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ABSTRAKT

Béhem evoluce si rostliny, vzhledem ke svému piisedlému zptsobu Zivota, vyvinuly
fadu mechanismu, které jim umoziuji vyrovnat se s nepfiznivymi vlivy prostiedi. Reakce
rostlin na abioticky stress je regulovana rostlinnymi hormony, zejména cytokininy (CK)
a kyselinou abscisovou (ABA).

Vztah mezi odolnosti rostlin vic¢i suchu, zvysené teploté a kombinovanému stresu
aregulaci hladin rostlinnych hormont (CK, auxin a ABA) a polyamint (PA) byl sledovan
u rostlin tabaku se zvySenou hladinou osmoprotektantu prolinu a u vychoziho genotypu.
Vystaveni rostlin zvySené teploté (40°C) zpusobilo pfechodny nartist hladiny aktivnich CK,
doprovazené poklesem ABA, coz indikuje stimulaci transpirace, procesu dilezitého pro
snizeni ohfevu listd, zejména v pocatecni fazi teplotniho stresu. Soucasné byl pozorovan
pfechodny narast hladin spermidinu a sperminu, vyrazngj$i v odolngjSim transformantu.
Aktivity jednotlivych enzymi metabolismu PA dobte koreluji s jejich hladinami. Sucho vedlo
ke tvorbé gradientu aktivnich CK ve prospéch nejmladsich list, ktery zasadnim zptisobem
ptispivé k jejich pfednostni ochrang. Teplotni stres aplikovany na konci sucha, spojeny s dalsi
ztratou vody zvySenou transpiraci, vyrazné zvysil silu stresu. Zachovani vyssi hladiny CK,
rychlejsi odezva na stres a stimulace obrannych mechanismt v transformantu naznacuji jeho
zvysenou odolnost viici stresu.

Porovnani odezvy rostlin se zvySenou hladinou CK (prostfednictvim exprese genu pro
trans-zeatin O-glukosyltransferasu ZOG1 indukované promotorem SAG12, ktery je aktivovan
spuSténim senescence, nebo konstitutivnim promotorem 35S) umoznilo charakterizovat
dualezité fyziologické funkce CK pii odezvé na sucho.

Soucasti odezvy na nedostatek vody je zvySeni hladiny prolinu, které dobie koreluje se
stimulaci transkripce genu pro biosynteticky enzym (pyrrolin-5-karboxylat synthetasy, P5CS
A, ktery jsme identifikovali na zdklad¢é sekvencni homologie s ostatnimi druhy) a potlacenim
exprese geni pro degradacéni enzymy (prolin dehydrogenasy, PDH) NtPDH2 a CIG1l
(,,cytokinin-inducible PDH®).

Zotaveni je piisné regulovany proces spojeny s rychlym potlacenim senescenéniho
programu (vypnuti aktivity promotoru SAG12) a s vyraznym poklesem hladiny exprese
dehydrinu NtERD10B. Ochranné mechanismy (zvySena hladina prolinu a ABA) zustaly
aktivované jest¢ minimalné 24 hodin po zaliti, coZ zvySuje odolnost vii¢i dal§im potencidlnim

obdobim stresu.



ABSTRACT

Plants had to evolve, due to their sessile growth habit, a complex system of defence
against adverse environmental conditions. Plant abiotic stress responses are regulated by plant
hormones, especially by cytokinins (CKs) and abscisic acid (ABA).

In order to evaluate the effect of enhanced stress tolerance on the dynamics of
hormones (CKs, auxin and ABA) as well as polyamine levels during the drought and/or heat
stress (HS) progression, response of tobacco plants with enhanced level of osmolyte proline
was compared with the corresponding wild-type. HS (40°C) caused a transient increase in
bioactive CK content, accompanied by decrease of ABA, which indicated stimulation of
transpiration, important mechanism to cool down the leaf temperature at the early phase of
HS. Simultaneously, a transient increase in spermidine and spermine levels was found, more
profound in proline-over-producing transformant. The activities of particular polyamine
metabolic enzymes correlated well with their content. Drought stress resulted in the
establishment of a gradient of bioactive CKs in favour of the upper leaves, crucial for their
preferential protection. Application of HS at the end of drought period strongly enhanced the
stress severity, mainly due to additional water loss caused by enhanced transpiration.
Maintenance of higher CK content, faster stress response and defence stimulation in proline
over-producing transformant indicated its elevated stress tolerance.

CK physiological functions in the drought stress were evaluated in detail comparing
response of tobacco plants with elevated CK content, either before stress initiation
(35S::Z0G1) or targeted to senescing tissues (SAG12::Z0G1) and corresponding wild-type.

Drought response was associated with elevation of proline levels, which correlated
well with stimulation of the transcription of gene for proline biosynthetic enzyme (pyrroline-
5-carboxylate synthetase, P5CS A, identified by us on the basis of sequence homology with
other species) and suppression of the expression of proline dehydrogenase genes NtPDH2 and
CIG1 (cytokinin-inducible PDH).

Recovery was characterized as precisely regulated process, associated with fast down-
regulation of senescence programme (switch-off of SAG12 expression), as well as by
suppression of expression of dehydrin NtERD10B. Protective mechanisms (elevated proline
and ABA content) were maintained activated for at least 24 h, probably in anticipation of

subsequent stress period.
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1. Uvod

Rostlinné hormony (fytohormony) hraji vyznamnou tlohu v regulaci ristu a vyvoje rostlin a
fytohormont, byly definovany jako latky, které jsou schopné (v pfitomnosti auxinu) stimulovat
bun&éné dé&leni (,cytokinesi”). Pkirozené se vyskytujici CK jsou N°-substituované derivaty adeninu
nesouci bud’ isoprenoidni, nebo aromaticky postranni fetézec (Strnad 1997, Mok a Mok 2001).
Isoprenoidni CK rozdélujeme na isopentenyladeninové (iP)-, trans-zeatinové (tZ)-, cis-zeatinové (CZ)-
a dihydrozeatinové (DHZ)- metabolity. Aromatické CK jsou vyrazné méné Casté. (Strnad a kol. 1997,
Sakakibara 2006). Zastoupeni jednotlivych metaboliti CK zé&visi na druhu, pletivu a vyvojovém stadiu
rostliny.

CK se mohou Vv rostliné vyskytovat ve formé volnych bazi, ribosidd, ribotidd nebo N- a O-
glykosidt. Fysiologicky aktivni formy CK, interagujici s CK receptory, jsou volné baze, obzvlasté tZ,
v mensi mife také CK ribosidy (Inoue a kol. 2001, Yamada a kol. 2001, Spichal a kol. 2004). Krok
limitujici rychlost biosyntézy isoprenoidnich CK je katalyzovan enzymem isopentenyltransferasou
(IPT). Degradaci CK katalyzuje CK dehydrogenasa (CKX). Pfijem a pfenos signalu CK jsou zajistény
vicekrokovou fosforylacni kaskadou (,,phosphorelay*), ktera zahrnuje hybridni sensorovou
histidinovou kinasu, histidinové fosfotransferové proteiny a regulatory odpovédi (Ferreira a Kieber
2005, Schaller a kol. 2002). CK jsou zapojeny do regulace celé fady procesu, jako pfechod mezi
fazemi bunécného cyklu, morfogeneze, tvorba vyhonkd, tvorba apikalniho meristému prytu, vyvoj
kvétu 1 semen, oddaleni senescence, mobilizace Zivin (CK zvySuji silu sinku), apikdni dominance
(podporuji rast postrannich pupentl), reakce na svétlo, véetné vyvoje chloroplasti, nebo tvorba
vodivych pletiv. PfestoZe nepatii mezi “stresové hormony,” hraji CK dulezitou roli v odpovédi na
stres. Bylo prokazano, Ze aplikace exogennich CK zvySuje toleranci vii€i mimému stresu a urychluje
zotaveni (Itai a kol. 1978), také stimuluje obnoveni vodivosti priduchii a rychlost fotosyntézy po zaliti
(Rulcova a Pospisilova 2001). Dale CK mohou zvySovat transkripci mnoha gent stresem indukovanych
(Hare a VVan Staden 1997).

Kyselina abscisova (ABA) je hlavnim hormonem fidicim odpovéd’ rostliny na nedostatek
vody, zpasobeny abiotickym stresem nebo pfi urCitych vyvojovych stadiich, napt. béhem vyvoje
semen pii jejich desikaci. ABA ovlivituje jak rychlé odpovédi, jako zavirani pruducht, tak dlouhodobé
procesy, zejména aktivaci exprese mnoha genti spojenych se stresem. Signalni draha ABA zacina
vazbou ABA na receptor. Této drahy se Gi¢astni také fada druhych posli. Signal ABA ptisobi stimulaci
transkripce fady gend, predevs§im genl kddujicich LEA proteiny, proteasy, chaperoniny, iontové
a vodni kanaly, antioxida¢ni enzymy, enzymy sacharidového metabolismu (Finkelstein 2006). Navic
ABA ovliviluje degradaci specifickych mRNA, jejich stabilitu, sestiih a transport (Hirayama
a Shinozaki 2007).

Vice nez ptred pil stoletim Kemble a MacPherson (1954) ukézali, ze vadnouci jilek vytrvaly
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akumuluje prolin. Od té doby mnoho studii prokazalo, ze zvySeni obsahu prolinu je dileZitou soucasti
odpovédi na nepiiznivé podminky prostiedi. Diky své cyklické struktufe se sekundarni
aminoskupinou, je prolin unikatni mezi proteinogennimi aminokyselinami a je nezbytny pro tvorbu
sekundarni struktury proteind. Také jako volna aminokyselina hraje dulezitou roli. Bylo prokazano, ze
plni funkci osmolytu, stabilizuje proteiny, membrany a subcelularni struktury, zabraiiuje peroxidaci
lipidii a vychytava reaktivni kyslikové radikaly. Vedle posledné znifiované funkce, je znamo, ze prolin
chrani a stabilizuje také antioxidani enzymy a aktivuje alternativni detoxifikacni drahy ve
stresovanych bunkach tabaku. Dale je prolin zapojen do udrZovani cytosolického pH a redoxni
rovnovahy. V neposledni fad¢ se prolin zda byt zapojen do metabolickych signalnich drah fidicich
mitochondridlni funkce, zotaveni po odeznéni stresu a vyvoj (shrnuto v: Verbruggen a Hermans 2008,
Szabados a Savoure 2010). Obsah prolinu je regulovan rychlosti jeho biosyntézy a odbouravani, které
mohou byt ovlivnény na urovni genové exprese i enzymové aktivity. Biosynteticky enzym
A'-pyrrolin-5-karboxylat synthetasa (P5CS) a degradaéni enzym prolin dehydrogenasa (PDH)
reprezentuji nejdilezitéjsi regulacni body. ZvySena exprese genu P5CS se bézn€ pouziva ke zvyseni
hladiny prolinu v rostlindch. Protoze pfirozeny enzym P5CS podléhd inhibici kone¢nym produktem,
Casto se upiednostiiuje gen upraveny bodovou mutaci (Zhang a kol. 1995). S pouzitim tohoto
konstruktu byly v nedavné dob¢ pfipraveny rostliny tabaku s vyznamné zvySenym obsahem prolinu
(Gubis a kol. 2007).

Polyaminy (PA) jsou vSudypfitomné nizkomolekuldrni polykationty obsahujici nékolik
aminoskupin ve své molekule. Patii mezi vyznamné regulatory ristu a vyvoje, jak v prokaryotech, tak
v eukaryotech (Tiburcio a kol. 1997). V rostlinach mizeme PA nalézt jako volné baze nebo
v konjugované formé. Mezi PA vyskytujicimi se ve vySSich rostlinach pfevazuji diamin putrescin
(Put), triamin spermidin (Spd) a tetramin spermin (Spm). Biosyntéza PA zaéina tvorbou Put, a to bud’
pfimo z ornithinu za katalyzy ornithin dekarboxylasou (ODC) nebo nepiimo z argininu pomoci arginin
dekarboxylasy (ADC). Spd a Spm vznikaji z Put postupnym piidavanim aminopropylové skupiny.
Degradace PA je zprostiedkovana diamin oxidasou (DAO) a polyamin oxidasou (PAO). Oxidaci PA
vznikd H,0,, ktery pravdépodobné hraje dileZzitou roli v obrannych reakcich a pfenosu stresového
signalu. Zvysena hladina H,0, ovSem muZe byt cytotoxicka a mize zplsobit oxidativni stres (shrnuto
v: Wallace a kol. 2003). Ukazuje se, ze rostlinné PA se zapojuji do celé fady biologickych procest.
PA pftispivaji k ochrané rostlin pfed nepfiznivymi podminkami prostiedi, diky své schopnosti
udrzovani osmotické rovnovahy, zachovévani stability membran a vychytavani volnych radikald
(Bouchereau a kol. 1999). Zda se, ze PA signalizace je soucasti komplexnich hormonalnich signalnich
drah (Alcazar a kol. 2010). Nedavno Alcazar a kol. (2011) naznadili, Ze stimulace tvorby PA je jednou
Z odpovédi rostliny na abioticky stres.

Pochopeni mechanismu odezvy rostliny na jednotlivé stresy a rovnéZz zotaveni po jejich
odeznéni muze prispet k vyvoji strategie pro zlepSeni odolnosti vii¢i stresu u zemédélskych plodin

V rychle se ménicim prostredi.



2. Cile prace

Vzhledem ke svému ptisedlému zpisobu Zivota si rostliny vyvinuly komplexni systém obrany
proti nepfiznivym podminkam okolniho prostiedi, kterym jsou vystaveny v prib&éhu svého rustu
a vyvoje. Odezva rostlin na abioticky stres je regulovana fytohormony, zejména cytokininy a
kyselinou abscisovou. Porovndni odezvy rostlin se zvySenou hladinou osmoprotektantu prolinu a
vychoziho genotypu umoznilo charakterizovat vztah mezi zménami hladin hormont a odolnosti
rostliny vici stresu.

Prace byla zaméfena ptedevsim na:

e Stanoveni vlivu zvySeného obsahu prolinu na hormonalni odezvu a toleranci rostlin vici
abiotickému stresu (suchu, zvy$ené teploté a jejich kombinaci).

e Stanoveni transkripénich profila kli¢ovych genti zodpovédnych za biosyntézu prolinu (P5CS)
a jeho degradaci (PDH) v zavislosti na poloze listu a v kofenech rostlin v pribéhu stresu
suchem a béhem zotaveni.

e Objasnéni funkce cytokininti pfi odezvé na nedostatek vody a vzajemné interakce s dal$imi
hormony - auxinem a kyselinou abscisovou, porovnanim odezvy rostlin tabaku se zvySenou
hladinou CK (prostfednictvim exprese genu pro trans-zeatin O-glukosyltransferasu ZOG1
indukované  promotorem SAG12, ktery je aktivovan spuSténim  senescence,
nebo konstitutivnim promotorem 35S) a vychoziho genotypu.

e Porovnani aktivace senescence v jednotlivych listech ve stresu suchem, po rehydrataci
a v prub&hu piirozeného starnuti pomoci rostlin tabaku SAG12:Z0G1.

o Charakterizaci vlivu obsahu prolinu na zmény hladin polyamind pfi vystaveni zvysené teplote.



3. Material a metodika

Rostlinny material

1) Rostliny tabaku (Nicotiana tabacum L. cv. M51) a transgenni rostliny 35S:P5CSF129A (M51-1)
(Gubis a kol. 2007).

2) Rostliny Nicotiana tabacum L. cv. Wisconsin 38 (prof. Machteld a David Mok, Oregon State
University).

3) Transgenni rostliny tabaku nesouci gen pro trans-zeatin O-glukosyltransferasu z P. lunatus pod
senescenénim promotorem SAG12 (SAG12::ZOG1) a pod konstitutivnim promotorem CaMV 35S
(35S::20G1)(prof. Machteld a David Mok, Oregon State University, detaily viz. Martin a kol. 2001).

Metodika

3. 1. Ristové podminky, aplikace stresu a odbér vzorki
3. 1. 1. Rastové podminky

Rostliny byly péstovany v pudé v ristové komote po 6 tydnt pti fotoperiodé 16-h pii 130

umol m? s, teploté 25/23°C a relativni vlhkosti cca. 80%.
3. 1. 2. Aplikace stresu a odbér vzorkt

Sucho: rostliny byly pieneseny do stejné riustové komory s relativni vlhkosti snizenou na 35% (ostatni
rustové podminky zlstaly stejné). Tyto rostliny nebyly zalévany po nékolik nasledujicich dni (1, 6,
10). Poté byly zality (,,zotaveni”).
Teplotni stres: rostliny byly vystaveny zvysSené teploté (40 °C) po 2 h nebo 6 h (bez dodate¢ného
piisunu vody). Poté byly né€které preneseny zpét do 25 °C a nasledovalo dvouhodinové zotaveni.
Sucho+teplotni stres: na konci faze sucha (10 dni) byla ¢ast rostlin vystavena zvysené teploté 40 °C
po dobu 2 h.

Pro izolaci RNA byly odebirany vzorky z kazdého listu, pro stanoveni dalSich parametra byly
odebrany vzorky hornich, stfednich a dolnich listi. VSechny vzorky byly bezprostiedné po odbéru
zmrazeny Vv kapalném dusiku. Kofeny byly zbaveny hliny, kratce omyty, vysuSeny a zmrazeny

v kapalném dusiku.
3. 2. Chromatografické metody
3. 2. 1. Stanoveni fytohormond

Fytohormony byly izolovany podle Dobreva a Kaminka (2002). Pro analyzy endogennich CK

byly pfidavany deuteriem znacené standardy. Tritiované vnitini standardy byly pouzity pro stanoveni



kyseliny indol-3-octové (IAA) a ABA.
Kvantifikace CK byla provadéna metodou HPLC-MS podle Dobreva a kol. (2002). Hladiny
TAA a ABA byly uréeny dvourozmérnou HPLC podle Dobreva a kol. (2005). Metoda byla ovétena

porovnanim s GC-MS.
3. 2. 2. Stanoveni polyamint

Extrakce a HPLC analyza benzoylovanych polyamint byla provadéna podle Slocuma a kol.
(1989).

3. 2. 3. Stanoveni fotosyntetickych pigmentt

Pigmenty xanthofylového cyklu byly stanoveny v acetonovych extraktech podle Haisla a kol.
(2008).

3. 3. Stanoveni enzymovych aktivit
3. 3. 1. Stanoveni aktivity cytokinin dehydrogenasy

CKX (EC 1.5.99.12) byla izolovana a ¢aste¢né purifikovana metodou popsanou Motykou a
kol. (2003). Aktivita CKX byla stanovena in vitro analyzou zalozenou na preménd [2-*H]N®-(2-

isopentenyl)adeninu na [*H]adenin. Separace substratu od produktu byla provadéna pomoci HPLC.

3. 3. 2. Stanoveni aktivit ornithin dekarboxylasy, arginin dekarboxylasy a S-adenosylmethionin

dekarboxylasy

Aktivity ODC (EC 4.1.1.17), ADC (EC 4.1.1.19) a S-adenosylmethionin dekarboxylasy
(SAMDC; EC 4.1.1.50) byly stanoveny radiochemickou metodou podle Tassoniho a kol. (2000).
Obsah proteint ve vzorcich byl ur¢en podle Bradforda (1976).

3. 3. 3. Stanoveni aktivity DAO a PAO

Aktivita DAO (EC 1.4.3.6) a PAO (1.5.3.11) byla stanovena modifikovanou radiometrickou
metodou podle Paschalidise a Roubelakis-Angelakis (2005).

3. 4. Spektrofotometrické metody
3. 4. 1. Stanoveni hladiny prolinu

Hladina volného prolinu byla stanovena podle Batese a kol. (1973).
3. 4. 2. Stanoveni obsahu malondialdehydu

Obsah malondialdehydu (MDA) byl urcen s pouzitim NWLSS-Malondialdehyde Assay kitu.
Stanoveni je zaloZzeno na reakci MDA s kyselinou thiobarbiturovou (TBA), se kterou se tvofi adukt
MDA-TBAZ2 siln€ absorbujici pii 532 nm. Byla pouzita korekce na nespecifickou turbiditu popsana
Estebanem a kol. (2008).



3. 5. Stanoveni exprese genu
3.5. 1. 1zolace RNA a reverzni transkripce

Celkova RNA byla izolovana pomoci RNeasy Plant Kit (Qiagen). Pro odstranéni zbytkit DNA
byla pouzita DNasa | (kit DNA-free, Ambion), pro reverzni transkripci (RT) oligo dT nebo nahodné
hexamery jako primery, spole¢n¢ s Protector RNase Inhibitor (Roche) a Transcriptor Reverse

Transcriptase (Roche).
3. 5. 2. Kvantitativni RT PCR

Kvantitativni RT PCR byla provadéna s pouzitim FastStart DNA MasterPLUS SYBR Green [
Kitu a/nebo LightCycler 480 SYBR Green | Master Kitu (Roche) s primery ¢isténymi pomoci HPLC
(Metabion). Pro normalizaci naméfenych hladin exprese byl vyuzit gen pro Act9 (Volkov a kol. 2003)
a 18S rRNA (pro piipad cDNA pfipravené s pomoci nahodnych hexameril). Neménna hladina
transkriptu Act9 za stresovych podminek byla potvrzena pfimou kvantifikaci cDNA, popsané Libusem
a Storchovou (2006).

3. 6. Stanoveni vodniho potencialu, osmotického potencialu a relativniho obsahu vody

Vodni potencial listt byl stanoven postupem popsanym Boyerem (1995). Osmoticky potencial
byl uréen psychrometricky z xylémové stavy. Relativni obsah vody (RWC) byl vypocitan podle:
RWC (%) =[(FM — DM) /(SM — DM)] x 100

FM: ¢erstva hmota; SM: hmotnost po nasyceni vodou; DM: suSina.



4. Vysledky a diskuse

Mezi hlavni abiotické stresory patii sucho a teplotni stres. Zatimco vliv jednotlivych stresi na
rostliny byl pomérné Casto studovan, jen malo pozornosti bylo vénovano jejich kombinaci, kterd se
vyskytuje bézné v pfirodé. Odezva rostlin na kombinovany stres se ovSem diametralné lisi od
odpovédi rostlin, vystavenych jednotlivym stresorim zvlast' (Rizhsky a kol. 2004, Zhang a kol. 2008).
Abychom stanovili vliv zvy$ené teploty a sucha jednotlivé i v kombinaci na hladiny CK, IAA a ABA,
pouzili jsme tabakové linie liSici se v obsahu prolinu, rostliny tabdku pfirozeného typu (WT)
Nicotiana tabacum L. cv. M51 a transgenni rostliny 35S:P5CSF129A (M51-1).

Vyznamné zvySend tvorba prolinu v transformantech (Obr. 1) odpovidala negativnéjSimu
osmotickému potencidlu listd (jak za podminek kontrolnich, tak stresovych) a také zvysené tvorbé
ochrannych pigmetd xanthofylového cyklu ve srovnani s odpovidajicim WT. Tyto vysledky ukazuji na
zvysenou odolnost transgennich rostlin vici suchu. Protoze prolin ma velmi dilezitou tlohu, zejména
pii odezvé na nedostatek vody, stanovili jsme rovnéz transkripcni profily gend kodujicich degradaéni
enzymy prolinu (proline dehydrogenasy, PDH), a biosyntetické enzymy, A -pyrroline-5-karboxylat
synthasy (P5CS) v kofenech a jednotlivych listech.

WT
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Obr. 1. Obsah prolinu v listech a kofenech rostlin tabdku vychoziho genotypu (WT) a transformanta M51-1.
V levé Casti obrazku: rostliny vystavené zvySené teploté (40 °C po dobu 0, 2 a 6 h). V pravé ¢asti obrazku:
rostliny vystavené suchu; kontroly (C), sucho (D; 10 d bez zalivky), zotaveni (Rec; 24 h po zaliti) a kombinace
sucha a zvysené teploty (D+HS). U: horni listy, M: stfedni listy, L: spodni listy, R: kofeny; DW: suSina.
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V dalsi ¢asti prace jsme se zaméfili dikladnéji na sucho a naslednou rehydrataci. Pouzili jsme
rostliny s konstitutivn¢ zvysSenou hladinou CK (jiz pfed samotnym zahajenim stresu suchem,
35S::Z0G1), rostliny vykazujici zvySeny obsah CK lokalizovany do starnoucich pletiv
(SAG12::Z0G1) a také vychozi genotyp Nicotiana tabacum L. cv. Wisconsin 38.

4. 1. Odezva rostlin na sucho

Stres suchem koreluje s vyraznym poklesem vodniho potencialu listi a relativniho obsahu
vody (RWC) ve vsech studovanych genotypech. Tento pokles je znatelné mensi v hornich listech.
Dlouhodobé vystaveni rostlin nedostatku vody je spojeno se znaénym nardstem hladiny prolinu
(Obr. 1) a také obsahu ABA, hlavné v hornich listech. Rostliny 35S::Z0G1 nevykazuji odezvu na
mirny stres. Zda se, ze zvySend hladina CK pred zahajenim stresu miize mit nepiiznivé nasledky,
zvlasté v ptipad¢ dlouhotrvajiciho sucha, tim, Ze zpomali aktivaci obrannych mechanismti. Ve vSech
testovanych genotypech sucho indukovalo tvorbu gradientu aktivnich CK, tim, Ze byla sniZena aktivita
CKX v hornich listech, zatimco v dolnich byla vyrazné stimulovana. Tvorba tohoto gradientu
aktivnich CK ve prospéch hornich listd (Obr. 2) odrazi nezbytnost jejich piednostni ochrany za
nepfiznivych podminek okolniho prostiedi. ZvySeny obsah aktivnich CK ve spodnich listech

SAG12::Z0G1 transformantu ve srovnani s WT, vedl ke zmirnéni negativnich disledku stresu.
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Obr. 2. Hladiny aktivnich CK (trans-zeatin, Z; N°-(2-isopentenyl)adenin, iP; dihydrozeatin, DHZ a jejich
ribosidy ZR, iPR, DHZR) v listech a kofenech tabédku tii genotypi: vychozi genotyp (WT), SAG12::Z0G1
(SAG) a 35S::Z0G1 (35S) v pribéhu stresu suchem a nasledného zotaveni. DW: su$ina.

ZvySeni hladiny IAA bylo pozorovano béhem stresu ve spodnich listech vSech genotypt.

Podobn¢ Quirino a kol. (1999) popsal narist volného auxinu ve starnoucich listech Arabidopsis.
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Vzhledem k tomu, Ze je senescence piisné regulovany proces, mize se vyssi hladina IAA podilet na
jeho kontrole. Je mozné, Ze zvyseny rozklad proteinti ve starnoucich listech vede ke zvyseni obsahu
tryptofanu, ktery mize byt metabolizovan na [AA, coz umozni transport zivin ze starnoucich listd,
pred jejich abscisi.

Nase pozorovani, ze konstitutivni exprese ZOG1 ovliviiuje morfologii kotfene (prodlouzeni
hlavniho kofene a snizené vétveni) je v souladu s konceptem apikalni dominance popsané Alonim
a kol. (2006). V pribéhu sucha dochazelo v kofenech vSech testovanych genotypd k akumulaci CK,
coz korelovalo se stimulaci ristu primarnich kotenti a zvySenim poméru hmoty kotene vici prytu.

V pribéhu dlouhotrvajiciho sucha dochazi k nariistu obsahu IAA v kofenech tabaku, obdobné
jako v kofenech kukufice (Ribaut a Pilet 1994, Xin a kol. 1997), coz mtze byt disledek polarniho
transportu auxinu. ZvysSend koncentrace auxinu muze vést k dalSimu navyseni koncentrace CK,
protoze bylo prokazano, ze auxin mtize v kofenech zvySovat expresi genli pro biosyntetické enzymy
CK (Miyawaki a kol. 2004). Diky tomu, ze CK potlacuji tvorbu postrannich kofenti, zvySeny obsah
obou hormont, které stimuluji bunécné déleni v koteni, vede k prodlouzeni hlavniho kotene.

Odezva na sucho byla doprovazena také velkym navysSenim obsahu prolinu. Studium exprese
genu pro degradacni enzymy prolinu ukézalo, Zze vSechny PDH geny byly velmi rychle potlaceny jak
v listech, tak v kofenech béhem prvniho dne bez zalivky a byly v prib&hu stresu udrzovany na nizké
hladin€. Gen NtPDH1 byl suchem nejméné ovlivnén, coz je v souladu s predpokladanou funkci této
isoformy poskytovat energii a metabolity pii odbouravani prolinu, jak ve stresovanych, tak vodou
dobte zasobenych rostlinach (Ribarits a kol. 2007). Naproti tomu, nejsilnéji reagoval na sucho gen
NtPDH2, opét v souladu se zjisténim Ribaritse a kol. (2007). Exprese genu CIG1 (identifikovaného
jako gen indukovatelny CK) byla také silné a rychle potlacena nedostatkem vody, ptesto ale hladina
jeho mRNA zistavala relativné vysoka, coz nazna¢uje vyznamnou roli tohoto genu v regulaci hladiny
volného prolinu v tabaku.

Na zakladé¢ homologie s geny P5CS v jinych rostlinnych druzich jsme nasli dva geny pro
P5CS vtabaku, které maji podobnou miru transkripce za podminek dobrého zasobeni vodou,
srovnatelnou ve vSech listech a kofenech. Diametralné se vSak odliSuje jejich odezva na sucho.
Zatimco P5CS B neni ovlivnén suchem, velmi silna aktivace exprese genu P5CS A naznacuje jeho
zasadni roli v odezvé tabdku na nedostatek vody. Duplikace genu P5CS nastala béhem evoluce
krytosemennych rostlin nékolikrat (Turchetto-Zolet a kol. 2009) a jednotlivé kopie genu ziskaly
rozdilné funkce. V Arabidopsis je PSCS1 vysoce stimulovany vodnim deficitem. Ma dulezitou roli
v hromadéni prolinu iniciovanym suchem, zatimco P5CS2 je dulezity ve vyvoji semen (Szekely a kol.
2008). Objasnéni ulohy genu P5CS B v regulaci vyvoje semen tabaku, podobné jako P5CS2
v Arabidopsis, bude predmétem dalsiho studia.

Exprese genli spojenych s prolinovym metabolismem se lisi mezi listy a kofeny tabaku
vystavenych suchu a naslednému zotaveni (Obr. 3). V listech vystavenych suchu je gen P5CS A

stimulovany daleko vice nez v kofenech. Také se lisi hladina jeho exprese v jednotlivych listech.
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Nartst exprese je podstatné vyssi v hornich nez ve spodnich listech (Obr. 4A). Soucasné je transkripce
genid PDH témét Upln€ vypnuta ve vSech organech. Expresni profil genu P5CS A koreluje dobie

s nartstem hladiny volného prolinu, ktera je nejvyssi v hornich listech a nejnizsi v kotenech.

PDH P5CS A

cig1
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Obr. 3. Zmény exprese genu pro degradaci a biosyntézu prolinu v korelaci s hladinami prolinu v listech
a kofenech tabaku v pribéhu sucha a nasledného zotaveni. C: kontrola, D1: 1 den sucha, D6: 6 dni sucha a R:
zotaveni.
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Obr. 4. P5CS A exprese v jednotlivych listech rostlin tabdku vystavenych suchu (A) a 24 h po zaliti (B).

Jako dobry marker vnimani nedostatku vody rostlinou se ukazala transkripce genu kédujiciho
dehydrin NtERD10B. Rychly narist exprese dehydrinu v listech, bez ohledu na jejich pozici na stonku
a siln&jsi a rychlejsi nez v kofenech, odrazi skutecnost, Ze listy jsou vystavené daleko vétsi ztraté vody
(prostiednictvim praduchtl) nez kotfeny. Obdobnég, koncentrace ABA byla mnohem nizsi v kofenech

nez v listech.
4. 2. Zotaveni po stresu suchem v rostlinach tabaku

Opétovné zaliti vedlo k navySeni hladin bioaktivnich CK (obzvlast¢ tZ a jeho ribosidu)
v listech tabaku (Obr. 2), coz muze byt, alespon ¢astecné, zpisobené obnovenim toku xylémové stavy
z kotfeni do nadzemni casti. Aloni a kol. (2006) prokédzal vyznamnost transpiratniho proudu pfi
transportu CK z kofeni. Tomu odpovida pozorovany pokles celkovych CK po obnoveni zalivky

v kofenech vSech testovanych genotypd. Soucasné byl zjistén nartst aktivity CKX v listech,
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pravdépodobné ve vztahu k regulaci hladin aktivnich CK, po obnoveni transpira¢niho toku. Indikatory
stresu (aktivita promotoru SAG12 i hladina ABA) ostie poklesly.

Zda se, ze narist koncentrace IAA ve stfednich listech (v rostlinach SAG12::Z0G1 také
V hornich listech) je spojeny s obnovenim rustu. O trochu rychlejsi obnova rustu rostlin SAG12::2Z0G1
ve srovnani s WT je v souladu se znamym pozitivnim efektem CK na zotaveni (napt. Itai a kol. 1978).
Pomalejsi zotaveni 35S::ZOG1 transformantti ukazuje, Ze zvyseni hladiny CK jiz pfed vystavenim
rostliny stresu nemusi nutn¢ byt vyhodné, zvlasté v piipadé dlouhodobého silného sucha, coz je

v souladu s vysledky Synkové a kol. (1999).
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Obr. 5. Hladiny transkripce PDH gent v jednotlivych listech rostlin tabdku (A) vystavenych suchu (6-d) a za
kontrolnich podminek; (B) v prib&hu sucha (1-d a 6-d bez zalivky) a 24 h po zaliti.

Po rehydrataci doséahla transkripce vSech tii gentt PDH kontrolni hladiny v kofenech, ale
nikoliv v listech (Obr. 3 a Obr. 5B). Soucasné, transkripce PSCS A poklesla v kofenech na hladiny

srovnatelné s kontrolou, zatimco v listech zistala oproti bazalni urovni vyrazné vyssi (Obr. 3 a
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Obr. 4B). Koncentrace volného prolinu, kterd zistala zvySend v listech a klesla téméf na turoven
kontrolnich rostlin v kofenech, odpovidala dobfe expresnimu profilu studovanych gend. Jednim z
vysvétleni je, ze opozdéna odezva tabakovych gent PDH a P5CS A na rehydrataci (a s tim souvisejici
zvySena hladina prolinu) mlze odrazet G¢innou ochranu fotosyntetického aparatu v listech. Vedle
pfimé antioxida¢ni aktivity prolinu (Matysik a kol. 2002), piedstavuje jeho biosyntéza
Vv chloroplastech za sucha vyznamny faktor dilezity pro udrzovani redoxni rovnovahy a piedchazejici
tvorbé singletového kysliku v této organele (Szekely a kol. 2008, Chaves a kol. 2009). Odlisné
vysledky byly popsany v Arabidopsis (Kiyosue a kol. 1996, Oono a kol. 2003), kde byla zjisténa
bezprostiedni odezva téchto geni po odeznéni stresu. Rozpor mezi vysledky v Arabidopsis a naSimi
daty, ziskanymi studiem rostlin tabaku, 1ze vysvétlit rozdilnou odolnosti téchto druhti viéi stresu.

Exprese genti prolinového metabolismu se liSi v zavislosti na poloze jednotlivych lista.
P5CS A exprese byla vyssi a CIG1 exprese mirné nizsi ve dvou nejmladsich listech ve srovnani s
ostatnimi listy stresované rostliny (Obr. 4A a 5A). Tato negativni korelace regulace klicovych gend
zodpovédnych za biosyntézu a degradaci prolinu se zda mit velky podil na relativné vysoké hlading
volného prolinu v hornich listech a tim pfispiva k jejich efektivnéjsi ochrané€ za sucha.

Vzhledem k tomu, Ze dehydriny méni slozeni membran a tim i fotosyntetickou kapacitu (Beck
a kol. 2007), jejich zvySena hladina za podminek dobrého zasobeni vodou muze byt nezadouci.
Rychly pokles transkripce NtERD10B po zaliti demonstruje velmi rychlou fyziologickou odezvu na
zavlazeni. Tento piedpoklad podporuje také prudky pokles hladiny ABA v listech v pribéhu zotaveni.

Dale byl analyzovan expresni profil genu CSP41, kédujiciho endoribonukleasu zapojenou do
regulace ,turn-over* chloroplastové mRNA (Bollenbach a kol. 2003). CSP41 je velmi dulezitym
regulatorem transkripce v chloroplastech (Bollenbach a kol. 2009). Hladina exprese genu CSP41
vyznamné zavisi na pozici listu na stonku (Obr. 6A). Klesajici exprese genu CSP41 pravdépodobné

zachycuje pokles rychlosti metabolismu v chloroplastech se stafim listu.
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Obr. 6. Exprese CSP41a v jednotlivych listech rostlin tabaku za kontrolnich podminek a sucha 6dni bez zalivky
(A) nebo 24 h po zaliti (B).

Zatimco exprese CSP41a je jen velmi malo ovlivnéna suchem (Obr. 6A), odezva tohoto genu
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na zaliti je velmi vyrazna. Béhem 24 h po zavlazeni se transkripce CSP41 dramaticky zvysi nad
hladinu v zalévanych kontrolnich rostlinach. Nicméné, transkripéni profily rehydratovanych
a kontrolnich rostlin se li§i (Obr. 6B). Toto pozorovani naznacuje, Zze CSP41 ma dulezitou funkci pfi
zotaveni po suchu. V Arabidopsis bylo zjisténo, Zze gen CSP41b je potlacovan ABA a aktivovan
poranénim (Raab a kol. 2006). Stimulace genu CSP41 po zaliti je podobny proces jako aktivace
CSP41b poranénim, pravdépodobné zajist'ujici narlst transkripce a translace chloroplastové mRNA.
Aktivita promotoru SAG12 po zaliti prudce klesla pod hodnoty odpovidajici zalévanym
kontrolam, ve kterych jiz probihala pfirozena senescence (Obr. 7). Pfesto spodni zluté, suchem
stresované listy, které vykazovaly nejvyssi aktivitu SAG12 promotoru, jiz nebyly schopny regenerace.
navrat do metabolicky aktivniho stavu. Zda se, Ze listy podléhaji dvéma vzajemné se liSicim scénaiim
Vv pribéhu zotaveni - obnoveni fotosyntetické a metabolické aktivity nebo zanik, v zavislosti na stupni

senescence V jednotlivych listech.
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Obr. 7. Aktivita promotoru SAG12 v jednotlivych listech trangennich rostlin tabaku SAG12:Z0G1.

Mladé a stfedni listy, chranéné béhem sucha, vyrazné zvysily rychlost fotosyntézy (Martin
a kol. 1999, Chaves 1991), ktera ptispiva k obnoveni ristu rostliny. Piesto nejstarsi listy v pokrocilém
stupni senescence, nejsou schopny regenerace. Proto se listova plocha dale zmensi béhem zotaveni ze
stresu, ale prezivsi listy vykazuji vys$si metabolickou aktivitu nez kontrolni, které nebyly vystaveny
stresu (Pereira a Chaves 1993, Shinozaki a Yamaguchi-Shinozaki 1996, Oono a kol. 2003).

Nase vysledky dokumentuji, ze zotaveni po stresu je velmi komplexni proces zahrnujici
pienastaveni mnoha metabolickych drah, ne pouze navrat do stavu pted stresem (Diaz a kol. 2010,
Oono a kol. 2003).

4. 3. Odezva rostlin se zvySenou hladinou prolinu na teplotni stres

Vystaveni rostlin zvySené teploté (40 °C) pfedstavuje nahly, akutni stres. Jednou z prvnich

soucasti odezvy na teplotni stres je ptrechodné zvySeni hladiny aktivnich CK a zména zastoupeni
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jednotlivych CK derivati (Obr. 8). Navyseni obsahu iP ribosidu (iPR) a soucasné sniZeni hladiny tZ,
fyziologicky nejaktivnéjsiho CK stimulujiciho bunééné déleni, naznacuje, ze déleni bunék je ve stresu
potlaceno, ale ostatni funkce CK jsou zachovany. Jednou z nich mtize byt pozitivni vliv na otvirani
praduchi, coZ je nezbytnd podminka zvySené transpirace. Vzhledem k tomu, Ze ABA stimuluje
zavirani priduchii a zabranuje jejich otevirani, ptechodny pohles hladiny ABA (vyraznéjsi
V transgenech se zvySenou hladinou prolinu) ukazuje na zapojeni obou hormonti do regulace
transpirace, mechanismu zajiStujiciho ochlazeni povrchu listu. Stimulace transpirace zvySenou
teplotou byla pomérné nedavno popsana Zhangem a kol. (2008). O CK je dale znamo, ze stimuluji
aktivitu invertasy (Roitsch a Ehnel3 2000), ktera §tépi sacharosu na glukosu a fruktosu. Proto zvyseny
obsah CK mtize pfispivat i k osmotické stabilizaci rostlin. Mimoto zvySeni CK béhem casné faze
odezvy na stres oddali snizeni fotosyntézy, coz mlize pozitivn€ pfispét k aktivaci obrannych reakci

naroc¢nych na energii.
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Obr. 8. Hladiny aktivnich cytokininii (CK) (trans-zeatin, Z; N°-(2-isopentenyl)adenin, iP; dihydrozeatin, DHZ
a jejich ribosidy ZR, iPR, DHZR) v listech a kotenech rostlin tabaku vychoziho genotypu (WT) a transformantu
M51-1. V levé casti obrazku: rostliny vystavené zvySené teploté (40 °C po dobu 0, 2 a 6 h). V pravé casti
obrazku: rostliny vystavené suchu; kontroly (C), sucho (D; 10-d bez zalivky), zotaveni (Rec; 24-h po zaliti)
a kombinace sucha a zvySené teploty (D+HS). U: horni listy, M: stfedni listy, L: spodni listy, R: kofeny; DW:
susina.
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Mnohé studie z nedavné doby ukazuji, Ze PA pfispivaji k odolnosti vici abiotickym stresim
(Liu a kol. 2007). Transformanty se zvySenym obsahem prolinu maji, ve srovnani s WT, vyssi
mnozstvi volnych i konjugovanych PA (Obr. 9) za kontrolnich podminek a reaguji mnohem rychleji
na stres, coz ukazuji zmény v mnozstvi i zastoupeni jednotlivych PA v rostling. Jednim z moznych
vysvétleni pro soucasné zvysSeni hladiny prolinu i PA mize byt, Ze akumulace prolinu za
nepiitomnosti stresu mize fungovat jako signal schopny aktivovat riizné procesy, které jsou soucasti
obranych reakci (mj. také zvySenou tvorbu PA).

Zda se, ze mirny pokles hladiny prolinu v listech transformantu v pocatecni fazi teplotniho
stresu miize byt zptisoben degradaci prolinu na glutamat (Kaplan a kol. 2007), ktery mtize slouzit jako
substrat pro biosyntézu PA (Nanjo a kol. 2003). Tento ptedpoklad je podporovan zjisténim, ze zvyseni
aktivity enzymu zapojenych do biosyntézy PA (ODC, ADC a SAMDC) v pocatecni fazi teplotniho

stresu v tranformantech je v souladu s poklesem hladiny prolinu (Obr. 10).
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Obr. 9. Hladiny volnych a konjugovanych polyamint v listech a kofenech rostlin tabaku vychoziho genotypu
(WT) a transformantu M51-1, vystavenych zvysené teploté (40 °C po dobu 0, 2 a 6 h) a béhem zotaveni (Rec;
2 h pti 25°C). U: horni listy, L: spodni listy, R: kofeny; FW: Cerstva hmota, HS: teplotni stres.
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Nartst aktivity biosyntetickych enzymid ADC a ODC stimulovany pisobenim zvysené teploty
Vv obou genotypech, se diive a vyraznéji projevuje v transformantu (Obr. 10). Zvysena teplota také
zvySuje aktivitu katabolickych enzymt DAO a PAO ve vSech studovanych rostlinach. V kontrolnich
i stresovych podminkach byly aktivity téchto enzymt vyznamné vyssi v kofenech. Obdobné vysledky
byly ziskany v kotenech pSenice vystavené vysoké teploté, kde pokles aktivity katalasy a askorbat
peroxidasy vedl ke zvySeni hladin DAO a PAO (Goyal a Asthir 2010).
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Obr. 10. Aktivity biosyntetickych enzyma polyamint arginin dekarboxylasy (ADC) a ornithin dekarboxylasy
(ODC) v listech a kotenech rostlin tabaku vychoziho genotypu (WT) a transformantu M51-1, vystavenych
zvysené teploté (40 °C po dobu 0, 2 a 6 h) a béhem zotaveni (Rec; 2 h pii 25°C). U: horni listy, L: spodni listy,
R: koteny; FW: Cerstva hmota, HS: teplotni stres, fr.: frakce.
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Rychlost peroxidace lipida (ilustrovand zménami hladiny MDA) mize byt vztaZena
k antioxidacni aktivité. V listech obou testovanych genotypt se obsah MDA vyrazné neménil
Vv pribehu teplotniho stresu, s vyjimkou spodnich listti rostlin WT, kde byl pozorovan mirny narust.
Naopak v kofenech rostla hladina MDA v pribéhu expozice zvySené teploté kontinudlné. Tyto
vysledky naznacuji, ze v hornich listech plsobi u¢inny obranny antioxidacni mechanismus, ktery je
chrani pred oxidativnim stresem.

Nase vysledky dale potvrzuji, Ze zvysena hladina prolinu v transformantech ma mirny, ale

zieteln€ pozitivni vliv na jejich odolnost vici abiotickému stresu.

4. 4. Hormonalni odezva na zvySenou teplotu, sucho a jejich kombinaci v rostlinach se

zvySenou hladinou prolinu

Vystaveni zvysené teplot€¢ po dlouhotrvajicim suchu zptisobilo odlisnou reakci nez aplikace
strest jednotlivé. Kratkodoby teplotni stres (2 h) na konci stresu suchem vyustil v pokles hladiny
prolinu (Obr. 1) a také hladin ABA v hornich listech WT a v hornich a stéednich listech transformantu.
Hladiny aktivnich CK v hornich listech se snizily, coz vedlo ke zruSeni gradientu CK (Obr. 8).
Kombinovany stres neovlivnil jiz nizké hladiny aktivnich CK ve zvadlych stfednich a spodnich
listech, ale hladiny v hornich listech a kofenech poklesly. Tyto zmény dobie odpovidaly vysoké
stimulaci aktivit CKX v hornich listech a kotfenech. Tato data ukazuji na velmi silny stres. Nase
vysledky jsou v souladu s Brugiére a kol. (2003), ktery publikoval silné zvySeni CKXL1 transkriptu
v zrnech kukuftice vystavené nedostatku vody nebo zvysené teploté.

I kdyZ samotny teplotni stres nem¢l vyrazny vliv na hladinu IAA v hornich listech a zptsobil
pouze prechodny nardst v dolnich listech a kofenech, zatimco sucho vedlo k vyraznému poklesu
obsahu IAA v hornich listech a akumulaci IAA ve spodnich a stfednich listech a kotfenech, kombinace
strest vedla k dalsimu zvySeni IAA v rostlinach WT, ale ne v odoIngj§im transformantu. ZvySeni
hladiny auxinu pravdépodobné pfispiva k transportu zivin z listd, pied jejich odpadnutim. Bartel
a Fink (1994) v ptipadé biotického stresu pozorovali zvySeni biosyntézy auxinu. Zda se tedy, zZe
zvySeni hladiny IAA za stresovych podminek je obecnym jevem.

Nase vysledky ukazuji, ze cytokininy spolu s auxinem, a stresovym hormonem ABA,
dynamicky reguluji fyziologické procesy, které jsou soucasti odezvy rostlin na abioticky stres.
Zvysena hladina prolinu ma mirny, ale zfetelné pozitivni vliv na odolnost vici abiotickému stresu. Ve
srovnani s vychozim genotypem, rostliny tabaku se zvySenou hladinou prolinu vykazuji rychlejsi

stimulaci obrannych mechanismi a oddaleni stresem vyvolaného poklesu hladiny CK.
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5. Zavéry

>

Rostlinné hormony cytokininy (CK) spolu s dal§im hormonem stimulujicim rtst, auxinem,
a stresovym hormonem ABA, dynamicky reguluji fyziologické procesy, které jsou soucasti

odezvy rostlin na abioticky stres.

ZvySena hladina prolinu m4 mirny, ale zfeteln€ pozitivni vliv na odolnost viici abiotickému
stresu. Ve srovnani s vychozim genotypem, rostliny tabdku se zvySenou hladinou prolinu
vykazuji rychlejsi stimulaci obrannych mechanismi a oddaleni stresem vyvolaného poklesu
hladiny CK. Tyto rostliny (spolu s vychozim genotypem) piedstavuji dobie vyuZzitelny model

pro srovnavani hormonalnich odpovédi v rostlinach lisicich se v odolnosti viici stresu.

Sucho koreluje se znaénym zvySenim obsahu prolinu, které je spojeno stimulaci exprese genu
pro biosynteticky enzym P5CS A (ale nikoliv P5SCS B) a potlacenim exprese genti kodujicich
degradac¢ni enzymy NtPDH2 a CIG1 (identifikovan jako gen indukovany CK), s odlisnymi

expresnimi profily v listech a kofenech rostlin tabaku.

Expresni profily SAG12::Z0G1 ukazuji, ze aktivita promotoru SAG12 je pfi stresu suchem
vyrazné stimulovana, zejména Vv dolnich (nejstarSich) listech tabaku, zatimco po rehydrataci

dochazi k jejimu uplnému potlaceni.

Podrobné studium metabolismu CK v pribéhu sucha ukazuje, ze CK vyznamné pfispivaji
k pfednostni ochrané vzrostného vrcholu a nejmladSich listt, diky vytvofeni gradientu
aktivnich CK ve prospéch mladych listd, ktery vyznamné zvySuje silu jejich sinku a je
udrzovén v pribchu stresu zvySovanim aktivity CKX ve spodnich listech a jejim sniZzenim

V hornich listech.

Akumulace CK, ABA a auxinu v kofenech rostlin vystavenych suchu vyznamné méni
morfologii kotene (podporuje rlst primarnich kofenii a zabranuje zaklddani lateralnich

kotentt).

Rovnomérné zvyseni hladiny CK, jiz pfed vystavenim rostliny stresu, miize mit negativni
dopad na rostlinu, obzvlasté v ptipad¢ dlouhodobého sucha. Naopak, cilené zvySeni obsahu
CK stimulaci exprese genu ZOG1 ve starnoucich pletivech, méa pozitivni vliv na oddéleni

senescence ve spodnich listech stresované rostliny a zrychleni jejiho zotaveni po zaliti.

Zotaveni po suchu je velmi komplexni process zahrnujici pfenastaveni mnoha metabolickych
drah, ne pouze navrat do stavu pied zahajenim stresu. Ackoli nékteré své ¢asti rostlina zmladi
(dochéazi k Gplnému vypnuti aktivity promotoru SAG12), jiné jsou ob&tovany, v zavislosti na

stupni jejich senescence.

Analyza hladin prolinu a transkrip¢nich profilti gend spojenych s jeho metabolismem ukazala,
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7e minimalné 24 hodin po rehydrataci zistava v listech obsah prolinu zvysen, dochazi pouze k
¢asteCnému snizeni exprese genu P5CS A a geny PDH jsou stale vypnuté. Soucasné expresni
profily dvou riiznych genti (NtERD10B a CSP41) prokazaly, ze listy tabaku vnimaji op€tovné
zaliti rychle a ucinn€. Zvysena hladina prolinu tedy neni zpisobena opozdénou reakci rostlin
na zaliti, ale zachovanim aktivity ochrannych mechanismi, coz umozni jejich rychlejsi

stimulaci v ptipad¢ naslednych stresi.

Ptechodné zvysSeni hladiny CK a piechodné sniZzeni obsahu ABA, spolu s poklesem vodniho
potencialu v listech vystavenych zvysené teploté, ukazuji, ze stimulace transpirace v pocatecni
fazi teplotniho stresu predstavuje zasadni mechanismus oddalujici zvyseni teploty list, nez

mohou byt aktivovany dals§i obranné mechanismy.

Spermidin a spermin maji dlezitou ulohu v reakci rostliny vii¢i zvysené teploté. Vyznamny
narist volného a konjugovaného putrescinu v nejmladSich listech transgennich rostlin se
zvySenou hladinou prolinu, pozorovany v pocatecni fazi odpovédi rostliny na zvySenou
teplotu, pravdépodobné prispiva k jejich vyssi odolnosti viici stresu. Nartst hladiny putrescinu
muze byt zptsoben jeho de novo syntézou, ale také odbouravanim prolinu, ktery muze byt
dal$im zdrojem prekurzord pro syntézu polyaminti.

Vysoka hladina prolinu a polyaminti, stejné jako zmény v jejich metabolismu potvrzuji
ptednostni ochranu nejmladSich listd v rostlindch vystavenych stresu, coz je v souladu s témér

neménnou hladinou malondialdehydu v téchto listech, kterda odrdzi vysokou tucinnost

obrannych mechanismti a vysoky stupen ochrany mladych pletiv.
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Abbreviations

ABA
Act9
ADC
Asp
cDNA
CiG1
CK
CKX
CSP41
cZ
DAO
DHZz
DNA
GC
His
HPLC
IAA
IPT

iP

iPR
LEA
MDA
MS
MRNA
NtERD10B
NtPDH
oDC
PA
PAO
P5CS
PDH
Put

RH
RNA
ROS
rRNA
RT
RT-PCR
RWC
SAG
SAMDC
Spm
Spd
TBA
tZ

WT
Z0G1

abscisic acid

actin

arginine decarboxylase

aspartic acid

complementary DNA
cytokinin-induced gene

cytokinin

cytokinin dehydrogenase
endoribonuclease involved in chloroplast mMRNA turnover
cis-zeatin

diamine oxidase

dihydrozeatin

deoxyribonucleic acid

gas chromatography

histidine

high performance liquid chromatography
indol-3-acetic acid

isopentenyl transferase

N © -(2-isopentenyl)-adenine

iP riboside

late embryogenesis abundant
malondialdehyde

mass spectrometry

messenger ribonucleic acid

gene coding for dehydrin

Nicotiana tabacum proline dehydrogenase
ornithine decarboxylase

polyamine

polyamine oxidase
pyrroline-5-carboxylate synthetase
proline dehydrogenase

putrescine

relative humidity

ribonucleic acid

reactive oxygen species

ribosomal RNA

reverse transcription

reverse transcription polymerase chain reaction
relative water content
senescence-associated gene
S-adenosylmethionine decarboxylase
spermine

spermidine

thiobarbituric acid

trans-zeatin

wild-type

trans-zeatin O-glucosyltransferase
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1. Introduction

Plant hormones (phytohormones) have crucial role in the regulation of plant growth,
development as well as stress responses. Cytokinins (CKs), one of the most important groups of
phytohormones, were defined as substances which stimulate (in the presence of auxin) cell division
(“cytokinesis”). Naturally occurring CKs are N°-substituated adenine derivatives carrying either
isoprenoid, or aromatic side chain (Strnad 1997, Mok and Mok 2001). Isoprenoid CKs can be
distinguished as isopentenyladenine (iP)-, trans-zeatin (tZ)-, cis-zeatin (cZ)- or dihydrozeatin (DHZ)-
type derivatives. Aromatic CKs are found in plants much less frequently (Strnad et al. 1997,
Sakakibara 2006). The abundance of particular CK derivatives depends on plant species, tissue and
developmental stage. CKs can occur in plants in the form of free bases, ribosides, ribotides or N- and
O-glycosides. Physiologically active CK forms, recognized by CK receptors, are free CK bases,
especially tZ, and in lesser extent also CK ribosides (Inoue et al. 2001, Yamada et al. 2001, Spichal et
al. 2004). The rate-limiting step of isoprenoid CK biosynthesis is catalyzed by isopentenyltransferases
(IPTs). CK breakdown is catalyzed by CK dehydrogenases (CKXs). CK perception and signalling is
mediated by a multistep two-component His-Asp phosphorelay pathway, which includes hybrid sensor
histidine kinases as well as histidine phosphotransfer proteins and response regulators (Ferreira and
Kieber 2005, Schaller et al. 2002). CKs are involved in regulation of multiple processes, such as cell
cycle progression, morphogenesis, shoot initiation, shoot apical meristem formation, floral and seed
development, delay of senescence, movement of nutrients (CKs increase sink strength), modulation of
apical dominance by promotion of lateral bud growth, light responses, including chloroplast
development, or vasculature formation. In spite of not belonging to “stress hormones,” CKs play an
important role in the stress responses. Application of exogenous CKs was proved to enhance tolerance
to mild stress and accelerate recovery (ltai et al. 1978), stimulate recovery of stomatal conductance and
net photosynthesis after rehydration (Rulcova and Pospisilova 2001). Furthermore, CKs could up-
regulate transcription of many stress-induced genes (Hare and Van Staden 1997).

Abscisic acid (ABA) is the major hormone in plant response to dehydration, caused by the
abiotic stresses as well as during specific developmental stages, namely during seed maturation. ABA
is involved in both fast responses, such as stomata closure, and longer-term effects on the expression
of many stress-associated genes. ABA signal transduction starts with binding of ABA to its receptors.
The ABA signaling network includes several second messengers. ABA signal transduction results in
stimulation of transcription of the stress-inducible genes, such as genes coding for LEA proteins,
proteases, chaperonins, ion and water channels, antioxidant enzymes and enzymes participating in
metabolism of compatible solutes (Finkelstein 2006). Furthermore, ABA influences degradation of
specific mMRNAs, mRNA stability, splicing and transport (Hirayama and Shinozaki 2007).

More than half century ago, Kemble and MacPherson (1954) showed that proline accumulates
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in wilting perennial rye grass. Since then, many studies have proved that proline content increases in
response to adverse environmental conditions. Due to its cyclic structure with a secondary amino
group, proline is a unique proteinogenic amino acid, essential for arrangement of secondary structure
of proteins. Proline as a free amino acid plays also other crucial roles. It has been shown to act as
a compatible osmolyte, a stabilizer of protein, membrane and subcellular structures, an inhibitor of
lipid peroxidation, and a scavenger of ROS. In addition to its direct ROS scavenging activity, proline
has been reported to protect and stabilize antioxidant enzymes and activate alternative detoxification
pathways in stressed tobacco cells. Furthermore, proline is involved in the maintenance of cytosolic
pH as well as the redox balance. Last but not least, proline appears to be a component of metabolic
signalling networks controlling mitochondrial functions, stress relief and development (reviewed in
Verbruggen and Hermans 2008, Szabados and Savoure 2010). The content of free proline is controlled
by the ratio of the rates of its biosynthesis and back-conversion, which can be regulated at the level of
both gene expression as well as enzyme activity. Biosynthetic enzyme pyrroline 5-carboxylate
synthetase (P5CS) and degrading enzyme proline dehydrogenase (PDH) represent the most important
regulatory points. Over-expression of the P5CS gene is commonly used to enhance proline content.
Due to feed-back inhibition of native P5CS by the end-product, genes with site-directed mutagenesis
(Zhang et al. 1995) are usually preferred for transformation. Using this construct, tobacco plants with
significantly increased proline levels were recently prepared (Gubis et al. 2007).

Polyamines (PAs) are widespread low molecular weight polycations containing several
aminogroups in their molecules. They belong to important regulators of growth and development in
prokaryotes and eukaryotes (Tiburcio et al. 1997). In plants, PAs may be found as free bases as well as
conjugated. The most prevalent PAs occurring in higher plants are diamine putrescine (Put), triamine
spermidine (Spd) and tetramine spermine (Spm). The PA biosynthesis is initiated by the formation of
Put either directly from ornithine by ornithine decarboxylase (ODC) or indirectly from arginine by
arginine decarboxylase (ADC). Put can be then converted to Spd and Spm by sequential addition of
aminopropy! groups. PA degradation is performed by diamine oxidase (DAO) and polyamine oxidase
(PAO). Oxidation of PAs produces H,O,, which possibly plays an important role in defence and
signalling. However, high content of H,O, is cytotoxic and may cause oxidative stress (reviewed in
Wallace et al. 2003). Plant PAs appear to be involved in a wide range of biological processes. PAs
contribute to plant protection under adverse environmental conditions, due to their roles in osmotic
adjustment, maintenance of membrane stability and free-radical scavenging (Bouchereau et al. 1999).
PA signalling seems to participate in a complex hormonal cross-talk (Alcazar et al. 2010). Recently,
Alcézar et al. (2011) proposed that stimulation of PA production is one of the responses to abiotic
stress.

The understanding of the mechanisms of plant responses to individual stresses as well as of
their recovery after stress release may contribute to the establishment of a strategy for improvement of

stress tolerance of crop plants in the rapidly changing environment.
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2. Aims of the study

Due to their sessile growth habit, plants had to evolve a complex system of defence against
adverse environmental conditions, to which they are exposed during their growth and development.
Plant abiotic stress responses are regulated by plant hormones, especially cytokinins and abscisic acid.
In order to find relationship between hormonal changes and plant stress tolerance, response of tobacco

plants with enhanced level of osmolyte proline was compared with the corresponding wild-type.

Therefore, the work has been focused on:

e evaluation whether elevated proline content may affect (and to what extent) tolerance and
hormonal responses to abiotic stresses (drought, heat and combined drought and heat stress).

e estimation of the impact of proline levels on the dynamics of PA levels under heat stress
conditions.

e elucidation of the dynamics of the transcription profiles of the key genes responsible for
proline biosynthesis (P5CS) and degradation (PDH) along the plant axis and in roots in
response to plant water deficit in tobacco.

e contribution to the understanding of CK function during the drought stress and their cross-talk
with other hormones - auxin and ABA, comparing the response of tobacco plants with a
uniform elevation of CK content before stress initiation (35S::Z0G1), those exhibiting CK
elevation localized to senescing tissues (SAG12::Z0G1) as well as corresponding wild-type.

e evaluation the expression of stress related genes using SAG12:Z0G1 transgenic tobacco plants

under drought stress and subsequent recovery.
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3. Material and methods

Plant material

1) Wild-type tobacco plants (Nicotiana tabacum L. cv. M51) and transgenic 35S:P5CSF129A plants
(M51-1) (for characterization see Gubis et al. 2007).

2) Plants of Nicotiana tabacum L. cv. Wisconsin 38 (prof. Machteld and David Mok, Oregon State
University).

3) Transgenic tobacco plants harbouring trans-zeatin O-glucosyltransferase gene from P. lunatus
under senescence-specific SAG12 promoter (SAG12::Z0G1) and under a constitutive CaMV 35S
promoter (35S::Z0G1) (prof. Machteld and David Mok, Oregon State University, for detailed
information see Martin et al. 2001).

Methods

3. 1. Growth conditions, stress application and sample collection
3. 1. 1. Growth conditions

Tobacco plants were grown in soil in a growth chamber for 6 weeks on a 16-h photoperiod at
130 pmol m? s, at 25/23°C and relative humidity (RH) ca 80%. Water was permanently available to

plants.
3. 1. 2. Stress application and sample collection

Drought treatment: plants were transferred into another growth chamber under the same light and
temperature regimes, but with RH decreased to 35%. These plants were not watered for several days
(1, 6, 10). Then they were re-watered again (“recovery”).
Heat stress treatment: plants were subjected to heat stress (40 °C) for 2 h or 6 h (with no external
water source). Then some of them were transferred back to 25 °C and allowed a 2-h recovery.
Drought + heat stress treatment: at the very end of the drought period (10 days), part of the plants
was subjected to heat stress at 40 °C for 2 h.

Samples from each leaf along the plant axis were taken for RNA extraction, samples of upper,
middle and lower leaves were collected for determination of other parameters. All samples were
immediately frozen in liquid nitrogen. Roots were shaken to remove the soil, washed briefly, dried and

frozen in liquid nitrogen.
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3. 2. Chromatographic methods
3. 2. 1. Plant hormone determination

Phytohormones were extracted and purified according to Dobrev and Kaminek (2002). For
analyses of endogenous CKs, deuterium labelled standards were added. Tritiated internal standards
were used for the determination of indol-3-acetic acid (IAA) and ABA.

CKs quantification was performed by HPLC-MS method according to Dobrev et al. (2002).
Levels of IAA and ABA were determined using two-dimensional HPLC according to Dobrev et al.
(2005). The method was verified by comparison with GC-MS.

3. 2. 2. Polyamine analysis

Extraction and HPLC analysis of benzoylated polyamines was performed according to Slocum
et al. (1989).

3. 2. 3. Photosynthetic pigment analysis

Xanthophyll cycle pigments were determined in acetone extracts according to Haisel et al.
(2008).

3. 3. Determination of enzymes activities
3. 3. 1. Determination of cytokinin dehydrogenase activity

CKX (EC 1.5.99.12) was extracted and partially purified using the method described by
Motyka et al. (2003). CKX activity was determined by in vitro assay based on the conversion of
[2-*H]N°®-(2-isopentenyl)adenine to [*H]adenine. Separation of the substrate from the product was
achieved by HPLC.

3. 3. 2. Determination of ornithine decarboxylase, arginine decarboxylase and S-adenosylmethionine

decarboxylase activity

The activities of ODC (EC 4.1.1.17), ADC (EC 4.1.1.19) and S-adenosylmethionine
decarboxylase (SAMDC; EC 4.1.1.50) were determined by a radiochemical method according to

Tassoni et al. (2000). The sample protein contents were measured according to Bradford (1976).
3. 3. 3. Determination of DAO and PAO activity

The activities of DAO (EC 1.4.3.6) and PAO (1.5.3.11) were estimated by a modification of
the radiometric method of Paschalidis and Roubelakis-Angelakis (2005).

3. 4. Spectrophotometric methods
3. 4. 1. Determination of free proline levels

The levels of free proline were determined according to Bates et al. (1973).
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3. 4. 2. Determination of malondialdehyde content

The malondialdehyde (MDA) content was determined using the NWLSS-Malondialdehyde
Assay kit. The assay is based on the reaction of MDA with thiobarbituric acid (TBA), which forms an
MDA-TBAZ2 adduct that absorbs strongly at 532 nm. The correction for non-specific turbidity
described by Esteban et al. (2008) was used.

3. 5. Molecular methods
3. 5. 1. RNA extraction and reverse transcription

Total RNA was extracted by means of the RNeasy Plant Kit (Qiagen) and treated with
DNase | (DNA-free; Ambion). For RT, oligo dT or random hexamers were used as primers, together

with Protector RNase Inhibitor (Roche) and Transcriptor Reverse Transcriptase (Roche).
3. 5. 2. Quantitative RT PCR

Quantitative RT PCR was performed using FastStart DNA MasterPLUS SYBR Green | Kit
and/or LightCycler 480 SYBR Green | Master Kit (Roche) with the HPLC purified primers
(Metabion). Transcript levels were normalized against Act9 (Volkov et al. 2003) and 18S rRNA (in
case of random primed cDNA). The invariant levels of Act9 transcript under stress conditions were

confirmed by direct quantification of cDNA, as described by Libus and Storchova (2006).
3. 6. Determination of water potential, osmotic potential and relative water content

Leaf water potential was determined using the procedure described by Boyer (1995). Osmotic
potential was determined psychrometrically from the leaf sap. Relative water content (RWC) was
calculated as follows: RWC (%) = [(FM — DM) /(SM — DM)] x 100

FM: fresh mass; SM: saturated mass; DM: dry mass.
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4. Results and discussion

The predominant abiotic stress factors are drought and heat stress. While the impact of these
stresses on plants has been studied extensively, relatively little attention has been given to the effects
of their combination, which occurs frequently in nature and substantially differs from responses to
individual stresses (Rizhsky et al. 2004, Zhang et al. 2008). In order to evaluate impact of heat and
drought stress alone and their combination on the CK, IAA and ABA pools, we used tobacco lines
differing in their proline content, wild-type (WT) tobacco plants Nicotiana tabacum L. cv. M51 and
transgenic 35S:P5CSF129A plants (M51-1).

Significantly enhanced proline production in the transformant (Fig. 1) coincided with a more
negative leaf osmotic potential (both at control and stress conditions) and enhanced production of
protective xanthophyll cycle pigments in comparison with the corresponding WT plants. These results
indicated enhanced stress tolerance of proline-overproducing transformant plants. As proline seems to
be of high importance, especially in response to dehydration, we determined expression profiles of
genes encoding proline degrading enzymes (proline dehydrogenases, PDH), and biosynthetic

enzymes, A" -pyrroline-5-carboxylate synthetases (P5CS) in roots and individual leaves.
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Fig. 1. Proline content in leaves and roots of tobacco wild type (WT) plants and M51-1 transformants. Left-hand
figures: plants subjected to heat stress conditions (40 °C for 0, 2 and 6 h). Right-hand figures: plants subjected to
drought stress; controls (no stress), drought stress (10-d dehydration), recovery (24-h rehydration) and combined
drought and heat stress. U: upper leaves, M: middle leaves, L: lower leaves, R: roots.
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In the other part we focus on drought stress and subsequent re-watering in more details. We
employed tobacco plants with a uniform elevation of CK content before stress initiation (35S::20G1),
those exhibiting CK elevation localized to senescing tissues (SAG12::Z0G1) as well as corresponding
wild-type Nicotiana tabacum L. cv. Wisconsin 38.

4. 1. Plant responses to drought

Drought stress coincided with a vast decrease of leaf water potential and RWC in all studied
genotypes. The decrease was considerably smaller in upper leaves. Prolonged exposure to water deficit
was associated with a large increase in proline (Fig. 1) as well as a ABA content, especially in upper
leaves. 35S::Z0OGL1 plants did not exhibit any significant response to mild stress. Thus, elevated CK
content before stress initiation might postpone stimulation of the defence to adverse environmental
conditions, which might be detrimental under prolonged drought. In all the tested genotypes we found
that drought induced gradient in bioactive CKs was promoted by decreased CKX activity in upper
leaves and its strong stimulation in the lower ones. The formation of a gradient of bioactive CKs in
favour of the upper leaves (Fig. 2) might reflect the necessity for their preferential protection under
unfavourable environmental conditions. The content of bioactive CKs was in lower leaves of
SAG::Z0OG1 transformants less suppressed by the drought than in WT, which diminished negative
stress effects.
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Fig. 2. Endogenous bioactive cytokinin (CK) levels (trans-zeatin, Z; N°-(2-isopentenyl)adenine, iP;
dihydrozeatin, DHZ and the corresponding ribosides ZR, iPR, DHZR) in tobacco leaves and roots during the
drought stress progression in wild-type (WT), SAG12::Z0G1 (SAG) and 35S::Z0G1 (35S) plants.

Large up-regulation of IAA level was observed in the stressed lower leaves in all genotypes.
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Similarly, Quirino et al. (1999) reported an increase in the free auxin levels in senescing Arabidopsis
leaves. As senescence is a strongly regulated process, high IAA levels might be required for its
control. Possibly, the increased protein breakdown in senescing leaves results in an enhancement in
the content of tryptophan, which may be converted to IAA, in order to facilitate nutrient transport from
senescing leaves.

Our observation that constitutive ZOG1 expression affected the root system morphology
(primary root elongation and diminished branching) is in agreement with the concept of root apical
dominance described by Aloni et al. (2006). During drought progression, roots of all tested genotypes
accumulated CKs, which might be important for the stimulation of primary root growth and an
increase of the root-to-shoot ratio.

During the prolonged drought stress, the elevation of IAA content was observed in roots,
similarly as in maize roots (Ribaut and Pilet 1994, Xin et al. 1997), which might be a consequence of
auxin polar transport. Enhanced auxin concentration might led to an additional elevation of CK
content, as auxin was found to promote the expression of genes for CK biosynthetic enzymes in roots
(Miyawaki et al. 2004). An elevated content of both hormones might stimulate root cell division,
which resulted in primary root elongation, due to the suppression of lateral root formation by CKs.

Drought response was accompanied by high elevation of proline content. When expression of
proline degrading genes was followed, all PDH genes were down-regulated rapidly both in leaves and
roots within one day of dehydration and maintained low during drought stress progression. The
NtPDH1 gene was least influenced, consistently with the proposed role for this PDH isoform to
provide energy and metabolites from proline degradation in both stressed and well watered plants
(Ribarits et al. 2007). In contrast, the strongest stress response was shown by NtPDH2 gene, again in
agreement with Ribarits et al. (2007). CIG1 (identified as CK induced gene) was also strongly and
quickly down-regulated by water deficit, but its mRNA level remained relatively high, which
suggested an important role of this gene in the regulation of free proline content in tobacco.

The two putative P5CS genes produced similar transcript levels in well-watered plants
comparable in all leaves and roots. They differed substantially in their response to drought. Whereas
P5CS B was not affected by the stress conditions, the dramatic activation of the P5CS A gene
suggested its crucial role in drought stress responses of tobacco. P5CS duplication occurred several
times during angiosperms evolution (Turchetto-Zolet et al. 2009) and the gene copies acquired
different functions. In Arabidopsis, P5CS1, highly stimulated by water deficit, seemed to be
responsible for the drought-induced proline elevation, whereas P5CS2 appeared to be important in
seed development (Szekely et al. 2008). Whether the P5CS B gene plays any role in seed development
in tobacco, similarly to P5CS2 in Arabidopsis, remains to be elucidated.

The expression of proline metabolism-related genes differed between leaves and roots of
tobacco exposed to drought stress and subsequent recovery (Fig. 3). In drought-stressed leaves, the

P5CS A gene was up-regulated to much higher extent than in roots. Also it differed in the particular
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leaves. The up-regulation was much higher in the upper leaves than in the lower ones (Fig. 4A). At the
same time, transcription of PDH genes was almost completely switched off in all organs. The
expression pattern of P5CS A correlated well with an increase in free proline concentration, which was
highest in upper leaves and lowest in roots.
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Fig. 3. Dynamics of the expression of genes for proline degradation and biosynthesis in correlation with proline
content in tobacco leaves and roots during the drought stress progression and subsequent recovery. C: control,
D1: 1-d dehydration, D2: 6-d dehydration, R: 24-h recovery.
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Fig. 4. P5CS A expression in the individual leaves of tobacco along the plant axis under drought stress (A) or 24
h after rehydration (B).

As a marker of water deficit sensing, transcription of the gene coding for dehydrin NtERD10B
proved to be very suitable. The fast increase of dehydrin expression in leaves, regardless of their
position and stronger and earlier than in roots, reflected the fact that leaves are exposed to much bigger
water loss (via stomata) than roots. Accordingly, the ABA concentration was much lower in roots than

in leaves.
4. 2. Recovery from drought stress in tobacco

Rehydration led to an increase in bioactive CK levels (especially of tZ/riboside) in tobacco
leaves (Fig. 2), which might be, at least partially, due to the re-establishment of xylem sap flow from

the roots. Aloni et al. (2006) demonstrated the great importance of the transpiration stream on CK

32



transport from the roots. Consistently, a decrease in the total CK content was observed in the roots in
all tested genotypes following watering. Also a rise in CKX activity in the leaves was found, probably
to regulate bioactive CK levels after the re-establishment of the transpiration flow. The stress
indicators (SAG promoter activity as well as ABA level) dropped sharply.

Elevation of IAA concentrations in the middle leaves (and, in SAG::ZOG1 plants, also in the
upper leaves) appears to be related to growth re-establishment. The slightly faster growth initiation in
SAG::ZOG1 plants in comparison with WT is consistent with the known positive effect of CKs on
plant recovery (e.g. Itai et al. 1978). The slower recovery of 35S::ZO0G1 transgenics indicated that
elevated CK content before onset of stress need not be advantageous in case of prolonged, severe

drought stress, which is in accordance with Synkova et al. (1999).
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Fig. 5. Transcription levels of three PDH genes in the individual leaves of tobacco along the plant axis (a) under
strong drought stress (6-d) and well-watered conditions; (b) during the drought stress progression (1-d and 6-d
dehydration) and 24-h recovery. (Note expression scale changes).
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After re-watering, the transcription of all three PDH genes reached the control levels in roots,
but not in leaves (Fig. 3 and Fig. 5B). At the same time, down-regulation of P5CS A to the level
comparable with control plants was found in roots, whereas it remained much higher as compared to
control in leaves (Fig. 3 and Fig. 4B). Free proline concentrations coincided with expression pattern of
the genes under investigation, remaining elevated in leaves, but returning to almost control levels in
roots. As explanation we suggest that the delayed response of tobacco PDH and P5CS A genes to
rehydration may reflect efficient protection of photosynthetic apparatus in leaves. In addition to direct
ROS scavenging activity exhibited by proline (Matysik et al. 2002), proline biosynthesis in
chloroplasts under drought stress is an important factor maintaining redox balance and preventing
singlet oxygen production in those organelles (Szekely et al. 2008, Chaves et al. 2009). Strikingly
different results were described in Arabidopsis (Kiyosue et al. 1996, Oono et al. 2003), where
immediate response of these genes to stress relief was found. Discrepancy between the results on
Arabidopsis and our data on tobacco may be explained by different stress tolerance between these two
species.

The proline metabolic gene expression was not uniform across the leaves along the plant axis.
P5CS A expression was higher and CIG1 expression slightly lower in the two uppermost leaves than in
the remaining leaves in stressed plants (Fig. 4A and 5A). This reciprocal regulation of key genes
responsible for proline biosynthesis and degradation appears to contribute to relatively high free
proline concentration in upper leaves and therefore to their more efficient protection under drought
stress.

As dehydrins were reported to change membrane composition and concomitantly the
photosynthetic capacity (Beck et al. 2007), their high content might be unfavourable under well-
watered conditions. Fast down-regulation of NtERD10B transcription caused by rehydration
demonstrates very fast physiological response to re-watering in tobacco leaves. This view was also
supported by the rapid decrease of ABA content in leaves during recovery.

Furthermore, we analyzed the expression of another gene sensitive to re-watering, CSP41,
an endoribonuclease involved in chloroplast mMRNA turnover (Bollenbach et al. 2003). CSP41 was
recently found to be essential for transcription in chloroplasts (Bollenbach et al. 2009). The
transcription of the CSP41 gene was clearly dependent on the leaf position along the plant axis
(Fig. 6A). Declining gradient in gene expression might have reflected a leaf age-dependent decrease in

the dynamics of chloroplast metabolism.
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Fig. 6. CSP41a expression in the individual leaves of tobacco along the plant axis at well-watered conditions and
(A) under strong drought stress (6-d) or (B) 24 h after rehydration.

Whereas CSP41a expression was little influenced by drought (Fig. 6A), CSP41 response to
rehydration was much stronger. Within 24 h after re-watering, CSP41 transcription dramatically
increased above the levels found in well-watered control plants. Nevertheless, different transcription
profiles were found in rehydrated and control plants (Fig. 6B). This observation suggests that CSP41
may play an important role in the recovery from drought stress. In Arabidopsis, the CSP41b gene was
found to be repressed by ABA and activated by wounding (Raab et al. 2006). The up-regulation of
CSP41 by rehydration could be a similar process to the activation of CSP41b by wounding, possibly
ensuring an increase of chloroplast mMRNA transcription and translation.
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related SAG12 promoter was measured in all surviving leaves during recovery.
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After re-watering, SAG12 activity was sharply suppressed under the values of the
corresponding well-watered controls, which already exhibited natural senescence (Fig. 7). However,
the lower yellow drought-stressed leaves, which exhibited the highest SAG activity, died. This
indicates existence of a threshold in the process of leaf senescence, beyond which reversal to an active
metabolic state is no longer possible. Leaves seem to follow two mutually exclusive scenarios on
recovery - restoration of photosynthesis and metabolism or death, depending on the degree of
senescence in a particular leaf.

The young and middle leaves, protected during the drought stress, rapidly increase their rate of
photosynthesis (Martin et al. 1999, Chaves 1991), which promote the re-establishment of plant
growth. However, the oldest leaves, in which senescence is most advanced, are lost. Thus, canopy area
is further reduced on drought recovery, but surviving leaves show higher metabolic activity than
leaves of control plants which were not exposed to the stress (Pereira and Chaves 1993, Shinozaki and
Yamaguchi-Shinozaki 1996, Oono et al. 2003).

Our results document that recovery after stress is a very complex process involving
rearrangements of many metabolic pathways, not just a return to the state before stress initiation (Diaz
et al. 2010, Oono et al. 2003). Whereas the plant rejuvenates some parts, others are sacrificed

depending on the degree of their senescence.
4. 3. Plant responses to heat in proline over-producing plants

Transfer of plants to an elevated temperature (40 °C) represents a fast, acute stress. The
integral part of the heat stress response was a transient elevation of bioactive CKs and change of the
ratio of individual bioactive CK species (Fig. 8). The elevation of iP ribiside (iPR) content (higher in
WT) and simultaneous down-regulation of tZ, the most physiologically active CK in stimulation of
cell division, suggests that cell division is suppressed, while other CK functions are maintained. One
of them might be positive effects on stomata opening, a necessary prerequisite of enhanced
transpiration. As ABA is known to stimulate stomata closure and prevent their opening, a transient
decrease in ABA content (more pronounced in proline-overproducing transformant) might implicate
involvement of both hormones in regulation of transpiration, important mechanism for cooling of the
leaf surface. Stimulation of transpiration by heat stress was recently described by Zhang et al. (2008).
CKs are also known to stimulate the activity of invertase (Roitsch and Ehnefl 2000), which cleaves
sucrose into glucose and fructose. Thus, the enhanced CK content might contribute to the osmotic
stabilization of plants. In addition, CK elevation during the early phase of the stress response might
postpone down-regulation of photosynthesis, which positively affects activation of highly energy-

demanding defence pathways.
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Fig. 8. Endogenous bioactive cytokinin (CK) levels (trans-zeatin, Z; N°-(2-isopentenyl)adenine, iP;
dihydrozeatin, DHZ and the corresponding ribosides ZR, iPR, DHZR) in leaves and roots of tobacco wild type
(WT) plants and M51-1 transformants subjected to heat or drought stresses. Left-hand figures: plants subjected
to heat stress conditions (40 °C for 0, 2 and 6 h). Right-hand figures: plants subjected to drought stress; controls
(no stress), drought stress (10-d dehydration), recovery (24-h rehydration) and combined drought and heat stress.
U: upper leaves, M: middle leaves, L: lower leaves, R: roots.

Recently, many studies have shown that PAs are also involved in the acquisition of tolerance
to environmental stresses (Liu et al. 2007). As compared to the WT, the proline over-producing
transformants contained higher levels of free and conjugated PAs (Fig. 9) under non stress conditions
and responded more rapidly to the stress as indicated by the changes in quantity as well as the
composition of PA pool. One of the possible explanations for the cause of the parallel increase in
proline and PA contents can be that proline accumulation in the absence of any stress might act as
a signal able to activate multiple responses that are part of defence (i.e. also enhanced production of
PAS).
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Fig. 9. Levels of polyamine and soluble conjugates in leaves and roots of tobacco wild type (WT) plants and
M51-1 transformants subjected to heat stress (40 °C for 0, 2 and 6 h) and after the recovery phase (Rec; 2 h at
25°C). U: upper leaves, L: lower leaves, R: roots.

We propose that the mild decrease of proline level in the leaves of the transformant in the
early stages of heat stress might be caused by its degradation to glutamate (Kaplan et al. 2007), which
might serve as a substrate in PA biosynthesis (Nanjo et al. 2003). This idea is supported by the finding
that the increased activity of the enzymes involved in PA biosynthesis (ODC, ADC and SAMDC) in

the early stages of heat stress in the transformants coincided with a decrease in proline levels (Fig. 10).
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Fig. 10. Activities of the PA biosynthetic enzymes ADC and ODC in leaves and roots of tobacco wild type (WT)
plants and M51-1 transformants subjected to heat stress (40 °C for 0, 2 and 6 h) and after the recovery phase
(Rec; 2 h at 25°C). U: upper leaves, L: lower leaves, R: roots.

Heat stress stimulated elevation of activity of biosynthetic enzymes ADC and ODC in both
genotypes, the activity increase began earlier and was more pronounced in the transformants than in
the WT plants (Fig. 10). Heat stress also up-regulated activity of catabolic enzymes DAO and PAO in
both WT and transformant plants; the enzyme activities were considerably higher in the roots under
both control as well as stress conditions. Similar phenomena were observed in the roots of heat-
stressed wheat, where decline in catalase and ascorbate peroxidase activity resulted in increases in the
levels of DAO and PAO (Goyal and Asthir 2010).

The rate of lipid peroxidation (illustrated by changes in the MDA content) can be related to

antioxidant activity. In the leaves of both tested genotypes MDA levels did not vary significantly
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following heat shock, with the exception of the lower leaves of the WT plants, where a mild elevation
was observed. Conversely, the MDA levels in the roots increased continually as the heat shock
treatment proceeded. These results indicated that in upper leaves the plant antioxidant defence
mechanisms were adequate to protect them from oxidative stress.

Our results further corroborate that the increased proline levels in the transformants had a
mild, but distinct positive effect on their abiotic stress tolerance.

4. 4. Hormonal responses to heat, drought and combined stress in proline over-

producing plants

Exposure to heat treatment after prolonged drought had different effects than when the stresses
were applied separately. A short heat stress period (2 h) at the end of drought resulted in a decrease in
proline (Fig. 1) and also in ABA levels in upper leaves of WT plants and in upper and middle leaves
of transformant. Levels of bioactive CKs in upper leaves decreased, causing the abolition of the CK
gradient (Fig. 8). Combined stress did not affect already low bioactive CK content in wilty middle and
lower leaves, but decreased CK levels in upper leaves and roots. These changes correlated well with
strongly stimulated CKX activity in upper leaves and in roots. These data indicate very strong stress,
which might easily overcome plant abilities to survive. Our results are in agreement with Brugiére et
al. (2003), who reported a strong increase in CKX1 transcripts in maize kernels under water deficit or
heat stress.

While heat stress applied to well-watered plants did not impose any significant effect on IAA
levels in upper leaves and only transient enhancement in lower leaves and roots, drought resulted in a
significant decrease in IAA in upper leaves, whereas in lower and middle leaves and roots, the
elevation of IAA was observed. Combined stress resulted in further IAA elevation in WT plants, but
not in the more tolerant transformant. Increase of auxin seems to contribute to relocation of nutrients
from leaves before their final death due to delay of leaf abscision. The general occurrence of I1AA
elevated content under stress conditions seems to be supported by stimulation of auxin biosynthesis in
case of biotic stress (Bartel and Fink 1994).

Our results indicate that growth-promoting phytohormones, such as IAA and CKs, in concert
with stress hormones, such as ABA, regulate distinct physiological processes occurring during
responses to abiotic stresses. Elevation of proline content had a mild, but distinct positive effect on
abiotic stress tolerance. In comparison with WT, proline over-producing tranformants exhibited earlier

stimulation of defence mechanisms and delayed stress-induced inhibition of the CK pool.
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5. Conclusions

>

Plant hormones CKSs in concert with another growth-promoting hormone, auxin, and stress
hormone ABA, dynamically regulate physiological processes underlying plant responses to
abiotic stresses.

Elevation of proline content had a mild, but distinct positive effect on abiotic stress tolerance.
In comparison with WT, proline over-producing tranformants exhibit earlier stimulation of
defence mechanisms and delayed stress-induced inhibition of the CK pool. They represent (in
combination with wild type) a suitable model for comparison of hormonal responses in plants

differing in their stress tolerance.

Drought stress coincides with high elevation of proline content associated with stimulation of
the expression of the proline biosynthetic gene P5CS A (but not P5CS B) and down-regulation
of proline deactivation genes NtPDH2 and CIGL1 (the latter one being identified as CK induced

gene), with the different expression patterns in tobacco leaves and roots.

Data on SAG12 promoter activity demonstrated that drought strongly accelerate the

senescence of lower leaves in tobacco plants.

Detail analysis of CK metabolism during drought stress revealed that CKs decisively
contribute to preferential protection of apex and young leaves by establishment of the gradient
of bioactive CKs in favour of the upper leaves, which is maintained during stress progression
by the stimulation of the activity of CKX in the lower leaves and by its suppression in the

upper leaves.

Accumulation of CKs, ABA and auxin in the drought stressed roots plays important role in
modification of the root morphology (stimulation of primary root growth and suppression of

lateral root formation).

The uniform elevation of CK content before stress initiation might have a negative effect
during the prolonged, severe drought. Conversely, targeted, senescence-induced elevation of
ZOG1 expression, coinciding with stimulation of CK formation, exhibits a positive effect on

both the delay of senescence of the stressed lower leaves and acceleration of the recovery.

Recovery after drought stress is a very complex process involving rearrangements of many
metabolic pathways, not just a return to the state before stress initiation. Whereas the plant
rejuvenates some parts (complete switch off of SAG12 promoter activity), the others are

sacrificed, depending on the degree of their senescence.

The initial phase of recovery (1 d) after rehydration coincides with the lack of activation of
tobacco PDH genes and incomplete reduction of the P5CS A gene in leaves, which is not

caused by delayed plant response to re-watering, however, by anticipation of potential
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subsequent stresses and the need to maintain the protective mechanisms active. The expression
of two different genes (NtERD10B and CSP41) confirmed that tobacco leaves are able to sense
rehydration quickly and efficiently.

Temporary elevation of CKs and transient decrease of ABA, together with decrease of water
potential in heat stressed leaves, indicate that stimulation of transpiration at the early phase of
heat stress represents crucial mechanisms for cooling down of leaves, before the multiple

defence mechanisms can be activated.

Spd and Spm play an important role in plant responses to heat stress. The significant increase
in free and conjugated Put in the upper leaves of proline over-producing transformant,
observed in the initial phase of heat stress response, seems to contribute to its higher stress
tolerance. Elevation of Put may originate from due to de novo synthesis. Proline degradation,

however, may provide additional source of precursors for polyamine synthesis.

Higher proline as well as PAs content and changes in their metabolism confirmed the
preferential protection of upper leaves exposed to abiotic stress. Furthermore, the near-
invariant MDA levels in these leaves reflect the efficiency of their induced antioxidant

defence mechanisms and the high degree of protection afforded to young tissues.
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