NO reguluje tvorbu ET a
muze meénit strukturu Chlps. Pokud je koncentrace NO vyssi nez 10 uM dochazi ke zméné
vizkozity thylakoidt, poskozeni ETR a je inhibovano dychani. Nicméné¢ NO muze slouzit 1
jako faktor oddalujici senescenci (napr. Leshem a kol., 1998). NO je schopen nitrosylovat
thiolové skupiny cysteinli a tak reverzibilné regulovat strukturu proteini a enzymovou
aktivitu. Dle soucasnych poznatkli je nitrosylace cysteinli povazovana za jednu z
nejvyznamnéjSich posttranslacnich modifikaci proteini v rostlinnych bunkéch, ktera navic
hraje stézejni ulohu v obrannych reakcich rostlin pti napadeni patogeny (nap#. Lindermayr a
kol, 2005). Je znamo, ze NO se miZe védzat na hem, ¢imz miZe inhibovat enzymy
s hemovou podstatou tj. CAT a APX, jez maji nezastupitelnou roli v odklizeni H,O,
(Hammond-Kosack a Jones, 2000).

Samotna produkce NO u rostlin bunéénou smrt nenavozuje. Smrt hostitelskych
rostlinnych bun€k béhem HR je zpisobena soucasnou produkci NO a ROS, nicméné piesny
molekularni mechanismus této souhry NO a ROS béhem HR nebyl doposud objasnén
(Delledonne a kol., 2001). U rostlin sou¢innost NO s H,O, zptisobuje uvolnéni cytochromu C
z mitochondrii a béhem HR je to indukce kaspazové signalni kaskady (Mur a kol., 2006). NO
a H,0, mohou mezi sebou chemicky reagovat za vzniku 'O," nebo OH', které pak mohou
navozovat bunéénou smrt. Ulohu NO v interakci rostlina-patogen b&hem pocateéni fize
infekce se zaméfenim na moznou ulohu NO v systémové reakci u modelového systému
Solanum spp. - O. neolycopersici studovali Piterkova a kol. (2009). Specificky dvoufazovy
nariist produkce NO stanoveny pomoci oxyhemoglobinové metody byl pozorovan v
extraktech infikovanych listl stfedné a vysoce rezistentnich genotypu rajcete. Dale byla
detekovana systematickd odezva ve form¢ nartistajici produkce NO v intaktnich listech
sousedicich s listy inokulovanymi. Na zdkladé ziskanych vysledk autofi predpoklédaji
zapojeni NO v obranné reakci studovanych genotypti Solanum spp. vuci infekci patogenem O.
neolycopersici, probihajici sriznou intenzitou a mechanismem v zavislosti na stupni
odolnosti jednotlivych genotypt.

Signalni reakce NO zahrnuji syntézu sekundarnich ptenaSect, jako jsou cyklicky
guanosinmonofosfat (cGMP) a cyklickd adenosindifosfat rib6za (cADPR), které vedou ke
zménam hladiny cytosolického Ca®’. Signalni funkce NO jsou také zprostiedkovany
kovalentnimi modifikacemi proteintl jako nitrosylace cysteind a nitrace tyrosini a fosforylace
prostiednictvim MAPK (Garcia-Brugger a kol., 2006) (Obr. 18). cADPR ma velmi zasadni
vliv na uvolnéni Ca®" z vakuoly do cytosolu. Ve studii na rostlinich tabaku infikovanych

PREHLED PROBLEMATIKY -47 -



Helena KYSELAKOVA Doktorska disertacni price

virem tabakové mozaiky (TMV) prokazali Durner a kol., (1998), ze aktivace obrannych genti
je vyvolana zvySenou syntézou NO v rostlinné bunice a tento mechanismus je zprostiedkovan
cADPR-zavislym zvySenim koncentrace Ca®’. Dalsi vyznamnou signalni drdhou NO
v rostlinnych buiikach je aktivace kaskady MAPK. Aktivace MAPK vede k reverzibilni
fosforylaci enzymu regulujici jejich aktivitu. Externi aplikace NO stimuluje MAPK aktivity v
listech tabdku a A.thaliana (Capone a kol., 2004). Je znamo, ze stejné MAPK mohou byt u
tabaku aktivovany také dal§imi chemickymi signaly jako SA nebo H,O, (Piterkova a kol.,
2008).

Ca’" kanaly —® volny ca®*

cGMP/
cADPR

MAPK a dalsi kinasy g signalni sit ___gm bunééna odezva

N

NO
proteiny se signalni funkci

: \

GSNO —3 NO

/]

Obr. 18: Schématické zndzornéni signalnich drah NO v rostlinnych bunkach; primarni cile NO
zahrnuji mitogenem aktivované proteinkinasy (MAPK) a Ca’* kandly regulované prostiednictvim
zmén hladin cGMP (cyklického gyuanosinmonofosfitu) a cADPR (cyklické andenosindifosfat ribosy).
NO moduluje aktivitu proteinii nitrosylaci thiolovych skupin. Stabilni metabolit S-nitrosoglutathion
(GSNO) miize slouzit jako prena.e¢ signalu NO pro jeho uvolnéni a interakce ve vzdalenych cilech.
(Piterkova a kol., 2008).

U rostlin bylo dokazano, ze NO spolecné¢ s dalSimi RNS a ROS zprostfedkovava
bunééné uCinky hormond na molekularni Grovni. Piikladem mlzZe byt NO produkovany
enzymaticky, zprostfedkovavajici uzavieni stomat vyvolané aplikaci ABA (Desikan a kol.,
2002). Podstatou tohoto jevu je regulace iontovych kandlti svéracich bunck vlivem NO
prostfednictvim zmén intracelularni koncentrace Ca®" (napr. Garcia-Mata a kol., 2003). NO
signalni drahy jsou dale propojeny s drahami SA, JA, ET béhem odpovédi rostliny na vnéjsi
faktory a podili se i na regulaci biosyntézy kyseliny giberelinové. NO produkovany
v rostlinnych buiikdch béhem patogeneze mize mit tyto hlavni tlohy, které souvisi s H,Ox:
NO muze pusobit jako antioxidant, kdy odklizi ptebytecny H,O,, dale ma schopnost

ukoncovat peroxidaci lipidii a inhibovat signalni drahu H,O,, ktera vede k bunécné smrti; NO
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spoluptisobi s H,O, pti indukci SAR (napr. Hammond-Kosack a Jones, 2000; Urszula a
Rozalska 2005).

4.5 PROTEINY TEPLOTNIHO SOKU

Oznaceni proteiny teplotniho Soku (HSP, heat shock proteins) je spiSe historické a
souvisi s jejich objevem prave béhem teplotniho stresu v roce 1962 (napr. Hordakova, 2012).
U vyssich rostlin je zvySend produkce HSP vyvolana teplotami kolem 38 - 40 °C (Iba, 2002).
Ovsem vétSina HSP je v zivych organismech piitomna konstitutivné. Zvysenou produkci HSP
indukuji riizné stresové podminky (vysoké teploty, t€zké kovy, sucho, chlad, detergenty) nebo
bioticky stres (virova infekce) (Boston a kol., 1996, Waters a kol., 1996; Sikorova, 2010;
Chen a kol., 2008) HSP jsou oznaCovany jako molekularni chaperony, které jsou dilezité pro
spravné posttranslacni slozeni proteinti a stimulaci opravnych mechanismti. HSP ptsobi v
regulaci membranové fluidity a homeostaze proteini a v ochrané pied bunécnou smrti
(Parsell a Lindquist, 1993). HSP se vyskytuji ve vSech organismech, maji rozlicné funkce a
jsou na zakladé své molekulové hmotnosti rozdéleny do péti zékladnich rodin: smHSP,

HSP60, HSP70, HSP90 a HSP100 (7Tab.2) (Kregel, 2002; Wang a kol., 2004).

Tab.2: Rozdeleni HSP na zakladé jejich molekulové hmotnosti, lokalizace a funkce u rostlin (Wang a
kol., 2004, upraveno Chlps-chloroplasty; Mit-mitochondrie; ER-endoplazmatické retikulum).

HSP rodina bunécna lokalizace funkce
tosol, Chlps, Mit .
smHSP cytosol, F,)S’ I’ stabilizace narusenych protein(
membrany
HSPEO Mit, Chlps, cytosol prevence agregace d,en,atlurovar.\\'/f’:h protein(,
znovuskladani protein
prevence agregace proteind, signalizace,
HSP70 Chlps, Mit import a translokace protein(, aktivace
transkripce
HSP70 - Hsc70 cytosol molekularni chaperony
HSP70- Hsp91 cytosol molekuldrni chaperony
HSP70-Bip ER molekularni chaperony
HSP90 cytosol, ER, Chlps, Mit signalizace, translokace protein(
HSP100 cytosol rozkladani proteinovych agregatd

HSP jsou zapojeny v importu proteini a usnadiiuji proteolytickou degradaci
nestabilnich proteind jejich nasmérovanim do lysosomil nebo proteasomi (Mayer a Bukau,

2005; Wang a kol., 2004). Ruzné rodiny HSP spolupracuji pii ochrané bunécnych proteina
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proti stresu udrzovanim proteinu v jejich funkéni konformaci a odstranénim nefuk¢nich, ale
potencionaln¢ Skodlivych polypeptidi (Wang a kol., 2004; Hordkova, 2012) (Obr. 19). In
vivo bylo prokdzano, Ze se smHSP vaZzi na poskozené proteiny, brani jejich agregaci a tim
zajisti snadny piistup HSP70 a HSP100 pro nasledné znovusloZeni proteinti do spravné
konformace (Sun a kol., 2002). HSP100 hraji dalezitou roli pfi rozpousteni proteinovych
agregatu. Rozpusténé proteiny jsou pak ndsledné sklddany do spravné konformace diky

HSP70 a HSP60 (Wang a kol., 2004).

s (signallg:rf'e Zoé}t‘:iapcgﬂtranskripce) OObr. ,19: qujemna sp?.luprace

riuznych rodin HSP pri stresu
‘/’ rostlin. HSP jednak stabilizuji
konformaci  proteinii,  brani
agregaci proteini a podileji se
na znovuskladani  proteinii.
Poskozené agregujici proteiny
jsou rozpousteny za ucasti
HSP100 a nasledne skladany do
funkcni konformace nebo jsou

syntéza dalSich HSP/chaperond a
jinych protein( obranné reakce

smHSP, HSP 70
(stabilizace a prevence

-

agregace) denaturace broteind degradovany proteasou.
. ? Neéktere ~ HSP  doprovazeji
transdukci signalu, dochazi k

e

aktivaci transkripce a syntéze
HSP 60, HSP 70, HSP 90 %
e d

dalsich HSP a jinych proteini

znovuskladani proteind d i N ,
( P ; agregace eg_r,a € obranné reakce (Hordkova,
" l e 2012-prevzato).

HSP 100

(rozpoudténi agregatu)

Akumulace HSP70 je prlivodnim znakem virové infekce rostlin, nicméné vliv
akumulace HSP70 na virovou infekci zstava neobjasnén (Aranda a kol., 1996, Chen a kol.,
2008). Je znamo, ze replikace viru uvniti organismu hostitele zptisobuje zastaveni exprese
mnoha gent hostitele (Wang a Maule, 1995),coz mize byt spojeno s konkurencni indukci
gent Hsp70 a polyubiquitinu (Aranda a kol., 1996). Ve studii Chen a kol. (2008) bylo
zjisténo, ze Ctyfi rizné RNA viry — virus tabakové mozaiky (TMV), virus bramboru X (PVX),
virus mozaikovitosti okurky (CMV) a virus mozaikovitosti melounu (WMYV) indukuji expresi
Sesti gentt Hsp70. Chen a kol. (2008) dospéli k zavéru, ze diky akumulaci HSP70 v
cytoplazmé dochézi k nartstu projevl virové infekce u rostlin. U Closterovirii (napr. BYV,
Beet yellow virus) u nichz nebyl identifikovany Zadny specialni protein slouzici k pohybu viru
(MP, movement protein), se uvazuje ze tuto funkci pohybu viru mezi buitkkami piebira
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HSP70h (Peremyslov a kol., 1999). Navic se ukazalo, ze HSP70h ma funkci pfi systémovém

Sitenim viru (Prokhnevsky a kol., 2002). Nékteré studie poukazuji na to, ze Clenové rodiny
HSP70 mohou hrat rizné role pfi replikacich rostlinnych RNA vird, tj. pfi skladani virovych
proteinii a virionu i expresi proteinl (Chen a kol, 2008). HSP70 a HSP90 hraji také

vyznamnou roli pfi pfenosu signali béhem HR (napr. Kanzaki a kol., 2003).

5. VIROVE INFEKCE ROSTLIN

Viry jsou obligatni vnitrobunééni parazité, jez pro svou replikaci vyuzivaji pouze
intracelularni prosttedi, v némz je jejich mnozZeni zavislé na systémech hostitele dodévajicich
energii. Céstice viru je tvofena jednim typem nukleové kyseliny, ktera je obalena proteinovou
slozkou (kapsidou). Je zndmo pies 40 rodin RNA a DNA rostlinnych vir,, ovSem vétSinu
z nich fadime mezi jednovldknové (ss) RNA viry (Hammond-Kosack a Jones, 2000). Vétsina
rostlinnych virti nemé lipoproteinovy obal a nejsou schopny aktivniho prtniku do bunky. Do
rostlinné buniky viry pronikaji az po mechanickém naruSeni bunécéné stény tj. odérkami nebo
hmyzim pfenaSeCem. Dale mohou byt viry piendSeny vegetativnim mnoZnenim (viry
bramboru, viry ovocnych stromkil), generativnim mnozenim (semeny-virus tabakové
mozaiky). Viry vstupujici do bunky vyznamnym zpiisobem méni jeji metabolické procesy -
hned po infekci je blokovéna syntéza DNA, RNA a bilkovin rostlinné¢ buiiky a veskery
enzymaticky aparat se pfipravuje na syntézu vira.

Dle interakce virus-vektor délime pfenos viru na perzistentni, neperzistentni a
semiperzistentni. K perzistentnimu prenosu je potfeba dlouhé sani z infikované rostliny. Virus
postupuje do traviciho traktu, hemolymfy a slin, jimiZ je pfi sani infikovand dalsi rostlina. Po
prodélani inkubace se hmyz stdva infekénim do konce svého zivota. Neperzistentni pienos je
takovy, kdy je virus pfenaSen pouze z povrchu bodavé saciho ustroji (stilet), k ¢emuz staci i
kratké akvizi¢ni sani z infikované rostliny (v fadu vtefin), ovSem hmyzi vektor ziistava
infekénim pouze nékolik hodin. Pro semiperzistentni pienos je potieba delsi sani z infikované
rostliny a doba infek¢nosti vektoru je delSi, maximaln¢ vSak do jeho svlékani. Ve vztahu
virus-vektor dochdzi k perzistentnimu pfenosu napi. u viru vyrustkové mozaiky hrachu
(PEMYV) ptfenasené¢ho msicemi. Neperzistentni pienos je popsan u potyvirti prenasenych msici
broskvonovou a semiperzistentni prenos u viru zloutenky tepy (Beet yellows virus, BYV)
pfenaSeneho msSicemi.

Ve svétovém métitku zpiisobuji viry asi 15% vSech ztrat zpisobenych patogeny a patii

vewr
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n¢kterych plodin dokonce pred¢i mykozy svou zakeinosti a vysi zptisobenych skod tj. virozy
bramboru, Sarka u peckovin, rizomanie cukrové fepy (Kazda a kol., 2003). V podminkach
sttedni Evropy jsou viry plivodci asi 10% vSech ekonomicky vyznamnych chorob a pisobi
priblizn€ 30% vSech ztrat. Vazné disledky virdz postihuji zvlasté vegetativné rozmnozované
a vytrvalé rostliny (Caca a kol., 1981).

Béhem napadeni rostliny viry, stejné jako i dal§imi biotrofnimi patogeny, dochazi ke
zméndm v metabolismu, které jsou velmi energeticky narocné (Essmann a kol., 2008).
Biotrofni patogen ptfedstavuje pro hostitelskou rostlinu dalsi spotfebu energie a asimilati, jez
vyuziva pro svij rast a vyvoj. Dalsi spotfeba energie je spojena se snahou rostliny spustit
obranné reakce. Dochdzi ke zméndm v tvorb¢ asimilatd, jejich transportu a distribuci. Z vyse
uvedenych divoda hraje pti napadeni rostlin viry velmi dilezitou roli fotosyntéza.

Proti virim nelze pfimo bojovat prostiedky na ochranu rostlin. Napravu nepfinese ani
odstranéni napadenych casti rostlin, protoze viry se rychle §ifi po celé rostliné. Rostliny
napadené viry by se mély zpravidla zcela zlikvidovat. Neptfimou metodou v boji proti virozam
je hubeni hmyzich pienasect virti aplikaci insekticidi. Tato nepiima metoda je vSak u€inna
jen proti perzistentnimu druhu pfenosu vird. NejucinnéjSim feSenim ochrany rostlin proti

vir6zam je vyslechténi a péstovani rezistentnich odrad (Dostalova a kol., 2008).

5.1 PRIZNAKY VIROZ

Virové choroby se projevuji celou fadou piiznakl. Nejbéznéjsi jsou rizné formy
mozaiky, pestrokveétosti, zloutnuti, chloréz, deformaci orgdnt a nekr6z (Kazda a kol., 2003).
Habitus virdzni rostliny mize byt zménén zpomalenim ristu, projevi se vadnuti, sniZeni
vynosu, zhorSeni kvality sklizené produkce. Mimo uvedené, virézy zvysuji dispozice rostlin k
napadeni kotfenovymi chorobami, zvysuji vyskyt skudct (tfdsnének), zptisobuji pokles nebo
ztratu rezistence proti fusariozam (Kiidela a kol., 1989).

K histologickym ptiznakim kromé hyperplazii (masivni délenim bunc¢k neboli
proliferace) patfi u mozaik netiplna diferenciace mezofylu ¢i nestejnomérny rust povrchu listd,
kde se bunky v tmavé zelenych castech listu vyvijeji zcela normalné na rozdil od Zlutych
ploch listu, které obsahuji buiikky mensi velikosti. Mnozenim a rustem bunck ze zelenych Casti
listu dochazi k puchytkovitosti, pokrouceni a vzniku konkévniho nebo konvexniho tvaru listu.
Dalsi abnormalitou zplsobenou viry jsou enace (vyrustky z adaxidlni nebo abaxidlni strany
listu, obvykle spojené s nervaturou rostliny) nebo nadory na listech, stoncich a plodech
(Kudela a kol., 1989; Bos, 1999).
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V pribéhu virové infekce dochéazi casto v rostlinné buiice k tvorbé intracelularnich
inkluzi, které vétSinou predstavuji aglomerace virionii, napojenych na slozky burky.
Morfologie a umisténi inkluzi zavisi na virové infekci. VéEtSina virh tvofi jen
intracytoplazmatické inkluze. Nékteré viry - Potyviridae vytvéreji krystalické inkluze v jadte.
Virus zloutenky fepy (Beet yellows virus, BYV) zpusobuje tvorbu krystalickych inkluzi v
chloroplastech.

V chloroplastech infikovanych listh dochézi 1 k cytologickym zmé&ndm (Zechmann a
kol., 2003; Radwan a kol., 2008). Velmi Casto je disledkem vir6z snizeni poctu chloroplastt
v mezofylu, kdy u viru mozaiky tufinu neboli viru nekrotické krouzkovitosti zeli (Turnip
mosaic virus, TuMV) dochazi k postupné strukturdlni a biochemické degeneraci chloroplasti.
Zda se, ze zévaznost chlorotickych symtopii pifimo koreluje s pfitomnosti virovych protent
uvnitt plastidi (Reinero a Beachy, 1989). Virové Castice v hostitelské butice zplsobuji vznik
vackl podél vnitini membrany chloroplastl, kde dochazi k syntéze virové RNA (Matthews,
1991). Chloroplasty z listh Eupatorium makinoi infikovanych Eupatorium yellow vein virus
(EpYVV) obsahovaly mensi pocet thylakoidii ve srovnani s chloroplasty z listi zdravych
(Funayama-Noguchi a Terashima, 2006). Radwan a kol., (2008) pozorovali u rostlin u bobu
infikovanych virem zluté mozaiky fazolu (bean yellow mosaic virus, BYMV) ztratu b&zného
vnitiniho uspofddani chloroplasti, které mely sféricky tvar s cCastecné nebo uplné
poskozenymi chloroplastovymi membranami. PosSkozeni chloroplastli se projevuje chlor6zou
listd, kdy se na listech mozaikovité stfidaji svétle zelend az Zlutd mista s oblastmi tmavé
zelenymi. Ukdzalo se, ze tato tmaveé zelend mista, obsahuji velmi mélo virovych Castic a
chloroplasty jsou zde témér neposkozeny (Moore a kol., 2001). Témto oblastem, jez obsahuji
vysoké koncentrace chlorofylu, se fika tmavé zelené ostruvky (dark green islands). U rostlin
tabaku infikovanych virem mozaiky okurky (Cucumber mosaic virus, CMV) bylo potvrzeno,
ze ve zlutych oblastech na listu je vysSi respirace a naopak niz$i fotosyntetickd kapacita
v porovnani s tmav¢ zelenymi ostrivky (Shang a kol., 2010).

Pti virové infekei rostliny je nékdy pozorovatelné neptirozené tloustnuti bunécné stény,
zpusobené ukladanim kaloézy (Bos, 1999). Depozice kalézy nastdvd 1 b&hem HR
v plasmodesmech, ¢imz dochazi k blokaci téchto ,,spojovacich kandli* mezi buiikami, ¢imz
dojde k zabranéni sifeni virovych ¢astic. Bylo dolozeno, ze TGB2 protein, ktery je soucasti
viru bramboru X (Potato virus X, PVX) je schopen interagovat s enzymem, ktery rozklada
kalozu tj. B-1,3 glukanasou a zvySovat jeho aktivitu. Nasledné dojde k rozkladu kalozy a tim

je obnoven pohyb virovych ¢astic mezi buitkkami (Fridborg a kol., 2003).
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U vétsiny infekei je v bunice abnormalni pocet a velikost Skrobovych zrn ve srovnani
se zdravou rostlinou napf. u infekce zpiisobené virem svinutky bramboru (potato leaf-roll
virus, PLRV) (Matthews, 1991) nebo virem bramboru Y (potato virus Y, PVY), kde byl
zaznamenan i zvySeny obsah sacharidi (Herbers a kol., 2000). Akumulace Skrobu v Chlps
muze byt zptisobena snizenou propustnosti Chlps membrany, poruchami v odtoku asimilatt
(inhibice proteinti podilejicich se na transportu cukri) nebo zménami v aktivité enzymi
hydrolyzujicich $krob v infikovanych Chlps. JelikoZ se nejedna se o Skrob hydrolyzovany, je
rostlinou patrné nevyuzity (Hebers a kol., 2000).

Obvyklym jevem u virovych infekei jsou zmény v metabolismu sacharidi, kdy
dochazi k rozdilim v zastoupeni jednotlivych sacharidii. Klesa zastoupeni disacharidl, ale
naopak roste mnozstvi monosacharidii (Herbers a kol., 2000, Shalitin a Wolf, 2000, Shalitin a
kol., 2002; Arias a kol., 2003). U rostlin byly popsany tfi typy izoenzym invertasy, které jsou
umistény v cytoplazmé, bunééné sténé a vakuolach (Hebers a kol., 2000; Roitsch a Gonzdles,
2004). Invertasa bunécné stény (EC 3.2.1.26) se podili na Stépeni sachardzy, na monomery
hexdzy tj. glukozu a fruktézu. Viry se Sifi mezi bunkami pfes plazmodesmy pomoci MP
(,,movement protein“ — ma schopnost ovlivnit velikostni limit plazmodesmu a tim umoziuje
prichod virovych ¢astic). OvSem mnohdy pfi virové infekci dochéazi k blokovani transportu
ptes plasmodesmy (tvoii se membranové vezikularni struktury napi. pfi PEMV infekci (De
Zoeten a Gaard, 1983)), tudiz se sachar6za hromadi v apoplastu a je dostupna pro enzym
invertasu (Herbers a kol., 2000; Roitsch a kol., 2003). Byly doloZeny i zmény v translokaci
sacharidi béhem patogenni infekce u rostlin a zména vztahu zdroj-sink (pokles podilu
transportovatelné sacharézy na ukor hromadéni glukozy a fruktézy v apoplastu) (Hebers a
kol., 2000; Biemelt a Sonnewald, 2006). Jelikoz maji sacharidy vliv na expresi mnoha
rostlinnych genl, mohou byt zmény zplUsobené vyssi aktivitou invertasy pii patogennim
napadeni odpovédné za potlaceni exprese urCitych fotosyntetickych gent (cab geny —
exprimujici protein jez vaze Chla/b; tbcS geny — exprimujici enzym RUBISCO) a tim muze
zpetnovazebné dojit k inhibici fotosyntézy (Scholes a kol., 1994; Chou a kol., 2000, Herbers
a kol., 2000, Prokopova a kol., 2010). Nicmén¢ zmény ve funkénosti fotosyntetického aparatu
béhem patogenni infekce nemuseji byt zapti¢inéné pouze inhibici exprese fotosyntetickych
gent, nebot’ reakce rostliny na patogenni napadeni byva podstatné rychlejsi nez by byl casovy
usek nutny pro zménu v genové expresi. Ukézalo se, ze akumulace sacharidii u biotrofnich
interakci hostitel-patogen, miize mit krom¢ vySe uvedeného, vliv na limitaci anorganického

fosfatu, ktery je nezbytny pro tvorbu ATP (Scholes a kol., 1994).
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5.2 ZMENY V METABOLISMU HOSTITELSKYCH BUNEK

Virova onemocnéni rostlin zplisobuji zavazné zmény v procesech jako je fotosyntéza,
respirace, aktivita antioxida¢nich enzymt, hormonalni rovnovaha, transport zivin anebo
akumulace asimilati (napr. Zhou a kol., 2004; Chaerle a kol., 2006, Funayama-Noguchi a
Terashima 2006, Song a kol., 2009). Je nutné¢ podotknout, ze vliv virové infekce na
fyziologické parametry rostlin neni uniformni a vyrazné se lisi u riznych kombinaci virus-
hostitelska rostlina, a velmi zdlezi zejména na tom, zda se jednd o kompatibilni ¢i
nekompatibilni interakci a také na probihajicim Zivotnim cyklu viru (4lmasi a kol., 2001).

Obecné u onemocnéni zplsobenych obligatnimi parazity dochdzi ke zvySené
permeabilit¢ membran Chlps a tim i ke zménam v koncentracich metaboliti uvnité Chlps.
Asimilace CO; u infikovanych rostlin je ovlivnéna poruchami ve funkci priducht, kdy se na
svétle pruduchy zcela neoteviraji, coz vede ke snizené stomatalni transpiraci na svétle a ke
zhorsené difuizi O, do intercelularnich prostor. Pokles Cisté fotosyntézy miZze byt zplisoben
vice faktory a to: snizenou asimilac¢ni schopnosti chloroplastti, poklesem obsahu chlorofylu,
zvySenym stomatalnim odporem pii difuzi CO,, snizenym odtokem asimilatl z infikovanych
listl (projevuje se zejména hromadénim volnych sacharidii a aminokyselin v infikovaném
pletivu) a také zvySenou urovni respirace a fotorespirace (Berger a kol., 2007), ale 1 poklesem
funk¢nosti, pfipadné snizenim obsahu komponent, elektronového transportniho fetézce
(Scholes a Rolfe, 1995).

Pribéh fotosyntetickych reakci se mize ménit béhem probihajiciho zivotniho cyklu
viru uvnitf hostitelskych bun€k. V Chlps izolovanych z listli ¢inského zeli infikovaného virem
zluté mozaiky vodnice (Turnip yellow mosaic virus, TYMV) byl pozorovan rychlejsi pribeh
cyklické i necyklické fotofosforylace pouze v prvnich fazich infekce, kdy dochdzelo
k masivnimu mnozeni viru. V pozdéjsim stadiu infekce byla naméfena fotosynteticka aktivita
u infikovanych Chlps niZ§i v porovnani s kontrolou (Matthews, 1991).

U systémovych virdéz se intenzita respirace rostlin v pribéhu choroby bud’ neméni
anebo se zvysuje (Ryslava a kol., 2003, Arias a kol., 2003). Odlisné vysledky byly zjistény
pro razné typy interakce, kdy u nekompatibilnich interakci nastalo zvyseni respirace dfive,
neZ k tomu doslo u interakci kompatibilnich. Je to zeyjména diky rychlé aktivaci biosyntetické
aktivity napadenych orgéant, kterd souvisi se spusténim obrannych reakci. Nachylné genotypy
rostlin reaguji na piitomnost patogenu zpocatku slabé, maji bud zpomalené specifické
obranné reakce, nebo se tyto reakce vibec neaktivuji a tudiz dojde k infekci. K nartstu

respirace dochazi v pozdé€jsim stadiu choroby, kdy zvySena respirace slouZzi jako zdroj energie
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a meziproduktt latkového metabolismu na kryti nutricnich pozadavka patogenu (Arias a kol.,
2003).

Je nutné poznamenat, ze efekt biotického stresu miZze byt prohlouben pii sou¢asném
pusobeni stresu abiotického. OvSem néektery typ abiotického stresu (teplotni Sok, vodni stres,
zména pH) mize zvysit rezistenci hostitelské rostliny, plsobi-li pied pocatkem nebo béhem
inokulace, ovSem s tim, Zze kompletni odolnost rostliny vic¢i patogenu nikdy nezajisti (Walters
a kol., 2005a). Pokud byly rostliny vystaveny pusobeni nékterého z vySe uvedenych
abiotickych tresorli, byl zaznamenan 20-85% narist rezistence (Walters a kol., 2005b).
Nicméné, jsou znamy i piipady, kdy vystaveni rostllin teplotnimu Soku nebo vodnimu stresu,
zpusobilo potlaceni rezistence a tim zvySilo nachylnost rostliny k patogenni infekci (Oerke a
kol., 1992). Efekt teploty na nachylnost rostlin bramboru k infekci PLRV (potato leafroll
virus) zkoumal Syller (1991). Nejvyssi nachylnost rostlin bramboru k infekci PLRV zjistil u
modelového systému nizkd pied-inokula¢ni teplota (15°C) - inokulace PLRV- vy$§i po-

inokla¢ni teplota (27°C).

5.2.1 ZMENY VE FOTOSYNTEZE

Virova infekce obvykle ovlivituje procesy fotosyntézy. Inhibice fotosyntézy vyplyva z
biochemickych a fyzikalnich zmén uvniti buniky. Rostliny postizené mozaikovitosti maji ¢asto
omezenou fixaci CO, v listech. Tyto zmény jsou obvykle pozorovatelné nékolik dni po
inokulaci. Fotosyntetickd aktivita mtize byt inhibovana zménami ve struktuie chloroplasti,
snizenym obsahem fotosyntetickych pigment nebo enzymu RUBISCO, dale mtze aktivitu
fotosyntézy ovlivnit sniZzeni obsahu specifickych proteini pfipojenych k PSII (Matthews,
1991; Balachandran a kol., 1994).

U tabédku infikovanym TMV doslo pfi snizeni obsahu chlorofylu k poklesu rychlosti
elektronového transportu. V inokulovanych listech bylo zjisténo ireversibilni poskozeni PSII
jesté pred vizualizaci makroskopickych symptomt (van Kooten a kol., 1990). Almdsi a kol.,
(2000) zjistili  studiem 77K  fluorescencnich emisnich spekter inhibici biosyntézy
chlorofylovych proteinovych komplext pfi infekci rostlin je¢mene virem prouzkovitosti
jecmene (Barley stripe mosaic virus, BSMV). Inhibice biosyntézy Chl se liSila mezi listy
ruzného stafi stim, ze nejmarkantnéj$i zmény byly pozorovany na nejmladSich listech.
Rahoutei a kol., (2000) porovnavali obsah Chl u symptomatickych listii tabdku na piitomnost
viru skvrnitosti pepie (Pepper Mild Mottle Virus, PMMoV) a listi bezptiznakovych. U
ptiznakovych listi doSlo k poklesu obsahu celkového Chl o 50%. Jako moZnou pficinu

PREHLED PROBLEMATIKY -56 -



Helena KYSELAKOVA Doktorska disertacni price

snizeni obsahu Chl u virem napadenych listdl, povazuje Goodman a kol., (1986) vyssi aktiviu
chlorofylasy.

Velka odliSnost panuje mezi publikovanymi vysledky, které se tykaji zmén v poméru
Chla/b. Vyzkum, ktery byl veden Funayamou a kol., (1997) odhalil, ze virem infikované listy
Eupatorium makinoi mély vyssi pomér Chla/b, nez listy kontrol tzn., Ze u infikovanych rostlin
dochazelo k ptednostnimu ubytku Chlb. Stejny vysledek ziskali také Funayama-Noguchi
(2001) a Nanda a Biswal (2008). Naopak niz§i pomé&r Chla/b u tabakovych listll infikovanych
TMV virem, ukazal na ptednostni degradaci Chla z RC (Synkova a kol., 2006, Naidu a kol.,
1984).

Ve studii Ehara a Misawa (1975) virus mozaiky okurky (Cucumber mosaic virus,
CMYV) zptsobil degradaci chloroplastii (Chlps), jeZ byla mnohem markantngj$i v pozdnich
fazich infekce. Radwan a kol., (2008) se zaméfili na zmény ve struktufe Chlps zpiisobené
virem zluté mozaiky fazolu (Bean yellow mosaic virus, BYMV ). Virova infekce zplsobila
zvétSeni stromalni ¢asti Chlps, redukci gran, ¢astecnou ztratu Chlps membrany, ménil se také
tvar Chlp. V n¢kolika studiich bylo pozorovano poskozeni a deformace TMb, akumulace
Skrobovych zrn uvnitt Chlps, ztrata stromalnich lamel anebo nariist poctu plastoglobuli a
inkluzi. Zmény, které byly popsany vySe a tykaji se snizeni poctu Chlps a zmén v
ultrastuktufe Chlps, jsou béznym projevem pfirozené senescence a byly popsany mnoha
autory (Balachandran a kol., 1997; Almasi a kol., 2001; Ghosh a kol., 2001; Zechman a kol.,
2003, Schnablova a kol., 2005, Pérez-Bueno a kol., 2006).

Ve vétsing piipadi dochdzi béhem virové infekce k prednostni inhibici aktivity PSII
na donorové strané, coz byva spojeno s poklesem mnozstvi proteini tvoficich komplex
vyvijejici kyslik (OEC). Naidu a kol., (1986) detekovali béhem infekce pokles obsahu
proteini 14, 18, 19, 23 a 33 kDa v listech Arachis hypogaea L., kterd byla doprovazena
poklesem ve vyvoji kysliku. V dalsi studii bylo prokazano, ze zmény v obsahu polypeptida
jsou podminény zejména vyvojem symptomi nemoci, k degradaci OEC (24 a 33 kDa
proteinil) tedy dochazi az po systémovém rozsifeni viru po rostlin€ (Takahashi a kol., 1991,
Takahashi a Ehara, 1992). Rahoutei a kol., (2000) zjistili snizeni v zastoupeni 24 a 16 kDa
proteintl a uvazuji, Ze inhibice OEC nastava spisSe jako primarni proces, nez jako disledek
rozvoje symptomu infekce.

V roce 1989, prokazali nezavisle na sob¢, Reinero a Beachy a Hodgson a kol., ze
plastovy protein (CP) viru tabakové mozaiky (Tobacco mosaic virus, TMV) se hromadi uvnitf
Chlps, kde se napojuje na proteinové komplexy PSII. CP viru skvrnitosti pepte (Pepper mild

mottle virus, PMMoV) byl nalezeny v asociaci s Chlps a tylakoidnimi membranami a CP m¢l
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primy vliv na poskozeni elektronového transportu ptes PSII (Rahoutei a kol., 2000). Inhibice
elektronového transportu mize byt také zpusobena sniZzenim poctu otevienych RC a nizsi
ucinnosti pohlceni excitaci v PSII, coz vyplyva z naméfenych nizSich hodnot qP a F'v/ F';u
infikovanych rostlin (Rahoutei a kol., 2000). Wolf a kol., (1999) studovali vliv proteinu
nezbytného k Sifeni viru (movement protein, MP) TMV, na fotosynteticky aparat transgennich
rostlin tabaku exprimujici TMV-MP s virovym promotorem CaMV 35S. MP zptisobil inhibici
rychlosti asimilace CO, u mladych listli napadenych rostlin asi o 20%. Byl prokazéan vliv MP
TMYV na metabolismus, kdy dochazelo k akumulaci cukrti a Skrobu v infikovanych rostlinach.
Tento jev je vysvétlovan nizsi rychlosti exportu cukrt z TMV infikovanych listt.

V listech ¢inského zeli infikovanych virem zluté mozaiky vodnice (Turnip yellow
mosaic virus, TYMV) byl zaznamendn podstatny rozdil v produktech fixace CO,, oproti
obvyklé produkci cukri doslo k znaénému zvySeni tvorby organickych kyselin a
aminokyselin. Tyto zmény byly vétSinou zaznamendny béhem prvotni prudké replikace
virovych ¢astic a po snizeni rychlosti replikace viru se navratil ptivodni stav (Matthews, 1991).
U tabékt infikovanych virem bramboru Y (Potato virus Y, PVY), zjistili Herbers a kol., (2000)
nariist hladiny volné transportovatelnych cukri. Zvyseni koncentrace cukrt v apoplastu bylo
spojeno s poklesem fotosyntetické fixace CO,, ndrGstem aktivity invertasy a postupnym
poklesem poméru disacharidy/monosacharidim. Autor uvazuje néasledujici model, kdy
invertasa hydrolyzuje sacharézu na glukézu a fruktéozu, které jsou transportovany do
mezofylu, kde jejich nahromadéni miize zpétn€ negativné ovlivitovat fotosyntézu.

Niz§i otosyntetickd aktivita mize byt ndsledkem sniZzené pruduchové vodivosti, coz
bylo pozorovéano u cukrové fepy infikované virem zloutenky tepy (Beet yellows virus, BYV)
(Matthews, 1991), tabaku cv. Petit Havana SR1 infikovaného PVY (Synkova a kol., 2006),
tabaku infikovaného PVY a virem bramboru A (Potato virus A, PVA) (Ryslava a kol., 2003).

Fotoinhibi¢nimu poskozeni fotosyntetického aparatu, ke kterému dochazi zejména
v pozdnich fazich virové infekce, se rostliny Casto vyvaruji zvySenim nefotochemického
zhaseni (NPQ), dale redukci poctu otevienych RC, coz nasledné vede k nartistu redukovaného
stavu primarniho chinonového akceptoru, Q. NarGst NPQ zméfil Seaton a kol.,(1996) u
nizSich rostlin (fasa Chlorella) infikovanych Chlorella virem, jiz nékolik desitek minut po
inokulaci. Tento proces vysvétluje navazanim VDE na LHCII v Chlps hostitelské rostliny,
kde pak dochazi k tvorbé Z. Naopak ale, niz§i hodnoty NPQ byly naméfeny pomoci
zobrazovaci fluorescenéniho imagingu v mistech chlor6z na listech rostlin infikovanych
virem mozaiky mrac¢idku (4butilon mosaic virus, AbMV). Pokles NPQ vysvétluje akumulaci

karbohydratt v okoli zilek, poskozenim biosyntézy LHCII proteinli a snizenim obsahu slozek
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elektronové transportni drahy. Pokles NPQ je doprovazen nizs$i koncentraci xantofyli
ve svétlych mozaikovitych poskach listu (Osmond a kol., 1998). Rahoutei a kol., (2000)
zjistili, ze tyto procesy ochraiiujici RC fotosystému jsou u¢inné pouze v prvnich stadiich
infekce. Zhruba po tfech tydnech doslo k poSkozeni RC a tim k poklesu kvantového vytézku
fotochemie PSII (Fy/Fy). Narust NPQ u rostlin a fas se jevi jako obecny ochranny
mechanismus, ktery je spuStén béhem pusobeni virové infekce. Obdobny nartst NPQ byl
pozorovan 1 u infekci zpilsobenych houbovymi patogeny (Scholes a Rolfe 1996).
Balachandran a kol., (1994) studovali efekt fotoinhibice u rostlin napadenych virem tabakové
mozaiky (Tobacco mosaic virus, TMV), u kterych byl/nebyl dodavan dusik (NOj3") do zalivky.
Zjistili, ze virova infekce zvySuje citlivost rostlin tabaku k fotoinhibici, zejména pii niké
dodévce dusiku v zélivce. S rozvojem virdzy rostlo fotoinhibi¢ni poSkozeni a fotooxidace Chl,

coz nasledné vedlo k urychleni procesu senescence.

5.2.2 ZMENY V AKTIVITE A EXPRESI ANTIOXIDACNICH ENZYMU

Aktivity antioxidacnich enzymil se vyrazné méni v priabéhu patogeneze. V ranych
fazich kompatibilni interakce (hod) dochazi k masivnimu mnozeni virovych castic, roste
lokalni aktivita pentdzo-fosfatového cyklu (pentdzy jsou nutné pro tvorbu RNA, DNA viru),
hromadéni $krobi, narlstu aktivity CAT. V pozdéj$im casovém useku (dny) nariistd rychlost
respirace a glykolyzy a dochazi k oxidativnimu stresu diky nerovnovdze mezi produkci a
odklizenim ROS (Maule a kol., 2002). Nekompatibilni interakce je typicka lokalnim nariistem
aktivity enzymut generujicich ROS (NADPH-oxidasa) v diisledku probihajici HR, naopak u
kompatibilni interakce byva zaznamenana zvySena ¢innost enzyma odbouravajicich ROS.

Obecné, béhem biotického stresu dochazi k potlaceni ¢innosti enzymu odklizejicich
H,0, (APX a CAT) diky ¢innosti SA a NO (Chen a kol., 1993, Lamb a Dixon, 1997, Klessig
a kol., 2000; Clark a kol., 2000). Byl pozorovan piimo rozpor v chovani ROS a jejich
odklizeni béhem biotického napadeni pfi souasném pusobeni abiotického stresu. Rostliny
tabaku dfive vystavené piasobeni oxidacniho stresu (maji vyS$i hladinu antioxidacnich
enzymi) mély oddaleny nastup PCD ve srovnani s kontrolami (Mittler a kol. 1999). Bylo
prokdzano, ze u rostlin s nadmérnou aktivitou CAT, dochdzi k poklesu rezistence vuci
patogenni infekci (Polidoros a kol., 2001). Pro aktivaci obranné reakce v rostlinadch hraje
dilezitou roli GSH. Pokles GSH, nebo nariist jeho oxidované formy (GSSG), indukuje

akumulaci fytoalexini.
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Clarke a kol., (2002) pozorovali pokles aktivit CAT, GR a SOD a nartst aktivity POX
u rostlin Phaseolus vulgaris infikovanych virem mozaiky jetele (White clover mosaic virus,
WCIMYV). Autofi predpokladaji, ze sniZeni kapacity antioxidacnich reakci, pomaha udrzet
vysokou hladinu ROS, kterd je zddouci pro replikaci viru. Herndndez a kol., (2001) nasli
rozdilné chovani v antioxidacnich enzymech u kultivari merun¢k jak rezistentnich, tak
nachylnych k Sarce Svestky (Plum pox virus, PPV). Z odlisného chovani SOD a APX u obou
kultivard vlivem plsobeni viru usuzuji, Ze H,O, hraje dulezitou roli béhem odezvy
rezistentniho kultivaru meruiky na PPV. U nachylného kultivaru byla zaznamenana
akumulace H,O, a zvysena hladina peroxidace lipidi. Amari a kol., (2007) zjistili, Ze virus
nekrotické krouzkovitosti slivoné (Prunus necrotic ringspot virus, PNRSV) u semen merunck
zpusobil oxidacni stres méfeny jako nartst lipidové peroxidace, jez byl soubézny s poklesem
v hladinach enzymu askorbat-glutathionového cyklu (APX, MDHAR, DHAR, GR) a POX.
Usuzuji, ze infikovand semena nemaji schopnost eliminovat zvySenou produkei H>O, (pokes
POX a APX) a také u nich nedochazi k ,recyklaci“ Asc a GHS. V ptipad¢ dlouhodobé
infekce listi merunky virem Sarky Svestky (PPV) doslo k nariistu apoplastického H,O,, coz
korelovalo se nariistem poruSeni plazmalemy (vytok elektrolyti), nartistem v lipidové
peroxidaci a oxidaci proteini (Diaz-Vivancos a kol., 2006). Zmény enzymovych aktivit

v tabaku nachylného k viru PVY"N™

studovala Doubnerova a kol., (2007). Sledovana byla
systémova infekce, tedy rozsifeni viru z mista inokulace po celé rostliné. U antioxida¢nich
enzyml zapojenych do okamzZitych obrannych reakci (GR, APX, CAT a SOD) doslo
k nartistu béhem hod po inokulaci. Zaznamenali pfechodné zvySeni v aktivitich GR a APX 2
hod po inokulaci. Nasledné s rozvojem symptomu (10dpi) byla spjata vyssi aktivita SOD a
GR. Enzymy s dopliikovym uclinkem (NADP-dependentni maldtdehydrogenasa, PEPC-
fosfoenolpyruvatkarboxylasa, PPDK-pyruvat fosfatdikinasa) zvysily svou aktivitu az po
systémovém rozsifeni infekce (10 az 25 dni po inokulaci), shodn¢ jako pozorovala Ryslava a
kol., (2003).

Ve své studii Milavec a kol., (2001) zkoumali vliv virové infekce na hladinu POX, jez
jsou povazovany za jeden z prvnich enzymd, u nichz dochdzi ke zménam v aktivit¢ béhem
biotického stresu. U rezistentnich rostlin je POX aktivita mnohem vys§i, ovSem 1 u
nachylnych kultivari mize dojit ke zvySeni POX aktivity (Lagrimini a Rothstein 1987, Ye a
kol., 1990). U mock-inokulovanych bramborovych sazenic doslo k poklesu POX aktivity ve
srovnani s kontrolou, aviak u infikovanych PVY""" byl pozorovan nartist v POX (cytosolické
i iontové vazané). Rozdily v aktivitich POX, pigmentl a proteinii mezi studovanymi

variantami ukazuji na odliSnost procesii vyvolanych virovym napadenim a mechanickym
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poskozenim. Autor usuzuje, ze virem idukovand senescence je opozdéna (vyssi aktivita
iontoveé-vazané POX) oproti senescenci piirozené.

Arias a kol, (2005) pti studiu kompatibilni interakce mezi slune¢nici a virem
chlorotické skrvnitosti slunecnice (Sunflower chlorotic mottle virus, SuCMoV) zjistili, ze jeste

pted vizualizaci symptomu doslo k narastu aktivit SOD a CAT a hladiny O,” .

5.2.3 ULOHA HORMONU V INTERAKCICH ROSTLIN A VIRU

Stejn¢ jako bakterie a houby, i viry maji schopnost zna¢n¢ zasahovat a ovliviiovat
hladiny endogennich regulatori (Clarke a kol., 1999, Jameson 2000). SA, JA a ET jsou
povazovany za klicové fytohormony, které aktivuji obranné mechanismy a tidi signdlni drahy
vedouci k rezistenci rostlin béhem patogenniho napadeni a herbivorniho poskozeni rostliny
(napr. Howe, 2004; Pozo a kol., 2004, Lorenzo a Solano, 2005; Grant a Lamb, 2006; van
Loon a kol., 2006, von Dahl a Baldwin, 2007, Koornneef a Pieterse, 2008). Pii virové infekci
byl popséan jak narist ¢innosti ur¢itych hormond, tak pokles aktivity jinych (napr. Jameson,
2000, Jameson a Clarke, 2002).

V obrannych mechanismech jsou zapojeny i dal$i hormony, jako je ABA (Mauch-
Mani a Mauch, 2005), brasinnosteroidy (Nakashita a kol., 2003, Bajguz a Hayat 2009) a
auxin (Navarro a kol., 2006, Wang a kol., 2007), nicméné jejich role jeSt€¢ neni zcela
objasnéna. Na rozdil od bakteridlnich a houbovych infekei, které vedou ke zvySeni hladiny
cytokinini (CK) a auxinti v infikovanych pletivech, virové infekce vedou ke specifickému
snizeni mnozstvi aktivnich forem CK (volnych bazi a ribozidl) a zvySeni fyziologicky
neaktivnich forem (9-glukozidl) (Dermastia a kol., 1995). Clarke a kol. (1999) zkoumali
ovlivnéni hladiny CK pfi virové infekci zptisobené virem mozaiky jetele plazivého (White
clover mosaic virus, WCIMV). Autoii dolozili, Ze infekce silné ovlivnila metabolismus CK.
Pocet virovych castic nenartistal, dokud nedosSlo ke snizeni koncentrace aktivnich CK.
Predpokladaji tedy, Ze sniZeni hladiny CK je nutné pro GspéSnou replikaci viru.

V pritbé¢hu virové infekce se snizuje koncentrace auxini a giberelini a dochazi
k nartistu koncentrace ABA. Produkce ET je spojena vzdy se vznikem nekrotickych a
chlorotickych lokélnich 1€zi. Whenham a kol., (1986) zjistili, ze infekce virem tabakové
mozaiky (Tobacco mosaic virus, TMV) zvySuje koncentraci nechloroplastové ABA, zatimco
koncentrace ABA uvnitt chloroplastli zménéna nebyla. Naopak v ptipadé TMV infekce rajcat

nebyl narlst v koncentraci ABA zjistén, dale byla u rezistentnich odrid raj¢at (obhahujicich
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Tm-1 gen) prokazana vyssi koncentrace ABA nez u néachylného genotypu (Fraser and
Whenham, 1989).

Ve studiich Clarke a kol.,(1998) a Clarke a kol., (2000a) bylo pozorovéano, ze
exogenni aplikace JA (koncentrace do 25 nM) miize inhibovat replikaci viru, nasledné tak
sniZzovat jeho koncentraci a tim zamezovat systémovému rozsifeni viru po rostlin¢. Déle se
ukazalo, ze u PVY"'™ infikovanych in vitro p&stovanych brambor se JA prednostné
akumuluje v kotfenech a potlacuje jejich rist, zatimco v infikovanych listech jeji koncentrace
srovnatelnd jako u listti neinfikovanych (Petrovic a kol., 1997). Clarke a kol., (2000b) popsali
dvoji nartst endogenni hladiny JA. Prvni, nastdva okamzité po inokulaci virem WCIMYV, jako
odpovéd’ rostliny fazolu na mechanické poskozeni. Zatimco druhy nartist hladiny JA, koreluje
se zvySenim koncentrace virovych ¢astic (5dpi) a podle autorit byl zpisoben poskozenim
membran béhem replikace viru. Pii poruseni membran dochazi k uvolnéni kyseliny a-
linolenové, z niz se nasledné syntetizuje JA (Conconi a kol., 1996, Vick a Zimmerman, 1984).
Preston a kol., (1999) ve svém experimentu sledovali ovlivnéni signdlii spusténych pii
mechanickém poranéni a samotné virové infekci u rezistentnich rostlin. JA koncentrace
vzrostla 4hod po inokulaci virem (mechanické poskozeni). Pokud rostlinu (4dpi) lokalng
poranili, zddny nértst v hladiné JA nepozorovali. Uvazuji tedy antagonisticky ucinek mezi
JA/SA tzn., ze zvySena hladina SA v souvislosti s TMV infekci, potlacila JA odpoveéd’ na
poranéni. Kovac a kol., (2009) zkoumali zapojeni signalnich drah JA, SA a ABA u velmi
casnych obrannych reakci (1 hod a 3 hod po inokulaci) proti plsobeni viru PVY na
nachylny/rezistentni kultivar bramboru. Ukazalo se, ze v ranych obrannych reakcich rostliny
je hladina JA zvySena jen lokalné, nikoliv systémové. Platilo také, ze zmény v hladinach
vSech studovanych hormonti byly vyrazné€jsi u rezistentniho kultivaru bramboru. Listy fazolu
infikované virem mozaiky jetele (White clover mosaic virus, WCIMV) mély stejny endogenni
obsah JA jako ,,mock-inokulované* kontroly. Autofi uvazuji, Ze tento soubézny brzky (12hod
po inokulaci) nariist v hladiné JA u obou studovanych variant byl zptisoben mechanickym
poranénim pfi inokulaci (Clarke a kol., 2000b). Naopak Seo a kol., (2001) zjistili, ze TMV
infekce u rezistentnich tabakii (Samsun NN) vyvolala nartist v koncentraci JA (5hod po
inokulaci) a az nasledné doslo ke spusténi HR. Pozdé&ji, bylo prokazano, ze JA zvySuje expresi
gend spojenych s obrannymi reakcemi u rostlin (Jameson a Clarke 2002, Whitham a kol.,
2006).

Byla dolozena uloha SA v rezistenci rostlin proti mnohym virovym infekcim (Murphy
a kol., 1999). V ptipadé exogenni aplikace SA na listy pfed inokulaci virem zlut¢ mozaiky

cukety (ZYMYV), doslo k naristu poétu Chlps, obahu Chla zvySeni rychlosti fotosyntézy
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(Radwan a kol., 2007). Radwan a kol., (2008) prokazali, ze se SA podili na indukci rezistence
proti viru zluté mozaiky fazolu (BYMYV). Guo a kol., (2000) zjistili, ze po 6 hod od pocatku
HR byla zvySend endogenni koncentrace SA v listech tabdkid infikovanych TMV. Bylo
potvrzeno, ze SA ma ulohu v aktivaci pfi bunééné smrti (PCD) v misté lokalizace patogenu,
aktivaci obrannych geni a SAR (Dempsey a kol., 1999). SA také reguluje tvorbu proteinii
souvisejicich s patogenezi (PR-proteins) a expresi R genl zapojenych do rezistence proti
bakteriim, houbovym patogentim i virGm (nap7. Romeis a kol., 1999). Exogenni aplikace
ImM SA na listy slunec¢nice napadené virem chlorotické skvrnitosti slunecnice (SuCMoV)
m¢éla za nasledek snizeni koncentrace virovych ¢astic, ale také nartst hladiny H,O, na tkor
zvyseni aktivit antioxidacnich enzymii (CAT, SOD, APX) (Arias a kol., 2005). Autoti usuzuji,
ze nartst v aktivitach antioxida¢nich enzymu pteruSuje H,O; signaly generované pii vySSich
koncentracich ROS, jez by jinak mohly spoustét obranné reakce u hostitelské rostliny, a tim

dochdzi ke kompatibilni interakci.
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6. MATERIAL A METODY

Béhem postgradualniho studia jsem se podilela na tfech hlavnich projektech. Nejdiive
jsme pracovali s modelovym abiotickym oxida¢nim stresem, ktery byl uméle vyvolan aplikaci
methyl viologenu (MV) na segmentech listi je¢mene. Nésledovalo studium biotického stresu
na rostlinach hrachu infikovanych ena¢ni mozaikou, kdy jsme se snazili popsat a zaznamenat
zmény ve fotosyntéze hostitele. Zavérecny projekt navazoval a rozsifoval predchozi studii
vénovanou enaéni mozaice. Zaméfili jsme se na to, jakym zplUsobem virovy patogen
ovliviluje biochemické parametry hostitele, jaké je nacasovani produkce ROS a RNS, jaka je
variabilita v expresi hormontl a v kterych oblastech listu dochézi ke tvorbé RNOS.

Pti kompatibilni interakci virus-rostlina dochazi po vniknuti viru k jeho okamzité
replikaci za wvyuziti replikaéniho aparatu hostitele, akumulaci virovych castic, jejich
mezibunéénému a systémovému $Sitfeni, potlateni obrannych reakci hostitele a nastavaji velké
zmény v genové expresi. Pii kompatibilni interakci: enacni mozaika (PEMV) - hrach, ktera se
fadi mezi nejéast&jsi virozy hrachu v CR, dochazi az k 80 % ztraté vynosu semen. Této
virové chorobé zatim nebyla v patologickych studiich vénovédna odpovidajici pozornost, proto
jsme se provedli velmi podrobnou analyzu fotosyntetickych a biochemickych parametra, které

virova infekce u hostitelské rostliny ovliviiuje.

6.1 ROSTLINNY MATERIAL A STRESOVY FAKTOR (PUB. I)

Rostliny je¢mene jarnitho (Hordeum vulgare L. cv. Akcent) byly péstovany
v agroperlitu pii definovanych podminkach (24° C; 16 hod svétlo/8 hod tma; 100 pmol fotona
m? s, FAR) a zalévany Knopovym roztokem. K experimentim byly pouZity primarni listy
rostlin jeCmene ve staii 8 dni. Listy jeCcmene byly nafezdny na segmenty dlouhé 5 cm, poté
byly segmenty preneseny do Petriho misek s 10 uM MV. Segmenty zde byly ponechany 1
hodinu v temnotnich podminkéch a po nasledujici 4 hodiny byly vystaveny ptisobeni bilého
svétla (100 pmol fotoni m™ s™', FAR; Tungsram 18 W, Hungary).

MV (1,1'-dimethyl-4,4"-bipyridinium dichlorid) je herbicid, jenz funguje jako
akceptor elektronti na akceptorové strané PS I.,. V redukovaném stavu MV dodava elektrony

na kyslik za vzniku O, a nésledné peroxidu vodiku ve stromatu chloroplastti (Kim a Lee,

2005). Mimo jiné MV brani regeneraci NADP" a Asc.
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Bunééné poskozeni indukované MV probihd nasledovné: MV urychluje fotoprodukei
O, u PS T a zaroven inhibuje regeneraci Asc z MDA. Chloroplastové APX jsou rapidné
inaktivovany, pokud koncentrace Asc klesne pod 20 uM. Jakmile dojde ke sniZzeni kapacity
odklizeni H,O, v Chlps, H,O, se v Chlps akumuluje a posléze difunduje do dalSich
buné¢nych ¢asti. Mezi potencidlni cile H,O, v Chlps patii CuZnSOD, ktera je relativné hodné
citliva, zatimco CAT, DHAR, MDHAR jsou ke H,O, spiSe tolerantni (Mano a kol., 2001).

Obecné plati, Ze pfi mirném oxidacnim stresu aktivity antioxida¢nich enzymu nartiistaji.
Ovsem pfi silném oxidacnim stresu, kdy dochdzi k prudkému nértstu hladin ROS, aktivity
enzymii klesaji. Utinek MV na aktivitu antioxidaénich enzymii se méni také s intenzitou
pouzitého svétla. To znamena, ze pouzijeme-li pii experimentu vyssi intenzitu FAR, staci
k navozeni oxida¢niho stresu jen nizka koncentrace MV cca 100 nM (Casano a kol., 1999).

Jakmile jsou chloroplasty v pfitomnosti MV osvétleny, dochazi ke ztraté aktivity APX
behem nékolika minut. Snizi se obsah Asc, jelikoz je spotiebovavan v disledku redukce H,O,,
ktera je katalyzovana pravé APX. Aktivita APX a obsah Asc jsou vSak pro udrzeni WWC a
fotosyntetické kapacity velmi dilezit¢ (Yabuta a kol, 2002). U listi po aplikaci MV a
osvétleni pozorujeme produkci radikilu MDHA', coz lze pii¢ist ztraté aktivity APX
v chloroplastech (Mano, 2002). Nasledné dochazi k inaktivaci dalSich chloroplastovych
enzymt odklizejicich ROS a dochézi k uvolnéni ferredoxin-NADP" oxidoreduktasy (FNR)
z TMb. Znacny pokles obsahu Asc vlivem MV byl pozorovan u rostlin hrachu (Tturbe-
Ormaetxe a kol., 1998) a tabaku (Ederli a kol., 1997). U listi pSenice po aplikaci MV a
vystaveni ozafenosti 200 pmol fotonit m™ s™', FAR, byla nejdfive pozorovéana inaktivace APX
a DHAR a po n¢kolika hod. byly inaktivovany enzymy SOD a GR (Mano, 2002). Naopak
Ederli a kol. (1997) pozorovali stimulaci aktivit APX, DHAR, a GR vlivem MV, s tim, ze
stimulace aktivity APX byla mnohem markantnéj$i ve srovnani s aktivaci GR, nebo DHAR.
Tato silnd aktivace APX, mize omezit dostupnost Asc pro enzym VDE. Bylo zjisténo, ze
béhem plisobeni oxida¢niho stresu vyvolaného MV, mohou byt po aplikaci kyseliny

salicylové (SA) fotosyntetické funkce zachovany (Ananieva a kol., 2002).

6.2 ROSTLINNY MATERIAL A STRESOVY FAKTOR (PUB. II A III)

Rostlinny material pouzity v dalSich publikacich byl pfipraven na Katedie botaniky
UP v Olomouci. Hrach sety (Pisum sativum cv. Merkur), nadchylny genotyp, byl péstovan

v zahradnickém substratu (Klassman Substrate 4, Germany) pii definovanych podminkéach
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(22/18° C; 16 hod svétlo/8 hod tma; 100 pmol fotontt m™ s, FAR) a zalévam vodou. Ve staii
14 dnt byly rostliny inokulovany PEMV virem; izolat UP58 (Obr.20). V publikaci II byly

jako kontrola pouzZity neinokulované rostliny. Ve snaze monitorovat vliv mechanického
poskozeni, jez je nezbytnou soucésti inokulace, byly v dalSi publikaci (publikace III)
zkoumany nejen neinokulované kontrolni rosliny (C), ale i kontroly inokulované pomoci
inokula piipraveného z pletiva zdravych rostlin hrachu (MI). VSechny inokulované rostliny
byly podrobeny DAS-ELISA testu, ktery potvrdil PEMV infekci (publikace II a III). Pro
posouzeni §ifeni virovych ¢astic rostlinou jsme pouzili kvantitativni polymerazovou fetézovou

reakci RT-PCR (publikace II).

Obr.20: Schéma usporddani experimentu pouzité

v publikaci Il a Ill. Prvni dva pravé listy u 14 dni

starych rostlin hrachu byly inokuloviny virem

PEMV.  Ke  studiu  fotosyntetickych  a

méfeny

Q\ clo
Fa v o o L1 v
QH C fluorescencnich parametru, znakii oxidacniho

stresu, HSP70, hladiny fytohormonu, H,O, POX

méfeny

activity a vizualizaci RONS akumulace, byl pouzit
y ) Sy nokulovany treti a ctvrty list nad listy inokulovanymi.
& Odpovéd’  rostlin  na virovou infekci byla
vyhodnocovana 5, 15, 30 a 40 dni po inokulaci.
inokulovany
PEMV byl poprvé popsan na listech Vicia
faba L. v roce 1935 v USA. Na tizemi CR byl
prvni vyskyt PEMV zaznamenan v roce
1953. Taxonomicky patii do skupiny virlt s pozitivné orientovanou jednofetézcovou RNA
(+ssRNA), ¢eledi Luteoviridae, rodu Enamovirus. Virus napada rostliny z ¢eledi Viciaceae,
Chenopodiaceae a Solanaceae (Dostalova a kol., 2008). PEMYV je celosvétoveé oznaCovan za
periodicky a zpusobuje témét kalamitni vynosové ztraty Casto presahujici 50 — 80 %.

Rostliny napadené PEMYV lze identifikovat podle tady typickych ptiznakt, které se u
ruznych hostitelskych druhi 1i8i, v zavislosti na odrtid¢ rostliny, ekologickych podminkach a
izolatu viru (Skaf a de Zoeten, 2000).

U rostlin hrachu (Pisum sativum L. cv. Merkur) infikovanych PEMV se prvni ptiznaky
zacinaji objevovat mezi 4. az 6. dnem po napadeni jako mirné krouceni listlii smérem dolq.

Kolem 7. az 10. dne zacina blednout listova Zilnatina, na listech je napadna Zluta mozaika a u
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infikovanych rostlin dochézi k ristové depresi (publikace II, Fig.2A; 2B). Mezi 7. a 14. dnem
od inokulace se na rostlin¢ zacinaji objevovat rtistové malformace (publikace I11I, Fig.2B; 2C).
Vir6zni rostliny tvoii mensi listy, internodia se zkracuji, vegetacni vrchol se deformuje a
zasycha. Napadené rostliny zmlazuji a tvoii mnozstvi kratkych postrannich prytia s kvéty.
Lusky jsou zlutozelené, krat$i, s vyrazné zdrsnénym povrchem - vystouplou nervaturou.
Napadené rostliny ztraceji obranné imunitni schopnosti spojené se ztratou rezistence proti
myko6zadm (antraknozy, fuzariozy, rzivost).

PEMV se mezi hostitelskymi rostlinami v pfirodé pfenasi zoochoricky pomoci vektoru,
kterym byva nejcastéji msice kyjatka hrachova (Acyrthosiphon pisum), méné¢ Casto msicie
broskvonova (Myzus persicae) nebo kyjatka zahradni (Macrosiphum euphorbiae) (Syller,
2003). K silnému pienosu virdzy mSicemi dochazi jiz po kratkém séani (cca po 10 az 15 min).
Nakazena mSice je schopna aktivné pfenaset virozu i nékolik mésici. Inkuba¢ni doba je
pomérné velmi kratka, obvykle trva 2 az 4 dny. PEMV je snadno pfenosny mechanicky, ale
osivem se nepienasi. (Kazda a kol., 2003, Piakova a kol., 2006).

Ve screeningovych testech byl v USA nalezen pouze jediny genotyp zahradniho
hrachu PI 140 295, ktery obsahoval ojedinély pocet rostlin se slabymi pfiznaky napadeni. Po
jejich namnoZeni, reinfekci a opakované reselekci se podaftilo ziskat rezistentni linii G 168, s
dominantnim genem rezistence En. Tato linie se stala zdkladem pro odvozeni vSech ostatnich
rezistentnich odrid zahradniho hrachu proti PEMV (Ondrej, 2009).

PEMV je nejvice roz$ifen v severnim mirném podnebném pasmu Severni Ameriky a
Evropy ale byl zaznamenan také v teplejSich oblastech, jako je Sicilie a Iran (Syller, 2003).
Mezi staty s nejvétsim vyskytem PEMV patii Kanada, Cina, Iran, Velka Britanie a USA
(Biichen-Osmond, 2006). PEMV patii mezi vyznamné virézoy hrachu i v Ceské republice.
Posledni sledovani vybranych lokalit na uzemi CR bylo provedeno v letech 2003 — 2005.
Pritomnost PEMV byla prokazdna u 43 % testovanych rostlin (Pidkova a kol. 2006;
Novakova, 2007).

PEMV se tadi mezi +ssRNA rostlinné viry se sloZzenym genomem. Genom je vzdy
tvofen dvéma ribonukleovymi kyselinami oznaCovanymi jako RNA I a RNA 2. Podle
soucasné taxonomie je kazdd z genomickych RNA (RNA I, RNA 2) zatazena do jiného
virového rodu. Nékteré izolaty mohou navic obsahovat také treti, satelitni RNA (RNA 3)
(Demler a kol., 1994). RNA 1 je jako Pea enation mosaic virus 1 (PEMV-1) fazena do rodu
Enamovirus, celedi Luteoviridae. Virova RNA 2 je jako Pea enation mosaic virus 2 (PEMV-2)
fazena do rodu Umbravirus (Mayo a D Arcy, 1999). RNA 1 a RNA 2 dohromady vytvafi

komplexni genom PEMV a jejich vzajemna spoluprace je nezbytna pro realizaci zivotniho
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cyklu PEMV. RNA 1 je odpovédna za tvorbu kapsidu a vektorovy pfenos PEMV, zatimco
RNA 2 zajistuje prenos viru mechanickou inokulaci a jeho systémové Sifeni v rostliné. Kazda

z virovych RNA se vSak dokéze samostatné replikovat (Novdkova, 2007).

6.3 POUZITE METODY

Pro kvantifikaci intenzity oxida¢niho stresu rostlin jsme pouzili spektrofotometrické
stanoveni miry peroxidace membranovych lipidi zalozené na detekci obsahu
malondialdehydu, ktery vznika ptsobenim ROS na membranové lipidy, jako sekundarni
produkt znestabilnich hydroperoxidit (TBARPs, thiobarbituric acid reactive products)
(Unicam UV 550, Thermo Spectronic, Cambridge, UK) (publikace I a II). Stabilita membrany
je dualezitym parametrem ukazujicim miru poskozeni bunék patogenem. Funkc¢nost
plazmalémy jsme urcili pomoci konduktometrického méteni (WTW, Weilheim, Germany)
zalozeném na monitorovani vyliti iont z plazmalemy do okolniho média (publikace II).

Zmény ve variabilni fluorescenci chlorofylu byly méfeny fluorimetrem PAM 2000
(Walz, Effeltrich, Germany) (publikace 1) a PEA (Hansatech Instruments, Norfolk UK)
(publikace II). V publikaci I byly zmény absorbance u 820 nm detekovany syst¢émem MFMS
(Hansatech, King's Lynn, UK). V publikaci II jsme vyuzili techniku fluorescenc¢niho
imagingu FluorCam 700MF (Photon System Instrument, Brno, Czech Republic) pro detekci
mistnich a casovych zmén fluorescence chlorofylu na celé plose listu.

Obsah fotosyntetickych pigmentd byl zjistén spektrofotometricky (Unicam UV 550,
Thermo Spectronic, Cambridge, UK) (publikace II). Déle bylo posuzovano zastoupeni
jednotlivych pigmentl xantofylového cyklu pomoci HPLC (Aliance 2695 Separations Module,
Waters, USA) (publikace I a II). Pro zjiSténi ochranné role WWC jsme spektrofotometricky
(Unicam UV 550, Thermo Spectronic, Cambridge, UK) sledovali aktivity antioxidacnich
enzyml: APX, GR, CAT a SOD (publikace I). Aktivita guaiakolové peroxidasy (POX) byla
zjistovana v publikaci I11.

Zmény v rychlosti asimilace CO,, po vystaveni rostlin abiotickému (publikace 1) nebo
biotickému stresu (publikace 1), byly méfeny pomoci otevieného gazometrického systému
LCA-4 (ADC, Hoddesdon, UK).

Monitorovani reaktivnich forem kysliku a dusiku (RONS) bylo jednim zcilt
publikace III. Produkce peroxidu vodiku v rostlinném pletivu byla zjiStovana
histochemickym barvenim pomoci DAB (Fluca) a nasledné kvantifikovana metodou Amplex-

Red (publikace III). Histochemické barveni bylo pouzito i pro stanoveni aktivity POX.
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Pomoci fluorescencnich sond a s pouzitim konfokalni skenovaci mikroskopie byly
lokalizovany ROS a RNS 2°,7’- dichlorofluorescein diacetat (H,DCF DA) a NO 4-amino-5-
methylamino-2',7'-difluorofluorescein diacetat (DAF-FM DA) v rostlinném pletivu. Stanoveni
obsahu JA, SA, ABA bylo analyzovadno metodou HPLC-MS. Zmény v koncentraci proteint
teplotniho Soku (HSP70) byly stanoveny pomoci metody Western blot.

Vsechny pouzité metody a postupy jsou podrobné popsany v piiloZzenych publikacich.
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7. SOUHRN VYSLEDKU

7.1 Role cyklu voda-voda a konverze V na Z pri modelovém oxida¢nim
stresu

Eva Kotabova E., Radek Kana, Helena Kyseldkova, Lenka Lipova, Ondfej Novak, Petr Ilik
(2008): A pronounced light-induced zeaxanthin formation accompanied by unusually slight
increase in non-photochemical quenching. A study with barley leaves treated with methyl
viologen at moderate light. Journal of Plant Physiology 165: 1563-1571

Jednim z naSich cili bylo studium obrannych mechanismii rostlin pied oxida¢nim
poskozenim. Z literatury je znamo, Ze nejvice podobny pfirozenému oxidacnimu stresu je
stres navozeny MV, coz je umély akceptor elektront z PSI (vice kapitola 6.1).

Mirny oxidacni stres rostlin byl stimulovan pomoci samovolné infiltrace 10 uM MV
do listovych segmentd s naslednym ozarenim svétlem relativné nizké intenzity (100 pumol
fotonit m? s, FAR) po dobu 4 hod. Spravnost funkce MV v chloroplastech listd, jako
akceptoru PSI, jsme ovéfovali méfenim redoxniho pribéhu P700 indukovanym svétlem
(Fig.3; publikace I). Za téchto podminek jsme nepozorovali zadné vyrazné projevy
oxida¢niho poskozeni: nedochazelo k lipidové peroxidaci ani k poklesu maximalniho
kvantového vytézku fotochemie PS II (Fv/Fm) (Tab. 1, publikace I). Pomoci elektroforézy a
spektrofotometrického méfeni jsme zjistili, Ze beze zmény zlstaval po dobu experimentu jak
obsah pigmentt, tak slozeni pigment-proteinovych komplexti v TMb (nepublikovana data).

Aplikovany stres MV ovSem znacn¢ inhiboval aktivitu nejcitlivéjsiho z antioxidacnich
enzymli - APX a naopak stimuloval enzymatickou aktivitu GR (Tab.1; publikace I). K
poklesu aktivity APX dosSlo pravdépodobné diky nedostatku Asc (substratu APX), jehoz
regenerace je pfitomnosti MV inhibovana. Za podminek, kdy je Asc pro APX nedostupny,
dochazi k inhibici a naslednému rozkladu APX pomoci H,O, (Miyake a Asada 1996, Mano a
kol. 2001) (vice kapitoly 3.2 a 3.4). Zvysena spotieba Asc korespondovala s naristem aktivity
GR, coz je jeden z enzymil podilejici se na regeneraci Asc.

Pozorovali jsme vyrazny pokles v rychlosti asimilace CO, a vodivosti praduchii (7ab.
1; publikace I). K uzavirani priduchi dochézi s nejvétsi pravdépodobnosti diky H,O, (Pei a
kol., 2000), ktery se pfi stresu navozeném MV akumuluje (Kim a Lee, 2005). Ovérili jsme
gazometrickym méfenim, ze uzavirani priduchti nebylo primarni pticinou inhibice fixace CO,,

jelikoz intercelularni koncentrace CO, nebyla infiltraci MV zménéna. Pfi¢inou mohl byt
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nedostatek NADPH, anebo poskozeni nékterého z enzymt Calvinova cyklu (Tanaka a kol.,
1982).

De-epoxidace V na Z pfes A souvisi zejména s indukci nefotochemického zhasSeni
fluorescence (NPQ). Vysoka hodnota NPQ in vivo koreluje s vysokym obsahem Z v TMb
(Demmig-Adams 1990, Gilmore a Yamamoto 1993). V nasi praci jsme poukazali na
nerovnovahu mezi vysokym obsahem Z a nizkou hodnotou NPQ, které byly pozorovany pfti
pouzité péstebni ozafenosti (100pmol fotoni m™ s, FAR) v ptitomnosti MV (Fig.24;
publikace ). Vysoka mira konverze V na Z za pfitomnosti MV byva obvykle pfisuzovana
stimulaci ETR (Biich a kol., 1994). Stimulace ETR pfispiva k acidifikaci lumenu a tim k
aktivaci enzymu VDE a protonaci Asc. V naSem piipad¢ vSak ke stimulaci ETR vlivem MV
nedochézelo, naopak po 4 hodinovém vystaveni svételnym podminkdm klesla rychlost ETR
na 85% ptvodni hodnoty (Fig.2B; publikace I). Z naSich vysledkt vyplyva, ze rychlost ETR
byla limitovana svétlem a tedy nedochazelo k acidifikaci lumenu v takové mife, ktera by byla
dostacujici pro vznik zhaSecich center s Gcasti Z. Z vysledkt dale vyplynulo, ze limitujicim
faktorem pro fungovani VDE je uvolnéni V z LHC. Ptfedpokladame, ze v naSem piipade
k uvolnéni V z LHC pfispiva pravé oxidaéni stres navozeny aplikaci MV. Dale jsme zjistili,
ze de-epoxidace V, ktera je podminéna trans-cis izomeraci V v LHCII (viz kap. 3.3), je zavisla
na spektru pouzitého zdroje svétla a je stimulovdna svétlem v Soretové oblasti spektra
(konferencni prispévek I1l).

ZvySovani miry deepoxidace je obecnym rysem béhem aklimace na zvySenou
ozatenost a souvisi s ochrannou funkci Z. Z ma nizsi singletni energetickou hladinu nez je
singletni hladina Chla a rostlina pomoci Z miize disipovat nadbyte¢nou excitacni energii,
ktera by jinak zplisobovala fotoinhibicni poskozeni (Demmig-Adams 1990, Demmig-Adams a
Adams 1996) (vice kapitoly 3.3 a 3.3.1). V listech je¢mene jarniho infiltrovanych 10uM MV
jsme pozorovali pfipéstebni ozafenosti vyraznou stimulaci de-epoxidace V.

Béhem 4 hod osvitu po aplikaci MV vsak doslo také k cca 50 % nardst pigmentl
xantofylového cyklu (7Tab.1; Fig. 1; publikace I). Abychom ovéfili, ze A a Z nejsou
nasyntetizovany pii osvitu s MV piimo, ale Ze vznikly konverzi z V, provedli jsme dodatecny
experiment s inhibitorem VDE. Zjistili jsme, ze pfidanim 1 mM DTT byla produkce Z zcela
inhibovana (nepublikovana data). Na zakladé experimentti jsme mohli vyslovit zavér, ze
v listech oSettenych MV, mél narist DEPS pavod v enzymatické de-epoxidaci

V zprostiedkované pomoci aktivity VDE.
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7.2 Zmény ve fotosyntetickych reakcich pri biotickém stresu vyvolaném
PEMYV

Helena Kyselakova, Jitka Prokopova, Jan Naus, Ondfej Novak, Milan Navratil, Dana Safafova,
Martina Spundova, Petr Ilik (2011): Photosynthetic alterations of pea leaves infected
systemically by Pea enation mosaic virus: A coordinated decrease in efficiencies of CO,
assimilation and photosystem Il photochemistry. Plant Physiology and Biochemistry 49: 1279-
1289

Pti kompatibilni interakci virus-rostlina dochazi po vniknuti viru k jeho okamzité
replikaci za vyuziti replikacniho aparatu hostitele, akumulaci virovych Ccastic, jejich
mezibunéénému a systémovému Sifeni, potlaceni obrannych reakci hostitele a nastavaji velké
zmény v genové expresi. Pii kompatibilni interakci: enacni mozaika (PEMV) - hrach, ktera se
fadi mezi nej¢astéjsi virozy hrachu v CR i ve svétovém méfitku, dochazi az k 80 % ztratd
vynosu semen. Neni to ddvno, kdy se vyzkum interakci hostitel-patogen zacal zabyvat
podrobné zménami v primarnim metabolismu hostitele a hledanim jejich pficin. Jelikoz
PEMYV zatim nebyla v patologickych studiich vénovéana odpovidajici pozornost, provedli jsme
velmi podrobnou analyzu fotosyntetickych parametrti, které PEMV infekce u hostitelské
rostliny ovliviiyje.

V prvni fazi experimentu (5 dpi) nebyl zjistény Zadny rozdil ve fotosyntetickych ani
fyziologickych parametrech mezi kontrolami a infikovanymi (PEMV) rostlinami. Coz bylo
potvrzeno vysledky real-time PCR, kdy 5 dpi jesté¢ nedoslo k systémovému rozsifeni virové
RNA-1 do studovanych listi na listy inokulovanymi (viz kapitola 6.2; Obr.2(). Stanoveni
RNA-1 ve vzdalenych listech nad listy inokulovanymi bylo ,,markerem® §ifeni viru v rostling.
V této fazi od bylo zjisténo nejvetsi relativni zastoupeni virovych castic v misté inokulace a
v nove se vyvijejicich listech na vrcholu rostliny (Fig. 1, publikace II).

PEMV infekce zpusobila v rozsahu 15dpi - 40dpi pokles v rychlosti fotosyntetické
asimilace CO; (Px) a stomatélni vodivosti. U kontrol podstupujicich pfirozenou senescenci,
doslo k poklesu obsahu Chl, ktery koreloval s poklesem rychlosti asimilace CO,, ovSem u
PEMV byl pokles rychlosti asimilace CO, mnohem markantnéjsi (Fig.5; publikace II).
Usoudili jsme, ze snizena priduchova vodivost spolu s hromadénim asimiléti v listech (nartst
Ci), snizenou fotochemickou ucinnosti PSII a mozny pokles karboxylacni kapacity RUBISCO
by mohly byt povaZzovany za faktory limitujici rychlost fixace CO, v listech infikovanych
PEMV. Dalsi mozné vysvétleni poklesu stomatalni vodivosti je akumulace virovych ¢astic ve

svéracich buiikach pruducht (Synkova a kol., 2006; Schnablova a kol., 2005). Nemizeme
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také vyloucit, ze k naristu poctu uzavienych priduchi mohla pfispivat virem vyvolana
produkce H,O, (Zhang a kol., 2001).

Me¢éteni velmi rychlé fluorescencni indukce (kiivka O-J-I-P) potvrdilo poSkozeni PSII
zpiisobené virovou infekci (Fig.9; publikace II). Se systémovym rozvojem infekce byl spojen
nartst relativni vysky viny J (Vy) v kiivee indukce, coz odrazi narast Qg neredukujicich center
fotosystému II v thylakoidnich membranach Chlps. Parametr Wx (W= (Fx-Fo)/(F;-Fo), kde
hodnoty F jsou intenzity fluorescence v urcitych mistech O-J-I-P kiivky) zacal nartstat u
PEMV-rostlin 15 dpi, naopak u kontrol az 40 dpi. Objev viny K v O-J-1-P kiivce (200-300pus)
u PEMV je indikatorem naruseni funkce PSII na donorové strané¢ v mist¢ OEC (komplexu
vyvijejiciho kyslik). Objev viny Ku kontrol 40dpi povazujeme za charakteristicky znak
senescence (Liu a kol. 2006, Prakash a kol., 2003).

Z méfeni chlorofylového ,,imagingu® jsme zjistili, Ze pokles v hodnotich ®pg;; a
naopak nariist v nefotochemickém zhaseni (NPQ) nastaval nejdfive u okraji listové ¢epele a s
pribyvajicim dobou od inokulace se nizsi/vyssi hodnoty jednotlivych parametra vyskytovaly
po celé plose listové Cepele (Fig.7; publikace Il).

Predpoklddame, ze PEMV-infekce urychlila proces senescence u rostlin hrachu, stejné
jako diive popsali u virovych infekci Funayama-Noguchi (2001) nebo Arias a kol. (2003). Po
systétmovém rozsifeni viru v rostliné (30 a 40dpi) jsme zaznamenali: pokles v rychlosti
asimilace CQO,, sniZzeni obsahu Chl a Car (Fig.4; publikace II), akumulaci ROS a RNS
(publikace I11), oxidacni poSkozeni (Fig.3; publikace II) (peroxidace membranovych lipidit) a
ztratu celistvosti bunéénych membran (poruseni plazmalemy). Bylo publikovano, ze virovou
infekci zptisobeny pokles rychlosti asimilace CO, je spojeny s akumulaci sacharidl, jez
zpetnovazebné inhibuje fotosyntézu rostlin (Herbers a kol., 2000; Arias a kol., 2003; Noodén
a kol., 2004; Wingler a kol, 2006). U celedi Luteoviradae, kam se tadi rod Enamovirus
(PEMV-1), byl vySe popsany efekt ovlivilujici rychlost fotosyntetickych reakci také
publikovan (Congalves a kol., 2005, Lehrer a kol., 2007). Omezeni transportu asimilati a
jejich naslednd akumulace je spojovana s nartistem aktivity invertasy bunécné stény a
naslednou akumulaci hex6z (Kocal a kol., 2008; Essmann a kol., 2008). Dalsi limitaci, ktera
brani volnému toku asimilatd u rostlin napadenych viry, je tvorba tzv. vezikularnich struktur.
V rostlinnych pletivech infikovanych PEMV byly objeveny membranové vezikularni
struktury v plasmodesmech, sitkovicich a floému (De Zoeten a Gaard, 1983).

PEMYV infekce vyvolala degradaci celkovych xantofylii (VAZ), avSak obsah Z byl u
infikovanych rostlin oproti kontroldm navysen. Dale jsme zjistili, ze virova infekce, zejména
v pozdnich stadiich (30 a 40dpi) vyvolala navySeni miry de-epoxidace V. Byla zjisténa
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pozitivni korelace mezi nartistem de-epoxidovanych xantofyli (DEPS= ([Z] + [AD/([V] + [A]
+ [Z])) a NPQ (Fig.8; publikace I1), coz odlisny zavér od publikace 1. Ukazali jsme, ze virova
infekce znacn€ omezila elektronovy transport v TMb a stimulovala tepelnou disipaci
excitovanych molekul Chl v infikovanych listech. Podobny trend ve zvySeni miry de-
epoxidace V, pozorovala u senescentnich listd Vickovd a kol, (2006). Spundovd, a kol. (2005)
poukazuji na obrannou roli xantofylového cyklu ptfed fotooxidaci v senescentnich listech
je€mene zejména pii vySSich ozéafenostech. Pokles v obsahu celkovych xantofyld (VAZ)
v disledku infekce virem PVY (virus bramboru Y) zaznamenala ve své studii na rostlinach
tabaku Synkova a kol.(2006), coz vysvétluji vyssi citlivosti infikovanych rostlin k vysoké
ozatrenosti. Vyssi hodnoty NPQ byly zjistény u nachylnych kultivari tabdku (Samsun a SR1)
po napadeni virem bramboru Y (PVY) (Ryslava a kol. 2003).

Usuzujeme, Ze sniZeni asimilace CO; vyvolané PEMV infekci mélo vliv na pribéh
stromalnich reakci, coZ se projevilo na na snizeni kvantového vytézku fotochemické funkce
PSII. Stimulace NPQ u in fikovanych rostlin je zpétnovazebnou odpovédi stresované rostliny.
Nasledkem zvysSujici ho se NPQ se snizuje ETR v TMb (Demmig-Adams a Adams, 2006).
Stimulace de-epoxidace V a NPQ, které jsme pozorovali v pozd&jsich fazich infekce (30 a
40dpi), tedy mohla ptispivat k udrzeni rovnovahy mezi asimilaci CO, a funkénosti PSII u

PEMV.

7.3 ROS, RNS a hormonalni nerovnovaha pri biotickém stresu vyvolaném
PEMV

Helena Kyseldkova, Michaela Sedlarova, Martin Kubala, Vladimira Nozkova, Jana Piterkova,
Lenka Luhova, Ondiej Novak, Petr Ilik (2012): Reactive oxygen and nitrogen species and
hormone signalling in systemic infection of pea by pea enation mosaic virus. Plant Protection
Science — v recenznim rizeni

V tomto projektu, ktery navazuje na publikaci II, jsme pracovali se stejnym
patosystémem: Pisum sativum cv. Merkur (ndchylny genotyp)-PEMV. Ve stejnych casovych
intervalech byly odebirdny vzorky a studovana byla reakce rostlin vystavenych plisobeni
souasnému vlivu riznych stresovych faktorti. Jak jiz bylo zminéno, studovali jsme
kompatibilni interakci, mezi hostitelskou rostlinou a virem, pifi které dojde ke kolonizaci
hostitelské rostliny a propuknuti infekce. Naopak nekompatibilni interakce je charakteristicka
rychlym spusténim obrannych mechanismi, signaliza¢nich drah hormonti, akumulaci ROS,

RNS, které brani rozsifeni patogenu v rostlin€ a snazi se patogen v misté penetrace zabavit
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vyzivového zakladu (HR). Nicméné je to pravé kompatibilni interakce, kterd zpusobuje
znacné ztraty v zemédélstvi, proto by se témto interakcim méla vénovat zvlastni pozornost
(vice kapitoly 4 a 4.1.2).

Po vystaveni rostlin mechanickému stresu, ktery je nezbytny pro uspéSnou virovou
inokulaci, byly rostliny inokulovany bud’ pomoci inokula s PEMV anebo inokulem
neobsahujicim virové cCastice (mock). Zaméfili jsme se na detekci vlivu patogeneze na
produkci signalnich molekul NO a H,O,, HSP70, hladiny hormonii ABA, SA a JA, a aktivitu
POX. Pomoci histochemickych metod byla v infikovaném rostlinném pletivu lokalizovana
tvorba H,0,, dale byla provedena in situ lokalizace aktivity POX. NO byl histochemicky
detekovan pomoci fluorescencni sondy DAF-FM DA, k detekci reaktivnich kyslikovych a
dusikovych radikalt (RNOS) byla pouZita méné specificka znacka H,DCF DA, ktera reaguje
ptedevsim s H,O, a ONOO™ .

Vliv mechanického poskozeni pletiva pifi inokulaci byl testovan v experimentu
porovnavajicim produkci HSP70 u intaktnich rostlin, ,,mock“-inokulovanych (MI) a
infikovanych PEMV. Z naSich vysledki méfeni hladiny HSP70 je ziejmé, Zze odrazi nejen
projev systémové virové infekce, ale také inokulace a senescence. Hromadéni HSP70 muze
byt potfebné pro komplementaci virionti anebo pro pruchod viru ptes plasmodesmy (Escaler
a kol., 2000; Peremyslov a kol., 1999; Maule a kol., 2002). S rostouci dobou od inokulace,
narastala 1 mira oxidac¢niho stresu a tim rostlo také poskozeni proteini. Jako odpovéd’ na tento
stav jsme pozorovali narast v hladiné¢ HSP70.

Jiz 5dpi byl zaznamenan systémovy narist hladiny ABA v métenych listech, coz jesté
nemuzeme povazovat za nasledek systémového rozsifeni virové infekce, jelikoz PCR
metodou bylo potvrzeno, ze systémové rozsifeni virové RNA-I nastalo az 15dpi (Fig.1;
publikace III). Obsah ABA dosdhl maximama 15 dpi (Fig.3, publikace III). Nartst
endogenniho obsahu ABA zjistil 1 u listh ryze infikovanych virem ¢arkovitosti ryze (Rice
tungro virus, RTV) (Mohanty a kol., 1979). Velice Casto je narust ABA spojovan s vodnim
deficitem. Na zvySenou endogenni hladinu ABA rostlina reaguje uzaviranim svéracich bunék
priduchti, ¢imZz dojde ke snizeni transpirace (Pei a kol., 2000). Ukazalo se, Ze v naSem
ptipadé nebyl ¢asny narast v hladiné ABA spojeny se zaviranim stomat (Fig.5, publikace II).
Dale je znamo, ze ABA se spoluucastni pii regulaci senescence, opadu listl, kveteni, dornanci
a syntéze enzymu (Mohanty a kol., 1979). OvSem primarni roli béhem senescence maji auxin
a ethylen, u¢inek ABA spocCiva ve zvySeni biosyntézy ethylenu. Dale ABA zvySuje miru
lipidické peroxidace, indukuje nartist aktivit proteas, RNAas a zmény v membranové

permeabilité (Panavas a kol., 1998). Muzeme také usuzovat, jako ve studii Anderson a kol.,
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(2004b), ze narist ABA mize mit regulujici efekt na signalni drahu JA/ET (viz kapitola. 4.3 a

5.2.3). Nariist ABA, ktery se vyskytuje se pii kompatibilni interakci, potlacuje signalizaci SA
a HR (Cao a kol., 2011). Bylo zjisté€no, ze SA indukuje mechanismy rezistence proti virové

infekci (Radwan a kol., 2007). Hladina SA dosahla svého maxima u MI variant 5 dpi a od
tohoto okamziku postupné¢ klesala. U PEMV jsme pozorovali narist SA 15dpi, kdy bylo

potvrzeno systémové rozsiteni virové PEMV-1 RNA po rostliné pomoci real time-PCR (Fig.1;

publikace III). Podobny vysledek zjistili Baebler a kol. (2011) u kompatibilni interakce mezi

PVY a rostlinami bramboru, kdy zvySena hladina SA potlacila multiplikaci a rozsifeni viru.

SA miize inaktivovat CAT, ¢imz dochazi ke zvyseni koncentrace H,O, v rostlinnych bunkach
(Lamb a Dixon, 1997). Jak jiz bylo prokazano nékolika autory (napr. Spoel a kol., 2003,

Radwan a kol., 2008), i my jsme potvrdili antagonisticky vztah mezi zménami v hladindch
SA/JA u studovaného patosystému (Fig.3B,C; publikace III). V nasem piipad¢ ziejmé doslo

k inhibici JA signadlem SA s tim, ze obsah JA v rostlinném pletivu u vSech variant narustal se

zvySujicim se Casovym usekem od inokulace. Ve studii provedené na modelu TMV-tabak
(Nicotiana tabacum) se ukazalo ze SA narusta okamzité po inokulaci, zato hodnoty JA

zlustavaji redukované az do 4dpi. Infekce TMV tedy potlacila signdl z poranéni (wound signal)
tzn., udrzovala nizkou hladinu JA. (Preston a kol., 1999). Clarke a kol., (2000b) zaznamenali

dvojfazovy nartst v hladin¢ JA. Prvni maximum bylo dosazeno v ¢asovém useku hodiny po

inokulaci a druhé zjistili, az se syst¢émovym rozsifenim virové infekce tzn., v Case, kdy
dochézi k posSkozeni membran, degradaci chlorofylu a akumulaci antokyanid. Pozd¢jsi néartst
obsahu JA, u vsech zkoumanych variant mizeme pokladat za znak senescence (He a kol.

2002). Ptedpokladame, ze v naSem piipade se SA podilela na akumulaci JA. Na druhou stranu
exogenn¢ aplikovana JA  zplsobuje expresi nckolika obrannych gent napft.,

fenylalaninamoniaklyasy PAL a lipoxygenasy. Skutecnost, Ze PAL je hlavnim enzymem
v biosyntéze fenolickych sloucenin zahrnujicich SA poukazuje na moznou interakci mezi

obéma signaly, které musi byt béhem kompatibilnich interakci potlaéeny. Arias a kol., (2005)

poukdzal na skutecnost, Ze se pii kompatibilnich interakcich nemtize zapominat na to, ze

zvySena aktivita antioxidacnich enzymi, brani signaliza¢ni funkci ROS.

Studiem ROS a RNS jsme chtéli odhalit zmény, které probihaji pfi kompatibilni
interakci rostlina-virus. Podle nasich vysledkti byl nartist v propustnosti membran (Fig.3B;
publikace II) provazen poklesem aktivity volné¢ POX (Fig.5; publikace III). V naSem piipadé¢
byl pokles v aktivité volné POX provazen snizenim obsahu Chl a Car (Fig.4A4,B, publikace II).
Predpoklada se, ze nartst v aktivité POX pfispiva k rozvoji oxida¢niho stresu u systémovych
interakci virus-rostlina (Riedle-Bauer, 2000). Riedle-Bauer (2000) ptedpoklada, ze zvysena
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POX aktivita muze zpusobit oxidaci kyseliny indol-3-octové (IAA, auxin), a tim byt
zodpovédna za ristové redukce a malformace u rostlin infikovanych virem. Drobné
nadorovité vyrastky na zilkdch na spodni stran¢ listd, nazyvané téZ histoidni enace, jsou
typickym projevem PEMV (FigiA, B, C; publikace III). Bylo zjisténo, Ze za histopatologické
zmény v rostlinném pletivu (hypertrofie, hyperplazie, enace) je odpovédna zvysena
koncentrace cytokininti, respektive naruSeni rovnovahy mezi obsahem auxinil a cytokinind,
které jsou regulatory bunééného cyklu (Suti¢ a Sinclair, 1991). Listovy parenchym hrachu po
infekci PEMV ziskava opét schopnost délit se, tj. vlastnosti meristému, podobné jako u
podobnych modela rostlina-virus (Choi a kol, 2011). Zmény v anatomii indukuji zmény
v koncentracich hormont a signalni molekuly tj., RONS. Za pomoci histochemickych metod
jsme detekovali nejvyssi aktivitu POX v mistech vyvoje enaci (abaxialni strana listu,
v blizkosti zilek) a signal byl siln€jsi s rozvojem symptomu infekce (Fig.7; publikace III).
Produkce oxidu dusnatého (NO) byla zvySena srozvojem virové infekce. NO spolecné
s dalsimi RNS a ROS zprostiedkovava bunééné ucinky hormonti na molekularni urovni. NO
reguluje syntézu SA, JA a ET béhem obranné reakce na vnéjsi stresové faktory.

Z naSich vysledkl vyplyva, Ze intenzita oxidacnich procesu, jez ovliviiuje hladiny
hormontl, uréuje nachylnost hrachu k PEMV. Systémové rozsifeni virovych ¢astic po rostliné
potvrdila 15dpi real-time PCR, ale také nartist hladin SA a ABA a zvysena aktivita POX.
Nizka aktivita antioxidaCnich enzymii, méla za nasledek akumulaci RONS a také rozvoj
symptomll vir6zy. Lokdlni akumulace RONS v listech byla zaznamenéna v oblastech
ptestavby pletiva pti vzniku enact, které jsou doprovazeny ¢asto chlorézami.

V ramci tohoto projektu byla studovana mozna role NO (vice kapitola 4.4) v interakci
rostlina-patogen béhem infekce se zaméfenim na moznou ulohu NO v systémové reakci u
modelového systému Pisum sativum cv. Merkur — PEMV. Byla detekovdna systemicka
odezva ve form¢ nartstajici produkce NO v intaktnich listech sousedicich s listy
inokulovanymi. U infikovaného nachylného genotypu hrachu byla v infikovanych pletivech
lokalizovdna zvySena produkce NO konfokdlni laserovou mikroskopii s vyuzitim
fluorescencni sondy H,DCF DA. Produkce NO pozorovana v intaktnich listech sousedicich
s inokulovanym listem, spolu se zvysenou produkci NO lokalizovanou ve vyvijejicich se
enacich na abaxialni stran¢ listd v okoli zilek, demonstruje komplexni roli NO v interakcich
rostlina-patogen. Na zéklad¢ ziskanych vysledkl lze ptedpokladat zapojeni NO v reakci
studovaného nachylného genotypu Pisum sativum pfti infekci virem PEMV. Urcité by bylo
vhodné rozsifit studii a zabyvat se zménami nejen u nachylného genotypu, ale i genotypt

s riznym stupném rezistence vici PEMV. Piterkova a kol. (2009) pozorovali velké zmény
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v produkci NO zejména u rezistentnich genotypu rajéete v obrané proti padli rajcatovému O.
neolycopersici. Autoti predpokladaji, Ze zapojeni NO do obrannych reakci probiha s riznou
intenzitou a mechanismem v zéavislosti na stupni odolnosti jednotlivych genotypt. NO a H,O,
tak pravdépodobné tvoii dulezitou ¢ast molekularnich mechanismil rezistence rajcete k O.

neolycopersici.
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8. ZAVERY

Prace je postavena jak na vysledcich modelovych experiment simulujicich oxidacni
stres v listech rostlin tak na vysledcich ziskanych na celych rostlinach, kde byl oxida¢ni stres
navozen inokulaci virem PEMV.

Modelovy oxidacni stres vyvolany methyl viologenem se projevil vyraznou de-
epoxidaci violaxanthinu a poklesem aktivity APX. Nicméné na mirnost zvoleného
modelového oxidacniho stresu poukazuje nezménény obsah produktl lipidové peroxidace,
fotosyntetickych pigmentli a beze zmén zlstaly i hodnoty maximalniho kvantového vytézku
fotochemie PSII (Fy/Fy). Béhem modelového stresu jsme pii slabé ozarenosti pozorovali
vyraznou nerovnovahu mezi vysokou hladinou Z a relativné nizkym nefotochemickym
zhaSenim (NPQ) excitaci v PSII. Usuzujeme, ze béhem oxida¢niho stresu doslo pouze
k omezené vazb¢ Z na LHCII a tudiz nevznikaly Z-zhaSeci centra. Je zndmo, Ze enzym VDE
je in vivo aktivni i za nizSich intenzit svétla, proto je za faktor limitujici jeho aktivitu
povazovano uvolnéni V z pigment-proteinovych komplexi. Nami zvoleny mirny oxidacni
stres vyvolany MV k tomuto uvolnéni V z LHC do lipidové faze TMb vyrazné pfispél. Z
nasich vysledki vyplyva, Ze i pfes svételnou limitaci transportu elektronit v TMb, dochézelo
k takové acidifikaci lumenu, jez byla dostacujici pro aktivaci enzymu VDE. Ovsem
nedochazelo k acidifikaci lumenu v takové mife, ktera by byla dostacujici pro vznik zhasecich
center v LHC II sUcasti Z. Dil¢im zavérem bylo 1 to, Ze de-epoxidace je za modelovych
podminek mirného oxida¢niho stresu siln¢ zavisla na spektru pouzitého zdroje svétla a je
stimulovana zejména v Soretoveé oblasti spektra (350-450 nm). Tyto modelové vysledky
mohou vyraznym zpiisobem piispét k odhaleni limitaci v antioxidac¢nich reakcich, které se
uplatiiuji v rostlindch in vivo za stresovych podminek.

V projektu, kde byl oxidacni stres navozen inokulaci patogenem, byla sledovédna
odezva fotosyntetickych reakci u nachylného genotypu hrachu setého na infekci PEMV.
Prvotni pokles v asimilaci CO,, ktery koreloval s poklesem hodnot €innosti fotochemie PSII
(®psn), jsme zaznamenali u infikovanych rostlin v ¢ase 15dpi, kdy byla metodou PCR
ovéteno systémové rozsiteni virové PEMV-1 RNA do sledovanych listl. Funkce PSII nebyla
vyrazné poskozena behem celého experimentu. Z méteni chlorofylového ,,imagingu® jsme
zjistili, ze pokles v hodnotich ®pg;; a naopak nartst v nefotochemickém zhasSeni (NPQ)
nastaval nejdiive u okrajl listové Cepele a s piibyvajicim dobou od inokulace se nizsi/vyssi

hodnoty jednotlivych parametrii vyskytovaly po celé plose listové Cepele. Virova infekce
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vyvolala silny oxidaéni stres 30 a 40dpi, ktery jsme zaznamenali v podob¢ lipidové
peroxidace a poruSeni integrity plazmalemy. V tomto casovém useku byly zaznamenany
projevy infekce, kterymi jsou mozaikovitost listll a tvorba enaci na abaxidlni strané listové
cepele. Byla zjisténa pozitivni korelace mezi fotoprotektivnimi mechanismy tzn. naristem de-
epoxidovanych xantofyli (DEPS) a NPQ, coz je odlisny vysledek od studie zabyvajici se
modelovym oxida¢nim stresem (publikace I). PEMV infekce zptisobila u rostlin hrachu
urychleni procesu pfirozené senescence. Méteni velmi rychlé fluorescenéni indukce Chl
(kfivka O-J-I-P) potvrdilo poskozeni PSII zpiisobené virovou. Oxidaéni stres, ke kterému
doslo v dusledku stimulované senescence, zpusobil zmény v Calvinové cyklu a teprve
nasledkem toho doslo k poklesu ®pg;; a to odpovidajici mérou ( @psy/ Pcor se nemenilo).
Domnivame se, Ze inhibici Calvinova cyklu toku mohla zpiisobit zvySend aktivita invertasy
bunécné stény a pak také vezikularni struktury vytvorené ¢innosti virové PEMV-1 RNA, které
tvoii pfekazku volnému toku asimilati v plasmodesmech, sitkovicich a floému.

Bylo potvrzeno, ze ROS, NO a POX se podili na reorganizaci bunééné stény (enace-
vyrustky podél zilek) béhem virové infekce vyvolané PEMV. Pozorovali jsme systémovou
odezvu hrachu na virovou infekci ve formé nartstajici produkce NO a H,O, v intaktnich
listech sousedicich s listy inokulovanymi. Na zékladé naSich vysledki predpokladdme
synergistické ptisobeni NO a H,O, v reakci hrachu setého na infekci PEMV. U patosystému
hrach sety cv. Merkur- PEMV bylo zjisténo antagonistické chovani signalizacnich drah JA/
SA. Prekvapivé jiz 5 dpi byl zaznamenan systémovy nartst hladiny ABA v méfenych listech,
coz jeSté nemlzeme povazovat za ndsledek systémového rozsifeni virové infekce, jelikoz
PCR metodou bylo potvrzeno, ze systémové rozsiteni PEMV-1 RNA nastalo az 15dpi. Se

systémovym rozvojem infekce koreluje nartist koncentrace SA.
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10. PRILOHY
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KEYWORDS Summary
Methyl viologen;

2 Light-induced deepoxidation of violaxanthin to antheraxanthin and zeaxanthin in
MNon-photochemical

plants is associated with the induction of pronounced xanthophyll-dependent non-

gueledncgmg;ﬂ . photochemical quenching (NPQ). To date, a misbalance between a high amount of
Tﬁ ak VE e zeaxanthin in thylakoid membranes and low NPQ has been explained by an absence
mefnabr(:ne' of lumen acidification (e.g. when NPQ is measured in the dark after high light stress).

In this study, we report that this misbalance can also be observed under moderate
light. We found this result (deepoxidation state, DEPS, above 55% and NPQ~-0.9) in
barley leaves treated with 10uM methyl viologen (MV) under white light
(100 umol photonsm—2s~", photosynthetically active radiation (PAR), growth irra-
diance). The addition of MV at this moderate light did not accelerate electron
transport in thylakoid membranes, and induced only slight oxidative stress (no lipid
peroxidation, almost unchanged maximum yield of photosystem Il photochemistry, a

Xanthophyll cycle

Abbreviations: A, antheraxanthin; APX, ascorbate peroxidase; DEPS, deepoxidation state of the xanthophyll cycle pigment pool;
GR, glutathion reductase; LHC, light-harvesting complexes; MV, methyl viologen; NPQ, non-photochemical quenching; PAR,
photosynthetically active radiation (400-700nm); PC, plastocyanin; PSI{Il), photosystem I{I1); P700 (P&680), the primary donor of PSI(IT);
TBARPs, thicbarbituric acid reactive products; V, violaxanthin; VAZ, violaxanthin+antheraxanthin+zeaxanthin, total pool of
xanthophyll cycle pigments; VDE, violaxanthin deepoxidase; 7, zeaxanthin.
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decrease in activity of ascorbate peroxidase, and an increase in that of glutathion
reductase). We suggest that, in leaves treated under the conditions used here, the
lumen acidification induced by Llight-limited electron transport in thylakoid
membranes was high enough to activate violaxanthin deepoxidase, but not
sufficiently high to form the expected number of zeaxanthin-dependent gquenching
centers in photosystem Il antennae.

@ 2008 Elsevier GmbH. All rights reserved.

Introduction

The xanthophyll cycle plays an important role in
the protection of chloroplasts against oxidative
stress under high light. In thylakoid membranes,
violaxanthin (V) released from chlorophyll-contain-
ing complexes is converted to zeaxanthin (Z), via
intermediate antheraxanthin (A), by violaxanthin
deepoxidase (VDE) activated by light-driven lumen
acidification (for reviews, see Eskling et al., 1997;
Lin et al., 200Z; Latowski et al., 2004). Low
lumenal pH also triggers several processes leading
to the formation of quenching centers in light-
harvesting complexes (LHC) (for reviews, see Holt
et al., 2004; Horton and Ruban, 2005; Horton et al.,
2005), where Z plays the role of direct quencher
(Ma et al., 2003) or allosteric activator (Horton et
al., 2005; Crouchman et al., 2006). Mon-radiative
dissipation of absorbed light (non-photochemical
quenching, NPQ) by these centers, protecting
reaction centers of photosystem Il (PSIl) against
overexcitation, is called xanthophyll-dependent
NPQ. For high NPQ levels, the xanthophyll-depen-
dent NPQ is taken as a major component of the
energy-dependent NPQ.

A correlation between high NPQ level and large
amounts of Z in thylakoid membranes has been
found in numerous in vivo studies (e.g. Demmig et
al., 1987; Demmig-Adams, 1990). The pronounced
decrease of NPQ in leaves after high light exposure
indicates that the formation of Z-dependent
guenching centers requires light-driven lumen
acidification. Model experiments with chloroplasts
have suggested that some threshold lumenal pH
must be passed in order to observe the xanthophyll-
dependent NPQ (Gilmore and Yamamoto, 1993).
Recent in vivo studies by Kramer’s group (e.g.
Kramer et al., 2003), supported by previous in vitro
results (e.g. Glnther et al., 1994), propose that
VDE is active at lumenal pH below 6.5, and thus
even moderate light should be enough for activa-
tion of VDE. The limiting step of V deepoxidation
appears to be the availability of free V for VDE in
the lipid phase of thylakoid membranes (for review
see Morosinotto et al., 2003) as at normal condi-
tions, V is bound in chlorophyll-containing com-
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plexes (see Yamamoto and Bassi, 1996). As stress-
induced (e.g. high light, heat stress) changes in the
complexes cause a release of Vinto the lipid phase,
VDE can mediate V deepoxidation.

Here, we present results showing that V deepox-
idation in vivo also takes place at moderate light
when the electron transport rate (ETR) in thylakoid
membranes is limited by light. This was demon-
strated with barley leaves treated with 10puM
methyl viologen (MV) under moderate light
(100pmol m~*s ™', photosynthetically active radia-
tion (PAR), growth conditions). The huge accumula-
tion of Z in MV-treated leaves was accompanied
by an unusually slight induction of NPQ, implying
that the lumen acidification in treated leaves was
not sufficient for the formation of Z-dependent
quenching centers. Our results support the view
that VDE in vivo is active even at normal light
conditions.

Material and methods
Plant material and treatments

Barley seedlings (Hordeum vulgare L. cv. Akcent) were
cultivated in a perlit substrate supplied with Knop
solution at 24+1°C under a periodic 16/8-h day/night
cycle (100umol photonsm™2s~", PAR). All experiments
were performed with 8-d-old primary leaves (1.1 growth
phase according to Feekes, 1941) over a day period. Leaf
segments (5cm) were cut out 1cm below the leaf tip
and infiltrated with 10pM MY in Petri dishes by floating
on the solution surface up to 5h. Leaf segments floating
on distilled water were used as control samples.
The segments were initially incubated in solutions in
the dark for 1h and then exposed to white light
{100 mol photons m~2s™!, PAR; fluorescent tubes Tungs-
ram 18 W, F33 cool white, Hungary) for up to 4h. For an
estimation of MV penetration into a leaf, the segments
were incubated in MV solutions up to 5h in the dark.

Absorption measurements

Measurements of absorption changes at 820 nm (Adg)
in dark-adapted leaf segments after the onset of light
(white light, 100|.Lmﬂlph0t0nsm_25_l‘, PAR), reflecting
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primarily a redox state of the primary donor of PSI (P700)
and plastocyanin (PC), were used to monitor a penetra-
tion of MV inside leaf segments. This 10 s measurement
was performed with a modulated fluorescence measure-
ment system MFMS (Hansatech, King's Lynn, UK)
equipped with an accessory kit suitable for monitoring
of Adg, (Ogren and Baker, 1985). This Adg,, induction
was measured in a remission mode (Schreiber et al.,
1988). Aluminum foil placed on the bottom part of the
segment was used to improve the 5/N ratio of the Adgag
signal. The output signal from the MFMS instrument was
adjusted by an external control box, which allowed the
steady-state signal to back off and subsequently to
amplify (100 x ). The amplified analog signal was digi-
tized with an A/D converter card (PCA-7228AL, Tedia,
Plzen, Czech Republic) and transferred to a PC every
1ms. White light was taken from a cold-light KL 1500
electronic halogen lamp (Schott AG, Mainz, Germany). A
shutter with an electronic driver (D122, Uniblitz Electro-
nic, New York, USA) controlled the onset of light.

Pigment analysis

Leaf segments were immediately frozen in liquid
nitrogen and kept at —80°C before pigment analysis.
Pigments were extracted using 80% acetone with a small
amount of MgCO;. The homogenate was centrifuged at
3600¢ for 5min. The supernatant was filtered through a
45 um filter and used for determination of xanthophyll
content. Pigment separation was performed with a
gradient reversed-phase HPLC (Alliance 2695 Separations
Module, Waters, USA) using a reversed-phase column
(250/4 RP 18, LICHROCART, Germany) kept at 25 °C and a
PDA detector (2996, Waters, USA). The 15min elution
(flow rate of 1 mLmin ") with a solvent system consisted
of acetonitrile, methancl, and 0.1M Tris (pH 8.0) in a
volume ratio of 87:10:3 was followed by a 2 min linear
gradient (flow rate of 0.8mLmin~") to the second
solvent, which was a 34:16 mixture of methanol and
ethyl acetate (12 min elution, flow rate of 0.8 mL min " ').
Eluted pigments were monitored by their absorption at
440 nm. Factors converting the measured area below the
absorption peak to the xanthophyll content were
determined by calibration with pigment standards (DHI
Water & Environment, Horsholm, Denmark). The deepox-
idation state of xanthophyll cycle pigments (DEPS) was
calculated as DEPS = ([Z]+[A]/([V]+[A]+[Z]) (Demmig-
Adams and Adams, 1996) where [V], [A], and [Z] are the
concentrations of V, A, and Z, respectively.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence was measured during the
spontaneous infiltration of leaf segments with distilled
water or 10pM MY using a PAM 2000 modulation
chlorophyll fluorometer (Walz, Effeltrich, Germany).
The minimal and maximal fluorescence intensities in
the dark-adapted state (F, F,) were measured using a
0.8 s saturation white light flash after 1h incubation of
samples in the dark. Consequently, a white actinic light
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{100 pmol photons m 25", PAR; flucrescent tubes Tungs-
ram 18W) was switched on and the maximal fluorescence
intensity (F,,') was measured 5min, 1, 2, 3, and 4h after
the onset of light. The correctness of the Fy and Fy'
determinations was checked by monitoring of the
saturation pulse shape (the existence of the plateau).
The non-photochemical chlorophyll fluorescence quench-
ing parameter (NPQ) was calculated as (Fu—Fu')/Fu'. The
effective guantum yield of PSIl photochemistry (Genty's
parameter, AF/Fy'), a measure of the ETR in thylakoid
membranes, was calculated as (F,/—F,)/F,, where F,was
the actual fluorescence level at a given time excited by
the actinic light. Fp and Fy levels were also measured in
dark-adapted samples 15 min after termination of the 4 h
illumination.

Activities of antioxidative enzymes

Leaf segments (3g) were frozen in liquid nitrogen,
ground to powder, and rapidly homogenized in 15mL of
extraction buffer containing 0.1M Tris-HCl (pH 7.8),
1mM DTT, 1mM NaEDTA, 1% Triton X-100, 4% water-
insoluble PYP, and 5mM ascorbic acid. In order to release
the membrane-bound enzymes, the plant material was
homogenized and sonicated for 1min. After a 30min
standstill the homogenate was centrifuged at 21,000¢ for
10min and the supernatant was filtrated through four
layers of cheesecloth. The filtrate was used for the
measurement of enzyme activities and protein content.
All procedures were performed at 4 “C. Measurements of
enzyme activities were carried out spectrophotometri-
cally (Unicam UV 550, Thermo Spectronic, Cambridge,
UK) at 25°C. Ascorbate peroxidase (APX) activity was
assayed by recording the decrease in optical density at
290nm according to Makano and Asada (1981). The assay
medium contained 0.1M Hepes-NaOH (pH 7.0), 0.1mM
Na,EDTA and 0.5 mM sodium ascorbate. The reaction was
initiated by the addition of Hy0.. A molar extinction
coefficient of 2.8mM "cm ™' was used to calculate the
activity. Glutathione reductase activity was measured
spectrophotometrically as a rate of the decrease at
340nm reflecting the oxidation of NADPH (Foyer and
Halliwell, 1976). The assay medium contained 0.1M
Tris-HCL (pH 7.8), 1 mM Na;EDTA, and 0.5 mM G55G. The
reaction was initiated by the addition of MADPH. A molar
extinction coefficient of 6.2mM 'cm™' was used to
calculate the activity. The protein content was deter-
mined according to Bradford (1976).

Photosynthetic rate

The rate of CO; fixation in leaf segments was measured
using the open gasometric system LCA-4 (ADC, Hoddes-
don, UK). The segments were equilibrated in a leaf
chamber under standard conditions (CO, concentration in
the air: 350 pmol mol™"; temperature: 24 +0.3°C; water
pressure defidt: 1+0.2 kPa). After about 15 min of light
adaptation (100mol photonsm™2s~', PAR; growth irra-
diance), the net photosynthetic rate (A,) was recorded.
The gross photosynthesis rate A; was calculated as
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An—Raark, where Ryay was the dark respiration measured
5min after switching off the light.

Lipid peroxidation

The level of lipid peroxidation was estimated from the
relative content of thiobarbituric acid reactive products
(TBARPs) calculated as the difference of absorbancies at
532 and 600nm (for a detailed description see Vickova
et al., 2006).

Results

Violaxanthin deepoxidation vs. electron
transport and non-photochemical quenching

Barley leaves treated with 10 pM MV at moderate
white light (1h in the dark followed by 4h at
100pmol m~2s~": PAR, growth conditions) accumu-
lated a large amount of deepoxidized xanthophyll
cycle pigments (Figure 1). In control leaves without
MV, the xanthophyll cycle pigments (violaxanthi-
n+antheraxanthin+zeaxanthin — VAZ) were repre-
sented almost solely by V. In leaves treated with
MV, more than 55% of the pigments were present in
the form of A and Z (see DEPS in Table 1). More than
40% of VAZ pigments were found in the form of Zin
the MV-treated leaves (Figure 1). Similar results
have been reported previously by Kim and Lee

[ ] violaxanthin
0.08 4 T B antheraxanthin
- zeaxanthin
T
E
2 0.06 - T
-
=
3
E
8
o 0.04
@
E
2
a
0.02 4
0.00 =
control 10 uM MV

Figure 1. Area concentrations of violaxanthin, anther-
axanthin, and zeaxanthin in control barley leaf seg-
ments and those treated with 10uM MY for 5h
(1h dark+4h white light (I{)ﬂpmciphatunsm_zs_i;
PAR)). Data represent the means +5D from four indepen-
dent measurements.
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(2003, 2005) for rice leaves treated with MV at
moderate light intensity slightly exceeding growth
light conditions.

Further, we observed that while the levels of
chlorophylls, lutein, neoxanthin, and f-carotene
were not significantly changed by the MV treatment
(not shown), the total amount of VAZ pigments
increased by about 50% in MV-treated leaves
(Table 1). There was then the question of whether
the accumulated Z and A directly represented
the newly synthesized A and Z or whether they
were produced by enzymatic deepoxidation of
V. A marked suppression of A and Z accumulation
in MV-treated leaves with added DTT (not shown),
an inhibitor of VDE, implied that the observed
MV-induced increase in DEPS originated in VDE-
mediated ¥V deepoxidation.

The MV-induced deepoxidation of V is attributed
to the enhanced lumen acidification due to the
increased ETR in thylakoid membranes (e.g. Buch
et al., 1994). In order to show that this also takes
place in our illuminated MV-treated leaves, we
measured the effective quantum vyield of PSII
photochemistry (Genty's parameter, AF/Fy’), which
is a measure of ETR in thylakoid membranes (e.g.
Schreiber et al., 1994). This measurement was
performed by an application of saturation light
pulses during 4h illumination. The first pulse was
applied after 5min and then each hour after the
beginning of the illumination. To our surprise, we
observed no stimulation of ETR in MV-treated
leaves during the 4h illumination (Figure 2A).
While ETR in MV-treated leaves was almost the
same as that in control leaves after 1h illumina-
tion, it progressively decreased to about 85%
(Figure 2A). Similar AF/F,’ values observed after
5min illumination in the control and MV-treated
leaves were lower, as they did not represent
steady-state values.

Using the saturation pulses applied during
4h illumination, we also calculated the NPQ
parameter ( = (Fy—Fu)/Fy') that is used for evalua-
tion of xanthophyll-dependent NPQ. During 1h
illumination, the NPQ in MV-treated leaves was
similar to that in control leaves (Figure 2B).
This parameter gradually increased with prolonged
illumination, and its value after 4h illumination
was about two times higher (NPQ~0.9) than
in the control leaves. The NPQ parameter in
MV-treated leaves was rather low considering the
pronounced formation of A and Z observed
after illumination (Figure 1). Such a pronounced
accumulation of A and Z in thylakoid membranes
under stress conditions is usually accompanied by
much higher NPQ values (~2 or higher) (e.g. Xu
et al., 1999).
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2.6+0.3
0.4+0.4

17.6+0.4

12.9+1.8

385+59
205+ 26

81410

100 +10

0.80+0.01
0.75+0.05

0.080+0.006
0.121+0.020

1+1
56+ 11

Control
MY

+50 from four independent measurements.

detected as Fy/Fy chlorophyll fluorescence ratio 15min after termination of 4h illumination, the content of TBARPs (% of that in control), ascorbate peroxidase {(APX) and glutathion
reductase (GR) activities, gross photosynthetic rate (4;), and stomatal conductance (g.). Data represent the means

These are the deepoxidation state of xanthophyll cycle pigments (DEPS), total pool of xanthophyll cycle piaments ([W]+[A]+[Z]) per leaf area, maximum quantum yield of PSIl photochemistry

A —(— control
—@— 10 uM MV

33

06 - \%

AFFm’
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0.6 1
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—

NPQ
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0.0 T T T T
0 1 2 3 4

time of illumination [h]

Figure 2. (A) Effective quantum yield of PSIl photo-
chemistry (AF/Fy') — a measure of electron transport rate
(ETR) and (B) NPQ parameter during 4 h illumination (see
the legend of Figure 1) - in control barley leaf segments
and that treated with 10uM MV, The NPQ parameter was
calculated as (Fu—Fw')/Fw', where F, is the maximal
chlorophyll fluorescence for dark-adapted leaf segments
and F,, was the same but recorded at a light-adapted
state. AF is the difference between the F,/ and F; (the
momentary fluorescence level at light). Before illumina-
tion, the samples were in solutions for 1h in the dark.
Data represent the means +5D from 3 to 4 independent
measurements.

Monitoring of MV penetration to PSI

The absence of an increase in ETR observed in
illuminated MV-treated leaves led us to measure
how MV penetrated into leaf segments, with an
expected effect at the acceptor site of photosys-
tem | (P5l). To monitor this MV action, we measured
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the absorbance changes at 820nm (AAgyg) during
10s after dark-light transition. This transition was
performed with white light of the same intensity as
that used in the 4 hillumination. The kinetics of the
Agzg induction primarily reflect the redox state of
P700, the primary electron donor of PSI, and PC.
Other photosynthetic components such as ferre-
doxin, P&80, chlorophylls, and pheophytin could
contribute to the Adgs induction as well, but their
contribution can be regarded as negligible (e.g.
Harbinson and Hedley, 1993). The initial light-
induced oxidation of P700 and PC (AAdgy, increases)
followed by their re-reduction (AAgzp decreases)
within the first 2s of illumination in untreated
leaves (Figure 3) is in accordance with the
literature and reflects a transient traffic jam of
electrons on the acceptor side of PSI (Harbinson
and Hedley, 1993). MV, a very efficient alternative
electron acceptor at PSI, prevents the transient re-
reduction of P700 and PC, which is demonstrated by
the disappearance of the decreasing phase in Adgy,
induction (Figure 3). After 1h treatment with MV
(in the beginning of the 4h illumination), the re-
reduction phase was partially reduced, i.e., the MV

action at PS5l was not saturated. A complete
disappearance of the re-reduction phase was
observed in leaves treated for 2.5 and 5h, implying
that MV played the expected role at PSI during
illumination. This result suggests that the absence
of an increase of ETR in MV-treated leaves
(Figure 2) reflects the limiting light conditions used
in our treatment.

MV-induced oxidative stress

The MV treatment is often used to induce
oxidative stress as MV reacts with molecular oxygen
to produce superoxide radical O; in stroma of
chloroplasts (Farrington et al., 1973). In our MV-
treated leaves, we observed an inhibition of the
activity of APX, the most sensitive antioxidative
enzyme, by more than half (Table 1). On the other
hand, the activity of glutathion reductase (GR), one
of the ascorbate-regenerating enzymes, slightly
increased. The level of TBARPs, metabolites of lipid
peroxidation, did not increase at all. An altemative
method for detection of lipid peroxidation in

AA =107

control 10 uM MY
..wmwl'ww WW "

T 1

\w/w""'” f""ﬁ/ww R
W....Fl\\" Mﬂ‘“‘ M""]

10s

Figure 3. Absorption changes at 820 nm (Adgza) after the onset of moderate white light (100 pmel photons m'zs_',
PAR, growth conditions) in control barley leaf segments and in those treated with 10puM MV for 1, 2.5, and 5h in the
dark. Arrows indicate the onset of the moderate light. Representative curves are shown.
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leaves — the measurement of high-temperature
chemiluminescence during linear heating (e.g.
Havaux, 2003) — supported the result that our MV
treatment did not induce lipid peroxidation (not
shown). Moreover, no significant decrease in the
maximum yield of PSIl photochemistry was ob-
served from the fluorimetric measurement of the
Fy/Fy, ratio after the treatment (Table 1). These
findings, together with the observed absence of
pigment degradation, imply that our MV treatment
did not result in strong oxidative stress as is
common in model MV treatments.

Together with the expected inhibition in CO;
fixation in MV-treated leaves (Table 1), which is
induced by MADPH depletion, we also observed a
decline of stomatal conductance to about one-third
(Table 1).

Discussion

In this work, we demonstrated that the treat-
ment with 10pM MV, which ensured efficient
MV reduction on the acceptor site of PSI, but
which does not induce strong oxidative stress in
barley leaf segments, stimulated pronounced V
deepoxidation to Z under moderate light (Figures 1
and 3). The illumination was relatively Llow
(100 pmol photonsm—2s~", PAR}, the same as that
used during plant growth. Under these conditions,
no pigment degradation, no lipid peroxidation, and
no significant decrease in maximum quantum yield
of PSIl photochemistry appeared (Table 1). The MV-
induced oxidative stress was documented by a
pronounced decrease in activity of APX and
stimulation of that of GR (Table 1). Our MV
treatment was similar to that used by Kim and
Lee (2003, 2005) for rice leaf segments; however,
they observed much stronger oxidative stress. This
is in accordance with the reported higher suscept-
ibility of some rice genera to photoinhibition when
compared with barley (Xu et al., 1999).

Our MV treatment led to an increase in the area
concentration of xanthophyll cycle pigments (Table
1), which is common for acclimation of plants to
excessive light (see e.g. Demmig-Adams, 1990;
Thayer and Bjorkman, 1990). As our MV treatment
took place at growth light intensity that was
relatively low (100 pmol photons m™25~", PAR), we
suggest that the stimulation of synthesis of xantho-
phyll cycle pigments resulted from a misbalance
between the linear electron flow in thylakoid
membranes and CO; fixation in presence of MV
(Table 1).

The enhanced V deepoxidation to A and Z in MV-
treated samples is usually explained by the MV-
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induced enhancement in lumen acidification, acti-
vating VDE. The enhanced acidification is being
connected with the increase in ETR as MV is a very
efficient PS| electron acceptor. A concomitant
decline in MADPH, a co-substrate needed for the
reverse enzymatic epoxidation of A and Z, con-
tributes to the accumulation of A and Z in thylakoid
membranes (see Buch et al., 1994). However, in our
MV-treated barley leaves, we observed the pro-
nounced V deepoxidation without the MV-induced
enhancement in ETR. On the contrary, ETR was
progressively decreasing after the first hour of
illumination when compared with control barley
leaves (Figure 2). Thus, there are questions as to:
(i) why we did not observe the MV-induced
stimulation of ETR and (ii) what caused the V
deepoxidation in MV-treated leaves.

The simplest answer to the first question is that
the moderate white light used was relatively low
and limiting for the measured ETR in thylakoid
membranes. Thus, the addition of the efficient
acceptor at the acceptor side of PS (MV) did not
lead to the increase in ETR. The answer to the
second guestion is more difficult. On the basis of
the ETR results, there is no reason to consider
lower lumenal pH, and thus the extra activation of
VDE, in MV-treated leaves during illumination.
Rather, it seems that VDE is active in both control
and MV-treated leaves and that some unknown MV-
induced factor stimulates V deepoxidation. This is
in accordance with the view that VDE is also active
at normal conditions (Kramer et al., 1999) and that
the limiting step for V deepoxidation is the release
of V from LHC to the lipid phase of thylakoid
membranes (for review see Morosinotto et al.,
2003). We hypothesize that, in our MV-treated
leaves, the release of V from LHC is initiated by the
MV-induced oxidative stress.

Further, we observed that the huge MV-induced V
deepoxidation to A and Z (DEPS above 55%, Table 1)
was not accompanied by the expected increase in
NPQ (NPQ parameter ~-0.9, Figure 2). Such an
accumulation of A and Z in thylakoid membranes
under stress conditions is wusually connected
with the induction of high NPQ (NPQ parameter
~2 or higher). Barley leaf segments, for example,
chilled for 2h (4°C) at moderate light
(250 umol photonsm—2s~', PAR) had DEPS about
55% and an NPQ value around 2 (Xu et al., 1999).
Our results support the view that Z was somehow
restricted to bind to the antennae and form quen-
ching centers. Since it is known that protonation
of PsbS protein, the process needed to form the
quenching center in LHCII, is optimal at relatively
low pH (pK;~5.2, Li et al., 2002), we can explain
this restriction by low lumen acidification due to
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the limiting light conditions (see above). VDE is
activated at a higher pH range (5.8-6.3, Pfundel
and Dilley, 1993; 5.6-6.5, Glnther et al., 1994).
Thus, in our MV-treated leaves, the lumen acid-
ification is probably high enough for activation
of VDE, but not sufficient to form quenching
centers. In contrast to our MV-treated leaves
under light-limited conditions, in leaves exposed
to high light, the lumen acidification is sufficient
not only for activation of VDE and a release of
V to the lipid phase of thylakoid membranes
(Ruban et al., 1999; Caffami et al., 2001), but
also for the formation of Z-dependent quenching
centers in LHCII.
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‘We have investigated photosynthetic changes of fully expanded pea leaves infected systemically by pea
enation mosaic virus (PEMV) that often attacks legumes particularly in northern temperate regions.
A typical compatible virus—host interaction was monitored dunng 40 post-inoculation days (dpi).
An initial PEMV-induced decrease in photosynt hetic COz assimilation was detected at 15 dpi, when the
virus appeared in the measured leaves. This decrease was not induced by stomata closure and corre-
sponded with a decrease in the efficiency of photosystem I photochemistry (). Despite of a slight
impairment of oxygen evolution at this stage, PSI function was not primarily responsible for the decrease
in ®pgy. Chlorophyll fluorescence imaging revealed that dpg started to decrease from the leaf tip to the
base. More pronounced symptoms of PEMV disease appeared at later stages, when a typical mosaic and
enations appeared in the infected leaves and oxidative damage of cell membranes was detected. From
30 dpi, a degradation of photosynthetic pigments accelerated, stomata were closing and corresponding
pronounced decline in CO;z assimilation was observed. A concomitant photoprotective responses, Le an
increase in non-photochemical quenching and accumulation of de-epoxidized xanthophylls, were also
detected. Interestingly, altemative electron sinks in chloroplasts were not stimulated by PEMV infection,
which is in contradiction to earlier reports dealing with virus-induced plant stresses. The presented
results show that the PEMV-induced alterations in mature pea leaves accelerated leaf senescence during
which a decrease in ®pg took place in coordinated manner with an inhibition of CO; assimilation.

© 2011 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Abbreviations: AES, alternative electron sinks; Car, sum of carotenoids; Chl,
chlorophyll: ©, intercellular €O, concentration; DEPS, deepoxidation state of the
xanthophyll cyde pigment pool; dpi, days pest-inoculation; E, rate of transpiration;
Fg, minimal chlorophyll fuorescence level in the dark-adapred state; Fy,, maximal
chlorophyll fluorescence level in the dark-adapted state: Fy', maximal chlocophyll

Plant diseases induced by pathogens decrease crop productivity
worldwide (for review see e.g. [1]). Anderson et al. [2] calculated
that about a half of all infectious plant diseases are of viral origin.

fluorescence level in the light-adapted state; F/Fy,, maximal quantum yield of
photosystem [ photochemistry in the dark-adapted state; Fl, chlorophyll fluores-
cence induction; gs, stomatal conductance; NPQ, non-photochemical quenching:
OEC, oxygen evolving complex: OfIP ransient, chlorophyll fluorescence induction
defined by the names of its intermediate steps; PAR, photosynthetically active
tadiation: PEMY, pea enation mosaic virus; PEMVY-1, Pea emation mosaic virus-1;
PENMV-2, Pea enafion mosaic virus-2; Py, net rate of CO,; assimilation; PS 1, photo-
system [1; Ry, dark respiration rate; TBARF, thiobarbituric add reactive products;
Wy relative height of K step o height of | step in OJIP transient; $g., quantum
yield of CO, assimilation: dp,, effective quantum yield of photosystem 1 phoin-
chemistry in the light-adapted state.
* Corresponding author. Tel: =420 58 563 4153; fax: +420 58 563 40002,
E-mail address: ilik@prinwupolcz (P Hik).

(9B 1-28/8 ~ see front matter © 2011 Elsevier Masson SAS. All rights reserved.
doi: 101016, pla phy 201 1.08 006
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One of the economically important viral diseases, which affects
legumes in northern temperate regions, is pea enation mosaic virus
(PEMV) {see [3]). PEMV is usually spread by pea or green peach
aphids but can also be transmitted mechanically [4]. The symptoms
of PEMV vary with host species and cultivars, environmental
conditions and viral isolates. Infected plants are usually stunted,
pods are severely misshapen and produce raised wart-like
outgrowths or proliferation on the surface. Typical foliar symp-
toms include chlorotic translucent flecks, small brown necrotic
lessions and vein clearing. Enations are often formed on the lower
side of leaves (e.g. [3])
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Substantial efforts have been exerted to ascertain a taxonomical
classification of the virus responsible for PEMV disease. Due to its
unusual features the virus has been previously dassified as a sole
member of the genus enamovirus. Later, a determination of
complete sequence of the viral RNA revealed that PEMV disease is
caused by the obligate symbiosis of two taxonomically distinct viral
genomes, Pea enation mosaic virus-1 (PEMV-1) that belongs to
enamoviruses and Pea enation mosaic virus-2 (PEMV-2) that
belongs to umbraviruses [5,6). While PEMV-1 controls the trans-
mission of viruses into plants and cytopathology and does not
encode the movement protein (MP), PEMV-2 is responsible for
systemic movement of viruses in infected plants (see [7]). The
present knowledge of the viral RNAs allows a development of
transgenic plants resistant to PEMV (eg. [8,9]).

To date, a lot of virological studies have been reported on PEMV,
however, little attention has been paid to physiological processes
that take place in plants infected by PEMV. Typical symptoms of
PEMV disease together with the time course of their appearance
after inoculation (see [7]) indicate that a compatible plant—virus
interaction usually takes place in infected plants. Due to the absence
of the fast hypersensitive response the infected plants suffer from
the parasitism of PEMV viruses during a whole vegetation period.

Generally, a chloroplast is the most sensitive plant cell organelle to
viral infection (e.,g [10]), therefore, the primary indicators of viral
disease of plants are a dedine in the rate of photosynthesis and chlo-
rophyll (Chl) degradation. These physiological responses are associ-
ated with the accumulation of soluble sugars and starch in infected
cells {e.z [11]) and indicate that the cell metabolism switches from
source to sink (for review see [12]). Primary causes of the virus-
induced changes in the allocation of assimilates as well as the rela-
tionship between the dedine in photosynthetic rate and accumulation
of assimilates are under intensive investigation (for reviews see
[13,14]). It has been reported that both the primary and secondary
photosynthetic reactions in chloroplast are inhibited in infected plants.
The rate CO; fixation is limited rather by the stromal reactions than
by the primary photosynthetic processes in long-term virus—host
interaction {e.g. [15-17]), although a decrease in the photosystem I
( PSII) photochemis try also takes place. The vinus-induced inhibition of
PSI function can be connected with the impairment of the oxygen
evolving complex (OEC) at the donor side of PSI [18,19],

As mentioned above, there is a few information about physio-
logical changes taking place in plants infected by PEMV. To our
knowledge, there is no report dealing with the influence of PEMV on
photosynthetic processes in infected plants. The aim of this study
was to examine physiological responses and particularly photosyn-
thetic properties of fully developed leaves infected systemically by
PEMV. A special focus was put on the functioning of PSII, CO;
assimilation and their interrelation during progressive virus-induced
plantdisease. One of the most often affected crop species in nature,
Pisum sativum L., was chosen to study the PEMV-host responses.

2. Results

We have investigated a physiological state of pea plants infected
systemically by PEMV. The third leaf pair (the measured leaves), i.e.
the first pair above the inoculated one, was used for the measure-
ments at 5, 15, 30 and 40 post-inoculation days (dpi). For
comparison, the leaves from the mock-infected (control) plants
were analyzed. The results obtained with the measured leaves of
control plants at 5 dpi did not differ from that obtained at 0 dpi.

2.1. Spreading of PEMV and symptoms development in pea plants

Spreading of PEMV from the inoculation site throughout the pea
plant and its accumulation in various parts of the pea plant was

PRILOHY

detected using a determination of the viral RNA of PEMV-1 by Q-RT
PCR at different post-inoculation days (dpi) (Fig. 1). At 5 dpi the
virus was detected in inoculated leaves and also in newly devel-
oped leaves on the top of the plant. The content of PEMV-1 in the
new leaves was even higher than that in the inoculated leaves, No
PEMV-1 was detected in the measured leaves at this stage of
infection (Fig. 1). At later stages of infection, the virus content in
both the newly developed and inoculated leaves significantly
decreased. At 15 dpi, the content of PEMV-1 in the measured leaves
was as high as in the inoculated leaves at 5 dpi. Afterwards, the
virus content decreased as well as in the new leaves. At 30 dpi, the
inoculated leaves were dropped off. These results are in line with
a common virus spreading throughout a plant.

The first visual symptoms of PEMV disease, light green spots,
appeared on the newly developed leaves at 7-8 dpi. In this phase of
infection no symptoms were observed in fully developed leaves,
From about 15 dpi, a distinct greenyellow mosaic was visible on all
leaves. As disease progressed, pea plants were slightly stunted and
the yellow mosaic spots on leaves become translucent and dearly
delineated. First enations, i.e. outgrowths vertical to the leaf plane
associated with veins, were formed on the abaxial leaf side at
21 dpi. The symptoms of PEMV disease are depicted in Fig 2. Taken
together, the observed virus spreading and concomitant symptoms
of disease indicate a common compatible virus—host interaction.

2.2, Oxidative damage of membranes in PEMV-infected leaves

Virus infection causes oxidative stress in plants not only during
incompatible virus—host interaction, but also in compatible one
(e.g. [20]). We have estimated the extent of membrane damage
caused by PEMV-induced oxidative stress in systemically infected
leaves by a determination of thiobarbituric acid reactive producs
(TBARP), compounds formed during lipid peroxidation (Fig. 3A).
Slightly increased level of lipid peroxidation appeared in the
measured leaves of infected plants at 5 dpi even through the virus
was not detected in the leaves (Fig. 1). This finding indicates
a systemically induced oxidative stress at initial stage of PEMV
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Fg. L A relative content of vical RNA of PEMV-1 in the inoculated, measired and
newly developed leaves at 5-40 dpi related to the RNA content in the inoculated
leaves at 5 dpi (100%). No viral RNA was detected in the measured leaves at 5 dpi. The

inoculated leaves were dropped off after 15 dpi. Means and SO are shown (n = 3-4)
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Fig 2 (A) Typical control and infected pea plants at 30 dpi. As the PEMV-induced
disease progressed, the plants became stunted and a typical mosaic appeared on the
upper leal side (B At later stage of the infection, typical enations associated with leal
veins were observed on the abaxial leaf side (C).

infection. A pronounced accumulation of TBARPs in the measured
leaves was found at later stages of infection (30 and 40 dpi). Very
similar results were obtained by the measurement of ion leakage
from the leaves (Fig. 3B) This method reflects lipid hydro-
peroxidation of the cell membrane (e.g. [21]) and is often used as
a marker of stress-induced cell damage [22]. A slight increase in ion
leakage of control leaves at 40 dpi is probably associated with
natural senescence (see below).

2.3. Acceleration of degradation of photosynthetic
pigments in PEMV-infected leaves

A decrease of photosynthetic pigments in leaves under virus
attack belongs to typical responses of plant-virus disease (see
Introduction ). The leaf area concentration of Chl a + b and carot-
enoids (Car) progressively decreased in leaves of both control and
infected plants during the whole pursued development (Fig. 4).
More pronounced pigment decline in the leaves of infected plants
became evident at later stages of infection (from 30 dpifor Chla + b

and at 40 dpi for Car). The Chl a/b ratio was within 24—2.7 in leaves
of both infected and control plants throughout the 40 days (not
shown), which revealed an equable progressive breakdown of Chl
a and Chl b in leaves of control and infected plants. These results
imply that the PEMV-host interaction contributed significantly to
progressive senescence of pea leaves.

24. Acceleration of decline in CO; assimilation
in PEMV-infected leaves

Gas exchange parameters of systemically infected pea leaves in
comparison to conirol leaves over 40 days are shown in Fig. 5. The
rate of CO; assimilation (Py — net photosynthetic rate) was grad-
ually reduced in both infected and control leaves (Fig. 5A). This
reduction was much faster in infected leaves. A markedly lower
values of Py in infected leaves appeared at 15 dpi. The gradual
decrease of Py values in both leaf types closely follows the gradual
Chl degradation (Fig. 4A). When Py was normalized on the Chl
concentration, we observed almost constant values for control
leaves whereas for infected leaves the values gradually decreased at
540 dpi (Fig. 6). This result shows that the decrease in Py in
control leaves can be easily explained by Chl degradation. The Chls
remaining in senescing control leaves conserved their linkage to
(0, assimilation in unchanged level. On the contrary, in virus-
infected leaves the Chls were gradually disconnected from the
(0, assimilation. We note that the dark respiration rate (Rp)in both
leaf types was relatively low and did not markedly change over the
40 days (13-16 pmol C0; m™2 57! for control leaves and
13—-2.4 pmol CO; m~%s ™! for infected leaves), This implies that the
decrease in the rate of CO; assimilation in infected leaves can be
attributed to the decrease in the rate of photosynthetic CO;
assimilation in chloroplasts.

The decrease in Py in control leaves was not accompanied by
significant changes in transpiration rate (E) or stomata conductance
(gs) over 40 days (Fig. 5B,C) indicating that it is not associated with
stomata closure, These results imply an increase in the estimated
intercellular CO; concentraton (G) in control leaves over the
40-day period (Fig. 5D). In virus-infected pea leaves we observed
different responses in gas exchange parameters. While the initial
decrease in Py, which appeared at 15 dpi, was not followed by the
decreasesin E and gs, the subsequent Py decrease was (Fig 5). These
results indicate that the initial decrease in Py is not induced by
stomata closure whereas the subsequent decrease could be.

A [T B tkk
5ii *¥X%1 ] control
] [ infected 16
i S
0.12- ** 12 E
¢ g
2
< os 8§
]
0.04- wkk -
0.00 2
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Fig 3. (A) A relative content of thiobarbituric acid reactive products (TBARP] and (B) electrolyte keakage in the measured leaves of control and infected plants at 5-40 dpi, The
TBARP content is calculated as a difference of absorbandes of leal extracts at 532 and 600 nm. Electrolyte leakage is expressed by the relative conductivity of bathing solution (for
details see Materials and methods |, Data represent means and S0 (n = 6). The statistically significant differences between controls and infected leaves are indicated by *4(P < 0.01)

of *+{(P < 0001
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Fig. 4. The chlorophyll (Chl) @ + b (A) and sum of carotenoids (Car ) (B) contents per leaf area in the measured leaves of control and infected pea plants at 5-40 dpl. Data represent
means and SD (n= 6} The statistically significant differences between controls and infected leaves are indicated by *(P < 0.05), **(P < 001} or **%P < 0.001),

25, Acceleration of decrease in PSI photochemistry
and its heterogeneity in PEMV-infected leaves

Changes in photosynthetic processes in vivo can be nicely
visualized by the Chl fluorescence imaging of whole leaves. Using
this technique, the leaf surface heterogeneity of the processes
corresponding with the changes in photochemical efficiency of
photosystem 11{ PSII) in thylakoid membranes can be evaluated { for
review see [23]). Various Chl fluorescence parameters (Fy/Fu,
maximal quantumyield of PSII photochemistry in the dark-adapted
state; dpgy, effective quantum yield of PSII photochemistry in the

light-adapted state, and NPQ, non-photochemical quenching of
excited Chls in the light-adapted state) were measured in control
and infected leaves over 40 days (Figs. 7 and 8A). On the contrary to
the measurement of photosynthetic rate, all these fluorescence
parameters reflect the PSI function irrespective of the Chl
concentration in leaves. The Chl fluorescence parameters presented
in Figs. 7AB and 8A were calculated from the averaged values
obtained from whole imaged leaves.

In control leaves, we observed a relatively small decrease in
Fy[Fyratioduring 40 days (from 0.78 to 0.74) (Fig. 7A,C). Taking into
account that the area concentration of Chls declined to almost one
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represent means and SO (n = 3-6). The statistically significant differences between
controls and infected leaves are indicated by *(F = 0.05).

half during 40 days (Fig. 4A), it is evident that the remaining Chls
were kept in functional Chl-containing protein complexes and
enabled almost unchanged maximum photochemical yield. Also
other Chl fluorescence parameters, dpsp ( from 0.7 to 0.63 ) and NPQ
(from 0.45 to 0.53), were relatively stable during 40 days (Fig. 7)
implying that the remaining photosynthetic apparatus was kept
functional.

The Chl fluorescence parameters in infected leaves were much
more influenced. Although the Fy/Fy ratio gradually decreased only
by 15% during 40 days (Fig. 7A.C), the dpsy; decreased almost to one
third (Fig 7B,C). The NPQ parameter was slightly higher than in
control leaves until 30 dpi and then it markedly increased {more
than twice) at 40 dpi (Fig. 8A). These results indicate that PEMV-
host interaction markedly inhibited electron transport in thyla-
koid membranes and stimulated quenching of excited Chis to heat
in light-adapted state. The virus-induced decrease in dpsy can
reflect either the overreduction of electron carriers in thylakoid
membranes due to the inhibited CO; assimilation reactions in
stroma (Figs. 5A and B6A), or the impairment of PSIl centers. The
gradual decrease in Fy/Fy to 0.65 {at 40 dpi) indicates that PSII is
gradually damaged, which reduces the generation of electrons by
PSII and restricts the rate of electron flow in thylakoid membranes,
Moreover, the observed increase in NPQ indicates that the amount
of excitations utilized in charge separation in PSll reaction centers is
reduced, which further contributes to the suppression electron
flow in thylakoid membranes,

The increase in NPQ s often connected with the ApH-dependent
enzymatic deepoxidation of violaxanthin (V) to antheraxanthin {A)
and zeaxanthin (Z) in thylakoid membranes [24]. Particularly Z is
associated with the formation of quenching centers in light-
harvesting complexes of PSII (for recent review see [25]). Also in
our case, the virus-induced increase in NPQ corresponded with the
relative increase in the amount of de-epoxidized xanthophylls
(DEPS = ([Z] + [A](IV] + [A] + |Z]), compare Fig. 8A and B). While
the DEPS did not exceed 15% in control leaves, in infected leaves it
reached almost 40%.

Analysis of the images of Chl fluorescence parameters in control
and infected leaves (Fig. 7C) showed that while in control leaves the
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parameters changed only slightly and almost homogeneously
during 40 days, in infected leaves they started to change very
heterogeneously from 15 dpi, from the leaf top to the base,

26. Acceleration of impairment of OEC in PEMV-infected leaves

The more pronounced decrease in the Fy/Fy ratio in infected
leaves (Fig. 7AC) implies impairment of PSIl in thylakoid
membranes. The most sensitive part of PSII to viral infection seems
to be OEC (see Introduction ), thus we decided to monitor a poten-
tial impairment of the donor side of PSIl in vivo by the measure-
ment of the fast chlorophyll fluorescence induction (FI) in control
and infected leaves (see Materials and methods). In healthy leaves
a typical 0—]-1-P transient can be detected at high intensity of
exciting light. The individual steps in the transient reflect
a temporary closure of PSIl centers by the electrons originating
from water in OEC(for detailed explanation see the review by [26]).
When oxygen evolution in PSI1 is impaired, the O—]-1-P changes to
0—K—]—I-P ransient, with the additional K step which appears at
about 300 ps. The K step usually appears at the expense of the | step
and represents fast closure of PSII center due to a slower donation
of electrons at the donor side of PSII [27]. In the case of a marked K
step in F, the other following steps reflect temporary closure of PSII
centers by the electrons donated to PSI from alternative source —
ascorbate [28). The gradual formation of the K step in F can be
monitored by the calculation of the Wy parameter that reflects the
relative height of the K step to the height of the ] step [29]. The
increase in Wy can be taken as a measure of the OEC impairment,

Fig. 9 shows the Fls of leaves from control and infected plants at
5 and 40 dpi and the Wy parameter over 40 days (inset). At 5 dpi,
the Fls of both leaf types were very similar and typical for healthy
leaves (O—]—I-P transient). In infected leaves at 40dpithe K stepin
F was clearly visible, and the Wy parameter increased two times.
The gradual increase in Wy, which appeared from 15 dpi in infected
leaves, implies that the virus—host interaction influenced OEC
function at the same time as CO, assimilation. An indication of the
Kstep in Flappeared also in control leaves at 40 dpi. The progress of
the Wy parameter over 40 days indicates that natural senescence in
control leaves also led to the K step appearance in Fl, which is in
agreement with literature [30-32].

2.7. PEMV infection do not stimulate alternative electron
sinks in chloroplasts

A question arises what is the relation between the virus-induced
impairment of PSII function (Fig. 7), reducing the electron flow to
NADP?, and the decrease in the rate of CO; assimilation (Fig. 5A).
For this purpose, a ratio of Opsy to the apparent quantum yield of
the photosynthetic CO; assimilation (®¢q, ) is often estimated. An
increase of this ratio indicates that a part of electrons from PSI is
consumed by the sinks alternative to CO; assimilation (i.e. Mehler
reaction, photorespiration, nitrogen metabolism) (see [33]). The
g, is calculated as the rate of gross photosynthetic COz assimi-
lation (Py + Rp) divided by the incident light intensity and leaf
absorptance (see Materials and methods).

We calculated the dpsy/deq, ratio for the measured leaves of
control and infected plants at 5-40 dpi (Fig. 10). At 5 dpi the ratio
was very similar for both control and infected plants and relatively
high (about 23). Such high values reflect a relatively low ®¢q,
{about 0.03; not shown), which is typical for plants grown at
moderate light. A slight increase of this ratio appeared in control
and infected plants at 15 dpi indicating a partial activation of the
alternative electron sinks. However, we did not observe any prog-
ress of this process up to 40 dpi either in control or in infected
plants. The {psy/dq, ratios in infected leaves did not differ from
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that of the control leaves over the 40-day period (Fig 10). We
should note that a standard deviation of the ratio in infected leaves
at 40 dpi dramatically increased as relative errors of both the ¢,
and dpgy values were relatively high and were summed when the
ratio was calculated. In summary, these results showed that at
15—40 dpi the g, as well as dpgy decreases in similar extent in
control and infected leaves despite of the differences in the
degradation of photosynthetic pigments (Fig. 4).

3. Discussion
3.1. Photosynthetic responses in naturally senescing control leaves

The physiological responses of pea leaves on the systemic PEMV
infection was investigated in naturally senescing pea leaves as
documented by a decline in photosynthetic pigments in non-
infected control leaves. Although the area concentration of Chls in
control leaves was gradually reduced to about a half of the inital
value during 40-day screening (Fig. 4), the Chls retained their
linkage to CO; assimilation as indicated by the unchanged Py/Chl
ratio (Fig. 6). Minor changes in the Chl fluorescence parameters
(Figs. 7 and 8) confirm that the remaining Chls were kept in func-
tional Chl-containing protein complexes. The gradual appearance
of the weak K step in FI of control leaves during 40 days (Fig. 9)
indicates a slight impairment of OEC at the donor side of PSII, which
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adapted state, dpgy (Fig 7), implying that the supply of electrons
by PSII to electron transport chain was not limited by the reduced
OEC function. The minor relevance of the OEC impairment to linear
electron flow in thylakoid membranes is supported by the
appearance of the I step in F of control leaves up to 40th day
(Fig. 9). The I step, reflecting the transient accumulation of reduced
plastoguinone (for review see [26]), disappears in Fl when OEC has
become limiting for PSH electron transport [27). The stable dpgy in
control leaves over 40 days implies that the observed slight
increase in dpsy/d,, ratio, which appeared in after 15th day
(Fig. 10), reflects a decrease in CO; assimilation (Fig. 7B). This
finding indicates a partial activation of alternative electron sinks in
chloroplasts, which is in agreement with the observed increase in
the intercellular CO; concentration (see Fig. 5D).

32. Causes of the initial PEMV-induced decrease
in C0; assimilation

The PEMV-induced changes in the measured physiological
parameters were observed in the systemically infected leaves as far
as the viral PEMV-1 RNA was detected, i.e. at 15dpi (Fig. 1). At this
stage, a mosaic, the first distinct symptom of infection (Fig. 2),
became visible, which implies that this symptom was associated
with the presence and/or pathogenicity of the virus. At 15 dpi, the
most pronounced change induced by PEMV was observed in the
rate of COy assimilation per leaf area. The initial decrease in this
parameter was influenced neither by stomata closure {Fig. 5C) nor
by chlorophyll level (see Figs. 5A and 6). The extent of the decrease
corresponded with the decline in ®pgy similarly to the control
leaves, indicating that the dpsy/dcq, ratio was not affected by PEMV
(Fig. 10).

The measurements of Fl in infected leaves at 15 dpi revealed
aslightly higher K step in FI (a higher Wy parameter) in comparison
with control leaves. This result indicates a more pronounced
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impairment of OEC in infected leaves, which could be naturally
taken as a cause of the decline in dpsy. However, this explanation is
not in line with the Wy and dpgy values obtained in control leaves at
30 and 40 dpi (Figs. 7B and 9). In these two cases, the Wy values
were higher than in the infected leaves at 15 dpi but the corre-
sponding dpsy values were much higher than those in the infected
leaves at 15 dpi. Therefore, we conclude that the initial decline in
pgy; in infected leaves was not affected primarily by the impair-
ment of OEC. This result is not surprising as the electron donor
function of OEC can be substituted to a great extent by alternative
endogenous electron donors (eg. ascorbate; [28,35]). Moreover,
some extent of OEC impairment may not be lmiting for PSII
photochemistry as under normal conditions the PSI function is
limited rather by the captured light than by the OEC function
[27.36]. The relatively low extent of OEC impairment in PSIl was
observed notonly at 15 dpi but during the whole 40-day period, as
indicated by the permanent appearance of the I step in Fls (Fig. 9)
(see above). In summary, the above mentioned results indicate that
the PEMV-induced initial decline in dwpgy at 15 d pi was not primarily
caused the impairment of OEC.

In general, the dpsyy can decrease even if PSIl function is not
impaired. This takes place when the rate of electron transport
beyond PSII is slowed down and consequently the electron carriers
in thylakoid membranes, including the acceptors at PSIL become
more reduced. This kind of PSII down-regulation is usually assod-
ated with the inhibition of Calvin cycle reactions that are reflected
in a decline of CO; assimilation. The reduction of stromal photo-
synthetic reactions is well documented also in virus-induced plant
stresses (e.g. [37,38]). We suggest that this took place also in our
PEMV-infected leaves at 15 dpi. The decrease in ¢, probably
caused the proportional decrease in dpgy level and therefore, the
Dpsyfb, ratio remained unaffected by PEMV infection. This
explanation can be applied for the unchanged dpsy/b ey, ratio also
at later stages of infection (Fig. 10).

3.3. Acceleration of senescence at later stages of PEMV infection

The decrease in C0; assimilation in infected leaves at 15 dpi
continued at later stages of infection (30 and 40 dpi), when it was
accompanied by stomata closure (Fig. 5). This pronounced decline
together with the decrease in Chl and carotenoid content (Fig. 4)
belong to typical symptoms of accelerated senescence. Generally,
leaf senescence is associated with the accumulation of reactive
oxygen species [39], subsequent oxidative damage [40] and a loss of
membrane structural integrity [41]. We have also observed such
responses in the leaves infected by PEMV. The increase of TBARP,
a marker of membrane peroxidation, and the increased leakage of
ions from leaf cells, a marker of cell membrane integrity, were
observed (Fig. 3) together with the dramatic decreases of Chls and
CO0; assimilation at 30 and 40 dpi.

The other argument for the PEMV-induced acceleration of
senescence came from the heterogeneous decrease in photosyn-
thetic function in infected leaves as observed by Chl fluorescence
imaging (Fig. 7C).1f the PEMV inhibited photosynthesis directly, the
changes would be preferentially detected in the areas with the high
virus concentration, ie. the areas near veins of systematically
infected leaves [42]. However, the photosynthetic function started
to decrease from the leaf tip and continued to its base (Fig. 7C),
indicating that PEMV inhibited the photosynthetic activity indi-
rectly. This type of heterogeneity in physiological parameters is
typical for naturally senescing leaves (see [43]), which suggests that
PEMV accelerated natural leaf senescence. However, comparing the
relative declines of CO, assimilation and Chls in control and PEMV-
infected leaves, the senescence processes were not the same. While
in control pealeaves the natural dearease in Chl content correlated
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with the decrease in CO; assimilation, in infected leaves the
decrease in COy assimilation was much more pronounced than the
decrease in Chls (Fig.6).

The virus-induced as well as the senescence-induced decrease
in CO; assimilation are reported to be associated with increasing
content of sugars that induce a feed-back inhibition of photosyn-
thesis (e.g. [44—47]). This explanation has been reported also for
the plant stresses induced by Luteoviridae [44,48,49], a family into
which also PEMV-1 belongs. The inhibition of transport of assimi-
lates from mature (source) tissues to the young (sink) tissues
in senesdng or virus-exposed plants is being associated with
the increased activity of the cell wall invertase {e.g. [455051])
that cleaves sucrose in the apoplast into glucose and fructose. An
extra limitation of the sucrose transport in virus-infected leaves,
which could be responsible for the virus-induced acceleration of
senescence, can be caused by physical perturbations of the trans-
port path. In the PEMV-infected tissue, membranous vesicular
structures, whose production is controlled by PEMV-1 RNA [52],
were found to be intimately associated with ransversed plasmo-
desmata of mesophyll cells, the sieve pore plates and phloem
elements [53). This suggestion is in line with the observation that in
ransgenic plants expressing the movement protein of potato leaf
roll virus (a2 member of Luteoviridae) the plasmodesmal function
between mesophyll cells was modified and sucrose export was
impaired [54].

The observed physiological responses of fully developed pea
leaves to systemic PEMV infection showed that PEMV induced
a compatible host reaction leading to accelerated leaf senescence.
The PEMV infection stimulated the decrease of CO- assimilation to
larger degree than Chl breakdown, which contrasted with the
natural senescence of uninfected leaves. Despite of the pronounced
decline in CO; assimilation, the PEMV-induced alterations did not
stimulate alternative electron sinks in chloroplasts, which differs
from earlier results obtained in virus-infected leaves [15-17].
Analysis of chlorophyll fluorescence data suggests that the PEMV-
induced decrease in CO; assimilation occurred primarily at the
level of stromal reactions in chloroplasts which caused traffic jam
of electrons at thylakoid membranes and the consequent down-
regulation of PSIl photochemistry. This state favors addification
of thylakoid lumen, violaxanthin deepoxidation and formation
non-photochemical quenching (NPQ) centers at PSII, dissipating
excessive excitation to heat The stimulation of NPQ represents
a feed-back response of stressed plants decreasing the rate of
electron transport in thylakoid membranes, which helps to main-
tainredox poise in stroma of chloroplast (for recent review seee.g.
[55]). The stimulation of violaxanthin deepoxidation and NPQ
observed by us at later stages of infection (see Figs. 7 and 8) thus
could help to maintain a balance between CO; assimilation and PSII
function in PEMV-infected plants.

4. Materials and methods
4.1. Plani cultivation and virus inoculation

Pea plants (P sativum L cv. Merkur, genotype susceptible to
PEMV) were grown in substrate Klassman No. 4 in a growth
chamber under a periodic 16/8-h day/night cycle (white light
100 pmol photons m=2 s~'; photosynthetically active radiation,
PAR) at 22/18 =C day/ night temperatures and relative humidity of
50%. The first and second bottom mature leaves of 14-day old plants
were mechanically inoculated with PEMV isolate UP38 on the
adaxial surface. For mechanical transmission 05 g of infected leaf
tissue was grinded in 2.5 ml of 10 mM phosphate buffer (pH 7.5)
supplemented by 30 mg of Celite and 30 mg of the activated
charcoal. Mock-infected plants were designated as control. The
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third leaves of the plants were used for measurements (the
measured leaves). The experiments were performed at 5, 15,30 and
40 post-inoculation days (dpi).

4.2. Virus quantification by Q-RT PCR

Leaves were ground to a fine powder in liquid nitrogen using
a mortar and pestle and total RNA were extracted using Nucle-
o5pin® Plant RNA (Machery-Nagel, Diiren, Germany) according to
the manufacturers' directions. Primers (PEMVUP1: 5'-AAGCGAGG
CGGGGGATTGA-3" and PEMVUP2: 5/ -CGGCGGCCTTCTTAGTTGTGG-
3') amplifying a 253 bp fragment of the coat protein (CP) gene of
PEMV-1 were designed using the PrimerSelect software (Lasergene
package, DNASTAR, Madison, USA) based on PEMV-1 nudeotide
sequences available in the GenBank database.

The relative quantification of PEMV-1 was performed with real-
time reverse transcription polymerase chain reaction (Q-RT PCR)
using ABsolute™ ()-RT PCR SYBR® Green Mix (ABgene, Epsom, UK ).
Reaction volume mixtures 20 pl contained 4 pl of template RNA,
and each primer at 1 pM concentration according to the manu-
facturer's instruction. Q-RT PCR procedure was initiated by reverse
transcription (45 min incubation at 47 °C), followed by a poly-
merase activation step for 15 min at 94 °C and 35 cycles (dena-
turation at94 °C for 45 s, annealing at 58 °C for 45 s, and extension
at 72 °Cfor 45 s). Q-RT PCR was performed using a Rotor-Gene RG-
3000A thermal cycler (Corbett Research, Mortlake, Australia) and
data were analyzed using Rotor-Gene 6 software. ‘Comparative
quantification’ software module was used to determine the relative
concentration of viral genome copies in the samples. Fluorescence
readings were taken at the end of each annealing step. The
amplicon size was checked by the separation on a 1.5% agarose gel
in TBE buffer with ethidium bromide staining.

4.3. Pigment analysis

The leaves were homogenized in B0% acetone with a small
amount of MgCOs; and the homogenate was centrifuged at 3600 g
for 5 min. The absorbance of the supernatant was recorded at
wavelengths of 480.0, 646.8, and 6638 nm (Unicam UV 550,
Thermo Spectronic, Cambridge, UK. The content of Chla and b and
the sum of carotenoids (Car) were calculated using the equations
reported by Lichtenthaler [56]. The filtered supernatant (0.22 pm
membrane filter) was also used for the analysis of xanthophyll cycle
pigments (V — violaxanthin, A — antheraxanthin and Z — zeax-
anthin). The separation of xanthophylls was performed with
a gradient reversed-phase HPLC (Alliance 2695 Separations
Module, Waters, Milford, USA) using a reversed-phase column
(250/4 RP 18, LICHROCART, Darmstadt, Germany) kept at 25°C and
a PDA detector (2996, Waters, Milford, USA). The 15 min elution
(flow rate of 1 mL min~!) with a solvent system consisting of
acetonitrile, methanol, and 0.1M Tris (pH 8.0) in a volume ratio of
87:10:3 was followed by a 2 min linear gradient (flow rate of
08 ml min~") to the second solvent, which was a 34:16 mixture of
methanol and ethyl acetate (12 min elution, flow rate of
08 mlmin~"). Eluted pigments were monitored by their absorption
at 440 nm. Factors converting the measured area below the
absorption peaks to the xanthophyll contents were used according
to [57]. The deepoxidation state of the xanthophyll cycle pigments
(DEPS) was calaulated as ([Z] + [A]W([V] + [A] + [2])

4.4. Gas exchange measure ments
The rate of CO; assimilation (Py) and transpiration rate (E) of

control and infected leaves (gs — stomatal conductance, E — tran-
spiration rate, C; — intercellular CO; concentration) were measured
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using the open gasometric system LCA-4 (ADC, Hoddesdon, UK).
Before measurements the physiological state of leaves were equili-
brated in the leaf chamber atstandard conditions (CO; concentration
in the air: 350 umol mol™'; temperature 24 + 0.5 °C; irradiance:
100 pmol photons m~2 s~!, PAR) for 20 min. The leaves were irra-
diated with white light {360 pmol photons m~2 s~', PAR) for 40 min
to obtain the steady-state values of Py and E. The measured values
were normalized to the leaf chamber area (625 cn®) fully occupied
by leaves. Other physiological parameters — stomatal conductance
{gs) and intercellular CO» concentration (G) were calculated
according to[58].

45, Lipid peroxidation

The level of lipid peroxidation in leaves was estimated from the
measurement of the content of thiobarbituric acid reactive prod-
ucts (TBARP) according to the modified procedure by Dan et al. [59].
Leaves (0.5 g) were homogenized in 01% trichloracetic acid in
aratio 1:5 {w/v) and centrifuged at 10 000 g for 10 min at 4 °C The
supernatant {1 ml) was incubated with 4 ml of 20% (v/v) trichlor-
acetic acid containing 0.5% (v/v) thiobarbituric acid for 30 min at
95 °C and then quickly cooled in an ice bath. The product was
centrifuged at 10 000 g for 10 min. The relative concentration of the
TBARP was measured as a difference of absorbancies at 532 and
600 nm using a spectrophotometer Unicam UV 550 (Thermo
Spectronic, Cambridge, UK).

46. EHectrolyte leakage

The leakage of ions from the leaf discs (diameter 12 mm) was
estimated from the measurement of changes in electrical conduc-
tivity (EC) of bathing solution at 26 °C. EC was recorded by
a conductivity meter pH/Cond 340i {(WTW, Weilheim, Germany)
according to [60). Leaf discs (2 discs per sample) were floated on
6 ml of ultra- pure distilled water (high resistivity)in glass vials and
the initial conductivity (ECg) was recorded. In order to stimulate
leakage of ions from leaf discs, samples were subjected to lowered
pressure (5 kPa for 3 min) with the vacuum being broken every
30 s. Subsequendy, the conductivity (EC;) of the bathing solution
was measured. After this measurement, leaf discs were boiled in
the bathing solution for 30 min to destroy all cell membranes. Then,
the bathing solution was cooled down to 26 °C and the maximal
conductivity (ECpmay) was measured. Results, ie. (EC; — ECp),
were expressed as a percentage of total electrolyte leakage
(ECmax — ECa).

47. Chlorophyll fluorescence imaging

Measurements were performed using the kinetic imaging Chl
fluorometer FluorCam 700MF (Photon Systems Instrument, Brno,
Czech Republic). Chl fluorescence was exdted and detected from
adaxial side of dark-adapted (30 min) leaves. Continuous actinic
light{80 pmol photons m =2 s~") and measuring flashes (1 = 650 nm)
were generated by two panels of red light-emitting diodes (LED),
whereas saturating white pulses (4000 pmol photons m—2 57,
white light) were provided by a 250 W halogen lamp. The chloro-
phyll fluorescence emission transients were captured by the CCD
camera in a series of images. After the measurement of the
minimum fluorescence in the dark-adapted state (Fp), the leaves
were irradiated with a saturating pulse and the maximal fluores-
cence in the dark-adapted state ( Fy) was determined. After 2 min of
dark relaxation, the leaves were exposed to actinic light (80 pmol
photons m~2s~!, red light). During this irradiation a sequence of 1.6-
s long saturating pulses was applied every 20 s to measure the
maximal fluorescence in the light-adapted state (Fy'). Using the
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measured Chl fluorescence parameters, following functional
parameters of primary photochemical reactions in thylakoid
membranes were calculated: maximum gquantum yield of PSII
photochemistry in the dark-adapted state (Fy/Fy; Fy= Fy — Fo) [61],
effective quantum yield of PSIl photochemistry in the light-adapted
state (Ppsy = (P’ — F")/Fy, where Ff and Fy' are maximal and
steady-state fluorescence, respectively, in the light-adapted state)
[62], and non-photochemical fluorescence quenching of excited
Chls (NPQ = Fy/Fy' — 1) in the light-adapted state according to [63].
Results represent Chl fluorescence images of Fy/Fy, NPQ and dpgy
parameters on leaves and their integral values,

In order to estimate the relative extent of the electron sinks
alternative to CO; assimilation (AES) in chloroplasts, a ratio of dpgy
to the apparent quantum yield of photosynthetic CO; assimilation
(Pcq,) was evaluated. The ®qq, was calculated according to [33] as
(Pw + Rp)/l,, where Ry is dark respiration rate and [; is the amount
photons absorbed by leaf area unit per s. The I was calculated as
the photon flux density incident on the leaf surface (360 pmol
photons m~2 5=, PAR) multiplied by the integral leaf absorptance
over the spectral range of PAR (400—700 nm). A calculation of the
leaf absorptance was performed by the measured leaf trans-
mittance and reflectance spectra, which were recorded using
a Portable Spectroradiometer LI-1800 equipped with an Integrating
Sphere 1800-12 (LI-COR, Lincoln, USA) (see [64]).

4.8. Fast chlorophyll fluorescence induction

The 3-s Chl fluorescence transients with characteristic 0—{K)—
J—1-P steps were measured using the portable Chl fluorometer PEA
(Plant Efficiency Analyzer, Hansatech, King's Lynn, UK) on attached
leaves [65]. The plants were dark-adapted for 30 min before
measurement Chl fluorescence was excited by red light (650 nm)
and detected above 700 nm. The intensity of exciting light was
2400 pmol photons m~2 s~ The fluorescence levels in O(Fp), K (Fi),
J(F)and P(Fp) steps are defined as the levels at 50 ps, 300 ps, 2 ms,
and in the maximum, respectively. The relative heightof the K step
to the ] step is expressed as Wy = (Fg — Fo)/(F; — Fo) (see [29]).

4.9. Staristical analysis

A significance of differences of the measured parameters
between control and infected pea leaves was tested by a two-
sample t-test for unequal variance using Microsoft Office Excel
2003 (Microsoft, USA).
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Abstract

This work shows physiological responses of pea plants during 40 days of compatible
interaction with pea enation mosaic virus. PEMYV induces systemic changes in concentration
of hormones. At 5 days post inoculation (dpi) abscisic acid level increased while this of
salicylic acid decreased, which is known to act in suppression of hypersensitive reaction. In
our model it preceded the virus presence in the systemic leaves. To support its transmission
PEMYV induces accumulation of both hormones, Hsp70 and enhances POX activity at 15 dpi.
Formation of enations relies on highly localized accumulation of nitric oxide, followed by
reactive oxygen species, mostly in the vicinity of leaf veins. Such heterogeneity suggests

involvement of these molecules in the control of hyperplasia and tissue differentiation.
Keywords

pea enation mosaic virus; Pisum sativum; heat shock proteins; hydrogen peroxide; nitric oxide;

phytohormones
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Abbreviations

ABA, abscisic acid;

CLSM, confocal laser scanning microscopy;

DAB, 3,3’-diaminobenzidine-4HCI,

DAF-FM DA, 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate;
dpi, days post inoculation;

®pgyy, yield of photosystem II photochemistry;

FW, fresh weight

Hsp 70, heat shock protein family 70;

H,DCF DA, 2’,7 -dichlorofluorescein diacetate;

JA, jasmonic acid;

LC-MS/MS, liquid chromatography — tandem mass spectrometry;

NBT, 2,2'-di-p-nitrophenyl-5,5'-diphenyl-3,3'[3,3'-dimethoxy-4,4'-diphenylene]-ditetrazolium
chloride;

POX, peroxidase;

ROS, reactive oxygen species;

RONS, reactive oxygen and nitrogen species;

SA, salicylic acid
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1. Introduction

Viruses trigger numerous local and systemic responses in susceptible plants based on changes
in gene expression as to facilitate their own replication and transmission (WHITHAM & WANG
2004). After mechanical damage to cell wall and plasma membrane the virus ingress is
enabled. Virus remains within the symplast infecting surrounding cells only after passage
through plasmodesmata attached to microtubules. In the absence of an active resistance
response the progressive spread of the virus to most tissues follows, leading to appearance of
disease symptoms (MAULE et al. 2002). Virion structural proteins were proposed to act as
elicitors in the experiments comparing the inoculation by isolated nucleic acids and integral
viral particles. Additionally, the fact that systemic signal is not viral was confirmed by rapid
systemic response preceding virus transmission (LOVE ef al. 2005).

Strong attention has been paid to the quest for the sources and markers of plant virus
resistance. Genetic engineering strategies have been based on pathogen-derived concept that
involves ‘coat-protein-mediated’ protection in transgenic plants or subsequently found RNA-
silencing, triggered by a non-coding viral RNA. Alternative strategies such as virus-specific
antibodies have also been successfully applied, for review see PRINS et al. (2008).
Surprisingly, physiology of compatible plant-virus interactions is less understood despite the
fact that disease causes economic losses in agriculture (LOVE et al. 2005; GRUNWALD et al.
2004).

Peas are susceptible to a large group of aphid-transmitted viruses that cause diseases
either individually or in combinations. Pea enation mosaic is incited by obligatory associated
enamovirus Pea enation mosaic virus-1 (PEMV-1) and umbravirus Pea enation mosaic virus-
2 (PEMV-2), both encapsidated in separate icosahedral particles (DEMLER et al. 1996). Being
spread by green or pea aphid, PEMYV infects legumes (pea, broadbean, sweet pea, alfalfa, etc.)
mainly in temperate regions. Viral particles are transmitted in a circulate manner within a host
plant leading to severe symptoms in juvenile plants, or attenuated ones in those infected after
onset of bloom (GRUNWALD et al. 2004). Commercially grown pea cultivars still lack the
resistance to PEMV as breeding is complicated by the fact that pea enation mosaic is caused
by two mutualistic RNA viruses.

PEMV symptoms include chlorotic, translucent or necrotic lesions, malformation of
leaves and stipules, and plant distortion. The most characteristic is the formation of enations
on the abaxial, i.e. downy, leaf side being derived from the cells of vascular bundles
undergoing hyperplasia (GRUNWALD et al. 2004). A little has been published about the

metabolic processes underlying this interesting plant-virus interaction. Similarly to the
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initiation of galls or cancer, the processes of enation formation presumably link to the
alterations of phytohormone levels, esp. cytokinins and auxins, leading to the loss of cell
cycle control (CHOI et al. 2011). Our previous work focused on the changes in pea
photosynthesis during 40-days of PEMV pathogenesis (KYSELAKOVA et al. 2011). Here we
continue the experiments to unveil oxidative processes and phytohormone signalling, which
might influence the systemic plant response and enation formation.

Variation in the levels of reactive nitrogen and oxygen species (RONS) is viewed as a
common feature of biotic stress, found both in compatible and incompatible plant-pathogen
interactions (DiAz-VIVANCOS 2006; HINRICHS-BERGER 1999). RONS act as signalling
molecules as well as effectors of programmed cell death which is essential for plant resistance
(LAMOTTE 2005). Increased levels of ROS were reported to be involved e.g. in pathogenesis
and development of symptoms in compatible interactions of cucumber mosaic virus and
zucchini yellow mosaic virus-infected Cucumis sativus and Cucurbita pepo plants (RIEDLE-
BAUER 2000). Among and within pathosystems the course of “oxidative stress” varies in
timing, the amount of generated molecules and is strongly influenced by the extent of tissue
antioxidant capacity (Diaz-VIVANCOS 2006; LOVE et al. 2005; SEDLAROVA et al. 2007). Both
enzymatic and non-enzymatic systems are involved in maintaining the levels and proportions
of individual RONS molecules. Radical intermediates formed during lipid peroxidation co-
oxidize pigment molecules and might account for chlorosis (RIEDLE-BAUER 2000;
KYSELAKOVA et al. 2011). Peroxidase (POX) not only scavenges but also catalyses the
formation of H,O, and thus can contribute to the oxidative stress in plant-virus interaction.
Through oxidation of indole-2-acetic acid, the up-regulated peroxidases might also be
responsible for growth reductions and malformations in virus-infected plants (RIEDLE-BAUER
2000).

Plants produce a specific blend of alarm signals which varies in quantity, composition,
and timing following contact with pathogens (ADIE et al. 2007, KOORNNEEF & PIETERSE
2008). Apart from others, phytohormones such as salicylic acid (SA), jasmonic acid (JA),
ethylene and abscisic acid (ABA), are indispensable for activation of defence responses as
they transmit signals throughout the plant body. SA is involved in the activation of resistance
to biotrophic and hemi-biotrophic parasites as well as in the establishment of systemic
acquired resistance (BARI & JONES, 2009; GLAZEBROOK 2005). In compatible potato-Potato
virus Y interaction the dynamics of responses was shown to be modulated by SA, which can
delay viral multiplication and disease symptoms (BAEBLER et al. 2011). By contrast, JA and

ethylene are usually associated with the defence against necrotrophic parasites and
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herbivorous insects or injury (GLAZEBROOK 2005). The interaction between SA- and JA-
dependent signalling pathways is often antagonistic, i.e. the induction of the first attenuates
the second one (SMITH et al. 2009). Conversely, examples of the synergistic action of SA and
JA/ET defence pathways have also been reported (MUR et al. 2006). ABA has recently
emerged as a key determinant of a plant-pathogen interaction outcome (MAUCH-MANI &
MAUCH 2005). However, the role of ABA appears to be more complex, and varies highly
among plant pathosystems (BARI & JONES 2009). In general, ABA can negatively regulate the
defence mechanisms (ADIE et al. 2007). A cross-talk between different signalling pathways
influencing the processes involved in growth and development is utilized in defence responses
or adaptation to abiotic stresses (FUJITA et al. 2006).

Heat shock proteins (Hsps) belong to molecular chaperones that participate in folding
and right assembly of various proteins, facilitate their transport or degradation when damaged
(MAYER & BAKAU 2005). These highly conserved proteins are ranked into five major families
from which plant Hsp70s contribute substantially to the folding and turnover of viral proteins.
Chaperons have been reported to interact with viral movement protein to enable virus
translocation and thus development of the disease (VON BARGEN ef al. 2001). Studies of CHEN
et al. (2008) suggested that cytoplasmic Hsp70 family members play important roles in plant
RNA virus multiplication, from gene expression to virion assembly which enhances the
infection degree. Oppositely, Hsp70 is induced by avirulent strains of bacteria as part of the
defence response to chaperone newly synthesized proteins in tomato (BYTH ef al. 2001).

The published information concerning the processes in compatible plant-virus
interaction are contradictory, there are exceptions and additional complexities hindering a
definition of a simple general model. Thus the roles of individual molecules/pathways are best
to verify for each pathosystem. Here, we report on pea-pea enation mosaic virus compatible
interaction during formation of enations, the elaborate disease symptoms which pump out
plant’s energy needed for other physiological processes. Using both mock-inoculated (MI)
and control (C) plants enabled the mechanical stress and natural senescence, respectively, to
be distinguished from the processes induced by PEMV infection. An importance of precise
regulation of oxidative processes, as well as phytohormone and Hsp70 levels, for PEMV-
induced tissue reorganization are discussed together with the changes in photosynthetic

parameters published earlier by KYSELAKOVA et al. (2011).

PRILOHY -124 -



Helena KYSELAKOVA Doktorska disertacni price

2. Material and methods

2.1. Plant material

Plants of Pisum sativum L. cv. Merkur, susceptible to PEMV, were grown in commercial
substrate (Klassman Substrate 4, Germany) in a growing chamber under following
conditions: at 22/18°C, 16/8 h light/dark, photosynthetic photon flux density (PPFD) of 100
umol.photons/m*/s and relative air humidity 50%. First and second true leaves of two weeks
aged plants (three-leaf stage) were inoculated by mechanical abrasion as described below. The

growing and inoculation of plants was repeated in three independent experiments.

2.2. PEMV multiplication, inoculation and experimental design

The experiments were performed with pea enation mosaic virus (PEMV) isolate UP58 from
the collection of Department of Cell Biology and Genetics, Palacky University in Olomouc,
included in the Czech National Collection of Microorganisms (collection number UPOC-
VIR-020). Virus was maintained and multiplied on plants of Pisum sativum cv. Merkur. The
inoculum was obtained from the leaves of 30 days old growth chamber-grown Pisum sativum
plants expressing strong symptoms of PEMV. Inoculum was prepared by macerating the
infected leaves in 10 mM phosphate buffer (pH 7.5) supplemented by 30 mg Celite and 30 mg
activated charcoal in a ratio 1:5 (v/w). The 1*and 2™ true leaves of plants were inoculated by
gently rubbing of approximately 1 ml of viral inoculum over leaf surface, after the leaf had
been gently wounded with carborundum and subsequently rinsed with sterile water. These
plants are in text referred to as PEMV inoculated. Data collected from PEMV material
provided the composite response to both leaf abrasion and PEMV infection, i.e. mechanical
and biotic stress. In order to account for the responses caused by the pre-inoculation injury,
another set of plants were abraded omitting PEMV inoculation, thus providing mock-
inoculated (MI) control. The remaining third of the plants without any treatment provided a
base-line healthy control (C) for all of the experiments.

The 3 and 4" leaves were harvested from PEMV, MI and C plants 5, 15, 30 and 40
days post inoculation (dpi), frozen in liquid nitrogen and stored in -80°C until used to
determine POX activity and endogenous concentrations of Hsp70, and phytohormones, i.e.
abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA). Moreover, in the fresh
material the POX activity and accumulation of H,O, and NO were localized histochemically.
In order to ascertain the presence of the viruses in PEMV plants, remaining leaves were
analysed by enzyme-linked immunosorbent assay double antibody sandwich (ELISA-DAS)

(for details see KYSELAKOVA et al. (2011)).
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2.3. Endogenous concentrations of phytohormones
Levels of ABA, JA and SA were analysed in leaf extracts prepared as described before
(HLAVACKOVA et al. 2006) with isotope-containing internal standards by LC-MS/MS.

Detailed protocol of hormone analysis is given in NOZKOVA-HLAVACKOVA et al. (2012).

2.4. Levels of Hsp 70

Leaf tissues were homogenized with sample buffer 0.2 g/ml before the Western-blotting
analysis. Sample buffer (pH 8) was composed of 135 mM Tris, 15% (v/v) glycerol, 2% (v/v)
mercaptoethanol, 3% (w/v) SDS. The homogenates of pea leaves were separated by the 10%
SDS-PAGE. The gel was blotted onto the nitrocellulose membrane, which was subsequently
blocked by an overnight incubation in 1% BSA (dissolved in TBST buffer (pH 7.4)
containing 10 mM Tris, 0.9% NaCl, 0.05% Tween 20). The Hsp 70 was detected by the
incubation of the membrane with monoclonal mouse anti-Hsp 70 antibody (Sigma, 1:1500, 90
min, TBST), followed by amplification with antimouse IgG (Sigma, 1:3000, 90 min, TBST)
and staining with 1.5% NBT+BCIP mixture (Fluka) in the buffer containing 100 mM Tris,
100 mM NaCl, 5 mM MgCl, (pH 9.5). The staining procedure was stopped by addition of
distilled water. The membranes were scanned using the BioSpectrum AC Chemi HR 140
reader (UVP, U.S.A.) and the Hsp 70 content was calculated as the integral band density
using the VisionWorksT LS Analysis Software (UVP, U.S.A.). In order to minimize the
influence of the staining inhomogenities, each value for leaf of PEMV or MI was normalized
to the value for adjacent control leaf of the same age. The Hsp 70 content in the control leaves
of different age was mutually normalized in a separate experiment. Each value was expressed

as mean and standard deviation representing 3-10 independent experiments.

2.5. Peroxidase activity

The activity of cytosolic peroxidase (POX) was measured by method using guaiacol as a
substrate (ANGELINY et al. 1990). Pea leaves were homogenized with 0.1 M K-phosphate
buffer (pH 7.0) in a ratio of 1:2 (w/v) and the extracts centrifuged (12 000 x g, 10 min, 4°C).
POX activity in the supernatant was analysed spectrophotometrically (Unicam UV550
Thermo Spectronic, Cambridge, U.K.), the reaction mixture contained 0.1 M K-phosphate
buffer (pH 6.0), 15 mM guaiacol, water and crude plant extract. The reaction was started by
addition of 5 mM hydrogen peroxide and production of tetraguaiacol (Amax= 436 nm, € = 4.5
nl/mol/cm) was followed continuously for 1 min at 30°C. Each value was expressed as mean

and standard deviation representing 3 independent experiments.
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2.6. Histochemical localization of reactive oxygen and nitrogen species (RONS) and POX

Changes in RONS metabolism were studied in situ by histochemical staining of the leaves
detached from plants at 5, 15, 30 and 40 dpi. To reduce the influence of injury, a fresh plant
was used for each variant/time combination. The fluorescent signals for RONS were studied
by confocal laser scanning microscopy (CLSM) while the products of oxidation standing for

H,0, and POX we studied by conventional light microscopy.

2.6.1. Localization of NO

Small pieces of tissues (different sizes) were cut off the leaves of C, MI and PEMV pea plants.
Samples were incubated in 10 uM solution of DAF-FM DA (4-amino-5-methylamino-2',7'-
difluorofluorescein diacetate; Axxora, U.S.A.) for 30 min, mounted on microscopic slides and
observed with confocal laser scanning microscope (Fluorview 1000 attached to inverted
microscope 1X81; Olympus, Japan). Excitation was provided by a 488 nm line of argon ion
laser and emission recorded using a 505-525 nm band-pass filter. At the beginning of each
experiment the unstained non-inoculated sample was examined to adjust the right intensity of
lasers. Leaf samples treated with 0.1 mM c-PTIO (2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide; a specific NO scavenger) for 30 min prior to the
staining with NO probe served as a negative control. To exclude other sources of NO than the
enzymatic (with NOS-like activity) the tissues were pre-treated with 10 mM L-NAME (L-N-
nitroarginine methyl ester; a competitive inhibitor of NO synthase) and 10 mM

aminoguanidine (inhibitor of animal forms of NOS) (PITERKOVA et al. 2009).

2.6.2. Localization of RONS

Hydrogen peroxide and peroxynitrite were visualised with fluorescent probe H,DCF DA
(2°,7"-dichlorodihydrofluorescein diacetate; Axxora, U.S.A.). Pieces of tissues were incubated
with 10 uM H,DCF DA in 20 mM HEPES buffer (pH 7.5) for 20 min and immediately
subjected to CLSM as described above. The negative controls were pre-incubated with

antioxidant (0.1 mM rutin) for 30 min before the staining procedure.

2.6.3. Localization of H,O; by light microscopy
In situ production of H,O, was detected by the formation of a brown precipitate after

infiltration of leaves under low pressure with 1 mg/ml DAB-HCI (pH 3.5) dissolved in water
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and incubation at room temperature in dark for 16 h (THORDAL-CHRISTENSEN et al. 1997).
Boiling in 96% ethanol (v/v) was performed for 10 min in other to stop the reaction and to
clear the leaves from chlorophylls. The observation was performed with Stereo-microscope
SZ40 or light microscope BX60, both equipped with digital CCD camera DP70 (Olympus,
Japan).

2.6.4. Localization of POX activity

Histochemical localization of endogenous POX was based on its reaction with 3,3'-
diaminobenzidine (DAB) to give a rise of a brown alcohol-resistant precipitate product. Leaf
tissues were vacuum infiltrated with DAB-urea hydrogen peroxide solution (SigmaFast™) for
2 h. Boiling in ethanol stopped the reaction and bleached the leaves (SEDLAROVA et al. 2007).
Tissue samples were then mounted in 50% glycerol and stored at + 4°C prior to the light

microscopy observation.

2.7. Digital image processing
The spatial distribution of fluorescent signals within tissues was visualized in ‘2.5D’
reconstructions (volume and surface models, XYZ projections, etc.) from series of CLSM

cross-sections by Imaris 7.3.1. software (Bitplane AG, Switzerland).

2.8. Statistical analysis

The significance of differences among variants was evaluated for each datasets of measured
Hsp70, phytohormone levels and POX activity using the two-tailed paired Student’s #-test (in-
built utility of Microsoft Excel 2007®). The highlighted values significantly differed at

P=0.05 from those in control (*) or mock-inoculated (#) plants.
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3. Results

Recent data continue previous experiments focused on the alterations in photosynthetic
parameters in Pisum sativum cv. Merkur plants during compatible interaction with pea enation
mosaic virus (PEMV) (KYSELAKOVA et al. 2011). The stress caused by artificial PEMV
infection includes also mechanical stress due to leaf abrasion with carborundum. Thus a mock
inoculation variant was added to study the combination of physiological responses. The
activity of peroxidase (POX), accumulation of Hsp70 and phytohormones (JA, SA, ABA)
were assayed in extracts from the infected (PEMV), mock inoculated (MI) and healthy control
plants (C) as well as the accumulation of H,O,, ONOO", NO, and POX activity were localized
histochemically in leaf tissues at 5, 15, 30 and 40 dpi.

The symptoms of pea enation mosaic were not observed at 5 dpi, the first studied
phase of disease progress preceding systemic spread of viral particles. Downward curling of
young expanding leaves occurred from 8§ dpi. Only later (at 15 dpi) a mosaic was formed that
corresponded to the peak of virus titre found by qRT-PCR (Fig. 1). At 30 and 40 dpi, the
severe chlorotic spots became translucent and clearly delineated (Fig. 2A) and enations

developed above leaf veins (Fig. 2B, C) together with plant stunting.

Preferred position of Fig. 1, 2 (figure 2 in color)

3.1. Endogenous concentrations of abscisic, salicylic and jasmonic acids

Changes in endogenous concentrations of ABA, SA, and JA are compared in Fig. 3. In control
plants the ABA content found at 5 dpi (12.8 pmol/g FW) doubled at 15 and 30 dpi and was
almost 4 times higher at 40 dpi (46.1 pmol/g FW). Oppositely, it remained almost unchanged
in MI plants during the whole experiment (20.8-25 pmol/g FW). PEMV infection caused
increase in ABA concentration compared to MI and C plants with significant differences
recorded at 5-30 dpi (Fig. 3A). The maximal ABA content was found at 15 dpi (79 pmol/g
FW) followed by reduction to 49 pmol/g FW at 30 and 40 dpi.

The highest endogenous concentration of SA, i.e. 622 pmol/g FW, was found in MI
plants at 5 dpi, significantly different from both control and PEMV plants (Fig. 3B). There
was a gradual decrease in the concentration of SA for C as well as for MI plants from 5 dpi,
while in PEMV-infected plants the SA concentration peaked at 15 dpi, followed by later
decrease to the initial values.

The level of JA in control plants varied from ca 20 pmol/g FW at 5 and 15 dpi,
followed by a decrease to 9.4 pmol/g FW at 30 dpi and an increase to 37.8 pmol/g FW at 40

PRILOHY -129 -



Helena KYSELAKOVA Doktorska disertacni price

dpi. In PEMV-infected plants at 5 dpi the JA content significantly lowered compared to the
healthy plants. However, a similar decrease in JA appeared also in MI plants which indicate
that the initial decrease in JA was caused by mechanical injury. From 15 to 40 dpi the JA
concentration in diseased plants was higher but did not differ significantly from controls.
While the JA content in MI plants was low at 5 dpi (7.6 pmol/g FW), at 30 and 40 dpi it was
significantly higher than in control as well as in PEMV plants (Fig. 3C).

Preferred position of Fig. 3, 4

3.2. Hsp 70 content

Western-blotting followed by immunohistochemical staining visualized a single band with the
molecular mass of 70 kDa (not shown) and enabled relative quantification of the Hsp 70
content (Fig. 4). In PEMV infected plants the amount of Hsp 70 was significantly higher than
in control plants at 5-30 dpi, with the maximum at 30 dpi. During ontogeny Hsp 70
concentration gradually increased in all variants, thus there was no apparent difference
between inoculated and control samples at 40 dpi. Notably, the mock-inoculation induced an
insignificant decrease in Hsp 70 concentration at 5 dpi and a slight increase at 15-40 dpi

compared to healthy plants.

3.3. POX activity and localization

The activity of soluble peroxidase (POX) was assayed spectrophotometrically using guaiacol
as a substrate. The POX activity in control plants as well as both variants of inoculation was
found maximal at 5 dpi with later gradual decrease, the most markedly in MI plants (Fig. 5).
In control plants The POX activity ranged among 30-34 pkat/g FW until 30 dpi, its moderate
decrease was detected at 40 dpi (Fig. 5). The highest activity of POX was detected in PEMV-
infected plants; at 5 dpi it reached 49 pkat/g FW, i.e. ca 144% of the POX activity in control
plants. At 15 dpi the POX activity significantly differed not only from control but also from
MI plants. Later the POX activity in PEMV plants dropped to the values similar to those
measured in MI and control plants. POX activity was probed also by histochemical staining
with DAB and visualized by light microscopy. In situ localization of POX activity correlated
with biochemical data in leaves of PEMV infected plants. The strongest signal was found at 5
dpi in leaf regions close to veins where pathological changes might have been induced.
During systemic spread of PEMV at 15 dpi and later appearance of symptoms the POX signal

was weaker (Fig. 5).
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Preferred position of Fig. 5

3.4. Production of hydrogen peroxide

Hydrogen peroxide was localized within pea leaves by DAB staining as a red-brown
precipitate (Fig. 6). The minor signal was observed in control and mock-inoculated plants
while the stronger accumulation of H,O, molecule was detected in PEMV-infected plants,
mainly in mesophyll cells close to veins. At 5 dpi the signal for H,O, was found mostly in leaf
tips, at 15 dpi it was localized to central part of leaves while at 30 dpi it was spread all over
the area of examined leaves. At 40 dpi strong signal for H,O, corresponded with the area of
newly formed enations but omitted the surrounding area (Fig. 6). In leaves of MI plants no

apparent difference from non-treated plants was observed (data not shown).

Preferred position of Fig. 6

3.5. Localization of RONS by confocal microscopy

Cell-permeable fluorescence probes were used to track either NO (DAF-FM DA) or RONS
(Ho,DCF DA) in fresh leaves (green in Fig. 7). Fluorescent signal for RONS, i.e. hydrogen
peroxide and peroxynitrite, localized to tissue regions in the vicinity of veins and developing
enations at 5-40 dpi. CLSM enabled also software “2.5D” reconstructions from a series of
optical sections in individual objects which revealed a presence of RONS within the volume
of enations (Fig. 8). The accumulation of tracked molecules was intensive from 15 to 40 dpi,
suggesting that in susceptible pea plants the local changes in RONS concentrations enable
tissue reorganization due to PEMV infection. The signal for NO was weak and was found
preferably in the initial phases of tissue reprogramming, i.e. at 5 and 15 dpi. Minor signal was

detected also at 40 dpi.

Preferred position of Fig. 7, 8
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4. Discussion

Viruses, similarly to bacteria, cannot pass actively through plant cell walls and require insect
vectors (e.g. aphids for PEMV) or wounding to invade the cells of their hosts (SALGUEIRO &
HuLL 1999). There is rising evidence that even tiny wounding caused by aphids has
deleterious effect on plant metabolism (REYMOND et al. 2000). During artificial inoculation
by leaf abrasion the viral ingress is combined with injury (SMITH et al. 2004) as seen by
systemic increase in POX activity at 5 dpi (Fig. 5). Components of signalling pathways
compared in intact, mock-inoculated, and PEMV-infected plants showed that the processes
induced by infection differ from those caused by mechanical stress (best exhibited at 5 dpi)
and proceeding natural senescence. At 15 dpi the maximal content of viral RNA corresponded
with increase of ABA and Hsp 70 level, and POX activity in systemic leaves.

Our previous study dealt with alterations of photosynthetic parameters in Pisum
sativum infected by PEMV. During 40 dpi PEMV-accelerated senescence took place in the
symptomatic leaves, guided by decrease in efficiency of both CO, assimilation and
photosystem II photochemistry (®pgy;) but not linked to stomatal closure (KYSELAKOVA et al.
2011). Additionally, degradation of photosynthetic pigments was accelerated from 30 dpi
when symptoms started to be exhibited macroscopically. Local changes shown by chlorophyll
fluorescence imaging (a gradual decline of ®pg;; photochemical efficiency starting from the
leaf tip) and detected oxidative damage of cell membranes (KYSELAKOVA et al. 2011) link to
oxidative processes and enation development as presented herein.

In pea-PEMYV interaction the virus start to spread systemically at 5 dpi, while in the
studied 3" and 4™ leaves the viral RNA was detected from only 15 dpi (Fig. 1). Activation of
plant defence by viral attack is marked by changes in content of molecular chaperons, e.g.
Hsp 70 (BYTH et al. 2001). However, in our study Hsp 70 expression was induced also by
mechanical injury and senescence (Fig. 4). PEMV induced significant increase of the Hsp 70
content from 5 dpi with the maximum at 30 dpi but senescence caused its gradual increase in
control plants. Wounding in MI plants led to the initial decrease in Hsp 70 concentration at 5
dpi, while at 15-40 dpi, the Hsp 70 concentration in MI plants was insignificantly higher than
this in control plants.

Metabolism of reactive oxygen and nitrogen species provide insight in disease
dynamics and plant’s destiny. Prompt death due to unbalanced RONS accumulation is well
described in several incompatible interactions where virus-attacked cells are sacrificed to limit
the infection. Delayed cell death characterizes susceptible plants, e.g. in potato-PVY

pathosystem (HINRICHS-BERGER 1999). Levels of ROS and capacity of antioxidant systems
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have been investigated in several compatible plant-virus interactions, but opposing results
have also been obtained (RIEDLE-BAUER 2000; HERNANDEZ et al. 2004). Both compatible
(Solanum esculentum and Capsicum annuum) and incompatible hosts (Nicotiana glutinosa
and N. tabacum) during tobamovirus (TMV and ToMV) infection were studied by
MADHUSUDHAN et al. (2009). The increased SA, hydrogen peroxide, lipid peroxidation,
protein oxidation, POX activity and decreased catalase activity were recorded in the
incompatible host-tobamovirus interaction. Minor changes in activity of enzymes, lipid
peroxidation and hydrogen peroxide content were found in susceptible hosts (MADHUSUDHAN
et al. 2009). Long-term infection by PPV studied by DiAz-VIVANCOS et al. (2006) in peach
and apricot showed that general increase in H,O, concentration led to lipid hydroperoxidation
of cell membranes and proteins only in susceptible but not in resistant hosts. In compatible
interactions the ion leakage, a marker of damaged plasmalemma, was guided by a decrease in
POX and superoxide dismutase activity while these were increased in the incompatible
interactions. MILAVEC et al. (2001) reported the inverse correlation between chlorophyll
content and the activity of soluble and ionic-bound peroxidases in 4-weeks old potatoes at 5-7

dpi with potato virus Y''™

, the most aggressive strain of PVY. Conversely, in our time-course
study the decrease in the activity of soluble POX (Fig. 5) was found to correspond with the
previously reported decrease in the content of chlorophylls and carotenoids (KYSELAKOVA et
al. 2011).

Leaf enations, the specific PEMV symptom (Fig. 2), form days to weeks following
infection due to the virus-altered regulation of cell cycles in leaf parenchyma which then turns
into meristem (CHOI et al. 2011). This process seems to rely on the changes in hormonal
levels and signalling molecules, e.g. RONS. For their wall reconstruction the newly derived
cells require H,O,, regulated by POX activity (QUIROGA et al. 2000). During the systemic
spread the PEMV infection poses an oxidative stress to plants as reflected by the increase in
lipid peroxidation and electrolyte leakage at 15dpi and 30dpi (KYSELAKOVA et al. 2011). In
our experiments strictly localized changes in H,O; level were detected within PEMV-infected
leaves (Fig. 6). The H,O, production was observed in mesophyll cells near the minor veins
(Fig. 7). Many exceptions in proposed patterns of oxidative processes can be found, e.g. in A4.
thaliana-CaMV pathosystem H,0, accumulated both locally and systemically in virus- but
not in mock-inoculated plants (LOVE et al. 2005). In several host-virus interactions the
enhanced POX activity correlated with symptoms severity, but this does not seem to be the
case in pea-PEMV (Fig. 5) or in lettuce-Lettuce Mosaic Virus (LMV) pathosystems (EL-

FAHAAM et al. 1990). POX not only scavenges H,O, but also catalyses its formation. It was
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presumed that the increase in POX activity contributes to the oxidative stress in systemic
plant-virus interactions (RIEDLE-BAUER 2000). Due to the PEMV inoculation, a remarkable
enhancement of POX activity was recorded which gradually decreased. The wounding alone
increased POX activity at 5 dpi, later its values were comparable with those in control peas.
The major influence of PEMYV is visible at 15 dpi (small graph in Fig. 5) which links to
systemic virus transmission. Induction of antioxidant enzymes by pathogen may lead to
disruption of signals generated by ROS, which may have otherwise triggered defence reaction
in the host (ARIAS et al. 2005).

There is limited information about the mechanisms which lead to the generation of
ROS in plant cells following ABA signalling (JIANG & ZHANG 2001). In guard cells of
Arabidopsis, stomatal closure is enabled by ABA-induced H,O, production and the H,O»-
activated Ca®’ channels (PEL et al. 2000). In such tissue the availability of CO, for
photosynthesis is reduced, which may generate ROS from the misdirecting of electrons in the
photosystems. However, stomatal closure was not proved in our pathosystem (KYSELAKOVA
et al. 2011). In PEMV-infected plants ABA level peaked at 15 dpi (Fig. 3A) which
corresponds to the highest value of PEMV-1 RNA detected by q-RT-PCR in sampled leaves

(Fig. 1). It is well known that ABA up-regulates events that occur during SENESCENCE, such
as increased lipid peroxidation, and membrane permeability, and the induction of proteinase
AND RNAse activities (PANAVAS ef al. 1998).

It has been suggested that SA induces resistance mechanisms against virus infection
(RADWAN et al. 2007). Increase of endogenous SA concentration due to mechanical injury at
5 and 15 dpi was reduced in PEMV-infected peas (Fig. 3B). Considering temporal changes in
SA levels in PEMV plants an increase was recorded at 15 dpi which coincided with virus
multiplication and spreading. Similarly, in compatible potato-Potato virus Y interaction the
dynamics of the responses was shown to be modulated by SA, which can delay viral
multiplication and disease symptoms (BAEBLER et al. 2011). The enhanced SA levels were
found concurrently with the rise in CaMV levels in A. thaliana (LOVE et al. 2005).

In general, we observed antagonistic relationship in temporal changes of SA and JA
concentrations, esp. for MI plants (Fig. 3B, C) which corresponds with previous results of
other authors (e.g. RADWAN ef al. 2008). The experiments with exogenously applied SA and
JA showed antagonism in various plant species, suggesting an evolutionary conserved process
(SPOEL & DONG 2008). SA may inactivate catalase which leads to an increase of ROS

concentration and lipid peroxidation, which is the starting point of JA biosynthesis. Thus SA
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can participate in delayed JA accumulation (PRESTON et al. 1999). Exogenous application of
JA was found to induce expression of several defence-related genes, including lipoxygenase
(LOX) (BELL et al. 1995) and phenylalanine ammonia-lyase (PAL) (GUNDLACH et al. 1992).
The fact that PAL is a key enzyme in the biosynthesis of phenolic compounds, including SA,
demonstrates the tight interaction between both signals in plant defence which must be
suppressed in compatible interactions.

Antagonistic interactions between multiple components of ABA and the JA-ethylene
signalling pathways modulate gene expression in response to biotic and abiotic stresses
(ANDERSON et al. 2004). Increase of ABA is common in compatible interaction suppressing
SA signalling and HR (CAO ef al. 2011). SMITH et al. (2004) identified a specific group of
genes that exhibited differential transcript abundance in response to wounding and systemic
viral infection. However, genes implicated in early wound responses, such as JA-induced
genes and transcription factors (LI et al. 2001) did not exhibit an increase in transcript
abundance in response to wounding alone. JA in high concentration might be involved in the
inhibition of a virus replication. It was shown that JA as well as SA does not prevent systemic
spread of the virus but reduces its titre (CLARKE et al. 1998). CLARKE et al. (2000) reported
two phases of increase in endogenous JA level, first occurred during several hours after
inoculation while the second rise during the increase of virus titre in plant body and
anthocyanin accumulation. The peak of JA we found at 15dpi is linked particularly to host
plasmalemma damage upon replication of virus (i.e. PEMV transmission) and chlorophyll

degradation (KYSELAKOVA et al. 2011).
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5. Conclusions

Considering the complexity of plant-virus interactions, the hypothesis that the increased
activity of antioxidant enzymes interrupts signals generated by ROS and leads to
compatibility cannot be neglected. Hormone-triggered defence reactions need to be
suppressed which makes virus interaction with host’s metabolism even trickier. From our
results we can conclude that oxidative processes linked to balancing of hormone levels
determine susceptibility to pea enation mosaic virus. Abiotic stress during inoculation might
delay wviral colonization as shown from interfering hormone levels. The increased
peroxidation of membranes is not reflected in JA formation. The systemic transmission of
PEMV coincides with ABA and SA accumulation and POX activity. In PEMV-colonized pea
plants, the decrease in the activity of POX and higher RONS levels enable expression of
symptoms. However, heterogeneity of reactions within a leaf must be taken into account e.g.
accumulation of RONS was confirmed in altering tissue spots undergoing chlorosis.
Localization of oxidative processes to regions of developing enations is quite unique and
enables development of distinctive symptoms which significance has not been answered yet.
For the first time we localized nitric oxide, an important signalling molecule, in plant tissues

undergoing virus-triggered reorganization.
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Legend to figures

Fig. 1. Relative content of viral RNA of PEMV-1 for inoculated and systemic leaves at 5-40
dpi related to the RNA content in the inoculated leaves at 5 dpi (100%). No viral RNA was
detected in the systemic leaves at 5 dpi. The inoculated leaves dropped off after 15 dpi.

Values represent means + SD (n = 3-4).

Fig. 2. Symptoms of pea enation mosaic virus at 30 dpi include chloroses on adaxial (A), and

enations on abaxial leaf side (B, C). Note formation of the enations in close vicinity of veins.

Fig. 3. Contents of abscisic acid (A), salicylic acid (B), and jasmonic acid (C) in control,
mock-inoculated and PEMV-infected pea leaves during 40 dpi. Data show means £ SD (n =
3). Values significantly different at P = 0.05 from control (C) (*) or mock-inoculated plants
(MI) (#) are highlighted.

Fig. 4. Relative concentrations of Hsp70 in leaves of control (C), mock-inoculated (MI) and
PEMV-infected (PEMV) pea plants. Data are normalized to the concentrations of the
homogenate from control leaves harvested at 5 dpi and expressed as means £ SD (n = 3-10),
for details see Material and methods. Highlighted values significantly differ from C (*) or MI
(#) at P =0.05.

Fig. 5. Variations in the activity of cytosolic peroxidase in control (C), mock-inoculated (MI)
and infected (PEMV) pea leaves during 40 dpi. Data are expressed as means £ SD (n = 3).
Highlighted values significantly differ from C (*) or MI (#) at P = 0.05.

Fig. 6. Accumulation of H,O, within leaves of control (C) and PEMV-infected pea plants

during 40 dpi. Visualized by light microscopy as a deposition of a brown pigment after DAB

staining.
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Fig. 7. Changes in RONS metabolism within leaf tissues of pea systemically infected by
PEMV at 5, 15, 30 and 40 dpi. POX activity was localized by DAB staining protocol and light
microscopy. Green signal for the RONS production was visualized by the reaction with
H,DCF DA and nitric oxide with DAF-FM DA. Both histochemical staining were followed
by confocal laser scanning microscopy. Note brighter parts in greyscale channel

corresponding to chlorotic cells within developing enations. Bar corresponds to 100 pm.

Fig. 8. Volume model of signal for RONS (green) was reconstructed from a series of eight
optical sections through PEMV-infected pea leaf at 40 dpi. Note the highest intensity of signal

in parts of tissue with altered morphology, i.e. enations.
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