Univerzita Karlova v Praze
Prirodovédecka fakulta

Geneticka variabilita v ristovych, reprodukcnich a
fotosyntetickych charakteristikach rostlin a jeji zmény v
disledku aplikace steroidii
Genetic variability in growth, reproductive and photosynthetic

parameters of plants and its changes by exogenously applied
steroids

Dizertacni prace

RNDr. Olga Rothova

Skolitel: RNDr. Dana Hol4, Ph.D.
Konzultant: RNDr. Marie Kocova, CSc.

Praha 2014



Prohla8uji, Zze tato prace byla vypracovana samostatné s vyuzitim fadné€ citovanych
literarnich zdroja, pod vedenim $kolitelky a nebyla vyuzita pro ziskani obdobného nebo

jiného akademického titulu.

V Prazedne



Tato prace vznikla za finanéni podpory projektii &. 501/11/1650 Grantové agentury Ceské
republiky, KJB601110611 Grantové agentury Akademie véd Ceské republiky,
B/B10/612612, SVV-2013-267205 a SVV-2014-260081 Grantové agentury Univerzity
Karlovy a vyzkumného zdméru MSM0021620858 Ministerstva Skolstvi, mladeze a
t&lovychovy Ceské republiky.

Podékovani:

Velmi bych chtéla podékovat své skolitelce 1 konzultantce Dan¢ Holé¢ a Marii
Kocové za trpélivost a laskavost, kterou projevuji pii nasi spolecné praci v laboratofi i
mimo ni, bez jejich podpory by tato prace nikdy nevznikla. Nedilnou soucasti laboratote
jsou 1 studenti, kterym dékuji za to, Ze celou dobu pomahaji tvofit pfijemné pracovni a

ptatelské ovzdusi laboratofe.

Stejn¢ tak bych rada podékovala své rodin€ za podporu, kterou u nich vzdy
nalézam a bez které bych nemohla délat praci, kterou mam rada, jez je vSak Casto Casové

velmi naroc¢na.



Obsah

OBSAN .. 3
ADSIIAKL ... 4
ADSITACT ... 6
SEZNAM ZKIALEK ......ecviiiices e 8
| 607 T FO OO TT TR 9
2. CHLE PIACE .ttt 10
3. Literdrni prehled. . ... 11
3.1. Brassinosteroidy jako rostlinné hormony .............cccviiiiiiiiiiinii e 11
3.2. Mechanizmy ptisobeni brassinosteroidd na molekularni Grovni..........cccoeeeeveevenieninenn 14
3.3. Role brassinosteroidii v odpovédi rostliny na abiotické Stresory.........ccooervrerierenieennens 17
3.4. Ekdysteroidy — dalsi steroidni latky obsazené v rostlinach ...........c.ccoovvvvivnenennieinnnn, 20
4. Materidl @ METOAY ....vevveeriiiieiiieii e 22
4. 1. Biolo@IiCKY MAtETIAL.......ccoviiriiieiiiiiieie e et n e 22
4. 2. POUZIE STETOTAY .. eeuvieiuieiiieiiie ittt ettt sttt ettt sttt sttt e st e e be e st e e nneesneenneen 22
4. 3. VyCet pouZityCh METOM .....ocvvieeiiiiiieierieeiese e 23
S VTSIEAKY et 24
5.1. Vliv brassinosteroidt na rastové, vyvojové, reprodukéni a fotosyntetické charakteristiky
rostlin kukufice rostoucich v polnich podminkach............cccooiiiiiiiiii e, 24
5.2. Ovlivnuji brassinosteroidy reakci rostlin na abiotické Stresory? .......c.ccvvvvevieevieenensnennn 45
5.3. Muze vng&jsi aplikace i jiné steroidni latky — 20-hydroxyekdysonu — ovliviiovat
TOLtOSYNLEtICKE PIOCESY? ... viveeririieiiiiteriee sttt r e e nenr e nreereene s 52
5.4. Jaky je vliv 24-epibrassinolidu a 20-hydroxyekdysonu na fotosyntetické procesy u
KUKUFICE @ T SPENATUT .....eeiiiieieie ettt sttt et et esnneesneere e 61
B. DISKUZE ... e 77
6.1. Reakce riznych genotypt kukufice na aplikaci brassinosteroidd v pfirodnich
POAMINKACH ...ttt ettt et esbn e nneene e 77
6.2. Pomahaji brassinosteroidy rostliné zvladat abiotické Stresy? ......cccocvvvvniivinieenieeninsnennn 79
6.3. Maji ekdysteroidy biologickou funkci v rostliné — regulaci fotosyntetickych procesa?.. 80
T ZZAVETY oottt 82
8. Seznam POUZIte IIETAtUIY .......cceeiiiiiiiiiiiei s 83
0. PIIIONY e 97
9.1. Dalsi publikace SOUVISEJiCi § tEMALEIMN PIACE......cververiieirieriiesiiesiie e eieesteesee e s seeeseee e 97
9.1.1. CIANKy Ve SDOMNICICH. ......cvecvecececeeieeceeie ettt 97
9.1.2. Pfednasky, plakatova sdéleni a abstrakty z konferenci...........c.ccevveiiininiiiniinn 97
9.2. Publikace nesouvisejici s tEMatem PIACE .........ovvereerireeiiereeeenie e 100
9.2.1. CIanKy v €asOPISECh S IF.......ovieieeeieeieeseeeseetee ettt 100
9.2.2. Clanky v recenzovanych ¢asopisech bez IF ..........cccocvevvrucurcurerscesceeseeseseseseesenen, 101
9.2.3. CIANKy Ve SDOTNICICH. .......cvucveivececeeieece ettt 101
9.2.4. Ptednasky, plakatova sdéleni a abstrakty z konferenci..........cccooeveviiviiiineeinnnnn, 103
9.2.5. Knihy ur€ené pro VYUKU........ccovrieriiiiie i 106



Abstrakt

Zivo&idné steroidni hormony jsou velmi dobfe znamy a jejich vyzkum probiha jiz
dlouhou dobu, v rostlinach vsak dlouho zadné steroidni latky s biologickou funkci nebyly
identifikovany. Teprve v druhé polovin€ minulého stoleti byly objeveny brassinosteroidy,
u nichz byla pozdé&ji potvrzena hormonalni funkce v rostlinach. Stale je vSak pii vyzkumu
jejich funkce mnoho neznadmych. Tato prace predklada ve své prvni Casti dikazy, ze
brassinosteroidy reguluji u kukutice (Zea mays L.) péstované v polnich podminkach nejen
morfologii a vynos, ale 1 nékteré vyvojové a reprodukéni charakteristiky, jako naptiklad
pocet samicich kvétenstvi ¢i rychlost vyvoje samcich kvétenstvi. Konkrétni reakce
rostliny vSak zavisi na typu pouzitého brassinosteroidu, na jeho koncentraci, a
Vv neposledni fad¢ i na konkrétnim genotypu kukufice a na fazi vyvoje rostliny v dobé
postfiku. Vliv brassinosteroidii na priméarni fotosyntetické procesy v rostlin¢ za téchto
podminek péstovani nebyl prokazan, a to ani na aktivitu fotosystému (PS) 1, ani na
aktivitu Hillovy reakce. Nebyly nalezeny ani statisticky prukazné rozdily v obsahu

fotosyntetickych pigmenti.

Dal$im tématem, feSenym v této praci, byl mozny ochranny vliv brassinosteroidi
na rostliny vystavené chladu. U kontrolnich rostlin doSlo pfi exogenni aplikaci velmi
nizkych koncentraci 24-epibrassinolidu ke statisticky prikaznému zvétSeni nékterych
listh a zvySeni obsahu fotosyntetickych pigmentt, u rostlin vystavenych chladu se naopak
pozitivni vliv projevil pouze pii oSetieni vy$simi koncentracemi 24-epibrassinolidu, a to
pouze u obsahu chlorofylli. Ani tentokrat se nepodafilo zjistit statisticky pritkazny vliv na
primarni fotosyntetické procesy fotosyntézy hodnocené jako aktivita Hillovy reakce ¢i

aktivita PS1.

Zcela novym vysledkem prace bylo prokézani biologické aktivity u dalSich
steroidnich latek, které se v nékterych rostlinach také vyskytuji — ekdysteroidt. Pti
experimentech na rostlinach novozélandského Spenatu (Tetragonia tetragonioides L.)
doslo po osetfeni 20-hydroxyekdysonem k statisticky prikaznému zvySeni u€innosti Cisté
fotosyntézy, ovSem pouze kratkodobému (do ¢tyf hodin po oSetfeni). Tyto vysledky
poprvé naznacily potencialni biologickou funkci ekdysteroidd, které by se mohly podilet
na regulaci fotosyntézy. Pfi praci s mladymi rostlinami $penatu (Spinacia oleracea L.) a

kukufice, které maji odlisSny endogenni obsah ekdysteroidl, bylo zjisténo, ze rostliny



obou druhli oSetfené bud’ ekdysteroidy nebo brassinosteroidy, reagovaly snizenim
efektivity celého fotosyntetického elektron-transportniho fetézce, ale odpovéd’ PS2 na
oSetfeni byla u obou druhti rizna, v fad¢ charakteristik pfimo opacna. Zaroven tato
odpovéd’ zavisela na vyvojovém stadiu listi, pficemz fotosyntetické procesy ve starSich
listech reagovaly vice. Pisobeni nizkych koncentraci ekdysteroidli tedy muize ovlivnit
ucinnost raznych ¢asti fotosyntetickych procesti obdobné jako u brassinosteroidu, zalezi
v$ak na rostlinném druhu, vyvojovém stadiu a podminkach péstovani, a navic razné ¢asti
elektron-transportniho fetézce reaguji riznym zpusobem. Pfi spole¢ném oSetieni rostlin
obéma latkami vSak z&dné rozdily oproti kontrole nalezeny nebyly. Je mozné, ze
v nékterych aspektech signalizace ¢i metabolizmu rostlinné buniky mtuze dochéazet ke

kompetitivnimu Uc¢inku téchto ptibuznych latek.

Klic¢ova slova:

Brassinosteroidy, ekdysteroidy, fotosyntéza, morfologie rostlin, primarni fotosyntetické
procesy, fotosyntetické pigmenty, reprodukce rostlin, vnitrodruhova a mezidruhova

geneticka variabilita, vyvoj rostlin, abioticky stres



Abstract

While animal steroid hormones are very well known and have been studied for a long
time, in plants no steroid substances were known until relatively recently. Only in the
second half of the past century brassinosteroids were discovered; later on, their hormonal
function in plants was confirmed. Still a lot of unknown remains as regards their function
in plant cells. This paper presents in its first part the evidence that brassinosteroids control
in maize (Zea mays L.) grown under field conditions not only its morphology and yield
but also some developmental/reproduction characteristics like e.g. number of female
inflorescences or speed of the development of male inflorescences. Particular response
of a plant depends, however, on the type of applied brassinosteroid, its concentration, and
last but not least also on a particular maize genotype and developmental stage of the plant
during applicatin. Impact of brassinosteroids on primary photosynthetic processes in
plants has not been proven under these conditions, neither on the activity of photosystem
(PS) I nor on the Hill reaction. No statistically significant differences in the content of
photosynthetic pigments have been found either.

Another topic dealt with in this thesis is the possible protective influence of
brassinosteroids on plants subjected to cold. Control plants treated by exogenous
application of very low concentrations of 24-epibrassinolide showed a significant
enlargement of some leaves and an increase of the content of photosynthetic pigments
occurred; in plants subjected to cold, on the contrary, positive influence occurred only
after the treatment with higher concentrations of 24-epibrassinolide, and only regarding
the chlorophyll content. A significant impact on primary photosynthetic processes
assessed as the activity of the Hill reaction or activity of the PS1 was not found here
either.

Entirely new result of the thesis has been the proof of a biological activity of other steroid
substances also occurring in some plants — ecdysteroids. During the experiments on plants
of New Zealand spinach (Tetragonia tetragonioides L.), a statistically significant increase
of the net photosynthetic rate occurred after the treatment with 20-hydroxyecdysone, but
just in a short-term (up to four hours after the treatment). These results have for the first
time indicated the potential new biological function of ecdysteroids — regulation of
photosynthesis. When working with young plants of common spinach (Spinacia oleracea
L.) and maize, species with different endogenous content of ecdysteroids, it has been
found that plants of both species treated either by ecdysteroids or brassinosteroids
responded by decreasing their efficiency of the entire photosynthetic electron-transport
chain, but the response of PS2 of each species to the treatment was different and often
quite opposite. This response also depended on the developmental stage of leaves (the
photosynthetic processes in older leaves responded more). Thus, low concentrations of
ecdysteroids can affect the efficiency of different parts of photosynthetic processes
similarly to brassinosteroids; however, their effect depends on particular plant species,
developmental stage as well as growing conditions; in addition, different parts of the



electron-transport chain respond in different ways. After joint treatment of the plants by
both substances, no differences compared to control plants were found. It is possible that
a competitive impact of these related substances may occur in some aspects of signaling
or metabolism of plant cell.

Key words:

Brassinosteroids,  ecdysteroids,  photosynthesis, plant  morphology, primary
photosynthetic processes, photosynthetic pigments, plant reproduction, intraspecific and
interspecific genetic variability, plant development, abiotic stress



Seznam zKkratek

20E - 20-hydroxyekdyson

24E - 24-epibrassinolid

AAC - 2a,3a,17B-trihydroxy-5a-androstan-6-on
ABA - abscisova kyselina

BR - brassinosteroid(y)

ET - etylén

GA - giberelova kyselina

JA - jasmonova kyselina

Me - metylace

OEC - komplex vyvijejici kyslik

P - fosforylace/defosforylace

Pn— rychlost Cisté fotosyntézy

PS - fotosystém

ROS - reaktivni formy kysliku

RuBisCO - ribuldza-1,5-bisfostatkarboxylaza/oxygenaza

SA- salicylova kyselina



1. Uvod

Nase laboratot se del$i dobu zabyva odpovédi riznych genotypt hospodaisky
vyznamnych rostlin, pfedevsim jejich fotosyntetického aparatu, na stres zplsobeny
abiotickymi faktory (hlavné chladem, nedostatkem ¢i nadbytkem vody). V ramci tohoto
vyzkumu jsme navézali spolupraci se skupinou Dr. L. Kohouta z Ustavu organické
chemie a biochemie AV CR, v.v.i., ktera se zabyvala syntézou a strukturné-funkéni
analyzou brassinosteroidi (BR), oxysterold, které se v malych mnozstvich vyskytuji ve
vSech rostlinnych druzich a plni funkei fytohormont. Z literatury jsme o této skupiné
latek veédéli, Ze neékteré prace naznacuji protistresovy ucinek téchto hormont, coz nas
zajimalo. Zda a jak tento ucinek souvisi s odezvou riznych ¢asti fotosyntetickych procest
vSak zatim neni jednoznacné vyfeseno. Téméf nic se také nevi o tom, zda rizné genotypy

jednoho druhu nebo i rtizné druhy rostlin reaguji na tyto hormony stejn€ nebo rizné¢.

Zacali jsme tedy testovat vliv téchto latek nejprve na rostliny péstované v polnich
podminkach a poté se nas zajem soustiedil na reakci riznych genotypi kukutice a posléze
i dalsich druhti na BR pfi vystaveni stresu. Pfi testovani biologické funkce BR s nasi
laboratofi navazala spolupraci skupina Prof. Ing. T. Macka z Vysoké skoly chemicko-
technologické, jehoz skupina pomoci afinitni chromatografie zjistila v podminkach in
vitro specifickou vazbu BR, ale i dalsich rostlinnych sterold - ekdysteroidi - Kk nékterym
proteinim souvisejicim s fotosyntézou nebo se stresovou reakci rostlin. Role
ekdysteroidt v rostlinach neni zatim téméf vibec objasnéna a porovnani jejich funkce
s roli BR je velmi zajimavym tématem, na néz bychom se i v budoucnosti dale chtéli
soustiedit. Pfedkladana prace shrnuje prvni vysledky tykajici se této problematiky, na néz
budou navazovat dalsi, detailngjsi publikace, na kterych nase laboratot v souc¢asné dob¢

intenzivné pracuje.



2. Cile prace

V predkladané praci feSim tii1 zakladni cile:

- popsat, jaky je vliv brassinosteroidi na vybrané fotosyntetické, morfologické,
vyvojové a vynosové charakteristiky inbrednich a hybridnich genotypi kukufice,
péstovanych v polnich podminkach; srovnat, zda u riiznych genotypt bude tato

reakce stejna nebo odlisna.

- zjistit, zda exogenni aplikace brassinosteroidi zlep$i moznost mladych rostlin
kukufice se vyrovnat se stresem a zda ovlivni primarni fotosyntetické procesy a

obsah fotosyntetickych pigmentti

- zjistit, jestli mize exogenni aplikace ekdysteroidd na rtizné druhy rostlin mit vliv
na funkeci jejich fotosyntetického aparatu a porovnat ptipadny efekt s reakci na
aplikaci brassinosteroidi, opét pfedev§im s ohledem na rtizné ¢asti primarnich

fotosyntetickych procesti a na moznou mezidruhovou variabilitu
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3. Literarni prehled

3.1. Brassinosteroidy jako rostlinné hormony

Ackoliv v zivocCis$né Fisi jsou steroidni hormony znamé jiz velmi dlouho, v rostlinach
zadné podobné latky nebyly dlouhou dobu identifikovany. Az v roce 1979 byla z pylu
fepky (Brassica napus L.), nasbiraného véelami, izolovana a charakterizovana steroidni
latka, kterd méla pozitivni ucinek rastového stimuldtoru v biologickém testu rastu
druhého internodia fazolu (Phaseolus vulgaris L.). Byl to prvni identifikovany
brassinosteroid (BR), nazvany brassinolid (Grove et al., 1979) a poté byly nalezeny dalsi
podobné latky (Abe et al, 1982). Protoze se tyto latky v rostlinach vyskytuji ve velmi
malém mnozstvi a ptima izolace z rostlin je tedy nevyhodna, po zjisténi jejich struktury
(Obr. 1) nasledovala jejich uméla syntéza (Ishiguro et al., 1980; Fung et Siddall, 1980) a
zaroven byly syntetizovany i latky obdobnych struktur (Thompson et al., 1979; Kohout
et al., 1991, Kohout, 1994). V soucasné dobé¢ je znamo vice jak 70 BRs (Kohout et al.,
1991, Yokota, 1997, Khripach et al., 1999, Fujioka, 1999, Bajguz et Tretyn, 2003), které
byly nalezeny jak v krytosemennych, tak i v nahosemennych rostlinach i v mechorostech
a zelené tase (Hydrodictyon reticulatum L.), a to ve vSech rostlinnych organech, ale ve
velmi nizkém mnozZstvi. Nejvice BRs obsahuje obvykle pyl a ¢asto také semena, (1-100
ng na g hmotnosti Cerstvé biomasy), zatimco v kotenech a starsich listech je téchto latek
vyrazné méné (cca 0,01-0,1 ng na g) (Griffiths et al., 1995, Clouse et Sasse, 1998,
Fujioka, 1999).

Obr 1: Chemicky vzorec 24-epibrassinolidu, jednoho z velmi béZnych BRs (Rothova et al., 2014)

24-epibrassinolide CH

HO

Ytey,

HO""
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V devadesatych letech minulého stoleti byly ziskdny u nékolika druhd rostlin
trpasli¢i mutanty deficientni v syntéze BR, které se liSily od mutant deficientnich na
syntézu jinych rostlinnych hormon (Yuan et al., 2010). Jejich ziskani pomohlo pochopit
dilezitou roli BR ve vyvoji rostlin (Obr. 2) a tyto latky byly zahy pfefazeny z kategorie
ristovych regulatorti mezi fytohormony. Bylo totiz zjisténo, ze BR maji pleiotropni efekt
na celé rostliny (Rao et al., 2002). Jsou schopny ovliviiovat bunéény rust, déleni buiky,
podili se i na zrani ploda (Clouse et Sasse, 1998, Haubrick et Assmann 2006, Kartal et
al. 2009, Rao et al. 2002, Mahesh et al. 2013), dale na regeneraci bunky (Sasaki, 2002),
jejich dulezita role byla popsana pii ptisobeni na apikalni dominanci a senescenci (Sasse,
2003, Rao et al. 2002). Podili se také na indukci diferenciace cévniho systému u rostlin
(Clouse et Sasse 1998, Sasse 2003). Byla popsana indukce ristu pylové lacky po oSetieni
BR (Clouse et Sasse 1998), vliv na kli¢eni semen (Haubrick et Assmann 2006, Ozdemir
et al. 2004, Rao et al. 2002, Sharma et Bhardwaj 2007, Vardhini et Rao 2003) a také
indukce vzniku novych adventivnich kotfent (Rao et al. 2002). Byl zjistén i vliv BR na
biogenezi bunétné stény (Sasse 2003), na aktivaci protonovych pump v bunécné
membrané (Cerrana et al. 1984), ptusobeni na hladinu nukleovych kyselin v bufice
(Vardhini et Rao 1998, Swamy et Rao 2008) i na fosforylaci proteint (Fedina et al. 2008).

U r0znych druht rostlin byl také pozorovan vliv exogenné aplikovanych
brassinosteroidil na regulaci riiznych fotosyntetickych procest. Autofi popisuji ovlivnéni
rychlosti ¢isté fotosyntézy (Pn) naptiklad u brukve (Brassica juncea (L.) Czern.) (Hayat
et al. 2000, 2001a, 2007, Ali et al. 2008b, Fariduddin et al. 2009a,b), okurky (Cucumis
sativus L.) (Yu et al. 2004, Xia et al. 2006), s6ji (Glycine max (L.) Merrill) (Zhang et al.
2008), rajéete (Solanum lycopersicum L.) (Singh et Shono 2005), ryze (Oryza sativa L.)
(Farooq et al. 2009), vigny zlaté (Vigna radiata (L.)) Wilezek (Fariduddin et al. 2003,
2004, Ali et al. 2008a) a psSenice (Triticum aestivum L.) (Sairam 1994a,b, Ali et al.
2008c). Experimentalni data také ukazuji, ze optimalni hladina BR je nutna pro normalni
strukturu a funkci tylakoidni membrany (Krumova et al. 2014). Neni v$ak ziejmé, zda
BR primarn¢ ovliviuji aktivitu pigment-proteinovych komplexti fotosyntetického
elektron-transportniho fetézce, chloroplastové ATP syntazy nebo enzymu katalyzujicich
jednotlivé kroky fixace CO2, ¢i se podili na regulaci otevirani a zavirani praduchii nebo
regulaci syntézy/degradace slozek fotosyntetického fetézce (Yu et al. 2004, Hayat et al.
2007, Ali et al. 2008c, Ogweno et al. 2008, Fariduddin et al. 2009a,b). Vliv BR na
fotosyntetické procesy shrnuje napt. Hola (2011).
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Obr. 2: Vliv BRs na regulaci vyvoje rostliny se zaméfenim na nékteré agronomicky dalezité znaky (rtizové
obdélniky - pozitivni vliv, zluté obdélniky - smiSeny vliv, napf. pfi riznych koncentracich riizny) (ptevzato

z Vriet et al. 2012)
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Jelikoz BR a né¢které jejich syntetické derivaty jsou biologicky aktivni ve velmi
nizkych koncentracich, staly se kandidatem pro zeméd¢€lské vyuziti v praxi. U obilovin
zvysuji pocet klast a po¢et a hmotnost zrn v klasu (Ali et al. 2008b, Hnili¢ka et al. 2007,
Ramraj et al. 1997, Rao et al. 2002, Sairam 1994a, b, Takematsu et Takeuchi 1989,
Torres-Ruiz et al. 2007), u lusténin zvySuji pocet luskll a semen v nich (Hayat et Ahmad
2003, Ramraj et al. 1997, Rao et al. 2002, Takematsu et Takeuchi 1989, Vardhini et Rao
1998). Lepsi rist a vice semen bylo po oSetieni BR zji§téno i u hofi€ice a fepky i baviny
(Hayat et al. 2000, 2001b, Ramraj et al. 1997, Rao et al. 2002, Takematsu et Takeuchi
1989).

Ackoliv maji BRs na rist, vyvoj a vynos rostlin obecné kladny vliv, ptsobeni
téchto latek je ovlivnéno mnoha vnéjSimi faktory, takze se mlzZe stat, Ze zjiSténi ziskana
v kontrolovanych podminkéach nemusi platit v polni kultufe. VétSina praci zabyvajicich
se touto tématikou byla provaddéna v kontrolovanych podminkéch na velmi mladych
rostlinach, bez plisobeni ptirodnich faktorh redlného prostiedi, které samoziejmé reakci
celé rostliny velmi ovliviiuji. Velmi také zélezi na vyvojovém stadiu rostliny, béhem

né¢hoz dochazi k aplikaci BR (Amzallag 2002, Khripach et al. 2000, Nufiez et al. 2003,

13



Ramraj et al. 1997, Sasse 2003), zptsobu, délce a poctu jednotlivych aplikaci BR
(Fariduddin et al. 2003, 2008, Khripach et al. 2003, Nunez et al. 2003, Ramraj et al. 1997,
Sasse 2003, Vlasankova et al. 2009). Zaroven také velmi zaleZi na rostlinném druhu a
ziejmé i genotypu (Ali et al. 2008b, Hnilicka et al. 2007, Kang et al. 2007, Khripach et
al. 2003, Nuifez et al. 2003, Ramraj et al. 1997, Sairam 1994b, Shahbaz et al. 2008,
Torres-Ruiz et al. 2007, Vardhini et Rao 2003, Vlasankova et al. 2009, Zhao et Chen
2003). Je tedy ziejmé, Ze pouziti BRs v zemédélské praxi jesté stale vyzaduje mnoho

studia pro zavedeni obecné piijimané metody pro polni aplikace.

3.2. Mechanizmy piisobeni brassinosteroidi na molekularni arovni

Oproti giberelinovym i auxinovym mutantdm nemaji mutanty v BR syntéze problémy
s kli¢ivosti a ke standardnimu fenotypu je lze navratit exogennim ptfiddinim BR. Byly
ziskany predevsim u huseni¢ku (Arabidopsis thaliana L.) — mutanty dwfl, cpd/dwf3,
dwf4, dwf3, det2/dwf6, stel/dwf7, u hrachu (Pisum sativum L.) — mutanty lka a lkb, a u
rajcete — mutanta dwarf (Yokota 1997, Kwon et Choe 2005, Zhao et Li, 2012). Diky témto
mutantam se pozd¢ji podafilo identifikovat prvni proteiny signalni drahy BR (Divi ef al.
2010).

Na rozdil od Zivo€ichti, u nichz jsou receptory pro steroidni hormony umistény
intracelularné a komplex receptor-steroid reguluje expresi dalSich gent piimo v jadfe,
rostlinné receptory pro BR jsou transmembranové proteiny. Receptorem je BRI1 protein
(u Arabidopsis thaliana a jeho analogy u dalsich druht rostlin), coz je serin/threonin-
kindza, jejiZ receptorovd doména je umisténa na vnéjsi strané buné¢né membrany a jeji
intracelularni kindzova doména je aktivovana navazanim BR. Signdl je dale pfedavan
prostfednictvim fosforylacni/defosforylaéni kaskady a hlavni slozky této signalni drahy
a jejich funkce byly jiz veelku objasnény a jsou schematicky ptedstaveny na Obr. 3, ktery
je prevzat z jednoho z poslednich piehledovych ¢lankt na toto téma (Gruszka, 2013).

Nejvice studii popisujicich BR-signalizaci je zatim zpracovano na modelovém
organizmu Arabidopsis thaliana, u kterého bylo také ziskano nejvice BR mutant. Existuji
vSak udaje, ze nékteré mechanizmy se mohou lisit u jinych rostlinnych druhti, naptiklad
u ryze (Vriet et al. 2013). Geny, které jsou BR regulovany, zatim vSak nejsou piesné
znamy. Koduji pravdépodobné piredevSim rtzné transkripcni faktory, které pak dale

reguluji expresi dalich gent.
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Vétsina procest v rostling, které jsou BR regulovany, je ovliviiovana i dalSimi
skupinami fytohormont a v mechanizmech soucinnosti téchto latek je stadle mnoho
neznamych. Nékteré hormony mohou mit jak pozitivni, tak negativni roli a BR mezi n¢
patii. OvSem BRs neptisobi v organizmu osamoceng¢, ale spole¢n¢ s dal§imi rostlinnymi
hormony. Vysledna odpovéd’ organizmu je vzdy regulovana velmi komplexné, jak je
ziejmé napf. ze soucasnych znalosti o roli riznych rostlinnych hormonti pii odpovédi na
biotické stresory (Obr. 4) (Yang et al. 2013).

Vsechny modely, popisujici signdlni drahu BRs, pocitaji pouze s externim
pusobenim BR na bunku a nepiedpokladaji zadnou vnitrobunécnou vazbu BR. Presto
existuji in vitro studie, popisujici specifickou afinitu BR k nékterym vnitrobunéénym
proteintim, napiiklad proteinu ribul6za-1,5-bisfosfatkarboxylaza/oxygenaza (RuBisCO),
ktery je jednim ze stéZejnich fotosyntetickych enzymut (Kamlar et al. 2010a). Je ovsem

otazkou, zda tato vazba muiZe existovat i1 v Zivé burnce.
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Obr. 3: Model rozpoznani BRS a signalni drahy (ptevzato z Gruszka, 2013). a) V nepiitomnosti BR je

inhibovan komplex na C-terminalni doméné (CTD) BRI1 kinazy a BKI1 proteinu. Pozitivni regulatory BR

signalizace jsou neaktivni, zatimco cytoplazmatickd BIN2 kinaza je fosforylovana a inaktivuje transkripéni

faktory, coz ma za nasledek jejich uchovani v cytoplazmé, export z jadra a degradaci. Exprese gent

zavislych na pfitomnosti BR je potlacena. b) Po zachyceni BR BRI1kinazou se tvoii transmembranovy

receptorovy komplex a je iniciovana fosforyla¢ni/defosforylacni kaskada. BIN2 kindza je inhibovana, coz

zpusobi akumulaci aktivnich defosforylovanych forem transkripcnich faktord v jadfe a tim 1 stimulaci gend

zavislych na ptitomnosti BR. Zelené S$ipky znamenaji aktivaci, zatimco &ervené inhibici. P -

fosforylace/defosforylace, Me - metylace.
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Obr. 4: Role rostlinnych hormonii a jejich spoluprace pfi odpovédi ryze na biotické stresory. Sipky
znamenaji pozitivni ucinek, ervené usecky ukonéené T predstavuji negativni ti¢inek. GA - giberelova
kyselina, SA- salicylova kyselina, JA - jasmonova kyselina, ABA - abscisova kyselina, ET - etylén, BR -

brassinosteroid (pievzato z Yang et al., 2013).
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3.3. Role brassinosteroidi v odpovédi rostliny na abiotické stresory

Zatimco BR-spusténd signdlni draha, kterd vede k regulaci bézného ristu a vyvoje
rostliny, je v souc¢asné dob¢ jiz zna¢né prostudovana, mechanizmy, kterymi BRs ovliviiuji
odpovéd’ rostliny na stres, jsou zatim stale velmi nejasné (Hao et al. 2013, Fariduddin et
al. 2014). Rostliny jsou organizmy, které nemohou pied nebezpecim utéci, a proto Si
vyvinuly mnoho mechanizmi, jak mohou nepfiznivym podminkdm vzdorovat. Plisobi na
n¢ jak stresové faktory jak biotické, tak abiotické povahy. Z abiotickych faktorti vnéjsiho
prostiedi, se rostliny musi vyrovnavat napt. S vlivem tézkych kovli, zmény ozafenosti,
vysokou zasolenosti pady, nedostatkem nebo nadbytkem vody, s pfili§ vysokou nebo
naopak nizkou teplotou. Sucho, nadmérné salinita, extrémni teploty a oxidativni stres
mohou zplisobovat obdobné typy poskozeni bun€k a vyvolavat podobné fyziologické
odpovédi rostlin (Bajguz et Hayat, 2009). Odpovéd’ organizmu na stresy je opét velmi

komplexni a existuji experimentalni dikazy, ze se ji ucastni i BR (Obr. 5). V této oblasti
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probihd jiz dlouho intenzivni vyzkum, pfesto je zde stale jeSt€ mnoho neznamého
(Khripach et al., 1999, Sakurai et al., 1999, Krishna, 2003, Ali et al., 2008a,b,c, Bajguz
et Hayat, 2009; Divi et Krishna, 2009; Hayat et al., 2010, Yuan et al., 2010, Hao et al.
2013, Fariduddin et al. 2014).

Obr. 5: generalizovany model signalni sit€ rostlin, vystavenych stresovym podminkam. ABA - abscisova
kyselina, BRs - brassinosteroidy, ET - etylén, JA - jasmonova kyselina, SA - salicylova kyselina (pfevzato
z Bajguz et Hayat, 2009)
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[ stress responses in plants

Pozitivni vliv BR na rostliny v nepfiznivych podminkach prostfedi se muze
projevovat riznymi zpisoby. Pti riznych typech abiotickych strest jsou ve zvySené miie
produkované reaktivni formy kysliku (ROS). Tak jako vSechny aerobni organizmy, i
rostliny maji vyvinuty metabolické drahy, kterymi umi vyuzit svlij energeticky potenciél
Vv ptitomnosti kysliku tak, aby zabranily nebezpe¢nym G¢inkiim ROS na makromolekuly.

Maji ptirozené vyvinuty i drahy, kterymi tyto latky zneskodnuji (Navrot et al. 2007). Jako
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ochranné prostfedky rostliny vyuzivaji jednak antioxidativni enzymy, jako napftiklad
superoxiddismutazu, katalazu, askorbatperoxidazu, monodehydroaskorbatreduktazu,
glutathionreduktazu, glutathionperoxidazu aj. (Ruley et al. 2004, Simonovi¢ova et al.
2004, Sharma et Dubey 2005), a dale neenzymatické antioxidanty, jako jsou prolin,
askorbat, glutathion, a-tokoferol, karotenoidy aj. (Vardhini et Rao 2003, Ozdemir et al.
2004, Sharma et Dubey 2005). O tom, jakou roli hraji BRs pfi regulaci oxidativniho stresu
Vv rostling, se v8ak zatim mnoho nevi (Fariduddin et al. 2014). N¢které experimenty
ukazuji, ze externé aplikované BRs mohou ovliviiovat aktivity antioxida¢nich enzymt i
obsah nékterych neenzymatickych antioxidantti véetné sekundarnich metabolita (Li et
van Staden 1998, Li et al. 1998, 2008, Vardhini et Rao 2003, Ahammed et al. 2013,
Fariduddin et al. 2013), stejné tak jako mnozstvi antioxida¢nich enzymi (Nufiez et al.
2003, Ozdemir et al. 2004, Bajguz et Hayat 2009, Fariduddin et al. 2013). Jiang et al.
(2012) popisuji indukci tolerance vici stresim pravé pozitivni regulaci antioxidacniho
systému prostfednictvim BR. Pfi pokusech s BR-mutantami se zda, Ze exogenné
dodavané BR u nemutovanych rostlin potlacuji transkripci n€kterych genti souvisejicich
se stresovou odpovédi nebo potranskripéni Upravy jejich produktl, aby tim zajistily
normalni riist a vyvoj rostliny. AvSak stale neni zfejmé, zda BR upravuji odpovéd’ rostliny
na oxidativni stres pfimo ¢i neptimo (Cao et al. 2005).

Jednou z moznosti uplatnéni BR v odpovédi rostlin na stresové faktory mutize byt
napiiklad jejich vliv na fotosyntetické procesy. Exogenni oSetfeni rostlin BR casto
zmenSuje stresem indukovany pokles Pn, coz bylo prokazano u riznych druhi rostlin
(Sairam 1994a, b, Hayat et al. 2007, Ali et al. 2008a,b,c, Ogweno et al. 2008, Shahbaz et
al. 2008, Zhang et al. 2008 Fariduddin et al. 2009a,b, Ma et Guo 2014). Avsak piesné
mechanizmy tohoto jevu nejsou zatim zdaleka kompletné znamy. BRs mohou indukovat
syntézu fotosyntetickych pigmentt ¢i branit jejich rozkladu (Hayat et al. 2007, Ali et al.
2008a,b, Fariduddin et al. 2009a,b) nebo zvySovat efektivitu fotosyntézy napiiklad
prekonanim limitace otevieni priduchd a tim zvyseni koncentrace CO2 v listu (Ali et al.
2008b, Shahbaz et al. 2008). V soucasné dob¢ se zda, ze blize pravde je spis tato druha
varianta. Aby bylo mozné se o mechanizmech vlivu BRs pfi ochrané fotosyntetického
aparatu pii stresu dovédét vice, bude tieba vénovat pozornost predevsim vlivu BR na
vyvoj fotosynteticky aktivnich chloroplastti, analyze ptisobeni BR na razné slozky
elektronového transportu v chloroplastech, dale analyze vlivu BRs na vSechny enzymy,
podilejici se na fixaci CO2 (nejen na RuBisCO) a to u rostlin se C3, C4 i CAM typem

fixace COz. Také je dilezité ziskat informace ze strukturné-funk¢énich analyz, které
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fotosyntetické¢ charakteristiky jsou ovlivnény specifickymi typy BR. Bude tfeba
odpoveédét i na otazku, pro¢ je obvykle vliv BR na fotosyntézu vyraznéjsi pii stresovych

nez pii optimalnich podminkach (Hola 2011, Fariduddin et al. 2014).

3.4. Ekdysteroidy — dalsi steroidni latky obsaZené v rostlinach

V rostlinach se kromé¢ BR vyskytuji 1 dalsi steroidni latky, ekdysteroidy, které se
od BR odlisuji nejen v né€kterych aspektech biosyntézy, ale i vyskytem v rostlinach,
mnozstvim, distribuci mezi organy a podobné¢. Nejcastéji se vyskytuji v kofenech, listech
a semenech, nékdy byly detekovany i ve stoncich, cibulkach ¢i kvétech (Dinan et al.
2001).

Obr. 6: Chemicky vzorec 20-hydroxyekdysonu, nejbézngjsiho ekdysteroidu obsazeného v rostlinach
(Rothova et al. 2014)

20-hydroxyecdysone Ord §OH

Koncentrace ekdysteroida v rostlinnych pletivech mtze byt az 100krat vyssi nez
u ¢lenovct, avsak jejich obsah se velmi odliSuje u riznych rostlinnych druht. Zavisi i na
konkrétnim organu rostliny a na vyvojovém stadiu (Dinan, 2009, Bakrim et al. 2008).
Nejcastéji se vyskytujicim ekdysteroidem v rostlinach je 20-hydroxyekdyson (20E) (Obr.
6), avSak V rostlinach bylo zjisténo jiz 460 typta téchto sloucenin a jsou stale objevovany
nové. Ne ve vSech druzich rostlin se vSak ekdysteroidy vyskytuji v detekovatelném
mnozstvi, odhady uvazuji o jejich pfitomnosti cca v 5% rostlin, zatim vSak tyto odhady

jsou stanoveny na zdaklad¢ studia velmi nizného poctu rostlinnych druht. Bylo vSak
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zjisténo, ze 1 druhy, ve kterych se tyto latky nevyskytuji, obsahuji ve svém genomu geny
nutné pro jejich biosyntézu, jejichz transkripce je vSak potlacena (Dinan, 2009, Lafont et
al. 2013). Variabilita vyskytu jednotlivych typt ekdysteroidi v rostlinach je velika, zavisi
na rostlinném druhu, odrid¢, nékdy i jednotlivé rostling, dale na rostlinném orgéanu a ¢asto
I na jeho vyvojovém stadiu (Dinan 1995, Dinan 2001, Dinan et al. 2001, Bakrim et al.
2008, Festucci-Buselli et al. 2008, Cheng et al. 2010). Mnozstvi ekdysteroidi v rostlinach
obvykle neptesahuje 0,01 az 1 % hmotnosti susiny a vétSinou je v rostliné obsazen jeden
az dva majoritni ekdysteroid a pak vice minoritnich strukturnich analogt (Lafont 1998,

Dinan et al. 2009).

v

Funkce ekdysteroidi v rostliné zatim neni znama. Nejptijimanéjsi je hypotéza,
podloZzena mnoha dikazy, Ze rostliné slouzi jako ochranné latky proti fytofagim,
pfedevSim proti fytofdgnim druhiim hmyzu a nematod, u kterych zpisobuji rtzné
vyvojové nebo reprodukéni abnormality (Dinan 2001, Dinan 2009, Festucci-Buselli et al.
2008). Na druhé strané jsou ekdysteroidy velmi strukturné podobné BRs, a proto se nabizi
otazka, zda maji v rostlinach také jinou fyziologickou funkci. Pfi pouziti obecnych
biologickych testl, vyuzivanych pro zjisténi hormonalni aktivity latek v rostlinach nebyly
pro ekdysteroidy vétSinou zjistény pozitivni vysledky (Dreier et Towers, 1988,
Machackova et al. 1995). AvSak prestoze tyto testy vySly negativng, slaba aktivita,
podobna jako u giberelind, byla zjisténa u ryze (Machackova et al. 1995) a exogenné
aplikované ekdysteroidy mély pozitivni vliv na rist koleoptile a semenacku u nékolika
rostlinnych druhi (Golovatskaya 2004, Bakrim et al. 2007). Dale byl po oSetieni
ekdysteroidy pozorovan pozitivni vliv na efektivitu kli¢eni semen rajcete (Bakrim et al
2007), zvySeni aktivity a-amylazy v aleuronu zrn je¢mene a dokonce i vliv na obsah
DNA, RNA, celkovych proteintl, organického a anorganického fosforu ¢i sacharidd, a to
u tasy Chlorella vulgaris Beyerinck (Bajguz et Koronka, 2001). Pomoci afinitni
chromatografie bylo pozorovano, ze se ekdysteroidy specificky vazou Kk né&kterym
fotosyntetickym a jinym vnitrobunéénym proteintim podobné jako BR (Uhlik et al. 2008,
Kamlar et al. 2010b). Vsechna tato data naznacuji, ze by ekdysteroidy, podobné jako jim
strukturné velmi ptibuzné BR, mohly mit 1 roli pfi regulaci riistu a vyvoje rostlin, ktera

zatim neni objasnéna.
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4. Material a metody

4. 1. Biologicky material

Kukufice seta (Zea mays L.), inbredni rodi¢ovské linie 2023 a CE704 a jejich F1
ktizenec (2023xCE704); osivo zakoupeno ze Slechtitelské stanice CEZEA a.s.
Ctyibo¢ rozlozita (Tetragonia tetragonioides L.); osivo zakoupeno od spoleénosti
SEMO, a.s.

Spenat sety (Spinacia oleracea L. var. Matador); osivo zakoupeno od spole&nosti
SEMPRA Praha, a.s.

4. 2. Pouzité steroidy

24-epibrassinolid (24E) neboli (22R,23R,24R)-2a.,30,22,23-tetranydroxy-24-
methyl-7-oxa-7a-homo-5a-cholestan-6-on; dodal Dr. L. Kohout, UOCHAB AV
CR, v.v.i.

Synteticky androstanovy analog castasteronu (AAC) neboli 2a,3a0,17p3-
trihydroxy-5a-androstan-6-on; dodal Dr. L. Kohout, UOCHAB AV CR, v.v.i.
20-hydroxyekdyson (20E) neboli (2B,38,140,20R,22R,25-hexahydroxy-5p-
cholest-7-en-6-one); zakoupeno od Sigma Aldrich
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4. 3. Vycet pouzitych metod

- Méfeni morfologickych, ristovych, reprodukénich a vynosovych charakteristik
rostlin (vyska, pocet internodii a listd, rozméry listl, specifickd hmotnost listu,
hmotnost susiny nadzemni a podzemni ¢asti rostliny, sledovani vyvoje celych
rostlin, u kukufice i sam¢ich i sami¢ich kvétenstvi, rizné parametry vynosu)

- Stanoveni relativniho obsahu vody v listu

- Izolace fotosynteticky aktivnich chloroplastl z listi a polarografické méfeni
aktivity Hillovy reakce a aktivity fotosysttmu (PS) 1 v izolovanych
chloroplastech

- Polarografické méfeni rychlosti ¢isté fotosyntézy na listovych teréicich

- Gazometrické méfeni (infracerveny analyzator plynti) rychlosti ¢isté fotosyntézy,
transpirace, vodivosti pruduchti a intercelularni koncentrace CO-

- Spektrofotometrické stanoveni obsahu fotosyntetickych pigmenti — chlorofyl a,
chlorofyl b, celkové karotenoidy

- Analyza primarnich fotosyntetickych procesti pomoci fluorescence chlorofylu
(fluorescencni prechodové jevy — OJIP analyza)

- Statisticka analyza (analyza variance, parametrické i neparametrické post hoc

testy)
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5. Vysledky

5.1. Vliv brassinosteroidii na rustové, vyvojové, reprodukcéni a
fotosyntetické charakteristiky rostlin kukufice rostoucich v polnich
podminkach

Toto téma bylo zpracovano v nasledujicich publikacich:

Hola D., Rothova O., Kofova M., Kohout L., Kvasnica M. (2010): The effect of
brassinosteroids on the morphology, development and yield of field-grown maize. Plant
Growth Regulation. 61: 29-43. IF 1,670

Kocova M., Rothova O., Hola D., Kvasnica M., Kohout L. (2010): The effects of
brassinosteroids on photosynthetic parameters in leaves of two field-grown maize inbred
lines and their F1 hybrid. Biologia Plantarum 54: 785-788. IF 1,692

Prvni z publikaci byla pilotni studii v nasi laboratofi. Shrnuje vysledky ctyfletych
polnich pokust, pfi nichZ jsme studovali vliv oSetfeni rostlin roztoky 24E a AAC o
Stytech koncentracich (108, 101°, 10712, 10* M). Dva rodi¢ovské inbredni genotypy
kukutice (2023 a CE704) a jejich kiizence (2023xCE704) jsme oSetiili postiikem do
vrcholové ruzice listd, a to ve dvou riznych vyvojovych stadiich (V3/4 a V6/7). Oseteni
rostlin v mlad$im vyvojovém stadiu zptsobilo prodlouzeni listi od sedmého do desatého
veetn€, pifi stejném oSetfeni ve starSim vyvojovém stadiu rostlin byl efekt opacny.
Rychlost nastupu reprodukéni faze byla rizna v zavislosti na pouzitém BR (24E, AAC)
a na dob¢, kdy byly BR aplikovany. Nase vysledky ukézaly, ze oSetfeni rostlin v ¢asné
fazi vyvoje spiSe zpomalovalo nastup kveteni, pti osetfeni v pozd€jsim stadiu vyvoje jsme
naopak zaznamenali rychlej$i nastup tvorby kvétd oproti kontrole. Pozorovali jsme
rovnéZ zvysSeni poctu sekundarnich samicich kvétenstvi, které bylo velmi vyrazné u
rostlin F1 generace, u rodi¢ovskych genotypt byly rozdily zavislé na pouzité latce i jeji
koncentraci. Stejné tak pii méfeni vynosovych parametrti byl vliv oSetfeni BRs vyrazny.
Zavisel vsak na vSech sledovanych proménnych, tj. na typu BR 1 jeho koncentraci, na

vyvojovém stadiu rostliny pfi oSetfeni 1 na genotypu rostlin.
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Vliv oSetieni BRs na obsahy fotosyntetickych pigmentd (chlorofylt a
karotenoidtl) ani na aktivitu Hillovy reakce (ktera je métitkem aktivity PS2) nebo aktivitu
PS1 se statisticky prikazné neprojevil. Toto téma je zpracované v druhé z uvedenych
publikaci. Vliv BRs na PS1 pted uvefejnénim tohoto ¢lanku nebyl studovan, ackoliv je
tento fotosystém velmi diilezitou slozkou primarnich fotosyntetickych procest. Tento

vysledek tedy povazujeme za velmi dulezity.
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Abstract
maize (Zea mays L.) and their F1 hybrid to the application
of 1073-107!* M solutions of 24-epibrassinolide or syn-

The response of two field-grown inbred lines of

thetic androstane analogue of castasterone in V3/4 and V6/
7 developmental stages was followed during the vegetative
and carly reproductive phases of plant development.
Brassinosteroids (BRs) significantly affected (either posi-
tively or negatively, depending on the genotype and the
developmental stage they were applied) the height of plants
during the early weeks after their application, but not the
final plant height nor the number of leaves. Spraying of
plants with BRs in V3/4 developmental stage usually also
increased the length of the 7th to 10th leaf, whereas the
application in V6/7 developmental stage had the opposite
effect. The beginning of the reproductive phase of plant
development and the course of flowering was strongly
influenced by the application of BRs. Treatment of plants
in V3/4 stage delayed and treatment of plants in V6/7 stage
advanced the dates of anthesis and silking, regardless of the
type of BR used, its concentration or plant genotype. The
influence of BRs on the development of the secondary ear
was the least pronounced in the F1 hybrid; in both inbred
lines it strongly depended on the concentrations of BRs
used. Various yield parameters were also affected by
treatment of plants with BRs, but this effect depended on
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the developmental stage during which the application of
BRs occured. the plant genotype, the type of BR and its
concentration.

Keywords

Flowering - Genotypes - Growth - Zea mays L

Introduction

Since their discovery in 1979, brassinosteroids (BRs) have
become the focus of study of many scientists working in
the field of plant physiology, molecular biology, agricul-
ture and even medicine. This is in a large part due to the
wide range of biological processes these steroidal com-
pounds can regulate. BRs not only affect both cell division
and cell elongation, having thus a significant influence on
growth and development (Clouse and Sasse 1998; Hau-
brick and Assmann 20006: Kartal et al. 2009: Rao et al.
2002; Sasse 2003), but participate also in the induction of
the differentiation of plant vascular system (Clouse and
Sasse 1998; Sasse 2003), play an important role in the
regulation of senescence (Clouse and Sasse 1998; Rao et al.
2002), induce the pollen tube growth (Clouse and Sasse
1998), affect seed germination (Haubrick and Assmann
2006: Ozdemir et al. 2004; Rao et al. 2002; Sharma and
Bhardwaj 2007; Vardhini and Rao 2003) and induce the
formation of adventitious roots (Rao et al. 2002). They are
also involved in the regulation of cell wall biosynthesis
(Sasse 2003), activation of proton pumps in cellular
membranes (Cerrana et al. 1984), they enhance DNA and
RNA levels (Vardhini and Rao 1998; Swamy and Rao
2008) and influence the phosphorylation of proteins
(Fedina et al. 2008). In plants subjected to stress condi-
tions, BRs affect (positively or negatively) the activity of
antioxidant enzymes, synthesis of various osmoprotectants,
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synthesis of heat shock proteins, the fatty acid composition
of membrane lipids, etc. (Ali et al. 2007, 2008a; Arora
et al. 2008; Hayat et al. 2007; Janeczko et al. 2009; Kartal
et al. 2009; Mazorra et al. 2002; Ozdemir et al. 2004:
Shahbaz et al. 2008; Singh and Shono 2005). Photosyn-
thesis, transpiration and nitrogen fixation in plants are also
influenced by BRs (Ali et al. 2008b; Fariduddin et al. 2003;
Farooq et al. 2009; Hayat et al. 2000; Li et al. 2008: Sairam
19944, b; Swamy and Rao 2008; Yu etal. 2004), as well as
the distribution of assimilates to various plant organs (Fujii
and Saka 2001).

The availability of a wide range of synthetic methods for
the production of both natural BRs and their synthetic
analogues with high biological activity, together with the
very low concentrations needed for the manifestation of
their effect on plants, make BRs logical candidates for the
agricultural application. Exogenously applied BRs have
long been known to increase growth and yield in many
economically useful plant species. In cereals, BRs promote
the number of ears, and in some cases also their length, and
the number and weight of kernels per ear (Ali et al. 2008b;
Hnilicka et al. 2007; Ramraj et al. 1997; Rao et al. 2002;
Sairam 1994a, b; Takematsu and Takeuchi 1989; Torres-
Ruiz et al. 2007). In leguminous crops, the number of pods
per plant and total seed yield increases after the application
of exogenous BRs (Hayat and Ahmad 2003; Ramraj et al.
1997; Rao et al. 2002; Takematsu and Takeuchi 1989;
Vardhini and Rao 1998). Growth and seed yield of mustard
or rapeseed plants is also promoted by their treatment with
BRs (Hayat et al. 2000, 2001b; Ramraj et al. 1997; Rao
et al. 2002; Takematsu and Takeuchi 1989); the same
applies for seed yield in cotton (Ramraj et al. 1997).

Though BRs generally have a positive influence on
growth, physiological and yield parameters of plants. their
effect depends on various internal and external factors.
Many BRs and BRs" analogues that showed high biological
activity in bioassays or controlled-environment experi-
ments failed to stimulate plants grown in the field condi-
tions. This can be explained by various reasons. The time
of BRs application (in relation to the developmental stage
of plant) has been shown to have an important effect on
plant response to BRs treatment (Amzallag 2002; Khripach
et al. 2000; Nufez et al. 2003; Ramraj et al. 1997; Sasse
2003). The length of plant exposure to BRs, the frequency
of application, the application mode and the type and dose
of BRs can also substantially affect the growth/yield pro-
moting activity of these compounds (Fariduddin et al.
2003, 2008; Khripach et al. 2003; Nuiez et al. 2003;
Ramraj et al. 1997; Sasse 2003; Vlasankova et al. 2009).
The degree of BRs influence on plants depends also on
plant species and genotype (Ali et al. 2008b; Hnilicka et al.
2007; Kang et al. 2007; Khripach et al. 2003; Nuifiez
et al. 2003; Ramraj et al. 1997; Sairam 1994b; Shahbaz
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et al. 2008; Torres-Ruiz et al. 2007; Vardhini and Rao
2003; Vlasankova et al. 2009; Zhao and Chen 2003).

The purpose of this study was to evaluate the effect of the
exogenous application of two types of BRs (the naturally
occurring 24-epibrassinolide and the synthetic androstane
analogue of castasterone) on the growth, development and
yield of field-grown maize plants. and to examine the
dependence of this effect on plant genotype, the develop-
mental stage during which the application of BRs occured,
and the concentration of BRs.

Materials and methods
Plant material and BRs treatments

Kernels of two dent maize (Zea mays L.) inbred lines, 2023
and CE704, and their FI hybrid 2023 x CE704 (2023
being the maternal parent) were obtained from the Maize
Breeding Station CEZEA in éch (the Czech Republic).
The inbred line CE704 is a poorly producing genotype with
short ears and small, pale yellow kernels; it is also char-
acterized by a small height, a rather compact stature, light-
areen leaves prone to a development of small lesions, and
male inflorescences without or with a low number of
branches. The inbred line 2023 shows a slightly delayed
development (approx. 3-days lag compared to the other two
genotypes). The F1 hybrid displays a positive heterosis for
both yield and morphological parameters.

Field experiments were conducted at the cultivation
grounds of the Department of Genetics and Microbiology,
Faculty of Science, Charles University in Prague, the
Czech Republic (50°04'N, 14°25'E, altitude 238 m) during
the 2004-2007 years. The meteorological conditions of
each experimental season are shown in Table 1. Kernels
were first sown into low dishes filled with garden soil and
placed in glass-covered hot-beds at the end of the April.
After approx. 4 weeks, the seedlings were transplanted into
the field in a regular pattern (the distance between rows
70 cm, the distance between plants in rows 50 cm). The
field was always pre-fertilized with horse manure but no
additional fertiliser or other agrochemical was applied
during the growing seasons. When necessary, plants were
artificially irrigated and manually weeded.

BRs treatments were applied either 41 or 55 days after
the date of sowing, representing the early (ET) or later (LT)
vegetative developmental stages. Due to the differences
among genotypes, the inbred line 2023 was in V3 and V6
stages, whereas the other two genotypes were in V4 and V7
stages for ET and LT, respectively. Foliage of plants was
sprayed with 1075, 1071°, 1072 or 107" M aqueous BRs
solutions or with tap water (control); care was taken to
avoid possible contamination. BRs (in the amount
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Table 1 Selected meteorological data for the 2004-2007 experimental seasons

Month Average air temperature (°C) Total precipitation (mm) Total sunshine duration (h)

2004 2005 2006 2007 2004 2005 2006 2007 2004 2005 2006 2007
April 11.1 11.8 10.3 13.2 9.4 22.9 48.4 1.5 201.8 206.3 167.6 295.3
May 13.6 15.4 15.2 16.6 35.7 423 83.5 41.4 198.7 257.3 237.0 253.4
June 17.6 18.5 19.5 20.3 83.2 55.6 55.5 53.9 200.8 247.4 276.0 248.9
July 19.8 20.0 24.7 20.2 26.7 121.2 7.3 49.3 238.2 2229 345.0 236.9
August 20.8 18.1 17.4 19.4 50.9 61.0 67.1 86.5 2447 203.8 148.4 234.7
September 15.7 16.7 18.6 13.0 32.6 292 11.4 63.8 2104 211.4 2451 161.6

representing 107 M) were initially dissolved in 1 em? of
ethanol; to obtain 10~* M stock aqueous solution, 1 cm’® of
dimethy! sulfoxide and 98 em?® distilled water was then
added. This solution was diluted with tap water to the
appropriate concentrations. Two different BRs were tested:
24-epibrassinolide (E), i1e. (22R23R24R)-20,30,22,23-
tetrahydroxy-24-methyl-7a-oxa-5x-cholestan-6-one
(according to the IUPAC nomenclature), synthesized as
described in Kohout (1994), and synthetic androstane
analogue of castasterone (A), i.e. 26,30, 17 S-trihydroxy-5a-
androstan-6-one. the use of which was patented—see EP
1401278, ES 2250658, DE 60206379.12, CZ 294343, PL
364495, UA 74760, etc. Experiments were arranged in
a split split-plot design with two replicates (main
plots = time of BRs application, subplots = genotypes,
sub-subplots = BRs treatments). Each subplot consisted of
9 rows with 9 plants per row, the layout of each type of
plots in the field was random.

Plant morphology and development

The number of fully developed leaves, the height of whole
plant (i.e. the distance from the ground to the ligule of the
youngest fully developed leaf or, at the end of experimental
season, to the flag leaf) and the length of individual leaves
were monitored regularly in 1-week intervals beginning
with the day of BRs treatment as Day (. The date of anthesis
(functional maturity) for both male and female flowers was
also recorded; anthesis for male flowers being defined as the
beginning of pollen shed from the tassel (male inflores-
cence), whereas for female flowers it represented the first
appearance of stigmas (silks) from within the surrounding
husks on the primary ear (female inflorescence) and is
referred to as silking (Bolanos and Edmeades 1996). The
anthesis-silking interval (ASI) was calculated as the differ-
ence between these dates. The date of silking and the length
of ASI was recorded also for the secondary ear.

The development of each inflorescence was further
followed by subdividing it into 3 or 4 stages. For the tassel,
the stage | was defined as its first visible appearance inside

the apical whorl of leaves (the lateral branches still nestled
against the central stem), the stage 2 as its full emergence
and branching (i.e. the VT stage, Ritchie et al. 1993), and
the stage 3 as the anthesis. For the ear, the stage 1 was
defined as its first visible appearance in the axil of a leaf
(silks still sheltered by husks), the stage 2 as the silking
(i.e. the R1 stage, Ritchie et al. 1993), at the stage 3, the
silks were fully extended and moist (with most pollen
being captured), whereas the stage 4 was characterized by
darkening and drying of silks (i.e. the R2 stage, Ritchie
et al. 1993). These stages were monitored regularly every
second day for the tassel and the primary, secondary and
tertiary (when present) ears on each plant. At the end of the
flowering period, the total number of visible ears per plant
was also recorded.

Yield parameters

At the end of September, the ears from all plants were
harvested, allowed to dry out, dehusked and the following
parameters were determined for the individual plants: the
number of fertile ears (i.e. ears with kernels) per plant, the
dry weight of whole ear and cob, the shelling percentage
(i.e. 100 x dry weight of shelled kernels/dry weight of
whole ear). the dry weight of 100 kernels, the length of
whole ear, the number of kernel rows per ear and the
number of kernels per row.

Statistical analysis

The data from all four seasons were pooled together and
subjected to two-way ANOVA with interactions (BRs
treatments, genotypes and the genotype x treatment
interactions as the possible sources of variation). Each
genotype was then analyzed by one-way ANOVA followed
by the LSD test with 0.05 level of probability to determine
the statistical significancy of the differences among indi-
vidual BRs treatments. All statistical evaluations were
made with the CoStat (Version 6.204) statistical software
(CoHort Software, Monterey, CA, the U.S.A.).
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Results
Plant morphology

The differences among genotypes in the height of whole
plant started to be pronounced from the V3 stage onwards
and were statistically significant (Table 2). At the end of
the vegetative stage of development, the height of the Fl
hybrid exceeded that of the inbred line 2023 by approx.
20 cm and the inbred line CE704 was by yet additional
approx. 10 c¢cm shorter. BRs treatment did not significantly
affect this final plant height (Table 2), but the height of the
BRs-sprayed plants in some cases differed from that of the
control plants during the early weeks after BRs treatment
(Fig. 1). The inbred line 2023 was the most positively
affected one among the three examined genotypes, partic-
ularly after its treatment with E (regardless of the con-
centration used) in LT stage or with 10~ M solution of E
in ET stage (Fig. 1d—f). On the other hand. LT plants of the
inbred line CE704 sprayed with 107" M solution of A
slowed their growth during the early weeks after BRs
treatment (Fig. 1g). Treatment of plants of this inbred line
in ET stage with either E or A also resulted in the lower

height of plants during the first 3 weeks after treatment,
and similar, even more pronounced effect was observed
also for the FI hybrid (Fig. la-d).

Similarly to their differences in the plant height, the
three examined genotypes significantly (Table 2) differed
in the number of leaves (15-16 in the F1 hybrid, 14-15 in
the CE704 and 1314 in the 2023 inbred lines, not counting
the flag leaf). The number of leaves was affected by BRs
treatment even less than plant height (Fig. 2). On the other
hand, treatment of plants with BRs significantly affected
the length of individual leaves, particularly those of lower
insertion levels (Table 2). Generally, spraying of plants in
ET stage with BRs increased whereas spraying in LT stage
decreased the length of leaves 7 to 10, with A usually being
the most effective BR (Table 3). The length of other leaves
was not significantly affected by BRs treatment and all
three genotypes responded to BRs treatment more-or-less
similarly (Tables 2, 3).

Inflorescence development and flowering dynamics

Statistically significant differences both among genotypes

and among BRs treatments were found for all examined

Table 2 The levels of

statistical significance (P) from Treatments (T)  Genotypes (G) ;l;lt:rzgtinn

two-way ANOVA of data for

various morphulugic’.-il. Plant height 0234 0 0.984

developmental and yield

parameters of maize Number of leaves 0.151 0 0.901
Length of leaf 6 0.009 0 0975
Length of leaf 7 0 0 0.999
Length of leaf 8 0 0 0.999
Length of leaf 9 0.001 0 1.000
Length of leaf 10 0.001 0 0.999
Length of leaf 11 0.004 0 1.000
Length of leaf 12 0.025 0 1.000
Length of leaf 13 0.218 0 0.997
Length of leaf 14 0.609 0 0.783
Date of the tassel anthesis 0 0 1.000
Date of the primary ear silking 0 0 0.998
Date of the secondary ear silking 0 0 0.589
Anthesis-silking interval for the primary ear 0 0 0913
Anthesis-silking interval for the secondary ear 0.008 0 0.776
Number of ears per plant at the end of the flowering 0 0 0.211
Number of fertile ears per plant 0.077 0 0.079
Ear length 0 0 0.003
Number of kernel rows per ear 0 0 0.845
Number of kernels per row 0.182 0 0.712
Dry weight of the whole ear 0.198 0 0.780

Brassinosteroid treatments, Dry weight of the cob 0.134 0 0.112

genotypes and their interaction Dry weight of 100 kernels 0.298 0 0.061

were included as possible Shelling percentage 0.005 0 0.672

sources of variation
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Fig. 1 The changes in the plant height during the development of
three maize genotypes (inbred lines 2023 and CE704, F1 hybrid
2023 x CE704) treated by foliar spray with 10 M(a, e), 107"°M
(b, £), 1077 M (c. g) or 107 M (d, h) aqueous solutions of 24-
epibrassinolide (E) or synthetic androstane analogue of castasterone
(A) either 41 (ET stage, a—d) or 55 (LT stage, e-h) days after sowing.
The mean values calculated from the pooled results of four
experimental seasons are shown as the percentage of control (i.e.
plants treated with tap water only)

parameters associated with plant flowering (Table 2). The
inbred line 2023 showed a delayed silking for both primary
(approx. 4 days later compared to the F1 hybrid and the
CE704 inbred) and secondary (approx. 6 days later com-
pared to the FI hybrid and 2 days later compared to the
CE704 inbred) ears, and the highest ASI among all three
genotypes examined (Table 4). The anthesis of male
flowers started approx. 2 days earlier in the Fl hybrid
compared to its parental inbreds, which affected the length
of its ASI (Table 4). The percentage of plants that devel-
oped secondary or tertiary ears was also much lower in
both inbreds (approx. 50 or 8%, respectively, compared to
approx. 95 or 40% in the F1 hybrid) (Table 5).

BRs treatments significantly and strongly affected the
dates of male anthesis and silking (counted as DAS).
Generally, treatment of plants in ET stage delayed and
treatment of plants in LT stage advanced these dates,
regardless of the type of BR used, its concentration or plant
genotype. The changes in the length of the period till the
start of male anthesis could amount up to 4 days, the

33
150 150
* 2023E ©¢2023-A @ e
4 CE704-E o CE704-A
125 i 0 F1-A r125
[ = oy SN
100 ﬁu A=4=4— 100
75 1 F75
j =
O 0 T T T T T T T T T T 0
i b f
E 125 125
38
LC)L 100 _W—M—- 100
é 75 F75
o o —T—T—T—T— T —T—T— 0
= c g
1251 L1425
4
6 100 1 —%—- 100
w
W 75 1 é F75
m
=
% 0 T T T T T d T T T T T h 0
125 126
100 W_%_ 100
75 r75
0 —T T 0

0 50 60 70 80 90100 0 50 sb 70 80 80100110
DAYS AFTER SOWING

Fig. 2 The changes in the number of fully developed leaves during
the development of three maize genotypes (inbred lines 2023 and
CE704, F1 hybrid 2023 x CE704) treated by foliar spray with 10™*
M (a, e), 107" M (b, ), 107> M (c, g) or 10~ M (d, h) aqueous
solutions of 24-epibrassinolide (E) or synthetic androstane analogue
of castasterone (A) either 41 (ET stage, a—d) or 55 (LT stage, e-h)
days after sowing. The mean values calculated from the pooled results
of four experimental seasons are shown as the percentage of control
(i.e. plants treated with tap water only)

changes in the length of the period till the start of primary
ear silking up to 6 days (in LT plants of the 2023 inbred
line) and the silking of the secondary ear could be
advanced or delayed by BRs treatment by 2-9 days,
depending on the genotype and the type of BRs treatment
(Table 4). Consequently, the length of ASI for the primary
ear increased in ET plants by 0.5-1 days and decreased in
LT plants by 0.5-1.5 days, with the 2023 inbred line and
the F1 hybrid being the most affected genotypes (Table 4).
The effect of BRs on the length of ASI for the secondary
ear could be examined in more detail only for the FI
hybrid, as about 50% of plants of both inbred lines did not
develop this ear, but the changes were similar to those
observed for the primary ear ASI (data not shown).

The examination of the progressive development of
inflorescences revealed that BRs treatment had the highest
impact in the earliest phases of the tassel (Fig. 3) and the
primary ear (Fig. 4) development but mostly in the later
phases of the secondary ear development (Fig. 5). The
development of the primary ear was most affected in the
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Fig. 3 The changes in the developmental stage of the tassel (male
inflorescence) in three maize genotypes (inbred lines 2023 and
CE704, F1 hybrid 2023 x CE704) treated by foliar spray with 107
M (a. e), 107""M (b, £), 107" M (c, g) or 107" M (d, h) aqueous
solutions of 24-epibrassinolide (E) or synthetic androstane analogue
of castasterone (A) either 41 (ET stage, a—d) or 55 (LT stage, e-h)
days after sowing. The mean values calculated from the pooled results
of four experimental seasons are shown as the percentage of control
(i.e. plants treated with tap water only)

2023 inbred line (with the exception of treatment of plants
in ET stage with 10~% M solutions of BRs) (Fig. 4). The
effect of BRs on the development of the secondary ear was
the least pronounced in the F1 hybrid; in both inbred lines
it strongly depended on the concentrations of BRs used
(Fig. 5).

The final number of ears developed by each plant at the
end of the flowering was also positively affected by BRs
treatment during ET stage, particularly in the 2023 inbred
line, with the lowest concentrations of both E and A being
the most effective ones (Table 5). On the other hand,
treatment of plants in LT stage resulted in the decrease in
the ear number per plant; again, spraying of plants with
10~ M solution of BRs usually had the most pronounced
effect (Table 5).

Yield parameters

e ary statistical analysis of datz irme e
The summary statistical analysis of data confirmed th
presence of statistically significant differences among

®2023.-E 02023-A A

e
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Fig. 4 The changes in the developmental stage of the primary ear
(female inflorescence) in three maize genotypes (inbred lines 2023
and CE704, F1 hybrid 2023 x CE704) treated by foliar spray with
1075 M (a, e), 107" M (b, H), 107> M (¢, g) or 107" M (d, h)
aqueous solutions of 24-epibrassinolide (E) or synthetic androstane
analogue of castasterone (A) either 41 (ET stage, a—-d) or 55 (LT
stage, e—h) days after sowing. The mean values calculated from the
pooled results of four experimental seasons are shown as the
percentage of control (i.e. plants treated with tap water only)

genotypes for all yield parameters (with the F 1 hybrid being
the ,,best™ one and the inbred line CE704 the ,,worst” one),
but the differences among BRs treatments were statistically
significant only for the ear length, the number of kernel
rows per ear and the shelling percentage (Table 2). How-
ever, this absence of significant BRs effects on other yield
parameters resulted from the different—often opposite—
response of the 2023 inbred line compared to the other two
genotypes, as revealed when the data from individual
genotypes were analyzed separately (Tables 6 and 7). The
number of fertile ears per plant was positively affected by
treatment of plants in ET stage in the inbred line 2023
(particularly using 107¥ M or 107'* M concentrations of A)
but did not significantly change or even decreased with BRs
treatment in the inbred line CE704 or the F1 hybrid; for LT
plants, the effect of BRs on the F| hybrid was more positive
but also statistically insignificant (Table 6). The ear length
of both CE704 and F| hybrid decreased after treatment of
ET plants with A but was not affected in the 2023 genotype,
whereas treatment of plants in LT stage with the same type
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Fig. 5 The changes in the developmental stage of the secondary ear
(female inflorescence) in three maize genotypes (inbred lines 2023
and CE704, F1 hybrid 2023 x CE704) treated by foliar spray with
1078 M (a, e), 107" M (b, £), 107" M (¢, g) or 107" M (d, h)
aqueous solutions of 24-epibrassinolide (E) or synthetic androstane
analogue of castasterone (A) either 41 (ET stage, a—d) or 55 (LT
stage, e—h) days after sowing. The mean values calculated from the
pooled results of four experimental seasons are shown as the
percentage of control (i.e. plants treated with tap water only)

of BR (particularly using 107* M concentration) resulted

in the decrease of this parameter in the 2023 but not the
other two genotypes (Table 6). BRs treatment of plants in
LT stage also negatively affected the number of kernel rows
per ear in the CE704 genotype (and vsually in the 2023 as
well, though these effects were mostly statistically insig-
nificant) (Table 6). The average number of kernels per row
was not significantly influenced by BRs treatment of plants
(Table 6).

Several positive or negative effects of BRs were
observed also for various weight parameters of ears. Gen-
erally, the inbred line 2023 responded differently from the
CE704 and 2023 x CE704 genotypes and treatment of
plants in ET stage showed often inverse effects to the
treatment of plants in LT stage. The most pronounced
effect was shown by the application of 10~ M solution of
A, which significantly increased the dry weight of whole
ear and cob in the inbred line 2023 when plants were
sprayed in ET stage, but the effect of the same type of
treatment on the CE704 inbred line was inverse (and was

@ Springer

displayed here also for the weight of
(Table 7).

100 kernels)

Discussion

The possibility of influencing plant growth and develop-
ment by the exogenous application of BRs has been pre-
viously often examined in various plant species including
maize. However, most of these studies were made with
plants grown in the controlled environment conditions and
treatment with BRs occured usually either by foliar spray
of very young plants or by seed soaking. Application of
BRs during later developmental stages has been explored
less frequently and only very rarely did someone attempted
to compare the effects of BRs application in various stages
of plant development. Amzallag (2002) compared the
response of sorghum to the early (8-days old plants) or later
(18-days old plants) addition of 107*-107"" M 24-epi-
brassinolide into root medium and found that 10~° M BR
treatment in later stage of plant development affected
neither plant biomass nor the length of leaf blade. whereas
early treatment significantly decreased both these param-
eters. Lower concentrations of 24-epibrassinolide had
similar (positive) effect on plant biomass but the length of
leaves was affected only in the early treated plants. The
results of our analysis of field-grown maize plants treated
with BRs either in the earlier (V3/4) or later (V6/7)
developmental stages also revealed the important role of
the time of BRs application on their effect on plant growth
and morphology, as well as on the course of flowering or
various yield parameters.

The most obvious differences between the results of the
exogenous application of BRs in earlier or later stages of
maize development were found for the course of flowering
and the number of developed female inflorescences.
Although the influence of BRs on flowering has been
observed in several plant species. more focused studies on
BRs' role in this area have rarely been reported. Recent
studies made on Arabidopsis thaliana mutants defective in
genes involved in BRs signalling revealed the involvement
of several components of BR-signalling pathway in the
control of floral initiation and showed that the attenuation
of BRs' signalling delays flowering in this plant species
(Clouse 2008: Domagalska et al. 2007; Turk et al. 2005;
Yu et al. 2008). In our case, the application of 105107
M 24-epibrassinolide or the synthetic androstane analogue
of castasterone in the earlier (V3/4) stages resulted in the
delayed flowering and lower number of ears per plants,
which agrees with the results of Janeczko et al. (2003), who
found that the application of 107% or 107 M 24-epibras-
sinolide (but not 107% or 1077 M) to 18-days old seedlings
of Arabidopsis reduced the number of plants in generative
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stage of development, i.e. delayed flowering. Kesy et al.
(2003) described the inhibition of flowering in Pharbitis nil
seedlings that were treated with 1077 or 107® M brassin-
olide or castasterone before or during flowering-inductive
dark period. On the other hand, we observed a significant
decrease in the length of period to anthesis and silking
when maize plants were treated by foliar spray with BRs
during V6/7 stages. According to Ritchie et al. (1993), all
potential ear shoots in maize are initiated between stages
V3 and V5, and the initiation of a tassel occurs during the
V5 stage. It is thus possible that BRs negatively influence
the flowering before the beginning of the inflorescence/
flower development but have positive effect on later phases
of this development, and that the time boundary between
stimulatory and inhibitory effect can be very short. The
effective BR concentration apparently also depends on
plant species. Moreover, though the general trend in the
response of flowering to BRs treatment was similar for all
three genotypes examined, some genotypic differences in
the lengthening/shortening of the period to the start of the
flowering (usually in 1-2 days range) existed as well.
Torres-Ruiz et al. (2007) also observed earlier emergence
of tassel after BR application in single-cross maize hybrids
with male sterility and normal fertility but not in three-way
androsterile hybrids.

The interpretation of the results of our measurements of
morphological parameters is more difficult. A prevailing
trend for the different effects of BRs application in earlier
or later developmental stages on plant growth and mor-
phology could be found only for the length of leaf blade,
but even then not for all leaves that developed during or
after BRs treatments. This rather agrees with the observa-
tions of Amzallag (2002), who observed significant influ-
ence of 24-epibrassinolide on the 5th to 7th leaf of sorghum
but not on leaves of higher or lower (even in plants treated
with BR in the stage these leaves were yet developing)
insertion levels.

As regards the influence of BRs on plant height or leaf
number, previous studies with various plant species usually
reported positive results. Arora et al. (2008) found the
positive effect of the addition of 107°M (but not 1077 or
10~"" M) solution of 28-homobrassinolide to the growth
medium on the shoot length of maize. The shoot length of
7-days old seedlings of Indian mustard (Brassica juncea)
also increased after presowing treatment of seeds with
1077-107"" M 24-epibrassinolide, with the 1077 M con-
centration being the most effective one (Sharma and
Bhardwaj 2007). Similarly. thrice repeated foliar spray of
Arachis hypogaea plants with brassinolide or 24-epibras-
sinolide solutions in 107® M concentration range had
positive effect on the shoot length (Vardhini and Rao
1998). Wheat raised from kernels treated with 10°° M
28-homobrassinolide also displayed a higher number of

leaves per plant (Hayat et al. 2001a). On the other hand,
Ozdemir et al. (2004) observed a slight decrease in the
elongation of rice shoot after soaking of seeds in 3 x 10°°
M 24-epibrassinolide solution, whereas the soaking of rice
seeds in low concentrations of 28-homobrassinolide or 24-
epibrassinolide promoted the growth of rice plants under
low-temperature (Takematsu and Takeuchi 1989) or water
stress conditions (Farooq et al. 2009). Vlasankova et al.
(2009), who used the same type of BRs as those used in our
study. also observed an inhibition of the epicotyl growth in
pea and flax seedlings after soaking of seeds in BRs
solutions ranging from 1077 to 107° M concentrations.
However, all these studies are somehow disadvantageous
in the fact that they were usually made in strictly controlled
environment conditions and that the plant height was
measured in very young seedlings (7- to 35-days old), i.e.
rather soon after BRs treatment. Also, BRs were usually
either added into the growth medium or used for the
soaking of seeds in their solutions. In our case, the influ-
ence of foliar spray of maize plants with BRs on plant
height and leaf number was observed solely during the
early days after BRs treatment and virtually disappeared at
the end of vegetative stage, which does not disagree with
the results of the above mentioned studies. The treatment
of plants in earlier developmental stage showed more-or-
less negative effect, whereas treatment of plants in later
developmental stage had more positive effect on maize
plant height, but different concentrations or different types
of BRs induced different changes. Moreover, strong
dependence on the genotype was also observed. Thus, we
can only second the statement of Khripach et al. (2000) that
..the growth promoting activity of BRs usually takes place
only after treatment of plants in the appropriate phase of
development and within a certain concentration range,
which is different for each plant species and type of BRs™.

The dependence of plant response to BRs treatment on
the genotype was even more evident for yield parameters.
Relatively low number of authors have simultaneously
examined the effect of exogenous application of BRs on
plants of more than one genotype of the same species.
These that have done so, have often found that the
response of individual genotypes can be markedly different
(Hnilicka et al. 2007; Torres-Ruiz et al. 2007). This applied
particularly in cases BRs were applied to plants stressed by
some unfavourable environmental factor and the suscepti-
ble and tolerant genotypes were compared (Kang et al.
2007; Shahbaz et al. 2008; Vardhini and Rao 2003). During
our examination of two homozygous inbred lines and one
heterozygous Fl hybrid of maize, we observed that the
differences between both inbreds were usually more pro-
nounced than those between inbreds and hybrid, and that
the response of one inbred line to BRs treatment was often
quite opposite to that of the other inbred line (e.g. for the
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number of fertile ears per plant, the length of ear. the
weight of whole ear and cob or the weight of 100 kernels,
as well as the shelling percentage). The response of the F1
hybrid to BRs treatments usually followed that of its
paternal parent, which was rather unexpected. It could be
interesting to make a more detailed examination of the
effect of BRs application on various plant parameters in a
wider set of parents and hybrids with the aim to ascertain
whether (and how) can be the response to these phyto-
hormones inherited.

We can thus conclude that although the exogenous
application of BRs to plants can certainly in many ways
change plant growth and development and, consequently,
influence both total yield and yield parameters, several
aspects of the interaction of these compounds with plants
rather hinder their wider introduction into agricultural
practice. Prior to their large-scale commercial use in some
agronomically important species, various detailed studies
should be always made, aimed at the determination of the
best type of BRs, its most effective concentration. the most
convenient and effective mode of application, and the
suitable plant age when the respective compound should be
applied, always with a particular point of view regarding
which parameter of plant is expected to be changed by the
BRs application. Such studies should be realized in the
field conditions (as the controlled-environment studies
can often yield quite different results) with several years
repetitions (particularly in those areas where a wide
between-year climatic variability exists). Moreover, they
should be made on plants of the same genotype/s that is
expected to be then cultivated commercially. Otherwise,
the full exploitation of the potential effectivity of BRs for
agricultural use cannot be achieved.
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The effects of brassinosteroids on photosynthetic parameters in leaves
of two field-grown maize inbred lines and their F1 hybrid
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Abstract

The effect of foliar spray with 10 M aqueous solutions of 24-epibrassinolide or a synthetic androstane analogue of
castasterone on the activity of photosystem (PS) 1, the Hill reaction activity, the content of photosynthetic pigments and
the specific leaf mass was examined for three different leaves developed after brassinosteroid (BR) treatment in two
mbred lines of field-grown maize and their F1 hybrid. The brassmosteroids significantly affected neither the etficiency
of photosynthetic electron transport, nor the content of chlorophylls or carotenoids.

Additional key words: carotenoids, chlorophylls, 24-epibrassinolide, heterosis, Hill reaction, photosystem 1.

More than 70 structurally and functionally related  safiva (Farcoq et al. 2009), Vigna radiata (Fanduddin

brassinosteroids (BRs) have been characterized from
various natural sources since thewr discovery m 1979
(Grove et al. 1979). These organic compounds with
structure  based on  polyhydroxylated sterols show
multiple effects on plant physiology, development and
growth and are now mcluded among mam groups of
phytohormones. Several excellent reviews concerning
BRs action in plants at the molecular, cellular or whole
plant level have appeared in the last years (e.g. Wang and
He 2004, Haubrick and Assman 2006, Bajguz and Hayat
2009). One of the diverse functions of BRs in higher plants
is their possible involvement in the regulation of
photosynthesis. The application of BRs enhanced the net
photosynthetic rate in several plant species, e.g., Brassica
Juncea (Hayat et al. 2000, 2001, 2007, Al et al. 2008b,
Fariduddin er al. 2009a.b), Cucumis sativus (Yu et al.
2004, Xia et al. 20006), Glycine max (Zhang et al. 2008),
Lycopersicon esculentum (Singh and Shono 2005), Oryza

Received 7 August 2009, accepted 15 February 2010.

et al. 2003, 2004, Ali et al. 2008a) or Triticum aestivum
(Sawam 1994a,b, Al et al. 2008c). The majority of these
studies was made on very young plants cultivated in
controlled conditions (often mn combination with some
unfavourable environmental factor). so a care should be
taken when extrapolating these results to plants grown at
natural conditions. Moreover. it is still not entirely clear,
whether BRs primarily affect the activities or contents of
the pigment-protein complexes of photosynthetic electron-
transport chain, the chloroplast ATP synthase or the
enzymes catalyzing the individual steps of CO, fixation, or
whether they perhaps participate in the regulation of
stomatal function, the synthesis or degradation of
photosynthetic  pigments or some other parts of
photosynthetic processes (Yu ef al. 2004, Hayat et al
2007, Ali et al. 2008¢, Ogweno et al. 2008, Fariduddin ef
al. 2009a,b). Thus, we have decided to examine the
possible effects of applied BRs on the primary

Abbreviations: AAC - 2o0.3¢.17p-trihydroxy-So-androstan-6-one; BR - brassinosteroid; Car - carotenoids; Chl - chlorophyll:
DAS - days after sowing; DCPIP - 2,6-dichlorophenol indophenol; DMF - N, N-dimethyl formamide; DMSO - dimethyl sulfoxide:
24-EPI - 24-epibrassinolide; HRA - Hill reaction activity; PAR - photosynthetically active radiation; PS - photosystem;
SLM - specific leaf mass.
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photosynthetic parameters. This study was supported by grants No. KIB601110611 of the Grant Agency of the Academy of Sciences
of the Czech Republic, No. MSM0021620858 from the Ministry of Education, Youth and Sports of the Czech Republic, and IOCB
research project Z4 055 0506.
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photochemistry (particularly the activity of PS 1, as this
has not vet been previously studied) and the contents of
photosynthetic pigments in leaves of field-grown maize.

Zea mays L. plants were cultivated at the experimental
field of the Department of Genetics and Microbiology,
Faculty of Science, Charles University in Prague, Czech
Republic (54°04° N, 14°25" E, altitude 238 m) during four
years (2004 - 2007). Kemels of two maize mbred lmes
(2023 and CE704) and thewr F1 hybrid (2023<CE704) were
first sown nto containers filled with garden soil and placed
in glass-covered hot-beds at the end of April. After
4 weeks the seedlings were transplanted into the field in a
regular pattern (70 x 50 cm). The leaves of plants were
sprayed with tap water (control) or with 10™* M aqueous
solutions of either 24-epibrassinolide (24-EPI) or synthetic
androstane analogue of castasterone (AAC) 41 d after
sowimg (DAS). BRs were synthesized as described by
Kohout (1994). Experiments were arranged 1n a split-plot
design with two replicates during each experumental
season: each subplot consisted of 9 plants.

Photosynthetic parameters were measured m leaves
2, 4 and 6, counting the youngest fully developed leaf at
the time of BRs treatment as leat 0. The measurements
were made at 72 DAS for leaf 2, 82 DAS for leaf 4 and
94 DAS for leaf 6: at this time points the respective
leaves were fully developed and showed maximum
photosynthetic efficiency. At each sampling date, the
leaves from 9 plants per each treatment were cut off and
the muddle parts of leat blades were used for all
subsequent analyses. The 1solation of chloroplasts and the
polarographical measurements (Clark-type oxygen
electrode, Theta ‘90, Prague. Czech Republic) of the
activities of photosystem (PS) 1 and Hill reaction (HRA)
were carried out as described previously (Hola ef al.
2007), i.e as the amount of oxygen consumed (or, in case
of HRA, formed) by suspensions of isolated chloroplasts
[Class 11, type C according to Hall (1972) nomenclature]
after the addition of artificial electron acceptors or
donors: 0.25 mM DCPIP reduced by 10 mM sodium
ascorbate, 0.1 mM methylviologen for the PS 1 activity
measurements and 7 mM K;[Fe(CN)g] for the HRA
measurements (irradiance was 170 W m? of PAR). The
content of photosynthetic pigments was determined
spectrophotometrically (Anthelie 2 Advanced, Secomam,
Ales, France) after their extraction from 6 leaf discs
(diameter 8 mm) with N, N-dimethyl formanude (DMF;
Wellburn 1994). The specific leaf mass (SLM) was
determined as the dry mass of 6 leaf discs (oven-dried at
80 °C for 72 h) to their area ratio. Each genotype/BRs
treatment was represented by 3 or 6 (SLM) technical
replicates per each experimental replicate and the mean
values were used for the statistical evaluation. The data
from all four experimental years were pooled together
and analyzed by two-way ANOVA with genotypes, BRs
treatments and thewr interaction included as the possible
sources of varnation (CoStat Version 6.204, CoHort
sotftware, Monterey, CA, USA).

The results of statistical analysis revealed that the
three maize genotypes significantly differ in all
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photosynthetic parameters examined (with the exception
of Chl a/b ratio which did not differ at all, and the HRA
measured in samples from leaf 4, where P = 0.065)
(Table 1). The 2023xCE704 hybrid displayed the highest
activity of PS 1 and HRA, as well as the highest content
of photosynthetic pigments (Fig. 1), confirming again the
previous findings that F1 hybrids of maize show positive
heterosis not only for yield and morphology parameters,
but for various photosynthetic parameters as well (e.g.
Baer and Schrader 1985, Mehta ef al. 1992, Hola et al.
1999, 2007, Ahmadzadeh er al. 2004, Kocova ef al.
2009). The mbred line CE704 was characterized by the
lowest content of Chls and Cars and usually also by the
lowest PS 1 activity and HRA (Fig. 1). As regards SLM,
this parameter did not significantly differ among
genotypes when recorded for leaf 2. but for both younger
leaves its values were lower in the 2023 inbred line
compared to the other two genotypes (Fig. 1C).

Our treatment of plants with eirther 24-EPI or AAC
had no effect on SLM or the content of Chls or Cars n
maize leaves that developed after the application of BRs
(Table 1, Fig. 1D-F), which agrees with findings of some
authors who worked with non-stressed plants of various
species (e.g. Yu et al. 2004, Janeczko et al. 2007, Ali
et al. 2008¢, Shahbaz er al. 2008, Zhang er al. 2008) but
disagrees with others (Sairam 1994a,b, Hayat et al. 2001,
2007, Fariduddin et al. 2003, 2004, 2009ab, Ali
et al. 2008ab). It is interesting to note that with the
exception of Ali ef al. (2008b,c) who worked with
Brassica juncea or Vigna radiata, all authors who
observed the positive influence of BRs on the content of
Chls worked with 28-homobrassimolide, whereas those that
found no effect treated thewr experimental plants with
24-EPI or with brassmolide. As no other common
denominator among these studies (for example the mode of
application, the concentration of BR, the age of plants
during BRs treatment or during the measurements of Chls
content) exists, it would seem that the type of the applied
BR is the main determinant in the manifestation of BRs
effect on the content of photosynthetic pigments, and plant
species is probably the second deciding factor.

Similarly to the content of Chls or Cars, neither the
activity of PS 1 nor the HRA were significantly affected by
treatment of plants with 24-EPI or AAC, though 24-EPI
shghtly (but msignificantly) mecreased the HRA m the F1
hybnid (and, m case of lower leaf msertions, n the 2023
mbred line as well) (Table 1, Fig. 14-B). The activity of
PS 1 has not been previously examined in connection with
the possible role of BRs in photosynthesis and our study
presents the first evidence that the function of this pigment-
protein complex is very probably not modified by these
phytohormones. The HRA measured with K;[Fe(CN)g] as
an artificial electron acceptor can to a certain degree be
also regarded as a measure of the activity of PS 1
(particularly when chloroplasts with mamly undamaged
thylakord membranes are used for its measurements, as in
our case). However, K;3[Fe(CN)g] also accepts electrones
from photosynthetic plastoquinones, ie. our measure-
ments of the HRA can partly represent the PS 2 activity
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Fig. 1. The photosystem 1 activity (4), the Hill reaction activity (B), the specific leaf mass (C) and the content of chlorophyll « (D),
chlorophyll 4 (E) and total carotenoids (F) in leaves of maize inbred lines 2023 (P1), CE704 (P2) and their hybrid 2023<CE704 (F1)
grown at field conditions and treated with 10" M aqueous solutions of 24-epibrassinolide (24-EPI), synthetic androstane analogue of
castasterone (AAC) or with tap water (control). The means + SE were calculated from data pooled from four experimental seasons.
Leaves are nunbered beginning with the last fully developed leaf in the time of brassinosteroid treatment as leaf 0.

Table 1. The results of two-way analysis of variance (ANOVA4) applied on the the specific leaf mass (SLM) and photosynthetic
parameters in leaves of field-grown maize plants of three genotypes (inbred lines 2023 and CE704 and their hybrid 2023xCE704)
treated with 10> M aqueous solutions of 24-epibrassinolide (24-EPT), synthetic androstane analogue of castasterone (AAC) or with
tap water (control). Genotypes (G). brassinosteroid treatments (T) and their interaction (G=T) were included as the possible sources
of variation for ANOVA. The levels of probability (P) are shown: the differences between individual genotypes or between 24-EPI,
AAC and control treatments were statistically significant only in those cases where P < 0.05. Leaves are numbered beginning with
the last fully developed leaf in the time of brassinosteroid treatment as leaf 0.

Teaf2 Leaf 4 Leaf 6

G T G»T G T GxT G T GxT
SLM 0.168 0.983 0.999 0.036 0.838 0.994 < 0.001 0.900 0.933
PS 1 activity < 0.001 0.306 0.539 <0.001 0318 0.822 <0.001 0.886 0.745
HRA 0.009 0.552 0.508 0.065 0.327 0.989 <0.001 0.382 0.821
Chla <0.001 0.456 0.655 <0.001 0.545 0.915 < 0.001 0.885 0.998
Chl b < 0.001 0.666 0.722 <0.001 0.665 0.987 < 0.001 0.936 0.999
CAR 0.029 0.263 0.974 <0.001 0.497 0.721 <0.001 0.740 0.955
Chl a/b 0.972 0.829 0.991 0.405 0.954 0.958 0.175 0.941 1.000
Chls/CARs <0.001 0.277 0.884 <0.001 0.607 0.697 <0.001 0.694 0.908

as well. Several authors have examimed the photosynthetic
effictency of PS 2 (mamly using Chl fluorescence
measurements) i plants treated with BRs and usually
either did not observe any effect of these compounds (Yu
et al. 2004, Ali et al. 2008¢c, Ogweno et al. 2008) on the PS
2 activity or the effect was significant only in case these

plants were at the same tune exposed to some stresstul
conditions (Shahbaz et al. 2008, Zhang et al. 2008). Thus,
it seems that the positive role of BRs in the regulation of
photosynthesis is not associated with their effect on the
primary photochemistry but that it concerns some other
parts of photosynthetic processes.
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5.2. Ovliviiuji brassinosteroidy reakci rostlin na abiotické stresory?

Tato problematika byla zpracovana v publikaci

Honnerova J., Rothova O., Hold D., Kocova M., Kohout L., Kvasnica M. (2010): The
Exogenous Application of Brassinosteroids to Zea mays (L.) Stressed by long-term
chilling does not affect the activities of Photosystem 1 or 2. Journal of Plant Growth
Regulation 61: 500-505. IF 1,990

Tato prace navazuje na Sir$i vyzkum probihajici v nasi laboratofi, ktery se zabyva
vlivem abiotickych stresord na vnitrodruhovou genetickou variabilitu rostlin. V této studii
jsme mladé rostliny kukufice (inbredni linie 2023), péstované ve skleniku, oSettili
postiikem vodnych roztoki o &tyfech riiznych koncentracich (1014, 1022, 1019 a 10¥M)
24E a AAC a poté¢ je vystavili dlouhodobému chladovému stresu. Kontrolni rostliny byly
dvojiho typu, jednak rostliny neosetiené BRs a rovnéz vystavené chladu, a dale oSetfené
a neoSetiené rostliny ponechané v optimalnich teplotnich podminkéach. Velmi nizka (10
14 M) koncentrace AAC aplikovand na nestresované rostliny zpusobila statisticky
prikazné zvétSeni délky 4. az 7. dospélého listu i zvySeni obsahu vSech sledovanych
fotosyntetickych pigmenta (chlorofyl a, chlorofyl b i celkové karotenoidy) v listech. U
rostlin rostoucich v chladu vSak byla reakce na oSetfeni odliSnd, pozitivni vliv se projevil
vzdy pouze pii oSetieni vy$§imi koncentracemi BRs (1072, 101%a 10® M) a pouze u
obsahil chlorofylu. Nepodaftilo se ndm zjistit statisticky prikazny vliv BRs na primarni
fotosyntetické procesy (aktivitu Hillovy reakce ani aktivitu PS1).

V soucasné dob¢ se zabyvam také vlivem oSetfeni BR na rostliny, které jsou
stresovany vodnim deficitem. Tato problematika zatim nebyla zpracovana do
impaktovanych ¢lankl, pribézné vysledky byly prezentovany pouze ve ¢lancich ve

sbornicich a formou plakatovych sdéleni na konferencich.
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Abstract The effect of various concentrations of exoge-
nously applied 24-epibrassinolide (E) and 203,17 f-tri-
hydroxy-5x-androstan-6-one (A) on
Photosystem | and the Hill reaction, the contents of pho-
tosynthetic pigments, and the growth of plants was exam-
ined in young maize (Zea mays L.) plants subjected to
long-term chilling stress or grown in normal-temperature
conditions. Neither the activity of Photosystem 1 nor the
Hill reaction activity of plants was in any way affected by
the treatment with brassinosteroids (BRs), which suggests
that the photosynthetic complexes of thylakoid membranes
are not the primary site of the influence of BRs on pho-
tosynthesis. An extremely low (10™'* M) concentration of
A applied to the nonstressed plants significantly increased
the length of their 4th to the 7th leaves and their height, as
well as the contents of chlorophylls @ and » and total
carotenoids. However, under chilling conditions, this
positive effect was significant for the chlorophyll content
only and higher concentrations of BRs (1072, 107'%, 107®
M) usually had no effect at all.
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Introduction

Brassinosteroids (BRs) are polyhydroxylated steroids that
are able to act at extremely low concentrations and are
pleiotropic with respect to their effect on plant develop-
ment, morphology, and physiology (Rao and others 2002).
In addition to their role in promoting plant growth and
development, BRs possess the ability to protect plants
against various biotic and abiotic stressors and together
with other plant hormones have been shown to participate
in regulation of stress responses (recently reviewed by
Bajguz and Hayat 2009).

The positive effect of BRs on stressed plants can result
from various changes in plant cells, with one of these
changes being the modification of the efficiency of pho-
tosynthetic processes. The exogenous application of BRs
has been shown to ameliorate a stress-induced decrease in
the net photosynthetic rate (Py) in several plant species, for
example, Triticum aestivum (Sairam 1994; Ali and others
2008c; Shahbaz and others 2008), Brassica juncea (Hayat
and others 2007: Ali and others 2008b: Fariduddin and
others 2009a, b), Vigna radiata (Ali and others 2008a),
Lycopersicon esculentum (Ogweno and others 2008), or
Glycine max (Zhang and others 2008). However, the exact
causes of this phenomenon are far from clear. BRs could
prevent loss of photosynthetic pigments, for example, by
activating enzymes that participate in chlorophyll biosyn-
thesis (or an induction of their synthesis), as suggested by
Hayat and others (2007), Ali and others (2008a, b), or
Fariduddin and others (2009a, b). Another possibility is
that BRs improve the efficiency of photosynthetic carbon
fixation, for example, by overcoming stomatal limitations
and, thus, increasing the internal concentration of CO-
available for photosynthetic enzymes (Ali and others
2008b), although Shahbaz and others (2008) reported that
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the BR-induced increase or decrease in stomatal conduc-
tance in salt-stressed wheat plants was not related to any
significant changes in substomatal CO, concentration. BRs
could also induce synthesis and/or activation of carbonic
anhydrase that catalyzes the interconversion of CO, and
HCO; (Hayat and others 2007), increases the activation
state of ribulose-1,5-carboxylase/oxygenase (Rubisco) (Ali
and others 2008c; Ogweno and others 2008), or protects
enzymes involved in the regeneration of ribulose-1,5-bis-
phosphate (Ogweno and others 2008).

The possible role of BRs in improved efficiency of
primary photosynthetic processes in plants subjected to
unfavorable conditions is yet more obscure, as some
authors have described a positive response of the primary
photochemistry of stressed plants to exogenously applied
BRs (Janeczko and others 2005; Ogweno and others 2008;
Zhang and others 2008), whereas others did not observe
any such phenomenon (Ali and others 2008c; Shahbaz and
others 2008). Moreover, all these studies have addressed
only the question of the effects of BRs on the Photosystem
(PS) 2 complex; as far as we know, no one has yet
attempted to study the possible effect of BRs on PS 1. We
have thus decided to examine the response of this photo-
synthetic complex to BRs and to compare it with the effect
of these hormones on Hill reaction activity (HRA), the
content of photosynthetic pigments, and selected morpho-
logical and growth parameters in maize plants subjected to
optimum or suboptimum (long-term chilling) conditions.

Materials and Methods

Kemels of maize (Zea mays L., inbred line 2023) were
sown into containers (35 cm x 15 cm x 6 cm) filled with
garden soil (10 plants per container, the total number of
plants = 2000) and allowed to germinate in the greenhouse
at 21-25/17-22°C day/night for 10 days. At day 11,
seedlings with fully developed 1st leaves were divided into
two groups. One group (approximately half of the seed-
lings) was transferred into the cold greenhouse (chill
stress), the other half of the seedlings were transferred into
the warm greenhouse (control), and the plants were
allowed to develop for another 50 days. The temperature in
the cold greenhouse was maintained at 8°C during night
and early moming, gradually increased to 23°C from 9:00
to 15:00 (central European time), and then decreased again
to 8°C from 15:00 to 22:00. Similarly, in the warm
greenhouse, the night temperature was 17°C, increased to
29°C at 15:00, and again decreased in the afternoon and
early evening until 22:(0. Plants were grown at natural
irradiance conditions and watered daily as necessary, and
the relative humidity was maintained at 60/80% day/night
in both greenhouses.

The stock solutions of 24-epibrassinolide (E) and
20,30,17fi-trihydroxy-5ax-androstan-6-one  (A) were pre-
pared by dissolving these BRs in 1 cm® ethanol, adding
1 em® dimethyl sulfoxide, and diluting with distilled water
to 107" M concentration. This stock solution was then
diluted with distilled water to 107, 107'%, 107", and
10~ "'* M concentrations that were used for the treatment of
plants. Foliar spray with the appropriate aqueous solution
of BRs or with distilled water was applied to plants at the
time of their transfer into the cold or warm greenhouses
(that is, day 11) and again at day 25. The experiments were
in four replicates with a completely randomized design,
and each temperature/BR treatment combination was rep-
resented by at least 25 plants per replicate. At day 39
(counting from the date of sowing, DAS), the majority of
the photosynthetic measurements were made, whereas the
evaluation of morphological and growth parameters was
done both before and after this day until the plants were
60 days old.

At 39 DAS, the 3rd leaves were cut off from 12 plants in
each temperature/BR treatment replicate and mesophyll
chloroplasts were isolated from the middle part of the leaf
blade as described by Hold and others (2003). Chloroplast
suspensions were stored at 0°C in the dark and used for
polarographic measurements of the activities of PS 1 and
HRA (Clark-type oxygen electrode, Theta’90, Czech
Republic) as described by Hola and others (2003), that is,
as the amount of oxygen consumed (PS1) or produced
(HRA) by irradiated chloroplast suspensions after the
addition of artificial electron acceptors and/or donors. The
contents of chlorophylls (Chl) @ and b and the content of
total carotenoids (Car) were determined spectrophotomet-
rically (Wellburn 1994) and the ratios of Chl a/b and total
Chl/Car were calculated.

The heights of whole plants (that is, the distance from
the ground to the ligule of the youngest fully developed
leaf) and the numbers and lengths of fully developed leaves
were recorded in regular intervals (7 days) starting 1 week
after the initial BR treatment (that is, 18 DAS). The lengths
of the 4th to 7th leaves were measured in the control plants
only as these leaves were not yet fully developed in the
chill-stressed plants by the end of the experiments. These
measurements were made on six randomly selected plants
in each temperature/BR treatment replicate.

The data from all measurements were first subjected to
two-way ANOVA with interactions, and then data from the
control and the chill-stressed plants were analyzed indi-
vidually by one-way ANOVA. The statistical significance
of the differences among individual BR treatments was
ascertained using the least significant difference (LSD) test.
All statistical evaluations were made with the CoStat
v6.204 statistical software (CoHort Software, Monterey,
CA, USA).
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Results and Discussion

Both PS1 activity and HRA were negatively affected by the
exposure of plants to long-term chilling (Tables 1, 2),
which is in good agreement with previously published
results (for example, Kudoh and Sonoike 2002; Zhang and
Scheller 2004; Hola and others 2003). The contents of Chls
a and b, as well as the total Car content, also significantly
decreased in leaves of the chill-stressed plants, with
carotenoids less affected than Chls (Tables 1, 2). The
degradation of photosynthetic pigments, particularly Chls,
is another symptom frequently associated with chilling-
induced stress (Haldimann 1998). With respect to plant
morphology, the long-term chilling significantly decreased
both the length of the 2nd and 3rd leaves (Tables 1, 3) and
the plant height (Fig. 1; Table 1), which agrees with our
previously published results (for example, Hola and others
2003).

The treatment of plants with BRs did not significantly
change the values of the PS1 or the HRA activity in either
the stressed plants or the controls (Tables 1, 2). This
finding is, in our opinion, the most important result of our
study. The effect of BRs on the activity of PS1 has not been
previously analyzed, although this photosystem is just as
important to the proper functioning of photosynthetic

processes as PS2 (in some plants subjected to the combi-
nation of chilling and light, the activity of PS1 can be the
limiting factor for the efficiency of primary photochemis-
try; Zhang and Scheller 2004). The HRA parameter is, to a
certain degree, a measure of the activity of PS2. The pos-
sible influence of BRs on the activity of this photosynthetic
complex has been studied more, but the results are often
conflicting. The majority of authors who examined the
possible effect of BRs on primary photochemistry (usually
by analysis of chlorophyll fluorescence) did not find any
significant effect when plants were grown under optimum
conditions (for example, Ali and others 2008c; Ogweno
and others 2008; Shahbaz and others 2008), but in some
cases the efficiency of PS2 was improved by treatment with
BRs in plants stressed, for example, by drought (Zhang and
others 2008), salinity (Shahbaz and others 2008), or the
presence of cadmium (Janeczko and others 2005). As far as
we know, no data exist as yet on the effects of BRs on the
PS2 photochemistry in plants stressed by low temperature,
and our results do not seem to point to the possibility that
the efficiency of this photosystem can be improved by BR
treatment in such environmental conditions (at least not in
maize). We thus strongly support the view of Yu and others
(2004) that the photosynthetic complexes of thylakoid
membranes indeed are not the primary site of BR influence

Table 1 Results of the analysis of variance (ANOVA) of the data for selected photosynthetic and morphological parameters of chill-stressed

(stress) or nonstressed (control) maize plants

Parameter Two-way ANOVA One-way ANOVA

Control Stress

T BRs T » BRs BRs BRs

Photosystem 1 activity 0 0.173 0.979 0711 0.178
Hill reaction activity 0 0.853 0.962 0.903 0.924
Chlorophyll a content 0 0 0.009 0 0
Chlorophyll b content 0 0 0.002 0 0.001
Carotenoids content 0 0.002 0.495 0.043 0.083
Chlorophyll a/b ratio 0.074 0.570 0.463 0.524 0.517
Chlorophyll/carotenoids ratio 0 0 0.035 0 0.001
Plant height (18-day-old plants) 0 0 0 0.001 0
Plant height (25-day-old plants) 0 0 0 0.001 0
Plant height (32-day-old plants) 0 0.001 0 0.001 0.004
Plant height (39-day-old plants) 0 0.001 ] 0.001 0.330
Plant height (46-day-old plants) 0 0.002 0.003 0.011 0.245
Plant height (53-day-old plants) 0 0.024 0.021 0.045 0.740
Plant height (60-day-old plants) 0 0.030 0.010 0.024 0.500
Final length of the 1st leaf 0.607 0.270 0.235 0.512 0.043
Final length of the 2nd leaf 0 0.594 0.013 0.219 0.012
Final length of the 3rd leaf 0 0.721 0.001 0.083 0.015

Temperature conditions (T) or brassinosteroid treatments (BRs) and their interaction were included as the possible sources of variation for two-
way ANOVA. One-way ANOVA was then individually applied to the data from either stressed or control plants. The levels of statistical

significance (P) are shown
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on photosynthesis and that any eventual changes in the
parameters associated with the efficiency of photosynthetic
electron transport are probably more of a secondary nature
and caused indirectly by, for example, the increased effi-
ciency of the Calvin cycle that results in an increased
demand for ATP and NADPH production.

The effect of BRs on the content of photosynthetic
carotenoids has also not been examined much. Our results
seem to indicate that these pigments are affected by BRs to
a lesser extent than Chls (Table 2), which is in good
agreement with the results published by other authors
(Janeczko and others 2005; Cevahir and others 2008).

The application of 10" M A significantly increased
the contents of Chls a and b in plants grown in both normal
and suboptimal temperature conditions, and the same was
true for 10712 or 107'° M solution of A or 107" M E
solution sprayed on the control plants (Table 2). The plants
stressed by long-term chilling and treated with other con-
centrations of BRs were not significantly affected by this
treatment compared to the plants treated with water only,
and in no case (even with the use of 10 %M A) did the
treatment of the chill-stressed plants with BRs increase the
content of Chls to the level observed in the control plants.
Similar dependence of the BR effect on the concentration
of BR used was found for plant morphology, where the
control plants sprayed with 107'* M solution of either E or
A showed significantly greater lengths of the 5th, 6th, and
7th leaves and greater height by the end of the monitoring
period compared to the untreated plants (Fig. 1d; Table 3).
On the other hand, the application of 100" M A or E
decreased the lengths of the 4th to the 7th leaves and the
height of the control plants (Fig. 1; Table 3). The lengths
of the individual leaves on the plants subjected to subop-
timal temperatures were not significantly affected by BR
treatment (with the exception of the application of 10712 M
E. which decreased the length of the 3rd leaf), and the
effect of BRs on the height of these plants was significant
only where the 10™'* M solution of E was used (or, during
the first week after BR application, the same concentration
of A) (Fig. 1; Table 3). It was shown previously that the
effective concentration range for any BR can be very
narrow, differ quite substantially among plant species, and
depend on both the type of BR applied and the mode of its
application (for example, Cevahir and others 2008; Fari-
duddin and others 2009b).

We can thus conclude that although the exogenously
applied BRs can perhaps somehow alleviate the negative
effect of long-term chilling stress on photosynthesis in
maize plants by diminishing the degradation of chloro-
phylls (and even in this case, the positive effect of BRs on
the contents of these photosynthetic pigments manifests
itself only when extremely low concentrations of BRs are
used and strongly depends on the type of BR), they do not

Table 2 Effect of 24-epibrassinolide (E) and 2a,3%,17 f-trihydroxy-5x-androstan-6-one (A) on the activity of Photosystem 1, Hill reaction activity, contents of chlorophylls @ and b, and total

carotenoids in leaves of chill-stressed (stress) or nonstressed (control) maize plants

Carotenoids content
(mg kg ' DM)

Chlorophyll b content
(mg kg ' DM)

Chlorophyll a content
(mg kg ' DM)

Hill reaction activity
Skg ' DM s

(pmol O,

Photosystem 1 activity
Lke 'DM s

(pmol O,

Treatment

Stress Control Stress Control Stress

Control

Stress Control Stress

Control

8.14 £+ 0.12° 406 £ 0100 226 4005 250+ 005" 197 £ 002

0.18 &+ 0.01¢ 13.98 £ 0.40°

0.62 £ 0.01° 031 £ 0.01°

0.91 + 0.03"

Walter

403 £ 015 2454008 249+ 011" 213 £0.11°

8.95 + 0.35%

b

14.10 £ 0.4

0.20 & 0.01+¢

abe

0.65 £ 0.04° 0.28 £ 0.0

0.94 &+ 0.05"

10°8ME
107""ME
100" ME
107"“ME
1078 M A
107" M A
1072 M A
107" MA

213 4+ 0.06°
1.94 £+ 0.04°

14.10 + 0.78™  8.82 4 0.18° 402 4+ 014 244 401157 267 + 013"

0.22 + 0.05
0.18 £ 0.01¢

0.65 £ 0.01°  0.34 + 0.06"

0.94 + 0.07*"

251 + 0.06"
2.57 & 0.09"

4.02 £ 0.08°¢ 223 +0.07

7.39 £ 0.23°

14.11 + 035

15.52 4 0.62°
13.71 £ 0.23°

0.31 £ 0.01*

0.59 £ 0.05°

~ab

0.91 £+ 0.0

198 £ 0.12°

459 4+ 0.10° 230 £ 0.10°

8.35 £+ 0.43°

0.20 &+ 0.01¢

abe

0.65 £ 0.04°  0.28 £+ 0.0/

0.94 + 0.05*

395 4+ 0.06° 224 +£0.08 252+ 003" 1.94 £ 0.06°

8.10 £ 0.40°
8.25 & 0.42°

0.56 &+ 0.02°  0.30 +£ 0.01°"  0.18 + 0.01¢

0.86 + 0.04"

2.02 £ 0.02°

2.60 + 0.12°

24021

3
220+ 0.11°

2

467 £0.17°

0.20 £ 0,06  14.95 £ 091™

0.64 £0.03°  0.33 £ 0.07°

1.02 £ 0.08°

207 £+ 0.09°

275 4+ 0.20°°

8.00 £ 036° 444 + 0.40™

15.44 & 1.14°
19.77 + 0.92°

0.18 + 0.02¢

0.58 £ 0.04°  0.32 £+ 0.02°

0.91 + 0.00°"
0.86 + 0.04"

5.80 £+ 0.42° 292 4+£0.05° 298 £0.13° 2.16 £+ 0.05°

10.45 + 0.19¢

0.18 + 0.01¢

0.30 + 0.01°°

0.56 £+ 0.02°
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Table 3 Effect of 24-epibrassinolide (E) and 2u.32,17 f-trihydroxy-5z-androstan-6-one (A) on the final lengths (mm) of the 2nd to the Tth leaves
of chill-stressed (stress) or nonstressed (control) maize plants

Treatment Leaf 2 Leaf 3 Leaf 4 Leaf 5 Leaf 6 Leaf 7
Control Stress Control Stress Control Control Control Control
Water 153 £ 5% 134 £ 3% 060 4 g 191 + 5% 383 £ 7 450 £ 7™9 4394+ 8™ 391 £5°
10 *ME 154 £ o< 118 + 4" 285 + 14 161 £ 4% 308 £ 8% 441 £ 5% 407+ 6 33047
10-°ME 145 4 gdefe 144 4 70 253 4 120 212 £ o 360 £ 8% 427 £+ 6% 430+ 6™ 376 £ 0~
107" ME 173 £ 7° 132 £ 6= 206 £ 7° 147 = 42" 399 + 14° 476 + 14> ND ND
W "ME 157 & 5°%¢ 132 & 10°h 269 + 6° 210 £ 13 387 + 6° 485 + 7° 475+ 9% 446 £ 10°
107%M A 142 & 4<% 129 4 gfeh 241 £ 10°%¢ 192 £ 9% 328 £30" 419 £ 2¢ 366 + 38 321 & 19°
107°M A 141 & 6% 150 & 3P4t 248 4ok 219 £ 5% 357 £ 0% 436 4 1299 446 4 8F 402 £ 97
107" MA 167 + 17°° 124 + 65 295 + 31° 187 £ 10%" 402 £ 26° 469 + 13*™ ND ND
1074 MA 151 & 4% 133 4 g4l 260 4 7ok 195 + 8'F 402 £ 14 486 + 18° 494 4 208 454 £ 25°
LSD (P < 0.05) 27 48 45 38 67 71

ND leaves were not yet fully developed at the end of the measurements

Plants were sprayed with agueous solutions of brassinosteroids (concentrations 107" o 10="* M) or with distilled water. The mean val-
ues = SEM (n = 6) are given with the LSD values. Values followed by different letters significantly differ at P < 0.035

300
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100 -
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0 L L s L L L " L L
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¥ Acontrol

© W stress
& E stress
V Astress

Plant height (mm)

Plant height (mm)

100

Plant height (mm)

Plant height (mm)
3
T

Days after sowing

Fig. 1 The effect of brassinosteroids on the height of chill-stressed
(stress) or nonstressed (control) maize plants. Plants were sprayed
with 1075 M (), 107" M (b), 107" M (¢), or 10~* M (d) agueous
solutions of 24-epibrassinolide (E). 2x,3u,17 f-trihydroxy-5x-andro-
stan-6-one (A), or distilled water (W). The mean values + SEM
(n = 6) are shown
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improve the efficiency of primary photosynthetic processes
and the activities of Photosystem 1 or 2.
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5.3. Miize vnéjsi aplikace i jiné steroidni latky — 20-hydroxyekdysonu
— ovliviiovat fotosyntetické procesy?

Tato problematika byla fesena v nasledujici publikaci:

Hola D., Kocova M., Rothova O., Timova L., Kamlar M., Macek T. (2013): Exogenously
applied 20-hydroxyecdysone increases the net photosynthetic rate but does not affect the
photosynthetic electron transport or the content of photosynthetic pigments in Tetragonia
tetragonioides L. Acta Physiologia Plantarum 35: 3489-3495. IF 1,305

V predlozené publikaci byla feSena problematika mozného vlivu dalSich
steroidnich latek, ekdysteroidi, bézné se vyskytujicich se v rostlinach, na fotosyntetické
procesy. V rostlinach byla pfitomnost téchto latek mnohokrat prokdzéna, o jejich
fyziologické roli je vSak dosud minimum udaji. V publikaci je zpracovano nase prioritni
zjisténi, kdy po oSetfeni listd pokusnych rostlin novozélandského Spenatu (Tetragonia
tetragonioides L.) 2 mM roztokem 20E statisticky prikazné vzrostly hodnoty Pn. Toto
zvySeni jsme pozorovali mezi Ctvrtou a Sestou hodinou po oSetfeni listu, v delSim
intervalu jiz pozorovano nebylo. Zadny pozitivni vliv viak nebyl pozorovan u vétsiny
parametri  fotosyntetického elektronového transportu (s vyjimkou komplexu
produkujiciho kyslik - OEC) a ani se nezménily obsahy fotosyntetickych pigmenta. Tyto
nase vysledky avizuji novou potencionalni biologickou funkei ekdysteroida - regulaci

fotosyntézy, a vedly nés k zahéjeni dalsich experimentt na toto téma.

52



Acta Physiol Plant (2013) 35:3489-3495
DOI 10.1007/s11738-013-1379-6

SHORT COMMUNICATION

Exogenously applied 20-hydroxyecdysone increases the net
photosynthetic rate but does not affect the photosynthetic electron
transport or the content of photosynthetic pigments in Tetragonia

tetragonioides L.

Dana Hola - Marie Kocova - Olga Rothova -
Lenka Tumova - Marek Kamlar - Tomas Macek

Received: 1 April 2013 /Revised: 17 June 2013/ Accepted: 30 August 2013 /Published online: 11 September 2013
© Franciszek Gorski Institute of Plant Physiology, Polish Academy of Sciences, Krakéw 2013

Abstract Phytoecdysteroids are steroid compounds
present in many plant species (sometimes in rather large
amounts), but their biological role is still far from being
clear. We have found that the exogenous application of
20-hydroxyecdysone (20E) to leaves of Tetragonia te-
tragonioides L. causes stimulation of its net photosynthetic
rate (Py) but does not positively affect the photosynthetic
electron transport or the content of photosynthetic pig-
ments. The increase in Py was observed shortly after 20E
treatment and was statistically significant during the 4th
and 6th hours after treatment but not later, which could be
perhaps caused by a strictly short-term window of oppor-
tunity for ecdysteroids to significantly affect photosyn-
thetic processes. To our knowledge. these results are the
first to suggest a new potential biological function of
phytoecdysteroids—regulation of photosynthesis.
Keywords Ecdysteroids - Photosynthesis -
Chlorophylls - Carotenoids - Chlorophyll
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Abbreviations

20E 20-hydroxyecdysone

Car Carotenoids

Chl Chlorophyll

Py Net photosynthetic rate

Rubisco  Ribulose 1.5-bisphosphate carboxylase/
oxygenase

Introduction

Many species of higher plants contain analogs of arthropod
steroid  hormones—phytoecdysteroids—in their
roots and seeds (and sometimes also in other organs such as
stems, flowers or bulbs) (Dinan et al. 2001). Their con-
centration can be up to [00-fold higher than ecdysteroid
concentration in arthropods, but strongly varies with plant
species, organ and developmental stage (Dinan 2009;
Bakrim et al. 2008). More than 460 different phytoecdys-
teroids are currently known to exist (Lafont et al. 2013) and

leaves,

this number steadily increases, particularly as new minor
ecdysteroids are being isolated from plant species that have
not been previously examined for their presence. The most
common phytoecdysteroid in plants is probably
20-hydroxyecdysone (20E) followed by polypodine B
(Dinan et al. 2009).

The function of phytoecdysteroids in plants is not clear.
The prevailing hypothesis supported by the most evidence
is that they act as protective compounds against phytoph-
agous insects and nematodes causing either developmental/
reproduction abnormalities or showing antifeedant and/or
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deterrent activities (reviewed, e.g.. in Dinan 2001, 2009;
Festucci-Buselli et al. 2008). The question whether phy-
toecdysteroids fulfill other biological function(s) in plants
remains still open. Dreier and Towers (1988) as well as
Machackova et al. (1995) reported almost no biological
activity of 20E as assessed by commonly used plant phy-
tohormone bioassays. However, exogenously applied ec-
dysteroids have been also shown to stimulate coleoptile or
seedlings growth in several plant species (Golovatskaya
2004; Bakrim et al. 2007), to positively affect germination
efficiency of tomato seeds (Bakrim et al. 2007), increase o-
amylase activity in aleurone layer of barley kernels
(Golovatskaya 2004) and enhance DNA, RNA and protein
content as well as the content of organic and inorganic
phosphorus and saccharides in Chlorella vulgaris Beyer-
inck (Bajguz and Koronka 2001). This seems to point to the
possibility of their role in the regulation of plant growth
and development and biosynthesis/degradation processes in
cells. Clearly, the biological function of phytoecdysteroids
in plants (and algae) is far from being elucidated and could
be a multiple one similarly to that fulfilled by the other
widely represented group of plant
brassinosteroids.

As affinity chromatography studies made by some of us
have revealed that phytoecdysteroids can specifically bind
to some photosynthetic proteins (Uhlik et al. 2008; Kamlar
et al. 2010a, b) and as the structurally similar brassinos-
teroids are known to positively affect photosynthetic pro-
cesses (recently reviewed, e.g, by Hola 2011), we have
decided to examine whether the treatment of plants with
phytoecdysteroids would also result in an increase of
photosynthetic efficiency.

sterols,  1.e.,

Materials and methods

Plant material, growth conditions and ecdysteroid
treatment

Seeds of Tetragonia tetragonioides L. (New Zealand
spinach) plants were first sown in low dishes filled with
garden soil and placed in a naturally lit greenhouse of the
Faculty of Science, Charles University in Prague (54°04
N. 14°25" E) under semi-controlled conditions (air tem-
perature 25 + 2/20 4+ 2 °C, relative air humidity 50 + 5/
70 £ 5 % day/night). After approximately 40 days, seed-
lings were transplanted into pots (volume 0.5 dm?, I plant
per pot) filled with garden soil and their cultivation in the
same greenhouse continued for additional 50 days. Either
distilled water (control) or aqueous solution (small amount
of Tween® 20 was added in both cases) of 2 mM 20E (this
concentration was chosen on the basis of the work of Uhlik
et al. 2008) was then applied (using a small soft brush) to
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both abaxial and adaxial side of the fully developed non-
senescent leaves, which were then used for the measure-
ments of the net photosynthetic rate (Py), the chlorophyll
(Chl) @ fuorescence parameters and the sampling neces-
sary for the determination of the content of photosynthetic
pigments, which were made at 1, 2, 4, 6, 24, 48 and 72 h
after treatment.

Measurements of the net photosynthetic rate

Net photosynthetic rate was measured between 9:00 a.m.
and 1:00 p.m. (Central European Time) with a Clark-type
gas-phase leaf disc oxygen electrode (LD2/2, Hansatech,
King’s Lynn, UK) at 25 °C in CO,-enriched air (CO, was
generated in the measurement chamber by the addition of
2 M bicarbonate buffer) as described by Walker (1988).
Actinic illumination was provided by a Bjérkman lamp
(LS2, Hansatech, King's Lynn, UK) and its intensity was
adjusted using neutral optical filter to 240 pmol m~? s~ "
During measurements, leaf disc (3.5 cm diameter, | leaf
per plant) was initially left for 5 min in the dark and then
the lamp was switched on for a further 8 min. The oxygen
production recorded for the last 3 min of the light period
was used for the calculations of Py (during this time, the
rate of oxygen production was linear).

Chlorophyll fluorescence measurements

Measurements of the polyphasic rise of Chl a fluorescence
transient (O-J-I-P) were made on the upper surface of dark-
adapted (30 min) leaves (1 leaf per plant, 2 technical rep-
licates of each measurement) in situ with the portable
fluorometer FluorPen FP100max (Photon System Instru-
ments, Brno, Czech Republic). Saturating pulse (blue light,
455 nm) was set at 3,000 umol m~2 s~!. All fluorescence
transients were recorded with a time scan from 10 psto 2 s
with the data acquisition rate of | reading per 10 ps for the
first 600 ps. 1 reading per 100 ps till + = 14 ms, | reading
per | mstill 7 = 90 ms and | reading per 10 ms for the rest
of the recording period. Various parameters of the JIP test
as well as relative variable fluorescence and difference
kinetics were calculated from these measurements based on
the theory of energy flow in photosynthetic electron-
transport chain according to Strasser et al. (2000). Yusuf
et al. (2010) and Stirbet and Govindjee (2011).

Determination of the content of photosynthetic
pigments

Six leaf discs (0.5 em diameter) were cut from each leaf
{one leaf per plant). placed in 5 cm® of N,N-dimethyl-
formamide and stored in a refrigerator for 7 days with
occasional stirring of the extracts. Chl a. Chl b and total
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Fig. 1 The net photosynthetic rate (Py) (a) and the content of p
chlorophylls @ (b), b (¢) and total carotenoids (d) in leaves of
Tetragonia tetragonioides L. measured at various times (1, 2, 4, 6, 24,
48 or 72 h) after treatment of plants with 2 mM aqueous solution of
20-hydroxyecdysone (20E) or water (control). Mean values + SEM
(n = 6 for Py, n = 8 for the contents of photosynthetic pigments) are
shown. Numbers above the individual column pairs indicate the
statistical probability levels obtained from the evaluation of differ-
ences between control and 20E treatments using Student’s indepen-
dent two-sample tests

carotenoids (Car) contents in the extracts were then
determined spectrophotometrically (Porra et al. 1989;
Wellburn 1994).

Statistical analysis

Each experimental variant (treatment/time) was repre-
sented by six to eight biological replicates. Statistical dif-
ferences between the corresponding control and 20E
treatments were determined using Student’s independent
two-sample test (CoStat version 6.204, CoHort Software,
Monterey, CA, USA).

Results and discussion

The treatment of plants with 20E increased the rate of
oxygen evolution from leaf discs during the first 6 and 24 h
after treatment (Fig. la) with statistically significant dif-
ferences at 0.05 probability level found for 4 and 6 h after
treatment (the other times were not statistically significant
due to the larger variability of the samples). This indicates
that phytoecdysteroids could play a role not only in the
plant defense against herbivorous insects and (possibly) in
the regulation of plant elongation and development, as
suggested by other authors (Bakrim et al. 2007; Dinan
2001, 2009; Festucci-Buselli et al. 2008; Golovatskaya
2004), but also in the regulation of physiological processes
such as photosynthesis.

The exact cause of the 20E-induced stimulation of
photosynthesis is at this time point unknown. Although
Golovatskaya (2004) has described 20E-caused retardation
of leaf senescence assayed as the chlorophyll content in the
detached leaves of kidney bean, and Bajguz and Koronka
(2001) have also demonstrated the increase of chlorophyll
content in C. vulgaris cells due to the exogenously applied
ecdysone, we did not observe any such effect either for
Chls or Car (Fig. Ib-d) which means that the positive
effect on photosynthetic pigments (either an increased
biosynthesis or a decreased degradation) is probably not
the reason for the enhancement of photosynthesis in our
case. Brassinosteroids, which are structurally similar to
ecdysteroids, have been suggested to regulate the efficiency
of photosynthetic electron transport, particularly in plants
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stressed by various abiotic stressors (e.g., Yu et al. 2004;
Janeczko et al. 2005, 2011; Jiang et al. 2012a, b, ¢; Xia
et al. 2009a, b, 2011) and it was thus possible that ecdys-
teroids could function in a similar manner. The results of
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our analysis of parameters calculated from O-J-I-P Chl
a fluorescence transients did not much support this
hypothesis, as the majority of the differences between
control and 20E treatments in these parameters were not
statistically significant. Those differences that were sig-
nificant usually demonstrated that control plants had higher
values of parameters representing the quantum yields of
individual energy fluxes or the efficiencies/probabilities of
electron transport compared to the 20E-treated ones
(Table 1). However, we also observed the negative value of
the K-band (which is visible in the time range of 50 pus to
2 ms at O-J-1-P difference kinetics curves; Strasser 1997)

200 £0.19
127 £0.19

20E

1.78 £ 0.12
107 £ 0.14

72h

203 £ 011
1.62 £ 0.11

20E

48 h
218 = 0.11
1.54 £ 0.13

for all examined time intervals with the exception of 72 h
(Supplementary Fig. 1). The magnitude of this K-band
corresponded rather well with the observed changes in Py,
so this suggests that there could perhaps be a better acti-
vation of the oxygen-evolving complex of Photosystem 11
(OEC) in the 20E-treated plants compared to the control
ones. Moreover, one of the OEC proteins was identified as a
direct target protein for ecdysteroid ligands by some of us
(unpublished data), similarly to ribulose 1.5-bisphosphate
carboxylase/oxygenase (Rubisco), which was found by
Uhlik et al. (2008) to be another photosynthetic protein
specifically binding to 20E in New Zealand spinach. In
vitro assay made by these authors showed that various ec-
dysteroids are able to increase Rubisco carboxylase activity
when their concentration is at least tenfold higher than that
of Rubisco.Thus, the positive effect of ecdysteroids on
photosynthesis could perhaps reflect the regulation of the
activity of various photosynthetic proteins by direct ecdy-
steroid binding. However, at this time point this is purely a
speculation which needs to be further supported by, e.g., co-
crystallization studies of steroid molecule and its putative
target or by computational modeling.

The short-term duration of the 20E-caused stimulation
of Py is not particularly surprising. Yu et al. (2004), as
well as Jiang et al. (2012b), who analyzed the effect of
exogenously applied 24-epibrassinolide on primary pho-
tosynthetic processes, content and/or activity of some
enzymes of carbon metabolism, saccharides and photo-
synthetic pigments and the carboxylation efficiency in
Cucumis sativus L., have demonstrated that it changes
during time and that the stimulation is usually the highest
shortly (3—6 h to 24 h) after treatment and starts dropping
after 3 days. Xia et al. (2009a, b) have described a some-
what similar effect of this brassinosteroid, although they
did use a time range of days rather than hours. As regards

2.00 £ 0,08
1.21 = 0.09

20E
ion see these references

236+ 012
1.55 £ 0.15

24 h

20E
1.62 £ 0.21
0.79 £ 0.12

1.60 £ 0.09
0.71 £0.05

) between control and 20E treatments revealed by Student’s independent two-sample tests are shown in bold type. Biological

1.85 £ 0.17

b 4
H
o
o]

20E

1.87 £ 0.19

4h
) and Stirbet and Govindjee (2|

1.60 £ 0.16
0.68 £0.12

20E
1.07 £ 0
Statistically significant differences (p < 0.05

its).
, Yusuf et al. (2

units

187 £ 0.14
105 £0.11

1.89 £ 0.16
127 £ 020

20E

1.78 £ 0.18
1.12 £ 0.22

Ih
= 8) are shown (values are given in arbitra

lual parameters are based on Strasser et al. (2

ecdysteroids, studies of this type are severely lacking;
however, Bakrim et al. (2007) have described the stimu-
lation of tomato shoot elongation by 20E during the 3rd
and 4th day after germination, but a rather strong inhibi-
tion during the 5th day. In our case, the positive effect of
20E on Py in leaves of New Zealand spinach was indeed a

to the reduction of

Qn
Performance index

photons absorbed
by PSII antenna,
photons absorbed

by PSII antenna,
until the reduction

for energy
conservation from
conservation from
of PSI acceptors

Biological meaning
of the parameter
Performance index

Table 1 continued
Parameter

Plyps

Plorar

Mean values + SEM
meanings of the i

PS Photosystem
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rather short-term one, but the situation could be different in
other plant species. Our preliminary data from the experi-
ments made with some other plants suggest that this is
indeed the case. We think that the window of opportunity
for ecdysteroids to significantly affect photosynthetic pro-
cesses (and probably other physiological processes as well)
is only temporal, strictly a short-term one. and strongly
depends on the plant species.

As far as we know, our study is the first one to dem-
onstrate that this type of plant steroid compounds can
enhance the net photosynthetic rate directly in vivo. It
offers an interesting possibility of a new potential biolog-
ical function of ecdysteroids in higher plants, which should
be, in our opinion, examined further.
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Supplementary Figure 1 The difference kinetics AW o0;=(Woy 20 - Wos controL) revealing the K-band and
calculated from the relative variable fluorescence Wo=(Fi-Fo)/(Fi-Fo), where F¢represents the fluorescence
intensity measured at any time during the recording period, F; the fluorescence intensity at the J-step, and
Fothe initial fluorescence intensity. Measurements were made in leaves of Tetragonia tetragonioides L. at
various times (1, 2, 4, 6, 24, 48 or 72 hours) after treatment of plants with 2 mM aqueous solution of 20-
hydroxyecdysone (20E) or water (Control). Mean values (n=8) are shown for each time point.
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54. Jaky je vliv 24-epibrassinolidu a 20-hydroxyekdysonu na
fotosyntetické procesy u kukufrice a u Spenatu?

Tato problematika byla zpracovana v nasledujici publikaci:

Rothova O., Hola D., KoCova M., Tamova L., Hnili¢ka F., Hnilickova H., Kamlar M.,
Macek T. (2014): 24-Epibrassinolide and 20-hydroxyecdysone affect photosynthesis
differently in maize and spinach. Steroids 85: 44-57. IF 2,803

Zabyvali jsme se vlivem postiikl 24E a 20E na mladé rostliny kukufice a §penatu,
a to na jejich mladé nevyvinuté listy a na listy vyvinuté, dospé€lé. Tyto dva rostlinné druhy
se odliSuji pfirozenym obsahem 20E v rostling, u kukufice nebyla akumulace oxysterolt
prokazéana, u Spendtu ano. Jednotlivé charakteristiky byly méteny 1 hodinu po postiiku a
potom 1 tyden po postiiku 108 M vodnymi roztoky steroidd. In vivo jsme méfili
parametry fluorescence chlorofylu a, a dale Pn, rychlost transpirace, vodivost pruduchi
a intercelularni koncentraci COz. Dale jsme se soustfedili na meéfeni aktivity PS2
v izolovanych chloroplastech a obsahi fotosyntetickych pigmentt po jejich extrakci z

lista.

Rostliny, které byly oSetfené steroidy obou druhti, reagovaly sniZenim efektivity
celého fotosyntetického elektron-transportniho fetézce, ale zjistili jsme, Ze odpoveéd’ PS2
na oSetfeni byla u jednotlivych druhti rizné. U kukufice byl zjistén pozitivni vliv oSetieni
na aktivitu OEC a mirné vyssi energeticka konektivita mezi jednotlivymi PS, u $penatu
byla odpovéd’ na osetieni 24E nebo 20E opacna. Samostatné osetteni rostlin jednotlivymi
latkami pusobilo na obsah fotosyntetickych pigmenti pozitivné pouze u kukufice. U
Spenatu jsme zjistili pokles hodnot charakteristik vymény plynt v disledku aplikace 24E
nebo 20E mezi listy a prostfedim, tento vysledek jsme vSak nezaznamenali u kukufice.
Pii spole¢ném oSetieni rostlin obéma latkami jsme zadné rozdily oproti kontrolnim
rostlinam nezjistili. Prokazali jsme tedy, ze oSetfeni rostlin nizkymi koncentracemi 20E
ovliviiyje ucinnost riznych ¢asti fotosyntetickych procesit obdobn¢ jako 24E. Je mozné,
ze muze dochazet ke kompetitivnimu uc¢inku téchto ptribuznych latek. Podle vysledka

naSich experimenti BRs nereguluji pouze aktivitu PS2, ale i nckterych dalSich ¢asti
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fotosyntetického transportniho fetézce, k tomu vSak nemusi dochazet stejnym zpiisobem.
Zaznamenali jsme také vyrazné mezidruhové rozdily ve fyziologické odpoveédi na

oSetieni rostlin a zaroven i rozdily, zavislé na vyvojovém stadiu jednotlivych rostlin.
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The aim of the work was to examine the effect of brassinosteroid (24-epibrassinolide; 24E) and ecdyster-
oid (20-hydroxyecdysone; 20E) on various parts of primary photosynthetic processes in maize and spin-
ach. Additionally, the effect of steroids on gaseous exchange, pigment content and biomass accumulation
was studied. The efficiency of the photosynthetic whole electron-transport chain responded negatively to
the 24E or 20E treatment in both species, but there were interspecific differences regarding Photosystem
(PS) Il response. A positive effect on its oxygen-evolving complex and a slightly better energetical connec-
tivity between PSII units were observed in maize whereas the opposite was true for spinach. The size of
the pool of the PSI end electron acceptors was usually diminished due to 24E or 20E treatment. The treat-
ment of plants with 24E or 20k applied individually positively influenced the content of photosynthetic

Keywords:
Ecdysteroids
Brassinosteroids

Chlorophyll
Gas exchange pigments in maize (not in spinach). On the other hand, it did not affect gaseous exchange in maize but
0JIP analysis resulted in its reduction in spinach. Plants treated with combination of both steroids mostly did not

Photosynthetic electron transport significantly differ from the control plants. We have demonstrated for the first time that 20E applied
in low (10 nM) concentration can affect various parts of photosynthetic processes similarly to 24E and
that brassinosteroids regulate not only PSIl but also other parts of the photosynthetic electron transport
chain - but not necessarily in the same way.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction other phytohormones, mechanisms of their function and mecha-

nisms of the inactivation of unnecessary BRs in plant cells has

Ecdysteroids (ECs) and brassinosteroids (BRs) are two groups of
plant steroids that are chemically somewhat similar (both are
polyhydroxysteroids with Cy;, Cyg or Cog skeleton and carbonyl
function at C6) but differ in details of their structures. They also
differ in various other aspects such as their biosynthesis, levels,
distribution within plant kingdom as well as the distribution in
various plant organs, their biological functions, etc. [1]. Our knowl-
edge on BRs' synthesis, perception, signaling, interaction with

Abbreviations: BRs, brassinosteroids; Car, carotenoids; CF, chlorophyll fluores-
cence; Chl, chlorophyll; ci, intercellular CO; concentration; E, transpiration rate;
ECs, ecdysteroids; gs, stomatal conductance; OEC, oxygen-evolving complex; Py, net
photosynthetic rate; PS, photosystem; SLM, specific leaf mass; 20E, 20-hydroxyec-
dysone: 24E, 24-epibrassinolide.

* Corresponding author. Tel.: +420 2 21951200: fax: +420 2 21951724,

E-mail address: danahola@natur.cuni.cz (D. Hold).

' These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.steroids.2014.04.006
0039-128X/© 2014 Elsevier Inc. All rights reserved.

rather significantly advanced during the last decade (see e.g. recent
reviews [2-9]; also the last monography on this topic edited by
Hayat and Ahmad [10]). On the other hand, information on ECs is
much more scarce, although these compounds are currently
becoming objects of interest in connection with their possible
medicinal applications (see eg reviews [1,11,12]).

Even though the percentage of higher plant species containing
ECs in amounts detectable by current analytic methods is esti-
mated to be only about 5-6%, the number of species tested for their
presence is still very small (approx. 2%). Interestingly, it is thought
that most plants do contain genes coding enzymes necessary for EC
biosynthesis but this biosynthesis is actively repressed or down-
regulated [1]. The amount of ECs in species that are known to
contain them does not usually exceed 0.01-1% of plant dry mass
and consists of 1-2 major ECs and a number of minor structural
analogues [ 13,14, However, ECs’ levels in plants considerably vary
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among species, varieties/accessions, individual plants and organs
and also depend on developmental stage [15-20]. ECs are most
often detected in leaves (particularly the young ones), roots or
seeds but sometimes in other organs (stems, flowers etc.) as well
[17]. Bakrim and others [18] have examined in certain detail the
developmental changes of ECs’ distribution in various organs of
spinach (which is known to accumulate rather high levels of
ECs). They concluded that ECs’ biosynthesis in this species takes
place mostly in older leaves and ECs are then transferred into
young leaves which by themselves do not synthesize ECs but act
only as sinks for these compounds. When this ability to transport
ECs from older leaves is prevented, negative feedback control of
ECs’ biosynthesis takes place [18].

The function of ECs in plants is not exactly clear. The prevailing
opinion supported by the most evidence is that they participate in
plant defense against non-adapted herbivorous insects, nematodes
or crustaceans, either as simple deterrents, compounds with anti-
feedant activity or inductors of developmental defects [1,14,16].
In addition, a hormonal role similar to BRs has also been suggested,
although the results of standard bioassays used for the determina-
tion of phytohormone activity in plants available up to this time
have mostly been negative [21,22]. However, slight gibberellin-like
activity of ECs was described in rice by Machdckova and others
[22]. Golovatskaya |23] reported an elongation of wheat coleop-
tiles caused by 20-hydroxyecdysone applied in 107'° to 107" M
concentrations and intensified by additional application of auxin.
Other study made with tomato showed that 10~* or 10> M con-
centration of this steroid affects germination percentage, shoot
and root elongation, protein and proline content in seedlings of this
species grown from seeds soaked with its solution [24]. However,
whether the effect was stimulating or inhibiting depended both
on the concentration and time elapsed from germination and could
have changed rather quickly [24]. Bajguz and Koronka [25] found a
significant stimulating effect of ecdysone applied in the range of
107"® to 1077 M to cell suspension of Chlorella vulgaris on cell
growth and contents of nucleic acids, proteins, saccharides, chloro-
phyll (Chl) and phosphorus, as well as an inhibiting effect on pro-
tein secretion by cells after the 9th day of their cultivation with
1077 M ecdysone. The ecdysone-caused increase in Chl content
(particularly Chl b) in kidney bean leaves was reported by Golo-
vatskaya [23]. These results suggest that naturally occurring ECs
could fulfill roles additional to their supposed protective function
against phytophagous organisms.

The exploitation of a bioaffinity chromatography using poly-
meric carriers with ECs and BRs bound by the oriented immobilisa-
tion and free ligands for the competitive elution identified some
plant proteins with high affinity to these compounds. Among them
were osmotin [26], ribulose 1,5-bisphosphate carboxylase joxygen-
ase (Rubisco) [27.28], glutathione S-transferase and one protein of
photosynthetic oxygen-evolving complex (OEC) (Macek, unpub-
lished results). Moreover, the in vitro testing of the Rubisco carbox-
ylase activity [27] and the oxygen production in isolated
chloroplasts [29] has shown that the addition of ECs to reaction
mixtures in both cases significantly increased yields of these reac-
tions. This opens an interesting possibility of a direct involvement
of ECs in the regulation of photosynthesis which would be an
entirely new potential function for these steroids.

On the other hand, BRs' involvement in the regulation of
photosynthetic processes is a well accepted phenomenon and the
enhancement of the photosynthetic rate by the exogenous applica-
tion of these phytohormones has widely been demonstrated in
various plant species (reviewed e.g. by Hold [30]). However, it is
still not clear what exactly causes BR-associated improvements
in photosynthetic function (the most favoured hypothesis is that
BRs somehow enhance the efficiency of the photosynthetic carbon
reduction cycle). Actually, only the Zheijiang University group

made some of their studies [31-34] with the examination of vari-
ous aspects of the functional relationship between BRs and photo-
synthesis as their primary aim. The majority of studies dealing
with the BRs' role in plants included the analysis of photosynthetic
processes only as an ancillary method for evaluation of general
BRs’ effects on plants examined for various other reasons. The
results of some of these studies seem to point out that BRs can
either directly or indirectly affect not only the photosynthetic fix-
ation of CO, but the photosynthetic electron transport chain as
well. The measurements of the slow Chl fluorescence (CF) induc-
tion kinetics are usually the method of choice for the examination
of primary photosynthetic processes in BR-treated plants. The most
commonly evaluated parameters are dpgy (the effective quantum
yield of photochemical energy conversion in Photosystem (PS) II),
Fy/Fm (the maximum quantum yield of PS1l in dark-adapted leaves),
F,[F,, (the maximum quantum yield of PSllin light-adapted leaves),
gp (photochemical CF quenching) or NPQ (non-photochemical CF
quenching). This can certainly bring useful information; however,
for even more detailed dissection of the photosynthetic electron
transport, a multiparametric analysis of the fast CF induction kinet-
ics (the OJIP part of CF curve) is indicated as perhaps even more
powerful tool [35-37]. Curiously enough, only Janeczko and others
[38,39] have ever attempted to use this method of CF analysis for
the examination of BRs effects on plants. We have decided to apply
this approach to examine the effect of BRs (represented by 24-epi-
brassinolide; 24E) and ECs (represented by 20-hydroxyecdysone;
20E) on various parts of primary photosynthetic processes in maize
and spinach. Additionally, the effect of steroids on gaseous
exchange, pigment content and biomass accumulation was stud-
ied. Steroids were applied both separately and jointly to find out
whether these two types of compounds act synergistically or
antagonistically. Maize and spinach were selected for this analysis
based on their known difference in ECs’ accumulation. Maize does
not naturally accumulate non-conjugated ECs [40] but BRs (mainly
brassinolide, castasterone, typhasterol, teasterone and dolichoster-
one) were found in its pollen and primary roots [41]. Non-conju-
gated ECs are present in spinach shoot and seeds (levels range
from cca 0.5 to cca 1.2 pgmg~" dry mass) [18,19]. The presence
of BRs in this species, according to our knowledge, has not been
examined.

2. Experimental
2.1. Plant material, growth conditions and steroid treatments

Maize (Zea mays L, the inbred line “2023" supplied by the
CEZEA Maize Breeding Station, EejE, Czech Republic) and common
spinach (Spinacia oleracea L., var. “Matador”, SEMPRA PRAHA,
Praha, Czech Republic) were used as the experimental material.
Maize kernels were sown directly into pots (12 cm diameter,
13 cm depth, filled with garden soil), spinach seeds were first sown
into low dishes filled with the same type of soil and individual
seedlings transplanted into pots after approx. 40 days. Each pot
containing 1 plant was placed in a naturally-lit greenhouse of the
Faculty of Science, Charles University in Prague (54°04' N, 14°25'
E) under semi-controlled conditions (air temperature 25+2f
20+ 2°C, relative air humidity 50%5/70£5% day/night) and
watered daily with tap water as necessary.

After 32 d for maize and 115 d for spinach (counting the date of
sowing as day 1), plants were sprayed with 10~% M aqueous
solutions of 24E [(22R,23R24R)-20.,30,22,23-tetrahydroxy-24-
methyl-7-oxa-7-homo-5u-cholestan-6-one], 20E (2p3,3p,14,20R,
22R.25-hexahydroxy-5p-cholest-7-en-6-one), both (24/20E) or
the control solution. This concentration was selected on the basis
of our previous experiments made with 24E-treated maize [42].

64



46 0. Rothovd et al. /Steroids 85 (2014) 44-57

Chemical structures of both steroids are shown in Fig. 1. Steroid
solutions were prepared by the dilution of 107> M stock solutions
with distilled water and adding 1 cm® of Tween® 20 per 1dm?;
the stock solutions were made by dissolving the necessary amount
of the respective steroid in 1 cm® of 96% ethanol and adding 9 cm?®
of distilled water. The control solution was prepared in the same
way without any steroid. Approx. 0.5 cm’® of the respective solution
was used per each plant and was applied in three sprays from a
hand-held sprayer: two aimed at the adaxial surface of the leaves
chosen for the subsequent measurements and the third one direc-
ted at the top whortl of leaves. The leaves used for the measure-
ments of photosynthetic parameters were always those that
were mature (M, fully developed) and young (Y, not fully devel-
oped) at the time of the treatment. At the time of the treatment,
maize plants had 2 fully developed leaves and spinach plants had
10-13 leaves. The 2nd leaf was chosen as the “M” one and the
3rd leaf as the “Y” one in maize, whereas the lower level, ovate leaf
represented the “M” one and the upper level, triangular-based leaf
was considered as the “Y" one in spinach. All measurements and
samplings were performed 1 day and 1 week after the treatment;
this also meant that at the latter date of measurements, the Y
leaves reached the stage of full development and the M leaves just
started to show first signs of senescence (drying at their extreme
tips in maize, very slight yellowing in spinach). The experiments
were made in 4 biological replicates, each experimental treat-
ment/time of measurements was represented by the total number
of 44 plants of each species. Twelve plants were used for the anal-
ysis of leaf gas exchange, the CF measurements, the determination
of photosynthetic pigments’ content and plant biomass and the
remaining plants were used for the isolation of photochemically
active chloroplasts and the subsequent PSIl activity measurements.
The CF measurements and the samplings of leaves for the chloro-
plast isolation and the determination of photosynthetic pigments’
content took place between 8:00 and 10:00 a.m., Central European
Time. The gas exchange measurements were conducted between
8:30 and 11:30 a.m., Central European Time.

2.2, Chlorophyll fluorescence measurements

The measurements of the polyphasic rise of CF transient (O]IP)
were made on the upper surface of dark-adapted (30 min) leaves

24-epibrassinolide OH

20-hydroxyecdysone P ‘,\DH

Fig. 1. Chemical structures of 24-epibrassinolide [(22R23R24R)-2%,32 222 3-tet-
rahydroxy-24-methyl-7-oxa-7 a-homo-5a-cholestan-6-one] and 20-hydroxyecdy-
sone [2f,34,142.20R 22R,25-hexahydroxy-5p-cholest-7-en-6-one].

(the middle part of the leaf blade) in situ with the portable fluo-
rometer FluorPen FP100max (Photon System Instruments, Brno,
Czech Republic). The intensity of the saturating pulse (blue light,
455 nm) was 3000 pmol m~s~". All CF transients were recorded
with a time scan from 10 ps to 2 ms with the data acquisition rate
of 1 reading per 10 ps for the first 600 ps, 1 reading per 100 ps till
t =14 ms, 1 reading per 1 ms till t =90 ms and 1 reading per 10 ms
for the rest of the recording period. Fluorescence values recorded at
40 ps (Fy, initial fluorescence intensity), 300 us (Fy, fluorescence
intensity at K-step), 2ms (F,, fluorescence intensity at J-step),
30 ms (F, fluorescence intensity at I-step), and Fy = Fp (maximum
fluorescence intensity) were used for the calculations of various
parameters of the JIP test shown in Table 1, based on the theory
of energy flow in photosynthetic electron-transport chain accord-
ing to Strasser and others [35] and Stirbet and Govindjee [37].
The calculations of the relative variable fluorescence (i.e. normal-
izations of whole fluorescence transients) as described by Yusuf
and others [42] were used to obtain further information on pri-
mary photosynthetic processes: Woi = (Fr — Fo) /(Fi — Fo), Wo =
(Fr = Fo)/(F) = Fo), Wok = (Fy = Fo)/(Fk — Fo) and Wy = (F - F)/
(Fe — Fy), where F; represents the fluorescence intensity measured
at any time during the recording period. To compare the
steroid-treated plants with the control plants and to better
reveal K- and L-bands, the calculations of the difference
kinetics AWg = (W seroia — Wy contra) aNd AW o = (W ok steroia—
Wok conwa) Were also made [43],

2.3, PSII activity measurements in isolated chloroplasts

Approx. 1-2 g (fresh mass) of leaf tissue (without the midrib)
was cut into small pieces, placed in 50 cm® of pre-cooled (0-4 °C)
isolation buffer (0.4 M sucrose, 50 mM MgCl,, 50 mM Tris-HCI,
pH 7.0) and homogenized for 18 s at 15,000 rpm using the OV5
homogenizer (Velp Scientifica, Milano, Italy) with the VSS2CCR2
dispersing tool. The homogenate was filtered through 8 layers of
cheesecloth and centrifuged at 1000xg and 0°C for 10 min. The
pellet containing photochemically active broken chloroplasts of
the Il class (type C) according to Hall nomenclature [44] was
resuspended in 0.75cm’ of pre-cooled storage buffer (0.4 M
sucrose, 6 mM MgCl,, 40% glycerol, 50 mM Tris-HCl, pH 7.0) and
suspensions were stored at 0 °C in dark until the PSII activity mea-
surements. Chl content in suspensions was determined spectro-
photometrically (Anthelie Advanced 2, Secomam, Lyon, France) in
80% aqueous acetone [45] with 1:100 (v:v) chloroplast:acetone
dilution.

The PSII activity was measured polarographically as described
in [46] using a Clark-type oxygen electrode (Theta’ 90, Prague, Czech
Republic) in a measurement chamber constructed after [47]. A
constant temperature of 25°C was maintained during the
measurements and the reaction mixtures were constantly stirred
with a magnetic stirrer. Each mixture contained 5cm’® of the
isolation buffer, the volume of chloroplast suspension correspond-
ing to 7 pg of Chl, and 2 mM potassium ferricyanide together
with 1 mM 2,6-dimethylbenzoquinone as the artificial electron
acceptors. The mixtures were irradiated by white light
(850 pmol m—2s~1).

2.4, Determination of the content of photosynthetic pigments

Four leaf discs (0.5 cm diameter) were cut from the middle part
of the leaf blade of the respective leaves, placed in 5cm® of
N,N-dimethylformamide and stored in a refrigerator for 7 days
with an occasional stirring of the extracts. Chl a, Chl b and total
carotenoids (Car) contents in the extracts were then determined
spectrophotometrically (Anthelie Advanced 2, Secomam, Lyon,
France) and calculated using the equations given in [4548].
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Table 2

Selected photosynthetic parameters of the JIP test measured in maize (Zea mays L.) leaves treated with 24-epibrassinolide (24E), 20-hydroxyecdysone (20E), both (24/20E) or
distilled water (Control). Young and mature refer to the state of the leaves at the date of their treatment. For explanation of various parameters see Table 1 in the article. Different
letters (a-c) indicate significant (p < 0.05) differences between average values according to Fisher's LSD tests (data from 1day and 1 week after the treatment were analyzed

separately).
Parameter 1 day after the treatment 1 week after the treatment
(au) Control 24E 20E 24/20E Control 24E 20E 24/20E
Young leaf
vy 0.47° 049° 0.49° 047 050° 0.48* 0.49° 0.49°
v, 0.74" 077" 077 076 077" 0.79* 0.79%" 0.77"
My 1.33° 137 137 1.35% 1.44° 1.30" 131°° 1.41%
S 424 45" 44931 43999° 413.16° 509.56° 482,920 481.36% 449,58"
Ss 0.35 0.36" 036 0.35" 035" 0.37° 037° 0.35"
Pro 0.74° 075 075° 075 074 0.76* 0.76* 0.74%
Peo 0.39° 039° 038 0407 037 0.39° 0.39° 0.38°
Preo 0.19° 017" 017" 018" 017 016" 0.16* 0.17*
Poo 0.26° 025 025° 025 026 0.24° 0.24°* 0.26
Weo 0.53° 051* 051° 053" 050° 052° 052° 0.51°
Weeo 0.26° 023" 023" 024" 024° 021° 021%™ 0.23%
Sro 0.48° 045" 043" 0.46* 0.48° 045" 043" 0.45°
YRe 0.21° 0.21° 021° 0.21° 0.20" 0.22° 0.22* 0.21°
ABS/RC 3.86° 375 372 3.84° 393 356" 356" 3.89°
TPo/RC 2.85 2.80° 278 287 2.89° 2.69" 2.70" 2.87°
ETyfRC 152 1.44%" 1.40 152 1.45° 1.39° 1.39™ 1.46*
REy/RC 1.01° 095° 094° 097" 068 057" 057" 0.65°
DIg/RC 0.74° 064 0.64° 069" 1.04° 0.87* 0.86" 1.03*
Plags 0.85° 093" 087 088 0.79° 0.95* 0.94° 0.79°
Phora 0.78° 077 0.65° 074 073 0.80° 0.70° 0.67°
Mature leaf
v 0.46° 048" 0.49° 047" 051°" 0.49° 0.48" 0.54"
Vi 074 076" 078 076 0.76° 0.76* 0.76* 0.76°
My 1.33° 132% 1.34° 1.31% 1.47% 1.37" 134" 1.58°
Sm 433.88° 454 60° 44327 43052° 41932" 463.95° 471.69° 392.20°
Ss 0.35" 036 036° 036" 035% 036" 0.36° 0.34°
Pro 0.74 075 075" 0.75 072" 0.74*" 0.75* 0.72"
Peo 0.40°0 0390 038" 0400 035% 03830 0.39° 0.330
Prso 0.9 018" 016" 018" 017 018" 018 0.17°
Poo 0.26° 025 025 025 028 0.26" 025" 0.28*
Weo 0.54° 052" 051° 053" 0.49°" 051 0.52° 0.46"
Ween 0.26° 024" 022° 0.24%" 024 0.24° 0.24* 0.24°
Fro 0.48° 045" 043" 046 0.48° 0.45% 043" 0.46
Yre 021® 021* 021° 021 0.20™ 021 021° 0.20¢
ABS/RC 3.88° 3.66" 3.66" 3730 401" 3.77™ 3.74° 4.10°
TPy/RC 2.86° 276" 275" 280 288" 278" 280" 2.93°
ETo/RC 1.53° 1.44% 141° 149" 1471° 1.42° 146" 1.35°
RE,RC 1.01° 091" 091° 093" 0.69° 0.66" 0.67° 0.69°
Dlg/RC 073 065" 060" 068" 112 099" 094" 1.17°
Plag 0.86° 091* 087 093 0.66™ 0.80% 0.8 0.60°
Phora 079 075" 0.65" 079" 062° 0.67* 0.66 0.50°

spinach (Table 3) to approx. 90% of control values. The in vitro mea-
surements of the PSII activity did not reveal any significant differ-
ences among various treatments in either species (Tables 4 and 5).

The K-band revealed by the difference kinetics AWy (Fig. 2C
and D) was within a negative range for both 24E and 20E individual
treatments of maize which suggested the better function of OEC in
these plants compared to the control ones. The combination of
both steroids did not have such effect and the K-band was much
less pronounced. For spinach, the situation was reverse with the
K-band in the positive range. The effect of the individual 24E or
20E treatments was again more marked than the effect of the com-
bination of both steroids (Fig. 3C and D).

The L-band which is observable when plotting the difference
kinetics AWy against time and which informs on the energetical
connectivity between individual PSIl units was not particularly
pronounced in maize suggesting that the steroid-treated plants
of this species did not much differ in this aspect from the control
ones (Fig. 2E and F). On the other hand, treatment of spinach with
the individually applied 24E or 20E (not their combination)
resulted in the positive L-band (with almost tenfold amplitude
compared to maize) suggesting the poorer energetical connectivity

between the PSII units. This was slightly more pronounced for 20E
than for 24E (Fig. 3E and F).

As regards the whole photosynthetic electron-transport chain
(ie. until the PSI electron acceptors), treatment with 24E or 20E
applied individually (not in combination) to both species nega-
tively affected the respective ]IP test parameters (e.g. Pgeo, Wreo
dreo and REQ/RC). In maize, this was seen particularly in the Y
leaves (Table 2). The curves of the relative variable fluorescence
Wie in maize mostly overlapped (Fig. 2G and H, main graphs) indi-
cating that the rates of the reduction of the end electron acceptors
in the steroid-treated plants were similar to those in the control
plants. However, the individual application of either steroid
resulted in the decrease of the size of the pool of PSI end electron
acceptors in the Y leaves, as seen from the lower position of the
W curves (Fig. 2G, inset graph). In spinach, both types of leaves
were affected similarly and the decrease of the values of the
respective JIP test parameters was in some cases rather strong
(down to 75% of control) (Table 3). Slower reduction of the PSI elec-
tron acceptors was observed in plants treated with the individual
application of 24E or 20E compared to the control plants or plants
treated with the combination of both steroids (as seen from the
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Table 3

Selected photosynthetic parameters of the JIP test measured in spinach (Spinadia oleracea L.) leaves treated with 10 ® M 24-epibrassinolide (24E), 10 ® M 20-hydroxyecdysone
(20E), both (24 20E) or distilled water ( Control). Young and mature refer to the state of the leaves at the date of their treatment. For explanation of various parameters see Table 1
in the article. Different letters (a-c) indicate significant (p < 0.05) differences between average values according to Fisher's LSD tests (data from 1day and 1 week after the

treatment were analyzed separately).

Parameter 1day after the treatment 1week after the treatment

(au) Control 24E 20E 24/20E Control 24E 20E 24/20E

Young leaf

vy 0.44% 0.44° 0.44° 0.45* 0.40° 0.44° 0.45" 0.41°
v, 0.80% 0.80° 078" 0.80° 075" 0.80° 0.82* 0.76"
My 1.08° 1.14° 1.11° 1.12° 094" 1.18° 1.20° 1.02°
S 641.78% 597.79* 577.31° 622.15° 615.20° 595.17* 549,18 616.67°
S 0.41° 0.39" 0.40™" 0.40° 043 0.38° 0.38° 0.40"
Pro 0.80° 078" 078" 0.80° 081* 077" 0.76" 0.80°
Peo 0.45° 043 0.44° 0.44° 049° 043" 0.42° 0.48°
Preo 0.16™ 015" 0.17* 016" 020 015" 0.14° 0.19*
Poo 020" 0.22* 0322° 020" 019" 023 0.24° 0.20°
Weo 0.56° 056 0567 0.55° 0.60° 056" 0.55" 0.59°
Weeo 020" 020" 022° 020" 025 020" 018" 0.24
Sro 0.36" 033" 0.39° 037" 042° 035" 0.33" 0.40°
YRe 0.25° 023" 0.24%" 0.24° 0.26° 023° 0.22¢ 0.25°
ABS/RC 3.08" 3.30° 320 ant 288" 344 352 3.09"
TPo/RC 2.45" 2.57° 250" 2.48"° 2.33¢ 2.66" 2,67 2.49"
ETyfRC 138" 1.43° 1.40° 1.35° 1.40" 148 147 1.47%
REy/RC 063" 073 o70® 0.64" 055" 078 0.84" 0.61°
DIg/RC 050" os1" a.55° 050" 058" 052" 0.49" 0.58°
Plags 1.65% 137" 1.44% 1.54% 232* 1.26° 117 1.95°
Phora 097* 0.76° 0.94° 091° 1.60° 0.70° 0.60° 1.32%
Mature leaf

v 044" 0.44°" 0.45°" 0.45° 040" 0.44° 0.44° 041"
Vi 0.78* 0.78* 0.80° 0.80° 075° 0.80° 0.81* 0.77°
My 1.06" 110" 1172 1.10% 091° 117 1.19° 1.00"
Sm 577.66% 526.02* 575.40° 603.88° 687.43 567.94° 61317 581.06°
Ss 041° 0.40% 039" 0.41° 043* 038 037 0.41°
Pro 0.80° 0.78"™ 0.77° 0.80"" 0.80° 0.78" 0.76° 0.80°
Peo 0452 D.4430 0.42° 0.4330 049 043" 0.420 0.47°
Preo 0.18° 017" 015" 0.16" 0.20° 0.15° 0.15° 0.18"
Poo 0.20° 022" 0.23° 0.20™ 0.20° 022" 0.24° 0.20°
Weo 056" 056" 0.55% 055" 0.60° 056" 0.56" 0.59°
Wien 022" 0.22* 0.20° 0.20" 025" 0.20° 0.19° 0.23°
Fro 039° 0.39° 0.36° 037* 041* 035° 0.35° 0.38°
Yre 025* 024" 023" 025* 026 023 0.2 0.25°
ABS/RC 3.03" 322% 3.38° 3.03" 2.87° 339° 3.52° 3.05°
TPy/RC 2.42° 2523 259° 241° 231° 263 2.68° 2.45°
ETo/RC 1.37° 141°" 1.42° 1.32° 1.39" 146" 1.49° 1.44%
RE,RC 061* 071 0.79° 0.62 056" 0.76* 0.84° 0.60°
Dlg/RC 054" 0.55° asz2** 0.49" 057" 052" 0.52" 0.55%
Plag 1.71* 1474 123" 1.57° 221* 128" 117" 1.96%
Phora 1.11% 098" 072" 095" 1572 071" 0.63° 1.22°

shift of the Wip curves to the right, Fig. 3G and H, main graphs). In
addition, the size of the pool of these end electron acceptors was
also diminished in these plants (Fig. 3G and H, inset graphs).

The above described interspecific differences and the differ-
ences among the response of the individual parts of photosynthetic
electron-transport chain were reflected in the parameters Plags and
Pligrar, which characterize overall performance of photosynthetic
apparatus from the absorption of photons by light-harvesting
antenna to the reduction of either Qg (i.e. mostly PSII performance)
or the PSI end electron acceptors (ie. the whole photosynthetic
electron-transport chain performance). The values of these param-
eters either did not change or increased (in case of Plags) in maize
but strongly decreased (down to approx. 40-50% of control) in
spinach (Tables 2 and 3).

The contents of photosynthetic pigments in spinach leaves were
not significantly affected by steroid treatment (Table 5). On the
other hand, the treatment of maize plants with steroids (particu-
larly 20E) increased Chl a, Chl b and Car contents (Table 4).

The individual application of both stercids decreased Py, g5 and
E of spinach leaves but due to a somewhat large variability among
individual plants, these differences were statistically significant

only exceptionally, mostly for the M leaves of 24E-treated plants
(in this case, the decrease was down to approx. 80% of control for
Py, 50% of control for E and 40% of control for gg). Contrary to this,
the intercellular CO2 concentration increased up to 130% of the
control; again, these differences were not always statistically sig-
nificant (Table 5). Neither of these parameters significantly chan-
ged after steroid treatment in maize (Table 4). SLM was mostly
not affected by steroid application in either species (Tables 4 and
5), nor were any significant differences between steroid-treated
and control plants observed for the dry mass of shoot or roots (data
not shown).

4. Discussion

Any examination of a possible biological function of some com-
pound that naturally occurs in a plant organism has to be based
either on the work with loss- or gain-of-function mutants with
changes in its biosynthesis/degradation/transport/signaling, or
with plants subjected to its exogenous application. In case of BRs,
mutants are still not as abundant as we would like to and are
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Table 4

Gas exchange parameters, photosynthetic pigment contents and biomass accumulation measured in maize (Zea mays L) leaves treated with 24-epibrassinolide (24E), 20-
hydroxyecdysone (20E), both (24(20E) or distilled water (Control). Young and mature refer to the state of the leaves at the date of their treatment. Different letters (a-c) indicate
significant (p < 0.05) differences between average values according to Fisher's LSD tests (data from 1 day and 1 week after the treatment were analyzed separately).

Parameter 1day after the treatment 1week after the treatment

Control 24E 20E 24/20E Control 24E 20E 24/20E
Young leaf
Net photosynthetic rate [umol CO, m * (leaf area) s '] 8.59° 8.78" 8.29° 8.42° 9.40° 9,17 9.83° 10.09"
Transpiration rate [mmol H,0 m ? (leaf area) s '] 1.01* 117 1.13* 1122 1.16% 1.13* 117 1.23*
Stomatal conductance [mol H,0 m~? (leaf area)s '] 0.05* 0.06* 0.05* 0.05% 0.06% 0.06" 0.06% 0.07*
Intercellular CO, concentration [umol mol '] 188.90" 226.88" 283.31* 241.18° 202.78* 21248° 192.86* 205.82*
Photosystem 1l activity [mmol O, kg ' (chlorophyll)s—'] 27.77% 2637 27.71° 28.06° 27.51% 26.64° 28523 29.61*
Chlorophyll a content [g kg ' (dry mass)] 13.90" 1422° 14.30" 14.60° 14.23° 17.10° 17.16" 14.21°
Chlorophyll b content [g kg ' (dry mass)] 3.81* 3.82* 3.72* 3.98° 4.09* 4.64* 494° 4.12*
Total carotenoids content [g kg ' (dry mass)] 2.62* 266 2.76* 262° 2,664 2,973 3.05% 2.59°
Chlorophyll a/b ratio 3.65° 3,73 391° 3.66° 3.50" 3.69" 347" 347"
Chlorophyll (a+b)/total carotenoids ratio 6.75% 6.78%° 6.42"° 7.09° 6.73% 7.26% 7.25% 7.01*
Specific leaf mass [g m ? (leaf area)] 10.81* 10.59* 10.53* 10.81° 1045° 10.43° 10.75% 10.62*
Mature leaf
Net photosyntheric rate [umol CO, m * (leaf area) s '] 8.99° 926 8.76" 771 7.80° 7.28" 810" 8.12*
Transpiration rate [mmol H,0 m 2 (leaf area) s~'] 1.05° 1.08° 1.10* 107 097* 0.88° 1.02° 1.04
Stomatal conductance [mol H»0 m~? (leaf area)s '] 0.05" 0.05" 0.05* 0.05* 0.05* 0.04" 0.05* 0.06"
Intercellular CO, concentration [umol mol '] 209.65* 186.56 215.10* 21165° 21831° 197.71* 21212° 221.29°
Photosystem 1l activity [mmol O, kg ' (chlorophyll)s—'] 30.88* 29.38° 31.56* 31797 30.25% 29.16* 29.10° 30.49°
Chlorophyll a content [g kg ' (dry mass)] 10.25¢ 12.82°" 13.46° 11.46" 12.23° 12.30° 13.85° 11.80°
Chlorophyll b content [g kg ' (dry mass)] 3.07 376 3.97* 3.35%¢ 3.64° 3.50° 411° 3.55%
Total carotenoids content [g kg ' (dry mass)] 2.09" 2.39% 2.55* 2230 227° 2,23 246° 2.20°
Chlorophyll a/b ratio 3.34" 3.40° 3.37° 3.42° 3.38" 3.51° 337" 3.33"
Chlorophyll (a+b)/total carotenoids ratio 6.36¢ 6.94° 6.814 6.62" 6917 7.06% 7.30° 6.94°
Specific leaf mass [gm ? (leaf area)] 12.95% 12.28" 13.26° 1271 12.26°" 12.50" 12.88° 11.80"

Table 5

Gas exchange parameters, photosynthetic pigment contents and biomass accumulation measured in spinach (Spinacia oleracea L.) leaves treated with 24-epibrassinolide (24E),
20-hydroxyecdysone (20E), both (24/20E) or distilled water (Control). Young and mature refer to the state of the leaves at the date of their treatment. Different letters (a-c)
indicate significant (p < 0.05) differences between average values according to Fisher's LSD tests (data from 1day and 1 week after the treatment were analyzed separately).

Parameter 1day after the treatment 1 week after the treatment

Control 24E 20E 24/20E Control 24E 20E 24{20E
Young leaf
Net photosynthetic rate [umol CO, m 2 (leaf area) s '] 1835° 1624 16.59°° 15.16" 16.24* 14.86* 15.59° 15412
Transpiration rate [mmol H,0 m ™ (leaf area) s '] 3.41° 2.63" 2.88" 2.86" 3.70" 2.93* 3.35° 291°
Stomatal conductance [mol H,0 m~2 (leaf area)s '] 0.35* 0.20" 0.25% 0.25% 0.28* 0.20° 0.25° 0.24°
Intercellular CO; concentration [pmol mol '] 291.30° 291507 298.85" 292.76* 244.71° 318.10° 325.12° 269.92%
Photosystem Il activity [mmol O, kg ' (chlorophyll)s '] 10.55* 1047 10.35* 10.29* 10.15* 10.45* 10.17* 10.16%
Chlorophyll a content [gkg ' (dry mass)] 1239° 1241° 12.53* 12.43* 12.02° 12.19* 12.34° 12.20°
Chlorophyll b content [g kg ' (dry mass)] 387 3.89° 3.91* 3.85° 4.04* 4.08* 4.07° 4.08°
Total carotenoids content [g kg ' (dry mass)] 281 2.85° 2.84° 2.83* 2400 2.43° 2.51° 2.43°
Chlorophyll a/b ratio 3.200 319 3.20° 3.23* 2.98* 2.99° 3.03* 2.99°
Chlorophyll (a+b)/total carotenoids ratio 579" 572 5.79° 5.75° 6.68'" 6.70°" 6.54" 6.72°
Specific leaf mass [g m 2 (leaf area)] 29.09° 27.02* 27.60° 30.22° 29.00* 29.924 30.94* 28.47°
Mature leaf
Net photosynthetic rate [umol CO, m 2 (leaf area) s '] 1595 1548 14.60° 15.70° 15.81° 12.27" 13.97% 15.57%
Transpiration rate [mmol H,0 m? (leaf area) s '] 281° 218 2.36° 2.62° 2.90" 1.51" 221 2.64°
Stomatal conductance [mol H,0 m~2 (leaf area)s '] 023 0.15" 0173 0.20°" 0.20* 0.08" 0.13%® 0.19°
Intercellular CO, concentration [pmol mol '] 28242* 27999° 287.32* 270.30° 251.15° 250.86" 321.22° 27039
Photosystem 11 activity [mmol 0, kg ' (chlorophyll)s '] 10.58* 1112° 11.09° 11.23* 9,56 9,69* 9,56* 9.72°
Chlorophyll a content [g kg ' (dry mass)] 1052* 10.94* 10.37* 10.77* 10.32* 10.30° 10.54* 1034
Chlorophyll b content [g kg ' (dry mass)] 3.54* 358 3.42° 3.61° 3.71* 361° 3.64° 3.61°
Total carotenoids content [g kg ' (dry mass)] 223 235° 2.25* 2.28° 2.06* 2.06* 2.16° 2.08*
Chlorophyll a/b ratio 298 3.05* 3.04° 2.99* 2.79* 2.86° 2.89° 2.86%
Chlorophyll (a+b)/total carotenoids ratio 630" 6.20™ 6.13 6.32° 6.84° 6.76% 6.56° 6.72°
Specific leaf mass [g m 2 (leaf area)) 2849° 28.79° 27.28* 28.06° 26.05" 29.75% 28.49% 26.15°

restricted mostly to Arabidopsis, rice, pea and in some cases tomato
[7]. As regards the other group of plant steroids examined in our
study, ie. ECs, mutant plants with changed ECs’ levels are even
more rare [1,14]. This means that most analyses of BRs" and ECs’
biological function have been made in plants treated with these
steroids applied to them exogenously (mostly by foliar application
~ leaf spraying, or seed/plant soaking). This was our choice for this

study as well. The obtained results can be divided into two main
groups. The first one brings a more detailed information on the
effect BRs have on primary photosynthetic processes than has been
available thus far. The second group of results suggests a possibil-
ity of an entirely new biological function of ECs in the regulation of
photosynthesis and offers a tentative glimpse of the possible func-
tional relationship between these two types of plant steroids.

68



O. Rothovd et al./Steroids 85 (2014) 44-57 51

70000 70000
60000 |- 60000 |-
3 5
50000 S, 50000
2 2
2 2
& 40000 |- 40000 -
€ £
§ 30000 § 30000
8 8
2 2
4 e
S 20000 S 20000
w w
10000 - 10000}
241208
I Conwol
o L : . :
0.01 [X] 1 10 100 1000 10000
Time [ms]
12 02
10
S 0~ 3
8 i s
el 3 o3
¥ z v
< 3 &
= 08 <002 E =
= S
"~ & N
w now
w 04 gﬁ "
ga Ho00¢ 2 ga
02
o]
"
e .
00— L L L ! L L L 006 bl | ' L L L L L L 006
00 02 04 06 08B 10 12 14 16 18 20 00 02 04 08 DB 10 12 14 16 18 20
Time [ms] Time [ms]
o010 1 010
P>
F =
s,
—_— — 08
5 0006~ S o 0005
& g S B Py §
= 5 v
w > w
. = T oosf g:s
w 3w & 3
o wil = ) i |
I 2 2 7 ]
. E 04 /" ,«.‘ E
w now 7 B "
W " 5 » %
g \/M JoonZ 3 J ® o {003
02} 24E 02 1 » f L 24E
¢ 208 / Tegee 208
241208 24120E
{ 71 Contal 4 Conirol
0 / - - - - - oo'_-[ + - - - - ~—.0010
004 0.08 0.12 0.16 020 024 028 A 004 008 012 0.16 0.20 0.24 028
Time [ms] Time [ms]
10 1
08} 08|
S 24E 5
s 208 A
c 241206 I
T o6t Control Toonf
w 4 S
I ET [
o 0AF 5 o4l
5 & 421 =
5
. .
= = 111 =
oz o0z}
1.0 10
0 S50 100 150 200 250 300 0 50 100 150 200 250 300
Tme [ms] Time [ms]
o h i | I |
0 100 150 200 250 00 ) 100 150 200 250 300
Time [ms] Time [ms]

Fig. 2. The polyphasic rise of chlorophyll a fluorescence transients (OJIP) [panels A and B], the relative variable fluorescence Wy, [panels C and D], W [panels E and F|, Wiy
[panels G and H, main graphs] and W, [panels G and H, inset graphs] and the difference kinetics revealing the K- and L-bands, AW, [panels C and D] and AW [panels E and
F] as measured in young [panels A, C, E and G] or mature [panels B, D, F and H] leaves of maize one week after their treatment with 24-epibrassinolide (24E), 20-
hydroxyecdysone (20E), both (24/20E) or distilled water (Control). Average values are always shown, the relative variable fluorescences are plotted on left vertical axes and
shown in open symbols, the difference kinetics are plotted on right vertical axes and shown in solid symbols. Young and mature refer to the state of leaves at the date of the
treatment.
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Fig. 3. The polyphasic rise of chlorophyll a fluorescence transients (O]IP) [panels A and B], the relative variable fluorescence Wy, [panels C and D], Wy [ panels E and F], Wip
[panels G and H, main graphs] and Wo, [panels G and H, inset graphs] and the difference kinetics revealing the K- and L-bands, AWp [panels C and D] and AWy [panels E and
F] as measured in young [panels A, C, E and G] or mature [panels B, D, F and H] leaves of spinach one week after their treatment with 24-epibrassinolide (24E), 20-
hydroxyecdysone (20E), both (24/20E) or distilled water (Control). Average values are always shown, the relative variable fluorescences are plotted on left vertical axes and
shown in open symbols, the difference kinetics are plotted on right vertical axes and shown in solid symbols. Young and mature refer to the state of leaves at the date of the
treatment.
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As stated in the Introduction, a really detailed examination of
the photosynthetic electron-transport chain in BR-treated plants
has not been made often but at least some parameters associated
with primary photochemistry (usually quantum yields of PSII pho-
tochemistry) were measured in several plant species. An interest-
ing result of our current study was the finding that primary
photosynthetic processes (together with the contents of photosyn-
thetic pigments) in leaves of both examined species responded to
the steroid treatment in a totally different way, with spinach
mostly negatively influenced by the treatment with individual ste-
roids while maize was either not at all or more-or-less positively
affected. The authors who previously worked with wheat [50,51],
barley [39], maize [52,53], winter rape [38], tomato [54-56] or
pepper [57,58] did not find any significant effect of BRs’ application
on PSII function when plants were grown under normal conditions.
However, others [31-3459-62] dealing with cucumber plants
observed an improvement in @pgy in plants treated with 24E. A sig-
nificant increase in this parameter (as well as in F,'[F,," and gp) was
described also for melon plants by Zhang and others [63]. Similarly,
some authors who worked with cucumber [64], rapeseed [65] or
mungbean [66] plants also reported an 24E- or 28-homobrassino-
lide-induced increase of F,[F,,. Thus, all three possible types of the
PSII response to BRs (ie. none, positive and - as seen in spinach in
our study - negative) have been demonstrated and both the previ-
ous analyses and our current study imply that each plant species
shows its own distinctive response of PSIl complex to these ste-
roids and that - as is often the case in biology - what applies for
one species is not necessarily true for another one.

Curiously enough, many studies demonstrated a significant
improvement of PSIl function in plants (including the species
which did not respond to exogenously applied BRs under normal
conditions) treated with BRs and afterwards (or previously)
exposed to various stressors, eg cold [67-69], heat [3963],
drought [70-72] or salinity [51,64,65,73,74]; on the other hand,
other authors [50,57] did not observe any such phenomenon for
BR-treated and salt-stressed plants). Positive effect of BRs on some
parameters associated with PSIl function was described also in
plants stressed by cadmium [38,55], nickel [75], copper [64], the
excess of boron [66], polychlorinated biphenyls [56], phenanthrene
[76-78], pyrene [77], plants exposed to various herbicides, fungi-
cides or insecticides [59,60,67,79,80] or plants grown in elevated
COy conditions [34]. This indicates that the response of this photo-
synthetic complex to BRs is further affected by the environment
plants are exposed to and that the overall change in plant condition
caused by unfavourable conditions non-specifically induces BRs’
regulation of PSII in all plant species.

Our results also showed that (besides these interspecific differ-
ences) BRs can have different effects on various parts of a photo-
synthetic photon absorption and electron-transport chain. We
demonstrated that not only the efficiency of PSIl per se can be
affected by these compounds, but that they can (not always in
the same way) change the apparent size of its antenna, the func-
tionality of its OEC or the energetical connectivity between individ-
ual PSII units (again, the positive or negative character of such
changes depends not only on the plant species but on the develop-
mental state of the leaf and on the time elapsed from BR treatment
as well). In their recent study, Krumova and others [81] analyzed
the structure of thylakoid membranes and PSIl function in
Arabidopsis mutants with enhanced BR signaling, inactive BR
receptors or a deficiency in BR biosynthesis and concluded that
BRs affect photosynthesis by regulating the stability of OEC, thus
indirectly affecting the assembly of PSII complexes and supercom-
plexes and their arrangement in thylakoid membranes. Janeczko
and others [38] also observed the effect of 24E on OEC in winter
rape; interestingly, this effect was positive in plants treated with
cadmium but negative (although not significantly) in untreated

plants. This is just another example of a strong dependency of
BR-induced regulation of the photosynthetic apparatus on an over-
all state of plants and their environment.

In addition to PSII, other parts of photosynthetic electron-trans-
port chain also clearly respond to BRs and this response can be
quite different from the PSIl response. For example, in spinach,
the negative influence of BRs applied for both PSII and the whole
electron-transport chain efficiencies, but the electron transport in
PSIL in our steroid-treated maize was almost non-affected by BRs
whereas the whole electron-transport chain and the size of the
pool of the PSI end electron acceptors was affected negatively.
The in vitro analysis of the PSI activity in suspensions of chloro-
plasts isolated from BR-treated maize plants [52,53] did not reveal
any significant changes of this parameter, so it is possible that the
changes in the efficiency of the whole electron-transport chain
observed for this species in our current study are associated nei-
ther with the intrinsic efficiency of PSII nor with PSI but with some
other component of the electron-transport chain; however, this
would require a further, more detailed study. The opposite effects
BRs can have on various components of photosynthetic apparatus
could also probably explain why the Py did not change with steroid
treatment in our maize plants even when the size of the PSI accep-
tors’ pool and the efficiency of the whole electron-transport chain
was diminished, as this negative effect could perhaps have some-
what been compensated by the observed increase in the amount
of photosynthetic pigments and photon absorption. On the other
hand, the negative response of Py to 24E-treatment in spinach
could have perhaps been associated with overall negative effect
of this compound on primary photochemistry. Other mechanisms
such as a stomatal closure could maybe play a role as well but
the absence of a negative effect of 24E on intercellular CO; concen-
tration rather indicates that this is not the case. It is also possible
that the exogenous application of steroids resulted in the excessive
accumulation of these compounds in spinach leaves, thus perhaps
crossing the borders of rather narrow concentration range which is
probably typical for a promotive effect of exogenous BRs on photo-
synthetic apparatus [82].

The molecular mechanisms of BR-induced regulation of photo-
synthesis are mostly unknown. BRs regulate the development of
stomata which could indirectly affect photosynthetic efficiency.
Interestingly, it seems that these steroids can both repress and pro-
mote stomatal formation depending on the respective plant organ
(i.e. leaves, cotyledon, hypocotyl), and probably also on the envi-
ronmental conditions [83,84]. A key component of BR signaling
pathway, BRASSINOSTEROID INSENSITIVE2 (BIN2) kinase, has been
implicated as an essential link between BRs and mitogen-activated
protein kinase (MAPK) signaling cascade which regulates stomatal
development [85,86]. Another possibility how BRs could regulate
photosynthesis is their implication in the maintenance of the cellu-
lar/chloroplast redox homeostasis and the synthesis/activation of
redox-sensitive photosynthetic enzymes by an H,0,-mediated
increase in a ratio of reduced to oxidized glutathione [87].There
are also some indications that BRs (and other steroids) can directly
bind to some photosynthetic proteins (e.g. Rubisco, PsbP protein of
0OEC) and could perhaps function as allosteric regulators of their
activity [27,28], Macek, unpublished results].

The expression of genes coding for photosynthetic proteins
could also be either direct or indirect target of BR signaling path-
way. BRs mostly down-regulate the expression of genes coding
for various photosynthetic proteins [30,88,89]. The expression of
two GOLDEN 2-LIKE transcription factors (GLK1 and GLK2) which
regulate production of nuclear-encoded photosynthetic proteins
is inhibited by BRASSINAZOLE RESISTANT1 (BRZ1) and/or PHYTO-
CHROME-INTERACTING FACTOR4 (PIF4) transcription factors,
other essential components of BR-signaling pathway [90]. Tran-
scription of plastid-encoded photosynthetic genes is also affected
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by BRs. Efimova and others demonstrated that Arabidopsis mutants
defective in BR synthesis showed an increased level of transcrip-
tion of genes encoding some subunits of PSII, PSI or chloroplast
ATP-synthase and that exogenous application of 10~ M concentra-
tion of 24E to these mutants also activated the transcription of
these genes [91,92]. It is possible that a precisely maintained BR
concentration is necessary for the repression of photosynthetic
genes in normal plants and that any deviation from this balance
(either caused by BR deficiency or BR excess in mutants or plants
supplied with exogenous BRs) can reverse this process. However,
most of these hypotheses need further experimental support and
while it is still missing, the exact molecular mechanisms of BR-
induced regulation of photosynthesis can be only speculated on.

Our observation that steroid treatment affects photosynthetic
processes more strongly in the mature leaves compared to the
young, still not completely developed ones and that this applied
both for spinach and maize is also rather interesting. We do not
think it is related to the differences between the C3 (spinach)
and C4 (maize) types of photosynthetic metabolism, as the appear-
ance of C4 photosynthetic system in maize is associated with
leaves of higher levels and leaves 1-3 are usually considered to
have C3 type of metabolism [93]. Janeczko and others [39]
observed similar differences in BR-response between younger
and mature leaves of heat-stressed barley plants treated with
24E and they speculated that the younger leaves had as yet an
insufficient number of BRs' receptors and that the BR-signaling
pathway thus could not be activated as well as in the older, mature
leaves. Our results could support this hypothesis as well, although
its further verification would again require a more detailed study
and a comparison of various developmental stages of leaves in var-
ious plant species. Unfortunately, other authors who examined
BRs" effects on photosynthesis did usually work only with fully
mature leaves from the start (and did not follow the natural course
of leaf development), even in studies that analyzed a time-depen-
dent effect of these compounds, such as the works with cucumber
[31,32,60,61], tomato [54] or rapeseed [65]. These studies have
shown that BRs' effect on various components of the photosyn-
thetic apparatus can be sometimes seen very early (in the range
of several hours) and can persist for a longer periods of time (sev-
eral days or even weeks) which is similar to our results.

Besides a more detailed information on BRs' effects on primary
photochemistry, the second (in our opinion even more important)
main result our study offers is the discovery that exogenously
applied EC can have similar effect on photosynthetic processes as
BRs in a similarly low concentration. This introduces a concept that
the structural similarity of these compounds could perhaps be
somehow reflected in the functional similarity as well, at least in
some aspects. The possibility that BRs are not the sole group of
plant steroids with function in the regulation of photosynthesis
has recently been supported by findings that at least some repre-
sentants of another class of steroids, mammalian sex hormones
(estrogens, androgens and progesterone), not only also naturally
occur in plants but can affect various plant biological processes
[12,9495], Janeczko and others [96] have described a positive
effect of androstenedione on Py and g in soybean plants after their
recovery from drought exposure, although the efficiency of PSII
was not affected in this case. Progesterone treatment was found
to lessen the negative effects of the infection of Arabidopsis plants
with Pseudomonas syringae on the PSII efficiency [97]. As regards
ECs, with the exception of the work of Golovatskaya [23] who
found that ecdysterone applied in 10~ to 10~ M concentrations
to detached kidney bean leaves slows their yellowing (ie. main-
tains the content of Chls), and our own previous in vitro or
in vive analyses made with higher concentrations of 20E
[27-29,98], this study is to our knowledge the first in vivo one
documenting that these steroids can have a similar role in the

regulation of higher plant photosynthesis in similarly low concen-
tration as BRs.

Our results demonstrated that the effects of 24E and 20E on
photosynthesis mostly copied each other when these steroids were
applied individually, but these effects were much diminished and
usually did not significantly differ from the control when the 24/
20E combination was used. This applied both for plant species rich
in endogenous ECs (spinach) and the species that does not accu-
mulate endogenous ECs (maize). Based on her observations of
antagonistic effects of ecdysterone and 24-epibrassinolide in the
assay for the elongation of wheat coleoptile segments, Golovats-
kaya [23] has suggested that ECs and BRs could compete for a com-
mon receptor. Some authors have also shown that BRs and ECs can
have antagonistic function in insects and proposed that they prob-
ably compete at the binding site of the insect hormone receptor
[99,100]. However, Voigt and others [101] assessed the effects of
various synthetic brassinosteroid/ecdysteroid hybrid molecules in
the Drosophila By, cells bioassay for EC agonist and antagonist activ-
ities and in the rice lamina inclination test for BR activity and con-
cluded that although some of these hybrid molecules possessed
the agonist activity in the first bioassay and most of them showed
some biological activity in the second bioassay, every small struc-
tural difference between castasterone (as the representant of BRs)
and 20E had its impact on these activities. They therefore proposed
that both the insect ECs' receptor and the plant BRs' receptor have
highly specific structural requirements for the ligand binding and
that such competition for a common receptor is highly unlikely.
However, the possible competition between BRs and ECs does
not necessarily have to be at the ligand-binding site of the BR
receptor, as it has been shown that both types of these molecules
can specifically bind to some other proteins (including those par-
ticipating in photosynthesis) as well and perhaps act as allosteric
activators [26-28]. Without the detailed screening of plant prote-
ome in order to identify all proteins BRs and ECs can bind to, and
without the comparison of their respective binding abilities and
the effect this binding could have on the conformation and biolog-
ical function of such proteins, this is of course a pure speculation. It
is also possible that exogenous 24E and 20E, when applied individ-
ually, could indirectly repress/induce the expression of different
photosynthetic genes (which could nevertheless result in similar
effects on photosynthetic function) and their joint application
could fully or partially restore the fine balance necessary for the
normal function of photosynthetic apparatus. Other types of cross-
talk between these two types of steroids are also possible, similarly
to those known for other groups of plant hormones [102]. Unfortu-
nately, ECs still remain outsiders in the field of scientific interests
and we do know practically nothing about their precise fate in
the plant cell, their interactions with its components and their
possible function in signaling pathways and gene expression
regulation.

5. Conclusions

Our study has brought two main results: (i) a demonstration
that 20-hydroxyecdysone can affect various parts of photosyn-
thetic processes in low concentration similarly to BRs and that
there is probably at least some competitive behaviour between
those two groups of plant steroids in this aspect of plant physiol-
ogy, and (ii) a proof that as regards their influence on primary
photosynthetic processes, BRs regulate not only PSII but also other
parts of the photosynthetic electron transport chain - but not
necessarily in the same way. We have also shown that there are
distinctive interspecific and developmental differences regarding
this process, and these differences should be in our opinion further
examined, i.e. across a wide range of plant species, in various stages
of plant development and types of environment, and using various
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techniques that are currently available for photosynthetic
measurements.
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Supplementary Fig. 1. The polyphasic rise of chlorophyll a fluorescence transients (OJIP) [panels A, B],
the relative variable fluorescence Wo; [panels C, D], Wok [panels E, F], Wie [panels G, H, main graphs]
and Wo, [panels G, H, inset graphs] and the difference kinetics revealing the K- and L- bands, AWo; [panels
C, D] and AWok [panels E, F] as measured in young [panels A, C, E, G] or mature [panels B, D, F, H]
leaves of maize one day after their treatment with 24-epibrassinolide (24E), 20-hydroxyecdysone (20E),
both (24/20E) or distilled water (Control). Average values are always shown, the relative variable
fluorescences are plotted on left vertical axes and shown in open symbols, the difference kinetics are plotted
on right vertical axes and shown in solid symbols. Young and mature refer to the state of leaves at the date
of the treatment.
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Supplementary Fig. 2. The polyphasic rise of chlorophyll a fluorescence transients (OJIP) [panels A, B],
the relative variable fluorescence Wo; [panels C, D], Wok [panels E, F], Wp [panels G, H, main graphs]
and Wo, [panels G, H, inset graphs] and the difference kinetics revealing the K- and L- bands, AWo; [panels
C, D] and AWok [panels E, F] as measured in young [panels A, C, E, G] or mature [panels B, D, F, H]
leaves of spinach one day after their treatment with 24-epibrassinolide (24E), 20-hydroxyecdysone (20E),
both (24/20E) or distilled water (Control). Average values are always shown, the relative variable
fluorescences are plotted on left vertical axes and shown in open symbols, the difference kinetics are plotted
on right vertical axes and shown in solid symbols. Young and mature refer to the state of leaves at the date
of the treatment.
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6. Diskuze

6.1. Reakce riznych genotypu kukufice na aplikaci brassinosteroidi
v prirodnich podminkach

Vliv osetieni rostlin postifikem nebo macenim semen v roztocich BR u rtiznych
druht rostlin véetné kukutice byl jiz pfed nami ¢asto studovan, avsak tyto pokusy byly
obvykle provadény v umélych a ne ptirodnich podminkach a navic obvykle u velmi
mladych rostlin. Vétsinou byly také postiiky provedeny jen v jednom vyvojovém stadiu
rostlin. Amzalag (2002) u &iroku zjistil pfi ¢asné aplikaci 108 M 24E prikkazny nartst
biomasy i délky listové Cepele, pii pozdéjsim postiiku se vSak tento efekt neprokazal.
V naSich pokusech se ukazalo, ze postiik kukufice stimuloval nardst biomasy v obou
sledovanych vyvojovych stadiich, avSak délka listu byla ovlivnéna jen pii postiiku

pro ptipadné agronomické vyuziti BR.

Jesté vyraznéjsi zavislost na dobé oSetteni jsme pozorovali pii vyvoji samicich
kvétenstvi kukufice. Pfi postiiku riznymi koncentracemi BR ve stadiu V3/4 jsme
pozorovali zpomaleni ndstupu kveteni a niz§i pocet samicich kvétenstvi na rostling,
obdobn¢ jako Janeczko (2003) a Kesy et al. (2003). Na druhé strané jsme zjistili zkraceni
doby vyvoje kvéti pti oSetteni rostlin ve stadiu V5/6. Jelikoz se samici kvéty zakladaji
ve stadiu V3 az V5 a sam¢i ve V3 (Ritchie et al., 1993), je mozné, ze aplikace BR pied
timto obdobim ovliviiuje kveteni rostlin negativn€ a pokud jsou rostliny postfikany po
tomto obdobi, je vliv BR naopak pozitivni. Efektivni koncentrace BR je pravdépodobné
velmi zavisla na rostlinném druhu, pfipadné i genotypu. V nasich pokusech byl celkovy
trend pozorovanych zmén u jednotlivych genotypti podobny, ale rozdil 1 az 2 dny mezi

jednotlivymi genotypy zaznamenan byl.

Interpretace morfologickych dat s ohledem na ranou a pozdni aplikaci BRs je

vvvvvv

zjistili pouze u délky listové Cepele (avSak ne u vSech listd, které se vyvijely pii nebo po
postiiku), Amzallag (2002) u ¢iroku pozoroval prukazny vliv 24E na 5. az 7. list, ne vSak
na listy niZe ani vySe polozené. Obecné maji BR pozitivni vliv na velikost rostlin ¢i pocet

listl u riznych druhti rostlin (Arora et al 2008, Hayat 2001a, Sharma et Bhardway 2007,
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Vardhini et Rao 1998). Na druhou stranu byl popsan i negativni vliv na rust rostlin po
ptisobeni BR (Takematsu et Takeuchi 1989, Ozdemir et al 2004, Farooq et al 2009,
Vlasankova et al. 2009). Vlasankova et al. (2009), ktefi pracovali se stejnymi BR jako
my V nasSich experimentech, pozorovali inhibici ristu epikotylt hrachu a semenacku Inu.
AvsSak vsechny tyto prace byly provadény na velmi mladych rostlinach v pftisné
kontrolovanych laboratornich podminkach a BR byly obvykle pfidany do rtstového
média, nebo v jejich roztocich p¥imo kli¢ila semena. OSetieni ve velmi ¢asnych stadiich
obvykle nevykazuje zadny nebo vykazuje dokonce negativni vliv na rast studovanych
rostlin.

Velmi také zéalezi na genotypu rostliny a typu BR. Ve vétsiné praci je studovan
pouze jeden rostlinny druh a jen velmi malo autorti analyzujicich vliv BR na rostliny
zaroven pracovalo s vice genotypy. Rizné genotypy jednoho druhu v experimentech
nékdy reaguji odlisné (Hnilicka et al 2007, Torres-Ruiz et al 2007). Béhem nasSich
experimentl se dvéma inbrednimi liniemi kukufice a jejich F1 kiizencem jsme zjistili, Ze
rozdily v odpovédi na oSetfeni BRs mezi obéma inbrednimi liniemi byly vyraznéj$i, nez
mezi nimi a kiizencem, a ze reakce obou inbrednich genotypti byla ¢asto opa¢na (napft. u
poctu fertilnich palic na rostlinu, vahy palice, vahy 100 semen). Odpovéd’ F1 hybrida
byla obvykle podobnéjsi rodiéi, ktery byl donorem pylu, coz bylo neocekavané zjisténi,
které by stalo za detailni rozbor pti sledovani vice parametrd a vét§siho mnozstvi rodict a
ktiZencti, aby se 1épe dala popsat piipadna dédi¢nost odpovédi na piisobeni BR.

V naSich experimentech v polnich podminkach se neprojevil statisticky prikazné
vliv oSetfeni BR na obsahy fotosyntetickych pigmentd (chlorofyli a karotenoidd) ani na
aktivitu PS2 ¢i PS1. Aktivitu PS2 po oSetieni BR zkoumalo vice autort (hlavné
prostiednictvim méfeni fluorescence chlorofylu a), avSak u rostlin péstovanych
v optimalnich podminkach prostfedi Casto také nezjistili zadny vliv aplikovaného
hormonu na tuto ¢ast fotosyntetickych procest (Yu et al 2004, Ali et al 2008c, Ogweno
et al 2008). Rozdily mezi oSetfenymi a neoSetfenymi rostlinami vSak byly obvykle
zjistény tehdy, pokud rostliny byly vystaveny stresovym podminkam (Shahbaz et al 2008,
Zhang et al 2008).
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6.2. Pomahaji brassinosteroidy rostliné zvladat abiotické stresy?

Rostliny kukufice, které byly vystaveny dlouhodobému stresu zplisobenému
chladem, po oSetieni BR nemély statisticky prikazné ovlivnéné aktivity PS1 ani PS2.
Tento vysledek povazujeme za velmi dulezity, protoze vliv BR na PS1 nebyl pfed nami
dosud studovan, ackoliv je tento fotosystém velmi dulezitou slozkou primarnich
fotosyntetickych procesti a pii stresu chladem muze byt limitujicim faktorem pro
efektivitu primarni fotochemie (Zhang et Scheller 2004). Aktivity PS2 pii oSetfeni rostlin
BR jsou studovany ¢astéji, zejména prostiednictvim analyzy fluorescence chlorofylu a,
avsak vysledky nejsou jednoznacné. VéEtSina autorti nezaznamenala vliv BRs na PS2
Vv kontrolnich podminkach, ale naptiklad pii stresu suchem (Zhang et al 2008), zvySenou
salinitou (Shahbaz et al 2008, Farridudin et al 2013), nebo v piitomnosti kadmia
(Janeczko et al 2005), medi (Farridudin et al 2013) boru (Yusuf et al 2011) ¢i riznym
herbicidu, fungicida nebo insekticidt (Xia et al 2006, 2013, Pinol et Simoén 2009, Cui et
al 2011, Li et al 2013) se Gc¢innost PS2 po plsobeni BR zlepsila. Data o vlivu BR na
primarni fotosyntetické procesy pii plsobeni chladu jsou vzacnéjsi a nase vysledky

neukazuji, Ze by oSetfeni BR u kukufice v téchto podminkach mélo pozitivni vliv.

Z fotosyntetickych pigmentii vykazovaly lepsi odezvu na aplikaci BR pfi stresu
chladem chlorofyly nez karotenoidy, coz je vysledek ve shod¢ se zjisténimi dalsich autord
(Janeczko et al 2005, Cevahir et al 2008). Nejlepsi ochranny Uc¢inek na mnozstvi
chlorofylu a i b ve stresovanych rostlinich mély nejnizsi koncentrace BR, tj. 10 M.
Nejnizsi koncentrace BR ve stresu také nejlépe ochranné plisobily na délku listd, zatimco
nejvyssi pouzité koncentrace piisobily inhibi¢né. U¢inné koncentrace BR byvaji obvykle
velmi nizké, v optimalni koncentraci pro oSetieni mohou byt samoziejmé mezidruhové
rozdily a zalezi také na typu aplikovaného BRs a zptisobu jeho aplikace (Cevahir et al
2008, Farridudin et al 2009b).
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6.3. Maji ekdysteroidy biologickou funkci v rostliné — regulaci
fotosyntetickych procesi?

O ekdysteroidech obsazenych v rostlinach se piedpoklada, ze plni ochrannou
funkci pred napadenim rostlin fytofagy a spekuluje se, ze se mozna podili i na regulaci
elongace a vyvoje rostlin (Bakrim et al 2007, Dinan 2001, 2009, Festucci-Buselli et al.
2008, Golovatskaya, 2004). NaSe experimenty s novozélandskym $penatem Tetragonia
tetragonioides L. vSak prokazaly, ze béhem prvnich 24 hodin po postiiku rostlin 20E
vzrostly hodnoty Pn. To ukazuje, Ze dalsi funkci téchto latek v rostliné by mohla také byt
regulace fotosyntetickych procest. Tato jejich vlastnost dosud nebyla znama. V literatuie
byly pouze ve dvou ptipadech popsany pozitivni zmény obsaht fotosyntetickych
pigmentu v disledku aplikace ekdysteroidi (Bajguz et Koronka 2001, Golovatskaya,
2004), avsak toto zjisténi se v nasem piipadé nepotvrdilo, coZ znamena, Ze pozitivni vliv
na stav fotosyntetickych pigmentli neni v naSem ptipadé divod ristu fotosyntetické
u¢innosti. Pomoci O-J-1-P analyzy (Strasser 1997) jsme vSak zjistili, ze by tyto latky

mozna mohly podporovat aktivitu jedné soucasti PS2 — OEC.

Pii dalSich experimentech zabyvajicich se timto tématem jsme jako rostlinny
material zvolili kukutici (Zea mays L.) a $penat (Spinacia oleracea L.), nebot’ se jedna o
druhy, které se lisi pfirozenym obsahem ekdysteroidii. Zaroven jsme studovali i vliv BR,
které jsou fytoekdysteroidim strukturné¢ velmi podobné, na rizné casti primarnich
fotosyntetickych procesti, opét pomoci O-J-I-P analyzy fluorescence chlorofylu. Tim
jsme ziskali jednak vysledky, které davaji detailngjsi informace o vlivu BR na
fotosynteticky elektrontransportni fetézec, jednak prioritni vysledek ukazujici, Ze
exogenng¢ aplikované ekdysteroidy (20E) mohou také ovliviiovat fotosyntetické procesy,

a to v podobné nizkych koncentracich, jako je to znamo o BR.

Velmi zajimavym vysledkem nasi prace bylo zjisténi, Ze primarni fotosyntetické
procesy obvykle spole¢né s obsahy fotosyntetickych pigmentd reagovaly na aplikaci BR
a/nebo ekdysteroidi U studovanych rostlinnych druhti zcela odlisn€. Vliv postiiku na
Spendt byl pfevazné negativni, u kukufice viceméné pozitivni, nicméné pomeérné slaby.
Autofti, ktefi pred nami zkoumali vliv postiiku BR na funkci PS2 u psenice (Ali et al
2008c, Shahbas et al 2008), je¢mene (Janecko et al 2011), rajéat (Ahammed et al 2013,
Ogweno et al 2008) nebo paprice (Houimli et al 2008, Ibn Maaouia-Houimli et al 2012)
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nenasli zadny signifikantni vliv BR na funkci PS2. Pokud vSak byla pokusnym
materialem okurka (Yu et al, 2004, Xia et al 2009, Jiang et al 2012a,b) byl zjistén
prukazny pozitivni vliv na rizné parametry primarnich fotosyntetickych reakci. Podobné
vysledky byly ziskany také pii praci s melounem (Zhang et al 2013), fepkou (Hayat et al
2012) nebo vignou zlatou (Yusuf et al 2011). Vliv BR na PS2 muze byt tedy pozitivni,
zadny nebo negativni v zavislosti na druhu rostliny — co plati pro jeden druh, nemusi platit
pro jiny.

Nase vysledky dale ukazuji, Ze BRs mohou mit odlisny vliv na jednotlivé ¢asti
fotosyntetického elektron-transportniho fetézce a nejedna se tedy pouze o ovlivnéni
efektivity PS2. V této souvislost k zajimavym vysledkim dospéla Krumova se
spolupracovniky (2014) ktera studovala tylakoidni membrany u BR-mutant Arabidopsis
thaliana a dospéla k zavéru, ze BR ovliviiuji fotosyntézu prostfednictvim ovlivnéni

stability OEC a tim pak maji vliv i na dal$i fotosyntetické komplexy.

Vliv 20E a 24E v nasich experimentech byl ¢asto obdobny pii samostatné aplikaci,
pokud jsme je aplikovali spole¢né, nezaznamenali jsme zadny rozdil od kontrolnich
rostlin oSetfenych pouze vodou. Antagonisticky vliv 24E a 20E na segmenty koleoptile u
pSenice popsala Golovatskaya (2004), kterd se domniva, ze tyto latky v rostliné mohou
soutéZit o spolecny receptor. Antagonistickd funkce obou typt latek byla popsana rovnéz
u hmyzu, kde autofi pfedpokladaji rovnéz kompetici o stejny receptor (Lehmann et al.,
1988). Oba typy latek vSak nemusi nutné soutézit jen o ligandové misto BR-receptoru,
nebot’ se ukazuje, ze oba typy steroidii se mohou specificky vazat k dalSim proteiniim,
z nichz nékteré se ucastni i1 fotosyntézy, pravdépodobné ve funkci alosterickych
aktivatord (Uhlik et al.,, 2008, Viktorova et al., 2012). Konetné objasnéni této

problematiky vSak vyZzaduje velké mnozstvi dalSich experimentd.
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7. Zavéry

- Exogenni aplikace brassinosteroidli ma statisticky pritkazny vliv nejen na celkovy
rust, morfologii a vynos rostlin kukufice, péstovanych v polnich podminkach, ale
1 na tvorbu ¢i rychlost vyvoje samcich a samicich kvétenstvi. Tento vliv zavisi na
typu pouzitého brassinosteroidu a jeho koncentraci, na genotypu oSetienych
rostlin i na stafi rostlin v dob¢ postiiku.

- Statisticky prikazny vliv brassinosteroidii na efektivitu fotosyntetického elektron-
transportniho fetézce ani na obsah chlorofyli ani karotenoidi nebyl u rostlin
kukufice péstovanych v polnich podminkéch zjistén.

- U velmi mladych rostlin kukufice péstovanych v optimalnich podminkach ve
skleniku exogenni aplikace brassinosteroidu pozitivné ovlivnila nékteré
morfologické parametry a obsah chlorofylti a karotenoidd. U rostlin vystavenych
chladu byl statisticky prikazny pouze vliv na obsah chlorofylu, a to pfi posttiku
rostlin roztokem o jiné koncentraci brassinosteroidu nez v kontrolnich
podminkach.

- Exogenni aplikace ekdysteroidu na listy novozélandského Spenatu kratkodobé
pozitivné stimulovala rychlost Cisté fotosyntézy, neméla vSak pozitivni vliv na
fotosynteticky elektronovy transport ani na obsah fotosyntetickych pigmentt.
Tento vysledek jako prvni naznacil, ze ekdysteroidy mohou mit in vivo n&jakou
biologickou funkci v regulaci fotosyntézy.

- Ekdysteroidy mohou ovliviiovat riizné ¢asti primarnich fotosyntetickych procest
pii aplikaci v obdobné nizkych koncentracich jako brassinosteroidy. Mezi témito
steroidnimi latkami pravdépodobné miiZze dochdzet ke kompetici na néjaké urovni
genové expese, bunécné signalizace ¢i metabolizmu.

- Brassinosteroidy i ekdysteroidy nemaji vliv pouze na fotosystém 2, ale i na dalsi
¢asti fotosyntetického elektron-transportniho fetézce. Ty vSak nemusi reagovat
stejnym zptisobem.

- Vliv brassinosteroidu a ekdysteroidl na fotosynteticky aparat rostlin tedy vyrazné
zavisi na rostlinném druhu, na vyvojovém stadiu rostliny i listli a na podminkéach

vnéjSiho prostiedi, kterym je rostlina vystavena.
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