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Uvodni komentar

Tato prace je soucasti SirStho studia dynamiky fotosyntetického apardtu
zelenych rostlin z pohledu plasticity ultrastruktury buné¢nych organel — chloroplasti.
Doktorskou préci, kterou v této podobé predkladdm k obhajobé zakoncujici mé Ph.D.
studium, tvofi soubor Sesti publikaci doplnénych literdrnim piehledem. Tento ptehled
uvadi mé publikace do kontextu védeckého poznani na poli ultrastruktury chloroplastt a
podavé informace o sou¢asném pozndni této fotosyntetizujici organely.

Chloroplasty byly jako zelené céstice v listech rozeznédny jiz sto let pred
vznikem bunécné teorie. Jejich velikost a zbarveni usnadnuji jejich pozorovatelnost.
Studium burky elektronovym mikroskopem umozZiujicim sledovani ultrastruktury
jednotlivych bunétnych organel se zacalo rozvijet hlavné po druhé svétové valce.
V soucasnosti jsou chloroplasty nejlépe prostudovanym typem plastidi z hlediska
fyziologického, genetického, biochemického a molekularné biologického.

Piedklddané prace vznikaly na zdklad€é experimentdlni ¢innosti od pocéatku
mého Ph.D. studia vroce 1998 na Katedfe fyziologie rostlin Univerzity Karlovy
v Praze, pod vedenim mého Skolitele Doc. RNDr. Jaromira Kutika, CSc. a zejména ve
spoluprici s mym konzultantem RNDr. Danou Holou, Ph.D. z tymu genetické zahrady
Katedry genetiky a mikrobiologie Univerzity Karlovy v Praze. V pribéhu studia, pod
vedenim mého druhého konzultanta RNDr. Jany Opatrné, CSc. z Ustavu experimentalni
botaniky AV CR, jsem k ziskani kvantitativnich hodnot vedle stereologické metody
k hodnoceni ultrastruktury chloroplasti zacala vyuZivat i softwarovy systém analyzy
obrazu Lucia. Ctyfi roky (aZ téméf do konce roku 2005) jsem pak pracovala v laboratoti
RNDr. Ivany Machaékové, CSc. v Ustavu experimentélni botaniky AV CR. Zde jsem se
kromé ultrastruktury chloroplastii v souvislosti s metabolismem cytokinini zabyvala
také imunodetekci fytohormont irn situ. Tato zkuSenost vhodné navazovala na diive
osvojenou metodu imunolokalizace bilkovin koloidnim zlatem v laboratofi mého

Skolitele Doc. Jaromira Kutika.
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1 Uvod a cile prace

Uvodem své price chci struéné pripomenout hlavni poznatky o zelenych
plastidech — chloroplastech, které predstavuji na drovni bun€k fotosynteticky aparat

vysSich rostlin, a metodach jejich studia, a dale vyty¢it cile predkladané prace.

1.1 Uvod

Plastidy jsou typické bunécné rostlinné organely. Podle jejich pfitomnosti
nebo nepfitomnosti, délime eukaryotické organismy na autotrofni a heterotrofni.
V rostlinnych burikdch se nachdzeji rtzné typy plastidi, jednim znich jsou
chloroplasty. Tyto bunétné organely zajist'uji fotoautrotrofni metabolismus rostlinnych
bun€k. Patfi spolu s mitochondriemi mezi geneticky semiautonomni organely
endosymbiotického piivodu.

Poznatky o chloroplastech jako organelach, kde probiha jeden ze zdkladnich
Zivotnich procest na Zemi — fotosyntéza (Lawlor 2001), shrnuji naptiklad Hudék a kol.
(1983, 1997), Staehelin a van der Staay (1996).

Chloroplasty byly jako zelené Céstice v listech rozeznany jiz sto let pred
vznikem bunécné teorie. Jejich velikost a zbarveni usnadfiuji jejich pozorovatelnost.
Studium bunky elektronovym mikroskopem, umoZiujicim sledovéni ultrastruktury
jednotlivych bunéfnych organel, se zacalo rozvijet hlavné¢ po druhé svétové vilce.
V soucasnosti jsou chloroplasty nejlépe prostudovanym typem plastidi z hlediska
fyziologického, genetického, biochemického a molekularné biologického. Je znam
tplny plastidovy genom kukufice, tabdku a dalSich rostlin (jatrovky Marchantia
polymorpha, ryze atd.).

Plastidy se obecné rozdéluji podle zbarveni (Kutik 1985) a jejich vzajemné
pfemény (metamorfézy plastidi) jsou béZnym jevem pro tyto funkéné i strukturné
plastické organely (Thomson a Whatley 1980, Biswal a kol. 2003).

Chloroplasty jsou v poslednich letech predmétem studia pomoci molekuldrné
biologickych metod, zejména v oblastech badani o jejich vzniku primarni

endosymbiézou fotosyntetizujicich prokaryotickych bunék (Cavalier-Smith 2000)
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v souvislosti se skute¢nosti, Ze ackoliv ma chloroplast vlastni genom, vétSina
chloroplastovych proteini je jaderné kdédovéna (Bauer a kol. 2001, Bodyl 2002).
Chloroplastovy proteinovy import velmi ndzorné shrnuji Jarvis a Soll (2002).
V poslednich péti letech se obracela pozornost i k mechanismtim déleni plastidi (napf.
Reski 2002, Maple a Moller 2005) a k prostorovym rekonstrukcim téchto fascinujicich
organel (Kiessling a kol. 2000, Shimoni a kol. 2005).

Znacna pozornost je stale vénovana jak ultrastruktufe chloroplasti na drovni
stavby fotosystémt 1 a II, enzymatickych komplext thylakoidnich membran (napf.
Stachelin a van der Staay 1996, Biswal a kol. 2003), tak i architektufe systému
thylakoidi (Mustardy 1996, Shimoni a kol. 2005). V prib¢hu vyvoje listd se
ultrastruktura chloroplasti méni. Tyto ontogenetické zmény tésné souviseji se zménami
fotosyntézy listu. Poznani vztaht struktury a funkce fotosyntetického aparatu je
vyznamné i z hlediska praktického v zemédé€lstvi a lesnictvi. Vyvoj ultrastruktury
plastidi byvd vétSinou studovan na ultrastrukturdlnich zméndch pfi zezelenani
etiolovanych listi (pfeména etioplastii v chloroplasty) a dédle pak na zménéach v pribéhu
senescence (starnuti) listd. Studiu pfemény etioplasti ve chloroplasty se diikladné
vénovali napt. Virgin a Egnéus (1983), Link (1991) a Biswal a kol. (2003). Starnuti
chloroplastti spojené s postupnym poklesem fotosyntézy popisuji napt. Biswal a Biswal
(1988) a Smart (1994) a shrnuji Biswal a kol. (2003).

Celd tada dosud neobjasnénych otdzek vSak vybizi k dal§imu studiu
kvantitativnich charakteristik ultrastruktury chloroplastti v priibéhu pfirozeného vyvoje
listu (od jeho rozvinuti do zeZloutnuti). U rostlin s C4 fotosyntézou, jejichZ typickou
dvéma typy chloroplasti, které vzdjemné spolupracuji a ontogeneticky vyvoj téchto
chloroplasti se da sledovat podél listové Cepele. Problematiku zmén ultrastruktury
chloroplastd v pribéhu ontogeneze listu shrnuji Kutik (1985, 1998), Biswal a kol.
(2003), u kukufice se ji zabyvali Kutik a kol. (1999).

Na mnoho procesu tykajicich se zmén vyvoje a funkce chloroplasti maji vliv
rostlinné hormony cytokininy. Po objeveni rostlinného reguldtoru kinetinu (Miller a
kol., 1955) se zacal zkoumat jeho vliv na diferenciaci chloroplastu z proplastidu (Stetler
a Laetsch 1965). Exogenné aplikované cytokininy maji ve tmé zejména vliv na vyvoj
chloroplastii z proplastidii, amyloplastd a etioplastii (Chory a kol., 1994, Kusnetsov a
kol., 1994). Vyzkum pokracuje i na opétovném zezelendni senescentnich chloroplastii

pod vlivem cytokinind (Zavaleta-Mancera a kol., 1999 a, b).
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Ve své praci jsem pouZivala fadu metod, které jsou podrobné popsany
v jednotlivych publikacich a pracich pfipravenych pro publikaci. Za nejdilezité;jsi
znich povazuji metody slouZici pozorovédni ultrastruktury chloroplasti a jejimu
kvantitativnimu hodnoceni, které bylo zikladem mé price. Slo o transmisni
elektronovou  mikroskopii  (v€etné elektronmikroskopické imunocytochemie),
stereologii a automatickou analyzu obrazu. Klasickou ptiruckou prvni z uvedenych
skupin metod je kniha Hall (1978), ktera ddva podrobné navody pro fixaci, zalévani a
fezani rostlinného materidlu, kontrastovani ultratenkych tezi, elektronmikroskopickou
cytochemii a nékteré specialni elektronmikroskopické metody. Stereologie umoZiiuje
kvantitativni hodnoceni trojrozmérné stavby objektli pozorovanych pomoci svételné
nebo elektronové mikroskopie na prakticky dvojrozmérnych ftezech. Klasickou
metodickou praci zde napsali Gundersen a Jensen (1987). Automatickd analyza obrazu
se velektronové mikroskopii zatim pouzivd malo, pro komplikovanost

elektronmikroskopického obrazu. Jesté vice to plati pro studium chloroplastt.

1.2 Cile prace

Piedklddand prace se zabyva studiem zmén ultrastruktury chloroplasti

z n€kolika riznych hledisek, pfi¢emz sleduje zejména tyto cile:

1. Vyzkum rozdild v ultrastruktufe dimorfnich chloroplasti a dile ve fotosyntetické
aktivité dospé€lych listd na riznych mistech listové cepele u kukufice seté.

2. Studium projevu postupné destrukce chloroplastli a sniZovani fotosyntetické aktivity
list se zvySujici se koncentraci herbicidu amitrolu u kukutice seté.

3. Zhodnoceni vlivu imobilizace na ultrastrukturu izolovanych chloroplasti ve vztahu
k jejich viabilit€ a cytokininovému metabolismu u rostlin tabaku.

4. Sledovéani ultrastruktury chloroplastd v korelaci s hladinami cytokinini u
normalnich rostlin tabdku a u rostlin tabdku s nadprodukci téchto rostlinnych

hormonn.
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2 Literarni prehled

2.1 Plastidy a jejich klasifikace

Geneticky semiautonomni organely rostlinné burky, plastidy, jsou
endosymbiotického plivodu a patii k organeldm energetického metabolismu, jak jiZ bylo
zminéno v dvodu této prace. Je zndmo né€kolik typli plastidi. Piehled o funkéni
struktufe plastidi poddva Ryberg a kol. (1993). Nejznamé;jsi klasifikace je zaloZena na
rozdilné barvé plastidii (Kutik 1985). Mame tedy plastidy nebarevné — leukoplasty — se
slabgji vyvinutym membranovym systémem a barevné — chromoplasty sensu lato.
Leukoplasty délime podle latek se v nich hromadicich na amyloplasty, elaioplasty, a
proteinoplasty. Etioplasty jsou témér bezbarvé plastidy tvorfici se ve tmé, které se po
ozéreni pfeménuji na chloroplasty. Chromoplasty délime na fotosynteticky neaktivni
plastidy — chromoplasty sensu stricto (obsahujici rizné karotenoidy) a fotosynteticky
aktivni plastidy — chloroplasty — obsahujici zelené barvivo chlorofyl. Avsak toto déleni
se miZe liSit podle jednotlivych autord, napt. Hudak a kol. (1983) fadi mezi leukoplasty
také proplastidy. Huddk (1997) také déli plastidy podle schopnosti fotosyntetizovat na
fotosynteticky aktivni (chloroplasty) a fotosynteticky neaktivni (leukoplasty a
chromoplasty).

Podle stupné diferenciace buné€k se vyviji i strukturdlni heterogenita plastida.
VSechny typy plastidi jsou v zdsadé vzdjemné preménitelné (Thomson a Whatley
1980). Dvé sousedni buriky mohou mit plastidy s riznou vnitini architekturou (napf.
dimorfni chloroplasty v asimila¢nich listech C, rostlin). Fisher a Evert (1982)
pozorovali v listech Amaranthus retroflexus dokonce sedm typt chloroplasti.
Chloroplasty jsou vZdy ptitomny ve stomatédlnich burikach.

Leukoplasty se vyskytuji v kofenech, v zasobnich  pletivech,
v meristematickych pletivech a mohou slouzit i jako zasobarna lipidi (elaioplasty).
Lipidy se vyskytuji v plastidech ve formé globuli. Leukoplasty se Casto podileji na
riznych metabolickych procesech (napf. syntéza sacharidi, aminokyselin, proteind,

lipidt a isoprenoidii).
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V zédsobnich pletivech, v meristémech a ve statocytech v centrdlni ¢asti
kotfenové Cepicky se vyskytuji amyloplasty obsahujici $krob ve formé Skrobovych zrn.
Skrob je tvofen amylézou a amylopektinem, pfi¢emZ amyléza miZe ve Skrobovych
zrnech i chybét. Pti procesu zezelenani rostlinného organu (napi. hlizy bramboru)
dochédzi ke transformaci amyloplasti v chloroamyloplasty (Virgin a Egnéus 1983,
Hudak 1997). Chloroamyloplasty se vyskytuji v bunikdich mezofylu stale zelenych
rostlin v jarnim obdobi. Huddk (1997) nazyva chloroamyloplasty i chloroplasty bunék
pochev cévnich svazkil C4rostlin.

Proteinoplasty obsahuji proteinové inkluze, které se mohou nachdzet také
volné v cytosolu.

Chromoplasty obsahuji karoteny a xantofyly a jejich rizny pomér pak
zpusobuje Cervené, oranZové a Zluté zabarveni kvétl, listd, plodi a nékterych kotfent
(Ryberg a kol. 1993, Huddk 1997). Vyvijeji se z leukoplasti, nebo chloroplasti a
klasifikujeme je na globularni, membranové, krystalové a retikulotubuldrni. Starnouci
chloroplasty, ve kterych se rozkladaji chlorofyly a které nehromadi aktivné karotenoidy,
byly nazvany gerontoplasty (Ryberg a kol. 1993), i kdyZ jsou podobné globularnim

chromoplastiim.

2.2 Chloroplasty vyssich rostlin

2.2.1 Ultrastruktura a funkce chloroplastu

Chloroplasty jsou nejstudovanéjsi plastidy diky své sloZité submikroskopické
struktufe, kde probihd fotosyntéza, kterd je zakladem produkce biomasy na Zemi.
Chloroplasty a obecné¢ feceno plastidy vznikly primdrni endosymbiézou
fotosyntetizujicich prokaryotickych mikroorganismti typu sinic (Cavalier-Smith 2000).
Vznikly plastidy s dvojitou povrchovou membrénou, pficemZ vnitini membrana je
odvozena z plasmalemy endosymbionta a vnéj$i membrana je pravdépodobné piivodem
z hostitelské fagosomalni membrany. Takto je tomu u fas skupiny Glaucophyta, ruduch,
zelenych fas a vyS$Sich rostlin. Predpokladd se, Ze k procesu endosymbiézy doslo
v evoluci opakovang, tzv. sekundarni endosymbiézou, coZ dokazuje az ctyfmembranova
plastidova obalka u mnohych skupin fas, jako jsou Chlorarachniophyta, Cryptophyta,
Heterokonta a Haptophyta (Cavalier-Smith 2000).

10
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Chloroplasty vysSich, cévnatych rostlin se nachdzeji v nejvétSi mite
v mezofylovych burik4ch listi. Vyskytuji se také ve vnéjSich vrstvach bunék stonki a
v nezralych plodech. V dospélém chlorenchymu se chloroplasty nachédzeji v tenké
nésténné vrstvé cytoplazmy spolu s men§imi mitochondriemi a peroxizémy. V blizkosti
chloroplasti se ¢asto v hojném poctu nachazeji cisterny endoplazmatického retikula,
které hraje roli pfi transportu polypeptidi z cytoplazmy do chloroplastii (Hudak 1997).

Pocet chloroplasti v buiice se 1i§i u jednotlivych rostlinnych druhil i typt
bunék. S velikosti buriky roste i velikost a pocet chloroplasti. Rizné tvary chloroplastt
miiZeme pozorovat zejména u fas, avSak chloroplasty vys$$ich rostlin maji zpravidla
bochnickovity tvar (Huddk 1997) a jejich prumér je asi pét aZz deset um. Kohler a
Hanson (2000) popsali a pojmenovali u chloroplasti vybézky, tzv. stromuly. Nejprve
byly pozorovany u chloroplasti ve svételném mikroskopu, pozdé€ji také pomoci
elektronmikroskopické techniky mrazového ldmani (Bourett a kol. 1999). Stromuly
pravdépodobné propojuji jednotlivé chloroplasty, ¢i umoZiuji transport molekul a tak
komunikaci mezi chloroplasty (Gray a kol. 2001, Kwok a Hanson 2003, Gunning
2005). Tvar chloroplasti je zavisly na ozéafenosti. Na svétle se zploStuji a jejich objem
se zmenSuje, naopak ve tmé se chloroplasty se zvétSujicim se objemem zakulacuji. Tvar
chloroplastti a jeho zmény urcuje také plastoskeleton (Kiessling 2000), ktery hraje roli i
pti déleni chloroplasti. Chloroplasty se mohou pohybovat pomoci cytoskeletdrniho
komplexu v nasténné vrstvé cytoplazmy. Dal$im pohybem chloroplasti je pohyb
orientacni, kdy ve tmé jsou chloroplasty rozmisténé nahodné, ptfi slabém nebo
dlouhovinném ozéafeni se chloroplasty pfibliZuji bunéénym sténdm kolmym
k dopadajicimu zareni (epistrofe nebo diastrofe) a naopak pfi silném nebo kratkovinném
ozéafeni se premistuji k bunéfnym sténdm rovnobéZnym se smérem zafeni, coZ je
oznacovano jako parastrofe (Kutik 1985).

Na povrchu chloroplastii vysSich rostlin jsou dvé obalové membréany, které
oddé€luji vnitini prostor chloroplasti od zakladni cytoplazmy buiiky, cytosolu. Obé tyto
membrany se li§{ chemickym sloZenim, propustnosti a funkci, coZ je v souladu s teorii
endosymbiotického vzniku chloroplastii. Tloustka obalovych membran se pohybuje
mezi Sesti aZz deseti nm, pfi¢emZ jejich vzajemna vzdalenost ¢ini asi 20 nm a prostor
mezi nimi se nazyva periplastidovy. Obé povrchové membrany neobsahuji chlorofyly a
neprobihaji v nich primarni déje fotosyntézy. Obsahuji vSak karotenoidy, které chrani
chlorofyly pred fotooxidaci. Mezi hlavni funkce obalovych membran déle patii

transport proteinli a metabolitll mezi stromatem chloroplastu a buné¢nou cytoplazmou.

11
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Vnéjsi membrana primédrné hraje roli fyzické bariéry a kontroly vstupu velkych molekul
z cytoplazmy do chloroplastu (Staehelin a van der Staay 1996). Transportni a syntetické
aktivity jsou spojeny hlavné s vnitini obalovou membranou. DileZitou roli hraji obé
obalové membrdny pfii transportu proteind, syntetizovanych na cytoplazmatickych
ribosomech a kédovanych v bunééném jadre (Bauer a kol. 2001, Bodyl 2002) do
chloroplastu. V obalovych membranich byly popsany transmembranové transportni
komplexy oznacované jako Tic — pro vnitini a Toc — pro vnéj$i membréanu (Schleiff a

Soll 2000, Jarvis a Soll 2002, viz obr. 1).

14-3-3 preprotein

CYTOSOL

STROMA

PR
mature protein %

Obr. 1: Model pro proteinovy importni mechanismus v chloroplastu (Jarvis a Soll 2002).

Preprotein se navazuje na membranu po spojeni s jingymi proteiny nebo pfimo na jadro
Toc komplexu (1). Toto stadium importniho systému je na energii nezavisla vazba
proteinu na Toc komplex. Stadium 2 znazoriiuje tvorbu stiedné pokrocilého komplexu
importu proteinu, kde je zapotfebi v nizké koncentraci ATP v intermembranovém
prostoru a GTP. V tomto stadiu importu protein prochazi vnéjsi chloroplastovou
membranou (OM) prostiednictvim Toc komplexu a je v kontaktu s komponenty Tic
aparatu (typ A a B) vnitini chloroplastové membrany (IM). Stidium 3 (kompletni
translokace) poZaduje vysokou koncentraci ATP ve stromatu chloroplastu. Preprotein je
translokovan pies obé membrany a po nasledném oddéleni transitniho peptidu nabyva

konec¢né konformace.
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Od vnitini obalové membrany chloroplastu je, kromé¢ thylakoidti, odvozeno
také periferni retikulum. Jde o komplikovany systém kandlkii a méchyiku lokalizovany
v periferni oblasti chloroplastli, ktery zfejmé usnadriuje transport produktt fotosyntézy
z chloroplastu do cytosolu. Periferni retikulum se vyskytuje ptedev§im v chloroplastech
rostlin s C4 fotosyntézou, kde je pravdépodobné zapojeno do transportu primérnich
asimilati z mezofylovych bunék do bun€k pochev cévnich svazkid (Hudak 1997,
Kratsch a Wise 2000).

Dalsi strukturou odvozenou od vnitini obalové membrany chloroplastd jsou
thylakoidy — ploché méchytkovité vacky. Jsou kli€ovou strukturou oxygenni
fotosyntézy. Prikladanim téchto diskovitych utvari na sebe vznikaji grana. Stuperi
pritisknuti thylakoidi je ovliviiovan koncentraci dvojmocnych kationtti Ca®* a Mg™*, ale
také konforma¢nimi zmé€nami membranovych bilkovin. Téméf 50 let je zndm mirou
ozafenosti fizeny tzv. ,pfechod stavu 1 do stavu 2 a naopak. Dochdzi zde ke zméné
rozdéleni excitacni energie mezi PS I a PS II (Allen a Forsberg 2001). Thylakoidni
membréiny jsou velmi dynamickou strukturou. Grana mohou byt tvofena dvéma a vice
thylakoidy, jsou obklopena a propojena Sroubovit€¢ uspofddanymi stromatdlnimi
(intergranalnimi) thylakoidy, jeZ propojuji jednotliva grana, ale i jednotlivé ¢asti téhoZ
grana (Stachelin a van der Staay 1996). Intergrandlni thylakoidy tvofi kolem gran
pravotocivé Sroubovice. Prostorovou stavbu thylakoidu popisuje napi. Mustérdy (1996).
Mustardy a Garab (2003) shrnuji aktudlni vyvoj trojrozmérnych modeli systému
thylakoidd (obr. 2).

Thylakoidni membranu si lze pifedstavit dle modelu ,tekuté mozaiky* —
lipidovd dvojvrstva se zanofenymi integrdlnimi ¢i perifernimi molekulami bilkovin.
V granech je predevS§im lokalizovdn fotosystém II (PS II) a v membrdnach
intergrandlnich thylakoidi je z vétsi ¢asti lokalizovan fotosystém I (PS I). Detailni
strukturu fotosystému II popsali napf. Rhee a kol. (1998). Thylakoidni membrany
obsahuji ¢tyfi zdkladni typy funkénich komplexii: svétlosbérné komplexy (LHC) obou
fotosystémt, reak¢ni centra obou fotosystémi, komplexy prfenaseci elektront a
spojovaci faktor (chloroplastovd ATP syntdza) syntetizujici ATP na ucet energie
protont, vracejicich se po koncentraénim spadu ze vnitiku thylakoidd do stromatu
(Allen a Forsberg 2001). Uvnitf lumina thylakoidi je kyselé prostfedi dosahujici hodnot
pH mezi 5,8 a 6,5. Pouze za podminek svételného stresu pH lumina klesa pod hodnoty 5

a vede fotosyntetizujici aparat ke fotoinhibici (Kramer a kol. 1999).
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Obr. 2: Vyvoj trojrozmérnych modeld systému thylakoidi (pfevzato z publikace
Mustardy a Garab 2003). Autoii ukazuji nejvice pouzivané zastaralé nebo nespravné
prostorové modely thylakoidi: (a) — model podle Wilhelma Menkeho, (b) — tubularni
model, (c) — zahybovy membranovy model (Andersson a Anderson 1980), kde thylakoidni
membrany tvofi ,,vidlicku‘. Tento zastaraly model je pouZivan podle autoru stale ¢astéji
nez adekvatnéjsi pocitatovy 3D model (d), (e¢) a (f), kde pravotoliva Sroubovice
stromatalnich thylakoidi kryje ,,sloup* thylakoidu granalnich. Stromatalni thylakoidy
propojuji mezi sebou jednotliva grana. Detailni rekonstrukce na obr. (f) znazoriiuje

piehyb membran a sklon zavitu Sroubovice.

Vnitiek chloroplasti, kromé intrathylakoidniho a mezimembranového
prostoru, vypliluje stroma (matrix). Obsahuje ribosomy, nukleoidy, enzymy Calvinova
cyklu a rizné typy inkluzi (Skrobové, lipoidni, bilkovinné a shluky fytoferritinu).
Probiha zde také syntéza bilkovin kédovanych chloroplastovou DNA.

Skrobové inkluze jsou tvofeny smési amylézy a amylopektinu.
V chloroplastech se vyskytuji v mens$i mife neZ v plastidech z&sobnich orgdni. Na
snimcich z transmisniho elektronového mikroskopu jsou zfetelné ohrani¢ena zrna
skrobu obklopena bilym lemem, tzv. elektrontransparentnim dvirkem. Skrobové
inkluze jsou pravdépodobné tvoreny krystalickym jddrem, které obaluje amorfni
materidl z méné vétvenych glukanovych polymert. Soucasti téchto inkluzi jsou i
enzymy biosyntézy Skrobu a nékteré lipidy (Martin a Smith 1995). Syntézu a
odbouravani Skrobu v listech shrnuji Zeeman a kol. (2002) a Lloyd a kol. (2005)
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Plastoglobuly se vyskytuji ve vSech typech plastidi. Jejich Cetnost a velikost
souvisi s vyvojovym stadiem a typem plastidi. Zejména vSak ve starnoucich
chloroplastech vznikaji pfi degradaci thylakoidnich membrén. Plastoglobuly
chloroplastii obsahuji plastidové chinony, triacylglyceroly a karotenoidy (Dahlin a
Ryberg 1986).

V matrix chloroplasti se také vyskytuji mikrotubuldrni struktury o menSim
priméru (13 nm) neZ cytoplazmatické (Ryberg a kol. 1993), které popsali jiz
v minulosti napf. Lawrence a Possingham (1984). Filamentarni sit' uvnitt chloroplastt
byla vizualizovana a nazvana ,,plastoskeleton* (Kiessling a kol. 2000). Tuto sit’ tvori
FtsZ proteiny, které maji multifunkéni vlastnosti a podileji se i na plastidovém dé€leni
jak shrnuje napt. McFadden (2000).

Vesikuldrni struktury uvnitf chloroplastt byly jiZz pozorovdny pomoci
elektronového mikroskopu téméf pred 50. lety. MoZnost transportu lipidd vesikuly
z vnitini chloroplastové membrany k thylakoidim navrhoval Douce (1984). Vesikularni
transport, podobny vesikuldrnimu transportu v cytoplasmé, nepietrZit€¢ probihd i
v dospélych chloroplastech a reprezentuje dileZitou cestu formovani a obnovy

thylakoidnich membran (Westphal a kol. 2001).

2.2.2 Déleni chloroplastt

Plastidy, a tedy i chloroplasty, nevznikaji de novo, ale délenim jiZ existujicich
plastidi, které se do dcefinnych bun€k dostavaji pfi bunééném déleni (Hudédk a kol.
1983). Pfenos z rodiCovské rostliny na dcefinnou pfi pohlavnim rozmnoZovani je
zpravidla po matefské linii. Plastidy pochézeji z nediferencovanych meristematickych
proplastidi (Pyke 1999) a vznikaji délenim preexistujicich plastidii v cytosolu (Aldridge
a kol. 2005). Plastidy si udrzuji schopnost dé¢lit se az do stddia dplné zralosti, pak
frekvence déleni rychle klesd (Hudédk a kol. 1983). Pocet plastidii v burice se zvySuje
umérné s velikosti buiiky (Huddk 1997). Déleni plastidi mizZe pfedchazet déleni buiiky
a naopak (Butterfass 1983).

Na zdkladé védeckého poznani poslednich deseti let vime, Ze déleni plastidi je
vysoce koordinovany proces, na némz se podileji a spolecné jej kontroluji proteiny
prokaryotického i eukaryotického pivodu.

Chloroplastové déleni je zahdjeno polymerizaci ¢tyf jaderné kédovanych FtsZ

stromélnich proteinti, které jsou ptivodem blizké bakteridlni formé délictho Z-prstenu
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(Lutkenhaus a Addinall 1997). FtsZ-prsten byl popsdn u chloroplastii vysSich rostlin
autory Vitha a kol. (2001) a Mori a kol. (2001). Kromé& FtsZ-prstence se na déleni
chloroplasti podileji i PD-prsteny (plastid-dividing rings), které jsou zformovéany od
¢asnych stadii déleni chloroplastti aZ po stddia kone¢nd. Chovani PD-prsteni pfi déleni
bylo poprvé diikladné popsano na Cervené fase Cyanidioschyzon merolae (Miyagishima
a kol. 1998, 2001a). Kooperaci prsteni pfi déleni chloroplasti zndzorfiuje model autorti

Kuroiwa a kol. (2002) na obr. 3.

Cytosol

Q

Stroma Inner ring \' .

Ouyter ring

Quter envelope

Inner envelope
>

FtsZ ring

N —
Obr. 3. Model déliciho aparatu chloroplasti (Kuroiwa a kol. 2002). Nejprve se zformuje
FtsZ - prsten uvnitf chloroplastu. Ve stejném misté se vytvoii vnéjsi a vnitfni PD prsten.

Dale dochazi ke kontrakci celého déliciho aparatu a za¢ina rozklad FtsZ-prstenu a

vnitiniho PD-prstenu. Silici vnéjSi PD-prsten dokoncuje déleni chloroplastu.

DileZitou roli pii déleni plastidii hraji proteiny ARTEMIS (integralni protein
vnitini membrany chloroplastu, Fulgosi a kol. 2002) a GIANT CHLOROPLAST 1
(GC1, Raynaud a kol. 2004). Dal§im proteinem dtilezitym pii ukotveni FtsZ-prstenu je
ACCUMULATION AND REPLICATION OF CHLOROPLASTS (ARCS6, stromdlni
protein, Vitha a kol. 2003, Maple a kol. 2005). Ulohu téchto proteini a sou¢asné plastid
délicich proteinil v cytosolu ARC5 a ARC3 shrnuji Maple a Moller (2005).

2.2.3 Fotosyntéza

Fotosyntéza je zdkladni biologicky proces na této planeté, pii kterém dochazi s
vyuZitim energie slune¢niho zafeni k syntéze energeticky bohatych organickych latek

z jednoduchych latek anorganickych.
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Fotosyntézu lze definovat jako oxidoredukéni reakci, pfi které dochazi
k prenosu vodiku z donoru na akceptor, kterym je nejCast€ji CO,. Podle donoru
rozliSujeme kyslikovou a bakteridlni fotosyntézu. Dale se budu zabyvat pouze
kyslikovou fotosyntézou, kde primdrnim donorem je voda. Tento proces je spojeny
s priristkem volné energie a uvolnénim kysliku. Nejnovéjsi a ucelené informace o
fotosyntéze podava napt. Lawlor (2001).

Pti primérnich (svételnych) fotosyntetickych procesech vznikaji makroergické
slouceniny — adenosintrifosfat (ATP) a redukovany nikotinamidadenindinukleotidfosfat
(NADPH), které jsou pak vyuZivany v temnotnich reakcich pfi fixaci a redukci CO,. V
Calvinové cyklu je CO, za katalyzy enzymem Rubisco (ribulosa—1,5-bisfosfét
karboxyldza —oxygendza) vazan na ribulosa-1,5-bisfosfat.

Oxygenazova aktivita enzymu Rubisco se projevuje tim, Ze fotosyntéza je
inhibovana kyslikem. Na tuto aktivitu enzymu Rubisco navazuji dalSi procesy, které
vyudstuji v paradoxni jev oznac¢ovany jako fotorespirace.

V rostlinach s C; fotosyntézou je CO, fixovan na pétiuhlikatou slouceninu a
prvnim stabilnim produktem této fixace jsou dvé molekuly tifuhlikaté slouceniny
kyseliny 3-fosfoglycerové (PGA). Rychlost fotosyntézy je u téchto rostlin fotorespiraci
snizovana (Furbank a Taylor 1995)

Rostliny s C4 fotosyntézou CO, primdrn€é fixuji na kyselinu
fosfoenolpyrohroznovou (PEP). Fixaci CO; katalyzuje enzym PEP-karboxyl4dza. Tato
reakce probihd v cytosolu mezofylovych buné€k. Navazanim na tf¥{uhlikatou PEP vznika
¢tyfuhlikatd kyselina oxaloctovd. Fotosyntéza C,4 rostlin md prostorové oddélenou
primérni fixaci CO; od sekundérni fixace v Calvinové cyklu, kde je v chloroplastech
bun€k pochev cévnich svazkli CO, refixovan enzymem Rubisco. Ucinné fixace CO,
PEP-karboxyldzou vede k potlaceni fotorespirace. Podle pfitomnosti enzymi

katalyzujicich dekarboxylaéni reakce C4 rostliny tfidime do podskupin (viz obr. 4):
1. NADP-ME typ — Nejbeznéjsi typ C4 fotosyntézy.

2. NAD-ME typ
3. PEP-CK typ
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Obr. 4: Enzymova kompartmentace a strukturalni charakteristiky mezofylu a pletiva
bunék pochev cévnich svazki v C; biochemickych variantich (Nelson a Dengler 1992

podle Hattersley).

C, fotosyntézu popisuji napi. prace autorii Nelson a Langdale (1992), Nelson a
Dengler (1992), Hatch (1992), Furbank a Taylor (1995) a Hudadk (1997). Pro vétSinu
rostlin s C 4 fotosyntézou je typické véncovité uspofadani dvou typi fotosyntetickych
pletiv (na pfi¢ném fezu listem). V neddvné dob¢ vSak byla u dvou polopoustnich rostlin
z Celedi Chenopodiaceae popsana C4 fotosyntéza, pfi niZ jsou dva typy chloroplasti a
viechny potifebné enzymy metabolicky oddéleny uvnitt jediného typu bunék

chlorenchymu (Edwards a kol. 2004).
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vV vy

Typickou predstavitelkou rostlin s C4 fotosyntézou (nejbéznéjstho, NADP-
malatového typu) je kukufice, kterd byla také moji hlavni modelovou rostlinou.
Dtvodem jeji obliby jako experimentdlniho objektu je jeji ekonomicky vyznam a také
znalost jejiho chloroplastového genomu a genetiky viibec.

CAM rostliny (odvozeno od Crassulacean Acid Metabolism) maji
metabolismus pfizpsobeny k Zivotu v prostiedi s nedostatkem vody. Jsou to sukulenty
mezi které tadime tucnolisté — Crassulaceae, nékteré Liliaceae, Bromeliaceae,
Orchidaceae a dali. U CAM fotosyntézy je na rozdil od C,4 fotosyntézy dvojitd fixace
CO; oddélena casové. CAM rostliny fixuji CO, hlavné v noci, kdy jsou oteviené
pruduchy. Kyselina jable¢na se hromadi béhem noci ve vakuoldch a ve dne, kdy jsou
pruduchy zaviené, se vraci zpét do cytosolu, kde dochdzi k uvolnéni CO,, ktery je

v chloroplastech opét fixovan Calvinovym cyklem.

2.3 Plasticita ultrastruktury chloroplasti

U vySSich rostlin dochdzi beéhem jejich ontogenetického vyvoje pri
diferenciaci jejich pletiv a bun€k také k diferenciaci plastidi. Vznikaji rizné typy
plastidd, fotosyntetizujicich i fotosynteticky neaktivnich. Jejich biogeneze je stéle
fascinujici z hlediska strukturdlniho, biochemického, genetického a molekuldrniho.
Nasledujici kapitoly by mély nastinit plasticitu téchto organel béhem ontogeneze listu,
jejich heterogenitu na ploSe listové cepele, jejich modifikace v zdvislosti na druhu
rostliny ¢i genotypu a zmény ve vyvoji vlivem stresu, prostfedi nebo experimentalniho

pusobeni.

2.3.1 Vyvoj chloroplasti béhem ontogeneze listu

Vyvoj chloroplasti v pribéhu ontogeneze — individudlniho vyvoje — listu je
shrnut v prehledech Kutik (1985), Kutik (1998) a monografii Biswal a kol. (2003). Jiz
pied Ctyficeti lety vydal Sironval (1967) monografii zabyvajici se vyvojem chloroplastt
v prubéhu ontogeneze listu z riznych pohled na dynamiku struktury a funkci téchto
organel. Jako prvni prostudovala vyvoj plastidi v pribéhu celé ontogeneze listu jiz od
embryondlni fize v primdrnich listech fazolu Whatley (1974). Vyvoj plastidi v rdmci

celé rostliny ma v zdsad¢ cyklicky charakter a je to fetézec strukturdlnich a funkénich
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premén, jak je patrné z obrdzku 5. V listech jsou to procesy predstavujici zmény ve
vyvoji plastidi ze strukturdlné¢ jednoduchych proplastidi, zvanych téZ eoplasty
v chloroplasty a aZ po jejich posledni, nevratnou pfeménu na gerontoplasty. Kazdé
vyvojové stadium plastidd je charakteristické urcitou urovni membranové diferenciace
ultrastruktury chloroplasti v buiikdch mezofylu dospivajicich, dospélych a starnoucich
listii fazolu sledovali z hlediska jejich fotosyntetické aktivity Kutik a kol. 1984).
Vzdjemné premény plastidd, jak je popisuji naptf. Virgin a Egnéus (1983),
byvaji nazyvany metamorfézy plastidi. Model téchto pfemén zndzornuje schéma podle

Thomson a Whatley (1980) na obr. 5.
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Obr. 5: Vzajemné premény plastidi. Upravené schéma podle Thomson a Whatley (1980).

Metamorf6zy plastidi probihaji nékolika zpisoby, které shrnuji Virgin a
Egnéus (1983). VSechny vyvojové premény plastidi probihaji v zdsadé obousmérng,
pouze stadium gerontoplastu jiz nelze zvratit. V listech se na svétle proplastidy c¢i
eoplasty vyvijeji, zpravidla pfes mezistddia bohatd na Skrob a mezistadia lalo¢natého
tvaru, v chloroplasty. Ty se pak s poklesem fotosyntetické aktivity méni v senescentni
chloroplasty a nakonec v gerontoplasty, neschopné jiz dalSich premén. U senescentnich
chloroplastli jeSt¢ muize za urcitych okolnosti dojit k ,omlazeni a ndvratu

fotosyntetické aktivity, dilezitou tlohu zde zfejmé hraji rostlinné hormony cytokininy
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(Huddk 1997). Proces postupné transformace proplastidi na chloroplasty vyZaduje
svétlo, pak jsou syntetizovany chlorofyly a diferencuje se membranovy systém.
Proplastidy se nachazeji predevSim v meristematickych burnkach. Lze tu rozeznat
nékolik vyvojovych stupnl (Ryberg a kol. 1993). Ultrastruktura proplastidd je zpravidla
velmi jednoduchd, vnitini povrchovd membréna tvoii Casto invaginace. Ve stonku a
listech rostlin vyvijejicich se za nedostatku svétla se vyvijeji z proplastidd etioplasty.
Etioplast je intermedidlni faze vyvoje plastidi. Etioplasty obsahuji prolamelarni téleso
tvorici prothylakoidy, ze kterych se pfi ozafeni tvofi stromalni a grandlni thylakoidy a
z etioplastii vznikaji chloroplasty (Leech 1986). Preména etioplastu ve chloroplast je
velmi rychld (fddové hodiny), regulovana svétlem. Z toho vyplyva, Ze vSechny
chemické konstituenty nutné pro vyvoj chloroplastu jsou jiz pfitomné v etioplastu. Pro
svoji rychlost a snadnou manipulovatelnost byla tato prfeména dlouho hlavnim modelem
studia vyvoje chloroplastii.

Zajem vyzkumu se proto predevSim soustfedil na zezelenani etioplastl, a
druhym tématem zdjmu byla senescence chloroplasti. Jiz méné bylo vénovédno
pozornosti zménam struktury chloroplastd v butikdch mezofylu zelenych, fotosynteticky
aktivnich lista.

Ultrastruktura chloroplasti vy$Sich rostlin se v pribéhu ontogeneze
fotosynteticky aktivniho listu méni, jak detailné popisuje review Kutik (1998). Po
rozvinuti listové cepele maji chloroplasty vyvinuty systém thylakoidii z nékolika
paralelné vrstvenych nepfitisklych thylakoidd a mald, pouze z né€kolika thylakoida
tvofend, grana. Tyto mladé chloroplasty maji ve stromatu mnoho ribosomi, malé
plastoglobuly a vétsi ¢i menSi Skrobové inkluze. Pti dospivani chloroplastu dochazi k
jeho zvétSovani. Pfed ukoncenim vyvoje listu také nabyvaji nejvétsi objemové hustoty
Skrobové inkluze. V dospélém listu, ktery pravé ukoncil svilj rast, byl popsan nejvétsi
pocet velkych gran i integranalnich thylakoidi. Ptibyvd i velkych plastoglobuli. Na
konci listové ontogeneze dochdzi k chloroplastové senescenci, kdy se objem
chloroplasti za¢inda zmenSovat a tvar chloroplasti se z ¢ockovitého méni na témér
kulaty. Dochazi k dilataci a destrukci intergrandlniho 1 granalniho thylakoidniho
systému, ztrat¢ paralelniho uspofddani thylakoidd, stroma vakuolizuje a zvétSuje se
pocet 1 velikost plastoglobuld. Senescentni chloroplast, ktery postraiddi DNA a neni
schopen jiné transformace je pak oznacen jako gerontoplast (Sitte 1977). Senescenci
listd a chloroplastl v nich studovali detailné napi. Matile (1991) a Huddk (1997). Tento

proces z hlediska molekularni biologie souhrnné popsala Buchanan-Wollaston (1997).
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Spolu s vyvojem chloroplastii béhem ontogenetického vyvoje listu se méni a
vyvijeji fotosyntetické aktivity listu (Catsky a Sestik 1997, Hudak 1997). Poznatky
ohledné strukturdlnich zmén v pribéhu normalniho vyvoje listu béhem diurndlniho
cyklu svétlo/tma shrnul Kutik (1985, 1998). Whatley a kol. (1982) studovali prostorové
usporadani thylakoidniho systému chloroplasti na primarnich listech fazolu Sarlatového
(Phaseolus vulgaris). Na tuto praci navazala Silaeva (1982), kterd s vyuzZitim
rostlinného materidlu jako cukrova fepa, kukufice nebo pSenice navrhovala ,blizce-
grandlni thylakoidy* jako specifickou oblast thylakoidniho systému. Uspofddanim
thylakoidniho systému se dale zabyvali Albertsson (1995) a Mustardy (1996). Déleni
dospélych chloroplastii nebo chloroamyloplast v burikach listi Zijicich vice neZ jedno
vegetacni obdobi bylo dfive odmitano (Gamalei a Kulikov 1978), ale pozdé€ji prokdzéno
(Sagisaka (1993 a, b, 1994 a, b). ,Plastidova iniciala® vznikd béhem zimy a ¢asného
jara jako maly membranovy vacek téméf bez vnitini struktury inekvalnim délenim
dospélého chloroplastu. Podobné poznani ucinili Miroslavov a Alekseeva (1990)
v jehlicich tisu. Endler a kol. (1990) popsali v jehlicich Pinus sylvestris v jedné burice
chloroplasty dobie diferencované i proplastidy. Béhem pirezimovani se docasné
objevuje periferni retikulum v chloroplastech C; rostlin (Modru$an a Wrischer 1987,
Morré a kol. 1991).

Vyvoj chloroplasti v listech Spendtu studovali Rascio a kol. (1985). Vyvoj
chloroplasti, tak jako i rust rostlin Spenatu byl zpomalen na podzim oproti vyvoji v lété.
Prolamelarni téliska ztstavaly v chloroplastech i na svétle. Vyvoj chloroplastii béhem
listové ontogeneze kapradiny Phyllitis scolopendrium ukézal na Sest vyvojovych stadii
chloroplasti béhem listové ontogeneze od bdze ke stredu a apexu listu. Vyvoj
chloroplastii z hlediska fylogeneze byl provadén zejména u Cycadaceae (Bonatti a
Sabato 1984, Bonatti a Fornasiero 1990, Bonzi a kol. 1992). Pro ultrastrukturu
chloroplastl téchto rostlin jsou typicka prolamelarni télesa v mladych chloroplastech i
za svétla a ohromna grana (magnograna) v chloroplastech dospélych.

Pro mnoho detailnich studii vyvoje chloroplasti béhem ontogeneze listu byly
pouZity rostliny nékterych vyzna¢nych zemédélskych plodin, napf. stereologickd studie
vyvoje chloroplastu a dalSich organel v burkéch palisidového parenchymu rostouciho
slune¢nicového listu (Fagerberg 1984). Na tuto praci navdzala studie chloroplastové
senescence a formovani gerontoplasti u bobu (Vicia faba) v mezofylovych burkach,
kde zloutnouct listy ztratily 95% chlorofylu a gerontoplast ma jen nékolik nepfitisklych

thylakoidi, které obsahuji svétlosbérné komplexy (LHC) a maji pak velmi vysokou
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fotochemickou aktivitu, plastoglobuly obsahuji karotenoidy (Schmidt 1988). Somersalo
a Aro (1987) sledovali vyvoj chloroplasti na rostlindch hrachu, kde stereologicka
objemova hustota gran béhem celého vyvoje klesala, Skrobové inkluze byly nejveétsi
v dospélych chloroplastech a plastoglobul pfibyvalo se stafim chloroplastd.
V nejstarSich listech se chloroplasty stavaly zakrnélymi. Senescenci chloroplasti
palisddovych bunék listi broskvoné, kdy poklesl obsah chlorofylu v listech, thylakoidy
chloroplasti jsou dilatovany a objevuji se plastoglobuly, popsali Nii a kol. (1988).

Vyvoj chloroplasti mezofylovych bunék béhem ontogeneze ,,primarniho*
(prvniho po déloznich listech) a nasledujiciho ,,sekunddrniho* listu fazolu Sarlatového
(Phaseolus vulgaris) studovali Kutik a kol. 1984, 1988, Kutik 1988).

U téchto rostlin objemova hustota intergrandlnich a granalnich thylakoidt byla
nejvétsi ve velmi mladych ,,primdrnich“listech, klesala béhem zvétSovani chloroplastu a
opét rostla a7 do fize, kdy zacala senescence listd. Skrobové inkluze dosahovaly
maxima béhem dospélosti chloroplastu, tésné pfed dosaZzenim maximdlni objemové
hustoty thylakoid, a druhého maxima Skrobové inkluze dosahovaly aZ pii senescenci
chloroplasti. U ,,sekunddrniho* fazolového listu vyvoj chloroplasti byl velmi podobny
jako u listu ,primarniho*. V dekapitovanych rostlinich fazolu se ontogeneze
,~primarnich* listii vyrazné prodlouzila diky akumulaci cytokininu tvoficich se v kofeni
rostliny. Nebyly nalezeny vyznamné rozdily ve struktufe chloroplastd v buikich
palisadového a houbového parenchymu listového mezofylu stejného stari (Kutik 1989).

Casto pouzivanym objektem pro studium vyvoje chloroplasti jsou
jednodélozné plodiny s dlouhymi protahlymi listy, jako jsou pSenice, je¢men, ryZe nebo
kukurice. U téchto rostlin lze na zakladé listové heterogenity studovat rtizné stari
chloroplasti, ale o tom se vice zminim v dals$i kapitole.

Studiem vyvoje chloroplasti za nizké ozdfenosti na rdznych segmentech
listové cepele jeCmene (Hordeum vulgare) se zabyvali Wellburn a kol. (1982).
V souladu s Whatley (1977) pozorovali eoplasty, amyloplasty, amoeboidni plastidy,
pregranalni a dospélé chloroplasty, né€kdy s prolameldrnimi télesy. Béhem vyvoje
mezofylovych chloroplastd pSenice v nich byly pozorovany mikrotubulim podobné
struktury (Kutik 1992). Podobné struktury byli popsdny i u jinych vysSich rostlin a
zelenych fas (Lawrence a Possingham 1984, Artus a kol. 1990), jejich sloZeni a funkce
jsou stale nejasné.

Jednou z dilezitych modelovych rostlin pro studium vyvoje chloroplasti je

kukufice seta (Zea mays L.). Kukufice je predstavitelkou jednodéloznych rostlin s C;
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fotosyntézou NADP-malédtového typu, kdy diky anatomické stavbé listu dochézi jak
k prostorovému oddéleni primarni a sekundarni fixace CO,, tak i oddélena je produkce a
spotteba  NADPH. Tyto procesy probihaji ve dvou typech bunék obsahujicich
chloroplasty: v mezofylovych buiikdch a burikdch pochev cévnich svazki, které na
pfi¢ném fezu listem jako vénec obklopuji cévni svazky. Proto se toto usporadani pletiv
uvnitf listu nazyva Kranz-anatomie (véncitd anatomie, Furbank a Foyer 1988, Nelson a
Langdale 1989, Nelson a Dengler 1992, Edwards a kol. 2001, Leegood 2002, Brown a
kol. 2005). V souvislosti s jejich fotosyntetickymi funkcemi jsou burky pochev cévnich
svazki véEtsi se siln€j$i bunéfnou sténou nez buriky mezofylové a chloroplasty jsou
v nich uspofddany centrifugdlné. V obou té€chto typech bunék se nachdzeji i
ultrastrukturdlné odliSné chloroplasty. Tento chloroplastovy dimorfismus je dobie vidét

na obr.6.

Obr. 6: Chloroplast mezofylové buiiky (A) a chloroplast buiiky pochvy cévniho svazku (B)
dospélého listu kukufice seté (Zea mays L.). IT- intergranalni thylakoidy, GT- granalni
thylakoidy, SI- Skrobové inkluze, S- stroma, PR- periferni retikulum, P- plastoglobuly,

OM- obalové membrany, M mitochondrie, délka méFitka = 1ym.

Chloroplastovy dimorfismus mezofylovych bunék a buné¢k pochev cévnich
svazki kukufice souvisi s riznou tlohou pfi fixaci CO, Chloroplasty mezofylovych
bunék maji velka grana, kde je soustfedéno veliké mnozstvi PS2 k produkci NADPH a
ATP, které jsou potieba v mezofylovych burikach k pteméné oxalacetitu na malat a
pyruvatu na PEP a na dalsi procesy (Chow a kol. 2005, Majeran a kol. 2005). Pro
chloroplasty bunék pochev cévnich svazki jsou zase typické neptitisknuté, intergranalni
thylakoidy, velmi mald grana (maximalné ze ctyf thylakoid) a tvorba Skrobovych

inkluzi (Spilarto a Preiss 1987, Nelson a Langdale 1989, Lunn a Hatch 1995, Majeran a
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kol. 2005). Diferenciaci listd kukufice z meristému a jejich dal$i ontogeneticky vyvoj
popsali Sylvester a kol. (1996). Pro fadu pokusi je tato modelova rostlina pouzivana
diky dobré znalosti jiz zminénych anatomickych vlastnosti, tak i genetickych parametri
(Maier a kol. 1995).

Na ontogenezi dimorfnich chloroplastii v listech této rostliny se zaméfrila fada
autord. Postupnou diferenciaci chloroplasti mezofylovych bunék a buné€k pochev
cévnich svazku z neliSicich se proplastida sledovala Brangeon (1973a) na druhém listu
3 az 11 dni po piesazeni naklicenych obilek. V chloroplastech mezofylovych bunék
grandlnich a intergrandlnich thylakoidi béhem vyvoje ptfibyvalo a naopak u
chloroplastii bunék pochev cévnich svazkl zacalo ubyvat granalnich thylakoidd paty
den po presazeni. Ziejm¢ zvySenim ozafenosti, pti vyrastani druhého listu z pochvy
prvniho, dochazi k rozruSovani grandlnich thylakoidi. Ozéarenost méd patrné vliv na
rozpad gran v chloroplastech bunék pochev cévniho svazku. Umélé stinéni zpomaluje
odbourdvani gran v chloroplastech bunék pochev cévnich svazkii a naopak zvySeni
ozéarenosti druhého listu kukufice odbourdvani gran urychluje (Brangeon 1973b).

Vztahy mezi anatomickou stavbou listu a rychlosti fotosyntézy u tii inbrednich
linii kukufice a jejich hybridd sledoval ve své diplomové praci Bablrek (1973).
Nevénoval se vSak kvantitativnimu hodnoceni ultrastruktury chloroplast, ani
nestudoval pribéh vyvoje chloroplastli béhem ontogeneze listu.

Zmeény aktivity PS2 a PS1 béhem vyvoje dimorfnich chloroplastii u kukuftice
lze sledovat i cytochemickym prikazem jejich aktivity. Aktivita PS2 v dospélych
listech je vyrazna v granech chloroplasti bunék mezofylu, oproti tomu velmi slaba
v intergrandlnich a rudimentalnich grandlnich thylakoidech chloroplastii bun¢k pochev
cévniho svazku (Wrischer 1989).

Vyvoj gran u chloroplasti bunék pochev cévnich svazkii u kukufice a
Portulaca grandiflora, NADP-ME jednodéloZznych a dvoudéloznych C4 rostlin
studovali Nishioka a kol. (1993). U obou druht dimorfismus chloroplastii neni zpo¢atku
ontogeneze listu patrny. K rozvoji gran dochézi pouze u chloroplasti bunék mezofylu,
coz se shoduje s Brangeon 1973a). Autofi vyvodili, Ze kdyby chloroplasty bunék
pochev cévnich svazkli mély dobfe vyvinutd grana, byla by v téchto chloroplastech
inhibovdna oxidativni dekarboxylace maldtu kompetici o NADP" redukovaného na
NADPH.

Kutik a Koc¢ova (1996) a Kutik a kol. (1999) se zabyvali vyvojem srovnatelné

¢asti (stfedni ¢ésti listové cepele) ruzné starych listd kukufice, nikoliv vyvojovym
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gradientem podél listt kukurice (viz téZ Kutik a kol. 2001, Vi¢ankova a kol., nabidnuto
Photosynthetica). Vyvoj chloroplasti mezofylovych bunék a aktivitu Hillovy reakce u
dvou novych fotosynteticky kontrastnich genotypui kukufice a jejich hybridt sledovali
Kutik a Koc¢ova (1996). Srovnavali mladé, dospé€lé a starnouci chloroplasty ve stfedni
casti cepele tretiho listu. Objemova hustota thylakoidi byla nejvy3$si v dospélych
chloroplastech. Rozdily byly i mezi genotypy. Fotosynteticky vice G¢inny genotyp
(v aktivité¢ Hillovy reakce) mél také vice thylakoidii, zejména grandlnich. Se starnutim
se chloroplasty zakulacovaly a ve starych chloroplastech vyrazné piibylo plastoglobul.

Na praci Kutik a kol. (1999) navazovala ma vlastni prace. Pomoci
stereologickych metod jsem se zabyvala vyvojem chloroplasti bun¢k pochev cévnich
svazkl u kukufice seté (Vicdnkova a Kutik 2005). Doplnila jsem vysledky pozorovani
ultrastrukturdlnich zmén ve vyvoji chloroplastii v mezofylovych burikach (Kutik a kol.
1999) vysledky sledovani téchto zmén u chloroplasti bunék pochev cévnich svazki
také u vySe zmiriovanych fotosynteticky kontrastnich genotypd kukufice a jejich
hybridd. Slo patrné o prvni kvantitativni hodnoceni vyvojovych zmén chloroplastt
v burikdch pochev cévnich svazkii. Objemova hustota thylakoidi byla v dospélych a
starnoucich listech vyS$8i nez v mladych, zajimavé je nejvy$si zastoupeni grandlnich
thylakoidil ve starnoucich listech, kde sou¢asné vyrazné piibylo plastoglobuld a vyrazné
ubylo Skrobu. To vSe nasvédCuje horSimu fungovédni C, fotosyntézy ve stdrnoucich
listech. Oba rodicovské genotypy se piiliS neliSily. U hybrida, kde mateiskym
genotypem byl fotosynteticky vykonnéjsi rodi¢, se hromadilo v dospélych listech

nékolikandsobné vice Skrobu, nez u reciprokého hybrida.

2.3.2 Heterogenita ultrastruktury a fotosyntetickych funkci

chloroplastu na listové Cepeli

Zmény ultrastruktury chloroplastli a jejich funkénich charakteristik béhem
ontogenetického vyvoje listu jsou ¢asto sledovany na listové ¢epeli trav (napt. Triticum,
Hordeum, Zea). Vyvoj téchto protahlych tzkych listd umoznuje sledovani vyvojového
gradientu chloroplasti podél listové ¢epele, pficemz nejmladsi chloroplasty se nachazeji
v bazalni &asti listu a nejstar$i v apexu listu. Siroké listy dvojdéloznych rostlin, ¢asto
s komplikovanym tvarem listové Cepele, jsou pro tento ticel méné vhodné. Inspiraci pro
hledani moznych gradientd ultrastruktury chloroplasti na listu ndm byly dlouho znamé

a na naSi katedre studované gradienty anatomickych charakteristik na listu (napf.
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hustota priduchi, velikost epidermdlnich buné€k), o kterych referuje Ticha (1985).
Riznd stadia vyvoje chloroplastii podél listové Cepele trav jsou charakterizovana také
zménami v ultrastruktufe téchto organel odpovidajicimi vyvojovym zméndm
chloroplastii béhem ontogeneze listu popsanym v review Kutik 1998.

V navaznosti na vysledky z praci Kutik a kol. (1999), Vic¢ankova a Kutik
(2005), kde jsme sledovali ultrastrukturu chloroplastli v burikdch mezofylu i pochev
cévnich svazkl fotosynteticky aktivniho listu rostlin kukufice riznych genotypu
v prubéhu listové ontogeneze, jsme se zaméfili na rozdily ve strukturnich i
fotosyntetickych charakteristikdich dvou fotosynteticky kontrastnich genotypt
(rodi¢ovska linie a F1 kfizenec kukufice) v zavislosti na misté odbéru asimilaéniho
pletiva z ¢epele dospélého listu kukufice (Kutik a kol. 2001, Vicankova a kol. —
Photosynthetica nabidnuto).

Vztahy mezi ultrastrukturou chloroplasti a funkénimi charakteristikami
fotosyntetického aparatu ve vztahu k heterogenité listové cepele se detailné dosud nikdo
nezabyval. Byl popsan vyvojovy gradient ultrastruktury plastid od baze k vrcholu jesté
rostoucich listd Brangeon (1973a). Chloroplasty v burikach listového mezofylu kukufice
se také mohou liSit v zavislosti na vzdalenosti téchto bunék od cévnich svazkt. Tyto
mozné rozdily, stejné jako mozné rozdily mezi mezofylovymi bunikami na svrchni a
spodni strané¢ monofacidlniho listu kukufice, jsme se rozhodli zanedbat, protoZe je
povazujeme za méné vyznamné. VétSina praci studujicich vyvojové gradienty na cepeli
listd trav je zamérena na mladé chloroplasty na bazi listu, které maji prolameldrni télesa
(Brangeon 1973a), nebo obsahuji Skrobova zrna a pak je nazyvame chloroamyloplasty
(Wellburn a kol. 1982, Chonan a kol. 1991).

Heterogenitu ultrastruktury chloroplasti bunék mezofylu a heterogenitu
fotosyntetické aktivity podél listové cepele jsme sledovali u dvou kontrastnich genotypti
kukufice porovndnim bazdlni, stfedni a apikalni ¢ésti listové cepele dospélych listd a
listd zac¢inajicich starnout (Kutik a kol. 2001). Zjisténé gradienty byly podobné jako
v predeSlych pracich, kdy byly studovany vzorky ze stfedni c¢dsti listové cepele
mladého, dospélého a starnouciho listu (Kutik a kol. 1999, Vic¢ankova a Kutik 2005).
Vyhodou pouziti dvou genotypl kukufice je, Ze jsou tyto rostliny ontogeneticky
posunuty ve vyvoji(kifizenec se vyviji rychleji), takze lze 1 takto sledovat ¢asovou
dynamiku prostorovych gradienti. Tyto vysledky dopliiuje publikace Vicankova a kol.
—Photosynthetica, nabidnuto. Kvantitativné pomoci analyzy obrazu jsem hodnotila

chloroplasty mezofylovych bunék a bunék pochev cévnich svazkd. Zmény
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ultrastruktury dimorfnich chloroplasti podél listové cepele v obou téchto pracich
dopliuji zmény fotosyntetickych charakteristik (Kutik a kol. 2001) a jsou v souladu
se zmé&nami biochemickych charakteristik béhem vyvoje listu (Catsky a Sestak 1997,
Sestak a Siffel (1997). Zajimavy je rozdil zji§tény mezi MC a BSC chloroplasty:
zatimco zmény MC chloroplasti u hybrida sleduji zmény u matefského rodice,
chloroplasty BSC se u rodice a hybrida chovaji rizné (napf. rizné hromadéni

Skrobovych inkluzi).

2.3.3 Vliv amitrolu na vyvoj chloroplastu

K ziskani mnohostranného obrazu o plasticit¢ a dynamice fotosyntetického
aparatu vysSich rostlin se pii studiu vztahi mezi strukturou a funkci fotosyntetického
aparitu casto vyuZivaji rizné experimentalni zasahy, které pisobi na ultrastrukturu
chloroplastt, funkéni charakteristiky thylakoidnich membrén a sloZeni fotosyntetickych
barviv.

V navaznosti na naSe piedchozi prace, popisujici vyvoj dimorfnich
chloroplastii kukufice a gradienty fotosyntetickych charakteristik na jejim listu (Kutik a
kol.1999, Kutik a kol. 2001), jsme ovlivnili vyvoj dimorfnich chloroplasti kukufice
pisobenim herbicidu amitrolu (3-amino-1,2,4 triazol), ktery inhibuje biosyntézu
karotenoidli thylakoidnich membran (beta-karoten, xantofyly). Funkce karotenoidd
v chloroplastech, zejména jako ochrannych komponenti pigment-proteinovych
komplexd, je vyznamna (napf. Demmig-Adams a kol. 1996, Philip a kol. 2002). Jejich
roli ve vyvoji a funkci fotosyntetického apardtu miZeme pozorovat na rostlindch
deficientnich na karotenoidy, které ziskdme plsobenim herbicidi (Sandmann a Boger
1982) nebo pouzitim mutantd (Fambrini a kol. 1993, Wetzel a kol. 1994, La Rocca a
kol. 2000a). Amitrol plisobi na ochranné mechanismy rostlin riznymi cestami. Inhibice
katalazy rostlin Solanum tuberosum L. plisobenim amitrolu vede ke vzristu koncentrace
H>O, v perixosomech (Muraja-Ljubi¢i¢ a kol. 1999). Aplikace amitrolu vSak nejvice
pusobi na obsah karotenoidii (La Rocca a kol. 2001, Hirschberg 2001). Pterusenim
syntézy karotenoidii amitrol negativné ovliviiuje 1 jiné fotosyntetické pigmenty, jako
napt. absenci B-karotenu dochazi k degradaci chlorofylt (Wrischer a kol. 1992).

Zmény ve struktufe pigment- proteinovych komplexu se odrdzeji i ve zméndch
ultrastruktury chloroplastli, které zaviseji na pouzité koncentraci herbicidu, svétle a

teploté¢ (Anderson a Robertson 1960, Rascio a kol. 1996, La Rocca a kol. 1998, 2001).
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N

kol. 1995, Agnolucci a kol. 1996, Rascio a kol. 1996, La Rocca a kol. 2000a,b, Dalla
Vecchia a kol. 2001), které popisuji t¢éméf tplnou destrukci chloroplastti.

Sledovali jsme puasobeni tfi riznych koncentraci amitrolu (20, 60 a 120
mikromold na litr) na vyvoj dimorfnich chloroplasti dvou fotosynteticky kontrastnich
genotypli kukurice (Pechova a kol. 2003). Zjistili jsme, Ze zatimco téméf jedinym
vlivem nizké koncentrace amitrolu je pokles objemové hustoty Skrobovych inkluzi
v chloroplastech BSC, stfedni a vysokd koncentrace amitrolu plisobi ndpadnou a témért
tplnou destrukci vnitini stavby obojich chloroplastli, pokles obsahu a téméf Uplné
vymizeni karotenoidi a chlorofyli a pokles a vymizeni fotochemické aktivity listt.
Mezofylové chloroplasty jsou vice citlivé na poSkozeni ultrastruktury pod vlivem
amitrolu nez chloroplasty buné€k pochev cévnich svazki, i ve zna¢né naruSenych
chloroplastech vSak bylo mozné imunocytochemicky prokdzat svétlosbérné komplexy.
Oba studované genotypy kukufice se chovaly podobné, ale nékteré charakteristiky
ukazuji na vétSi citlivost k amitrolu u fotosynteticky vykonnéjSiho genotypu. Je
zajimavé, Ze u rostlin ovlivnénych amitrolem i kontrolnich jsme obéas pozorovali u
chloroplastd MC i1 BSC vybézky - stromuly (Gray a kol. 2001). Herbicidy amitrol a
norflurazon, negativné ovliviiujici biosyntézu karotenoidd, zlstdvaji vyznamnym
nastrojem pro studium vyvoje struktury a funkci plastidi (Moro a kol. 2004). Sprdvna
syntéza polarnich karotenoidli (xantofyll) je zfejmé nezbytna pro udrZovani stabilnich

membran plastidi.

2.3.4 Vliv imobilizace a razné hladiny cytokinint na chloroplasty

Rostlinné hormony cytokininy hraji dulezZitou roli ve vyvoji a diferenciaci
plastidi. Po objeveni rostlinného regulatoru kinetinu (Miller a kol. 1955), byl prokdzan
jeho vliv na vyvoj chloroplastt z proplastidii v tabdkovych kulturdch (Stetler a Laetsch
1965). Cytokininy reguluji vyvoj chloroplastii, zejména pak pii de-etiolaci (Zavaleta-
Mancera a kol. 1999 a, b, Chory a kol. 1994). Vliv cytokinini na pocet a velikost
chloroplasti a na rozvoj vnitini struktury chloroplasti popisuji Longo a kol. (1979).
V rostlinich tabdku bylo ve chloroplastech detekovdno celé spektrum cytokinind
(Benkovad a kol. 1999).

V soucasnosti je v popfedi védeckého zdjmu cytokininovy metabolismus a

jeho vliv na rostlinu. K objasnéni regulace metabolismu rostlinnych hormont se ¢asto
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pouZzivaji izolované organely, které nejsou ovliviiovany zbytkem burky. Studie
cytokininového metabolismu v izolovanych chloroplastech jsou limitovdny zejména
jejich nizkou stabilitou pti pokojové teploté. Zakomponovéni chloroplastd do vhodného
materidlu ma ochranny efekt, protoze umoznuje vytvofit vhodné mikroprostiedi pro
organelu a jesSté ji chranit pred mechanickym poSkozenim. Stabilizujici hmota, matrix,
zabranuje také difusi napt. O, (Guiseley 1989). Vliv imobilizace zavisi jak na typu a
koncentraci pouzitého polymeru tak na pouzitém organismu (Junter a kol. 2002).
Synkovia a Sestak (1991) srovnévali fotochemické aktivity u volnych a imobilizovanych
chloroplasti do agaru, Ca- alginatu a glutaraldehydem zesitovaného bovin-albumin
séra. Hara a kol. (1999) srovnavali metody a materidly pfi imobilizaci chloroplasti
rostlin Spenatu.

K prodlouzeni viability izolovanych chloroplastli z listl tabdku Nicotiana
tabacum L. cv. Petit Havana SR1 jsme pouzili jejich imobilizaci do nizkoviskozitniho
algindtu (Polanskd a kol. 2004). Imobilizace témér nemeéla vliv na ultrastrukturu
chloroplastii a oddalila jejich totdlni desintegraci. Ultrastruktura volnych chloroplasti
byla totdln¢ desintegrovana po 7 h. Vice nez 50% imobilizovanych chloroplastt zistalo
intaktnich po 24 h.

Soucasti studia hladin fytohormona v listech a chloroplastech u rostlin tabaku
se zménénym metabolismem cytokinini bylo i sledovdani zmén ultrastruktury
chloroplastti (Polanskd a kol. — rukopis v posledni fazi ptipravy). Rostliny transgenniho
tabdku s nadprodukci cytokininli maji pozménénou vnitini strukturu chloroplastt. Tyto
zmény se vétSinou tykaji akumulace Skrobovych zrn, coz vétSinou vede i ke zméné
tvaru chloroplastu. Chloroplasty u rostlin s konstitutivné overexprimovanym Sho genem
a trvalou nadprodukci cytokininl mély nejvice zmén v ultrastruktufe, které se
projevovaly zvySenym poctem thylakoidd v granech, zvySenim mnoZstvi plastoglobulii
a obc¢asnou ptitomnosti krystaloid ve stromatu.Podle Synkové a kol. (2005) miZze jit o
agregity  svétlosbérnych  komplexii chloroplast, coZz nasvédcuje naruSeni
fotosyntetického aparatu trvale zvySenou hladinou cytokinini. Exogenné aplikované
cytokininy, které ve tmé& chrani fotosynteticky aparit pfed senescenci, ho mohou na
svétle poSkozovat (VI¢kova a kol. 2006). Snizena hladina cytokinind v naSich pokusech

na ultrastrukturu chloroplastli vyrazny vliv nemé¢la.
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3 Zavéry / Conclusions

ZAVERY

Ve své praci jsem sledovala plasticitu ultrastruktury chloroplasti ve vztahu

k fotosyntéze listi u kukufice a ve vztahu k metabolismu cytokininid u tabaku. Dospéla

jsem k ndsledujicim hlavnim zavértim.

l.

Béhem vyvoje fotosynteticky aktivnich listd kukutfice (mladé, dospélé a
starnouci listy) se nendhodné kvantitativné méni ultrastruktura chloroplasti
v burikdch pochev cévnich svazku (BSC) ve stfedni ¢asti listové ¢epele, podobné
jako to bylo dfive zjiSténo pro chloroplasty v burikich mezofylu téchto listd
(MCQ). Zjistila jsem dale heterogenitu v ultrastruktufe MC i BSC chloroplastt,
obsahu fotosyntetickych barviv a fotochemické aktivité ¢asti listu pfi srovnani
bazélni, stfedni a vrcholové tietiny listové cepele dospélych listd kukufice.
Vrchol ¢epele ma charakteristiky nejstar$i, baze ¢epele nejmladsi ¢asti. Tim se
konzervuje vyvojovy gradient listu. Podoba gradientu zdvisi na genotypu
kukufice a méni se pfi ndstupu senescence listu. Na uvedeném materidlu jsem
také uspéSné porovnala kvantitativni hodnoceni ultrastruktury chloroplast

stereologicky a pomoci automatické analyzy obrazu.

Herbicid amitrol (3-amino-1,2,4-triazol), ktery brzdi syntézu ochrannych a
pomocnych barviv fotosyntetického apardtu karotenoidi, zpisobuje u kukufice
v niz§i koncentraci (20 mikromold na litr) jen nevelké kvantitativni zmény
v ultrastruktufe MC a BSC chloroplastd a pfiliS neovliviiuje ani obsah
fotosyntetickych barviv a fotochemickou aktivitu listi. Ve vySSich
koncentracich (60 a zejména 120 mikromoli na litr) zpisobuje vyrazny pokles
obsahu karotenoidu, fotodestrukci chlorofyli a vazné naruSeni ultrastruktury
MC a BSC chloroplasti, které ztraceji funk¢nost. Chloroplasty MC jsou

citlivéjsi nez BSC. Dva vybrané genotypy kukufice se vzajemné priliS nelisi.
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Imobilizace izolovanych chloroplastd zlistd tabdku do nizkoviskozitniho
algindtu umoZzniuje studovat u nich metabolismus rostlinnych hormont
cytokininii bez ovlivnéni zbytkem buriky. Imobilizace nema vyrazny vliv na
ultrastrukturu téchto chloroplasti a podstatné zpomaluje jejich destrukci po

izolaci.

Cytokininy se podileji na regulaci vyvoje chloroplasti v listech tabdku. U rostlin
tabaku s konstitutivni nadprodukci cytokininli je naruSena ultrastruktura
chloroplasti, zejména zvySenym mnoZstvim plastoglobuli a obcasnou
ptitomnosti krystaloidnich struktur ve stromatu. Pfi nadprodukci cytokinini
s pomoci indukovatelného promotoru enzymu isopentenyltransferasy nejsou
patrné krystaloidy, ale pouze zvySend tvorba gran ve chloroplastech. SniZzeny

obsah cytokinini ultrastrukturu chloroplasti pfili§ neovliviiuje.

CONCLUSIONS

In my thesis I studied ultrastructural plasticity of chloroplasts in relation to leaf

photosynthesis in maize and in relation to cytokinin metabolism in tobacco plants. Main

conclusions of my studies are as follows.

|98}
19

During development of photosynthetically active leaves of maize plants (young,
mature, and senescing leaves) chloroplast ultrastructure in vascular bundle
sheath cells (BSC) in middle part of leaf blade is non randomly quantitatively
changed similarly as it was found formerly for the chloroplasts in mesophyll
cells (MC) of these leaves. I also found heterogeneity in MC and BSC
chloroplast ultrastructure, photosynthetic pigments content and photochemical
activities comparing basal, middle, and apical third of the blade of mature maize
leaves. Leaf blade apex has characteristics of the oldest, leaf blade base of the
youngest leaf part. In such a manner, leaf developmental gradient is conserved.
The form of the gradients depends on maize genotype studied and it is somewhat
changed after start of leaf senescence. On this material I also successfully
compared the quantitative evaluation of chloroplast ultrastructure using

stereology or automatic image analysis.
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Herbicide amitrole (3-amino-1,2,4-triazol) which is inhibiting the biosynthesis
of protective and auxiliary pigments of photosynthetic apparatus, carotenoids, is
causing in lower concentration (20 micromoles per litre) some quantitative
changes in the ultrastructure of MC and BSC maize chloroplasts only and it does
not much influence also the content of photosynthetic pigments and
photochemical leaf activities. In higher concentrations (60 and especially 120
micromoles per litre) amitrol is causing a striking decrease of the content of
carotenoids, photodestruction of chlorophylls and a serious damage of
chloroplast ultrastructure and loss of function of MC and BSC chloroplasts, the
MC ones being more sensitive. Two maize genotypes studied behave rather

similarly.

Immobilisation of isolated chloroplasts from tobacco leaves into low viscosity
alginate makes possible to study metabolism of plant hormones cytokinins in
them without influence of other cell compartments. This immobilisation has no
striking impact on the ultrastructure of these chloroplasts and it is slowing down

substantially their destruction after isolation.

Cytokinins take part in the control of chloroplast development in tobacco leaves.
In tobacco plants with constitutive cytokinin overproduction the ultrastructure of
leaf chloroplasts is altered, especially by large amount of plastoglobuli and
occurence of crystalloid structures in chloroplast stroma. During cytokinin
overproduction brought about by an inducible promotor of isopentenyl
transferase, only increased thylakoid membrane stacking is observed. Lowered

cytokinin content has no striking impact on the chloroplast ultrastructure.
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The heterogeneity of structural and functional
photosynthetic characteristics of mesophyll chloroplasts in various parts
of mature or senescing leaf blade of two maize (Zea mays L.) genotypes
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Abstract

Differences in ultrastructural parameters of mesophyll cell (MC) chloroplasts, contents of photosynthetic pigments, and
photochemical activities of isolated MC chloroplasts were studied in the basal, middle, and apical part of mature or se-
nescing leaf blade of two maize genotypes. A distinct heterogeneity of leaf blade was observed both for structural and
functional characteristics of chloroplasts. In both mature and senescing leaves the shape of MC chloroplasts changed
from tlat one in basal part of leaf to nearly spherical one in leaf apex. The volume density of granal thylakoids decreased
from leaf base to apex in both types of leaves examined, while the amount of intergranal thylakoids increased in mature
leaves but decreased in senescing leaves. The most striking heterogeneity was found for the quantity of plastoglobuli,
which strongly increased with the increasing distance from leaf base. The differences in chloroplast ultrastructure were
accompanied by differences in other photosynthetic characteristics. The Hill reaction activity and activity of photosys-
tem | of isolated MC chloroplasts decreased from leaf base to apex in mature leaves. Apical part of senescing leaf blade
was characterised by low contents of chlorophyll (Chl) a and Chl b, whereas in mature leaves, the content of Chls as
well as the content of total carotenoids (Car) slightly increased from basal to apical leaf part. This was reflected also in
the ratio Chl (a+b)/total Car; the ratio of Chl a/b did not significantly differ between individual parts of leaf blade. Both
genotypes examined differed in the character of developmental gradient observed along whole length of leaf blade.

Additional key words: chloroplast development: chloroplast dimensions: electron microscopy; Hill reaction activity: peripheral re-
ticulum; photosynthesis; photosystem 1 activity; plastoglobuli: thylakoids.

Introduction

Changes in chloroplast structural or functional character-
istics during the development of leaf blade have been
often studied in grasses (e.g., Triticum, Hordeum, Zea). A
gradient of chloroplasts with respect to their develop-
mental stage has been usually found along whole length
of developing leaf blade, with the youngest ones in basal

part and mature, photosynthetically fully active chloro-
plasts in leaf apex. The various stages of chloroplast
development can be characterised by changes in chloro-
plast ultrastructure, especially as regards their inner
membrane system (see Kutik 1998 for review). Basal part
of young leaves usually contains plastids with prolamel-
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Fax: 420-02/2195-3306. e-mail: kutik@natur.cuni.cz

Abbreviations: BSC — bundle sheath cells; Car — carotenoids; CCU — chlorophyll content unit; Chl — chlorophyll; DCMU - 3-(3".4°-
dichlorophenyl)-1.1-dimethylurca; DCPIP — 2.6-dichlorophenol-indophenol; DMA - dry matter expressed per lcaf arca unit; DMU -
dry matter unit: ES - experimental set; HRA — Hill reaction activity: LAU - leaf area unit; L/W — chloroplast cross section length to
width ratio: MC — mesophyll cells: P — plastoglobuli; PAR - photosynthetically active radiation; PR - peripheral reticulum; PS —
photosystem: S - stroma; SI - starch inclusions; TG — granal thylakoids; TI - intergranal thylakoids; TT — total thylakoids.
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lar bodies, which are subsequently transformed into im-
mature, pre-granall chloroplasts with a simple thylakoid
system. In some cases, these young plastids contain
starch inclusions and can be therefore denoted as amylo-
plasts (Wellburn et al. 1982, Chonan et al. 1991). Degra-
dation of starch and synthesis of various components of
photosynthetic apparatus is typical phenomenon associ-
ated with the development of immature plastids into
mature, photosynthetically fully active chloroplasts found
usually in parts of leat blade more distant from leaf base
{Wellburn et al. 1982). Transcription activity of chloro-
plast genes as well as the content of cpDNA increases
from basal to middle part of developing leaves of some
plant species, whereas in other species a further increase
from middle to apical part has been also observed (Law-
rence and Possingham 1986). In C4 plants, which are
characterised by typical dimorphism of mesophyll (MC)
and bundle sheath (BSC) chloroplasts, the diversification
of chloroplast ultrastructure begins at leaf apex and
gradually continues with the chloroplast development
toward leaf base (Rascio et al. 1984, Nishioka et al. 1993,
and others).

The majority of these studies, however, concentrated
on the young leaves, whose growth is still unfinished.
T'his is why we tried to find out whether the ultrastruc-
tural changes associated with the developmental gradient
observed in young leaves are conserved also in mature,
non-growing, or even senescing leaves. To our knowl-
cdge, such heterogeneity of chloroplast ultrastructure
with respect to various parts of mature or senescing leaf
blade has not vet been studied. Gradients in anatomical

Materials and methods

Plants: The ultrastructural characteristics of MC chloro-
plasts together with their photochemical activity and the
contents of photosynthetic pigments in leaves were stud-
ied 1In two maize (Zea mavs L) genotypes: inbred line
2023 and its F1 hybrid 2023xCE810. Two sets of ex-
periments (ie., ES 1 and ES 2) were performed with
similar experimental pattern. Seeds, obtained from Maize
Breeding Station CEZEA in Cejé (Czech Republic), were
sown to low planting dishes with soil and placed in the
erowth chamber (Klimabox RKI1-007, Kovodruzistvo
Stany, Czech Republic) at day/night regime 16/8 h, irra-
diance 470/0 (ES 1) or 230/0 (ES 2) umol m? s (PAR),
temperature 25/16 °C, and relative air humidity 7080 %.
30-60 plants represented each genotype.

The mature, non-growing third leaf (numbering from
coleoptile as the leaf 0) has been studied in both experi-
mental sets. In ES 1, plants were 27-28 d old; however,
since their leaves have already started to show various
symptoms of senescence, the age of plants used for ES 2
was lowered to 23-24 d, and the irradiance was also re-
duced. The leaves were taken three hours after beginning
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characteristics (e.g., stomata density or epidermal cell
size) on mature leaf blade area are known for a long time
(for review see, e.g., Ticha 198S). Several studies dealing
with the differences in net photosynthetic rate, contents of
photosynthetic pigments, or activities of pigment-protein
complexes of thylakoid membranes with respect to het-
erogeneity of mature (or, in some cases, senescing) leaf
blade were also published. The amount of photosynthetic
pigments and pigment-protein complexes of thylakoid
membranes usually increases with the increasing distance
from leaf base. This applies also for the activity of these
complexes and the net photosynthetic rate (Wellburn et
al. 1982, Lebedev et al. 1986, Bredenkamp and Baker
1988, Davies et al. 1989, 1990, Hew er al. 1998, and
others). For comprehensive review on various changes in
photosynthetic characteristics associated with leaf devel-
opment see, e.g., Catsky and Sestak (1997) or Sestak and
Siffel (1997).

The aim of this work was therefore to determine pos-
sible differences in ultrastructure of chloroplasts in three
parts of mature and senescing leaf blade of maize, and to
analyse the relationship between these structural pa-
rameters and various photosynthetic characteristics of
mesophyll chloroplasts. Another object of our study was
to ascertain whether the genotypic variability found for
many photosynthetic characteristics reflects not only in
chloroplast development during leaf ontogeny (Kutik et
al. 1999) but also in the differences of chloroplast struc-
tural and functional parameters along the length of leaf
blade.

of light period, the midrib was excised, and the leaf blade
was cut into three parts of approximately equal length,
referred to as ‘basal’, ‘middle’, and ‘apical’ part. The
samples for the analysis of MC chloroplast structure and
function, the photosynthetic pigment contents, and the
dry matter were prepared from each third of leaf blade.

Chloroplast ultrastructure: Four plants of each geno-
type were used for electron microscopic and stereological
evaluation following the standard procedure described in
Kutik et al. (1999). This procedure consisted of double
fixation of leaf blade samples with glutaraldehyde fol-
lowed by osmic acid treatment, their dehydration through
ethanol series, and embedding into Spurr’s low viscosity
resin. Chloroplast ultrastructure was cvaluated on trans-
verse ultrathin sections of embedded objects contrasted
with uranyl acetate solution, followed by lead citrate
solution treatment. The transmission electron microscope
Philips EM 300 (the Netherlands) was used at primary
magnifications of about 7 000x. On electron micropho-
tographs, at final magnifications of about 30 000, chlo-
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roplast cross section’s length and width were determined
together with the volume densities of individual chloro-
plast compartments. Relative partial volumes of granal
and intergranal thylakoids, peripheral reticulum, starch
inclusions, plastoglobuli, and stroma (including the space
between the outer and inner envelope membranes) were
evaluated using morphometric grids with regularly dis-
tributed points. Five chloroplasts were analysed for each
leaf sample.

Photochemical activity of isolated chloroplasts: The
isolation of MC chloroplasts from three parts of maize
leaf blade was performed as described in Kémerova and
Hold (1999). 18 to 20 plants were usually needed to get
sufficient amount of leaf tissue. Photochemical activity of
isolated chloroplasts was measured polarographically as
Hill reaction activity (HRA) and photosystem 1 (PS1)
activity, i.e., the amount of oxygen formed (or, in case of
PS1 activity, consumed) by the suspensions of isolated
chloroplasts irradiated by “white light” (800 umol m™s™",
PAR) after the addition of artificial electron acceptors or
donors. In casc of HRA, 7 mM K;[Fe(CN)y] served as
artificial electron acceptor whereas 0.15 mM reduced
DCPIP as clectron donor, 0.1 mM methylviologen as
electron acceptor, and 0.1 mM DCMU as PS2 activity
inhibitor were used for measurement of PSI activity.
Each sample was measured tour to eight times and the
values were expressed per leaf area unit (I.LAU), dry mat-

Results

Differences between experimental sets: The habit and
growth pattern of plants was similar in both experimental
sets. At the beginning of measurement of photosynthetic
characteristics the plants usually had four leaves, but the
fourth leaf was not vet fully developed. The third leaf,
used for the analysis of structural and functional charac-
teristics of MC chloroplasts, was therefore the youngest
one whose growth has been already completed. Its exter-
nal appearance, however, strongly differed between both
experimental sets. In ES 1, the apical part showed yellow
or vellow-green colour and (in 2023xCE810) its extreme
tip began to dry. Yellowing of leaf blade as the visible
symptom of senescence was also apparent in the middle
part; it was more accentuated in the hybrid compared to
the parental genotype. In ES 2, on the other hand, the
entire leat was green, photosynthetically fully active, in
both genotypes studied.

The external differences between experimental sets in
the third leaf appearance were accompanied by the ditfer-
ences in photosynthetic characteristics. With the excep-
tion of total Car content, the volume density of starch
inclusions in MC chloroplasts and the DMA., the values
of all other structural and functional characteristics ex-
amined significantly differed between ES 1 and ES 2

ter unit (DMU), or chlorophyll content unit (CCU), and
time unit.

Contents of photosynthetic pigments: Six leaf discs,
each corresponding to 0.5 cm’, were cut into small pieces
which were put into 10 cm’ of N,N-dimethylformamide
and stored in a dark and cool place. After 2 d, Chl a.
Chl 4, and total carotenoids (Car) content in the extracts
was determined spectrophotometrically (Spekol 211, Carl
Zeiss, Jena, Germany) (Porra et al. 1989, Wellburn 1994).
Each genotype/part of leaf blade was represented by six
samples and the values were expressed per LAU or
DMU. The Chl (a+b) content and the ratios of Chl a/h
and Chl/Car were also evaluated.

Dry matter expressed per leaf area unit (DMA): Eight
samples, each containing six 0.5 cm? leaf discs (usually |
to 2 discs per one plant), were taken from each part of
leaf blade analysed. They were tully dried and their mass
was determined on analytical balance (Sartorius, Ger-
many) with precision of 0.03 mg.

Statistical treatment: Statistical significance of differ-
ences in photosynthetic characteristics between various
parts of leaf blade as well as between genotypes or ex-
perimental sets was tested by one- or two-way analysis of
variance followed by Scheffe’s non-parametric test, using
the 5 % level of statistical significance as the critical one.

(Table 1). The MC chloroplasts analysed in ES 2 showed
greater volume density of both granal and intergranal
thylakoids, less plastoglobuli, and smaller peripheral
reticulum compared to ES 1. They were also more flat, as
shown by greater value of their length-to-width ratio
(Figs. | and 2). These structural differences were accom-
panied by the differences in photochemical activity (both
HRA and PSt) and Chl content: the values of these char-
acteristics were higher in ES 2 (Figs. 3 and 4).

The behaviour of ES 1 and ES 2 was not identical. as
proven by the statistically significant interaction between
genotypes and experimental sets (Table 1). Whereas in
ES 2 the hybrid showed lesser volume density of inter-
granal thylakoids compared to its parent (Fig. 2B), the
differences between both genotypes in ES 1 were not
statistically significant (Fig. 1B). Certain variation was
found also for granal thylakoids and plastoglobuli (espe-
cially in basal and middle parts of leaf blade), as well as
for the content of photosynthetic pigments, ratio Chl/Car,
and DMA. The most notable differences between both
sets of experiments in parent and hybrid behaviour were
recorded for the volume density of peripheral
reticulum(Figs. 1D, 2D) and PS1 activity (Figs. 38, 4B).
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With the exception of HRA and PS1 activity ex-
pressed per CCU, Chl/Car and Chl a/b ratios, DMA and
some ultrastructural characteristics of MC chloroplasts
(volume density of starch inclusions, stroma or granal
thylakoids), the interaction between experimental sets and

parts of leaf blade was also statistically significant (Table
1). This indicated that the differences in structural and
functional characteristics of MC chloroplasts between the
examined three parts of leaf blade, found in ES 1, were
unlike those observed in ES 2.

Table 1. The differences between experimental sets (ES), genotypes (G), and various parts of leaf blade (LP) in selected structural and
functional photosynthetic characteristics of maize leaves. Both experimental sets were analysed together. The statistical significances

for individual components of variation are shown.

0.63
0.60
0.57
0.54
0.54
0.70

0.16
0.49
0.38
0.01
0.88
0.13
0.21
0.50

Characteristic ES G LP ESxG ESxLP GxLP ESxGxLP
Photochemical activities of mesophyll chloroplasts
HRA (LAU) 0 001 0.03 065 0.02 0.14
HRA (DMU) 0 0 0 023 0 0.06
HRA (CCU) 0 0.07 034 0.17 022 0.07
PS1 (LAU) 0 0.27 0.02 002 0.0l 0.71
PS1 (DMU) 0 029 0 077 0 0.83
PS1 (CCU) 0 0 029 0 0.52 0.60
Contents of photosynthetic pigments
Chl (a+b)(LAU) 0 0 0.01 003 0 0.48
Chl(a+b6)(DMU) 0 0 0 020 0 0
Chla (LAU) 0 0 0.02 004 O 0.56
Chl a (DMU) 0 0 0 062 0 0.23
Chl b (1.AU) 0 0 0 001 0 0.20
Chl b (DMU) 0 0 0 012 0 0
Car (L.AU) 011 09 0 035 0 0.33
Car (DMU) 017 0 0 0.04 0.02 0.65
Chlab 001 045 056 058 0.73 0.82
ChliCar 0 0 0 0 0.09 0
Ultrastructure of mesophyll chloroplasts
TG 0 041 O 0.02 007 0.14
TI 001 001 021 0 0 0.55
I'T 0 004 O 0.88 0.03 0.37
P 0 0 0 003 0 0
Sl 027 0 031 023 0.1l 0.52
PR 0 0 085 0 0 0.07
S 0 090 0.03 075 052 0.26
LW 0 0 0 0.50 0.04 0.06
Dry matter expressed per leaf area unit
DMA 063 0 0 0.01 047 0.19

0.51

Differences between genotypes: Plants of the 2023x
CE810 genotype were slightly higher and had longer
leaves compared to 2023 in both experimental sets.
Structural and functional characteristics of MC chlo-
roplasts, as well as the contents of photosynthetic pig-
ments and DMA usually differed between those geno-
types. In some cases (especially in ES 1), this difference
depended also on the examined part of leaf blade, as
proven by the statistically significant interaction between
genotypes and leaf parts (Tables 1 and 2).

In ES 1, the parent and its hybrid did not show statis-
tically significant differences either in the amount of
granal, intergranal, or total thylakoids, or in the volume
density of chloroplast stroma. They differed, however, in
some minor chloroplast compartments. The hybrid was
characterised by greater volume density of plastoglobuli
and starch inclusions per MC chloroplast, and lower
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amount of peripheral reticulum (with the exception of the
middle part of leaf blade) compared to the parental
genotype (Figs. 1D,E). The shape of MC chloroplasts in
2023xCE810 was also more flat, especially in basal or
middle part of leaf blade (Fig. |F). In ES 2, on the other
hand, the shape of MC chloroplasts in both parent and
hybrid was similar, rather flat (Fig. 2F). The differences
between genotypes in the volume density of plastoglobuli
and starch inclusions were similar to those found in ES |
(Fig. 2E). As for peripheral reticulum, the hybrid dis-
played noticeably greater amount of this chloroplast
component compared to 2023 in this set of experiments
(Fig. 2D). Inversely, the parental line showed signifi-
cantly more intergranal thylakoids compared to its hybrid
(Fig. 2B).

Comparison of parent and hybrid genotype with re-
spect to the photochemical activity of isolated MC chlo-
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roplasts showed that 2023 displayed higher HRA values
compared to 2023xCE810 in all three parts of leaf blade
examined (Figs. 34, 44). This difference was especially
pronounced in ES 1. The same phenomenon was recorded

for PS1 activity in this experimental set, while in ES 2 the
relationship between both genotypes was reverse (Figs.
3B, 4B).

Higher content of Chls a and b and higher Chl/Car

Table 2. The ditferences between genotypes (G) and various parts of leaf blade (LP) in sclected structural and tunctional photosyn-
thetic characteristics of maize leaves. Each experimental set was analysed separately. The statistical significances for individual com-

ponents of variation are shown.

Characteristic First experimental set

Second experimental set

G LP Gxl.P G LP GxLP
Photochemical activities of mesophyll chloroplasts
HRA (LAU) 0 0.66 031 022 0.04 0.32
HRA (DMU) 001 047 026 0.01 0.0l 0.20
HRA (CCU) 0.02 044 037 0.78 0.27 0.18
PS1 (LAU) 0 0.14 029 0.11  0.04 0.64
PS1(DMU) 0 0.03 0.08 0.70 0.01 0.69
PSt (CCU) 0.77  0.03  0.90 0.01 049 0.65
Contents of photosynthetic pigments
Chlta-b(LAU) 0 0 0.04 0.07 0.0l 1.00
Chlta-b6)(DMU) 0 0 0.04 0 0 0
Chla(LAU) 0 0.01  0.06 0.09 0.02 1.00
Chla (DMLU) 0 0 0.04 0 0 0.83
Chl & (LAL) 0 0 0.01 0.03 0 0.98
Chl b (DMU) 0 0 0.04 0 0 0
Car (LAU) 031 006 0.57 063 0 0.53
Car (DMU) 012 0 0.71 001 0 0.80
Chlab 041 030 074 0.89 091 0.99
Chl/Car 0 0.01  0.01 0 0.12 0.26
Ultrastructure of mesophyll chloroplasts
TG 0.07  0.01 064 019 0 0.01
I't 070 0 0.26 0 0 0.88
I'r 035 0 0.93 0.06 0.05 0.06
P 0 0 0 001 0 0.44
SI 0.04 003 053 0 0.71 0.79
PR 004 0 0 0 0 0.98
S 1.00 0350  0.44 0.88 0.03 0.06
LW 0 0 0.03 010 0 0.34
Dry matter per leat area unit
DMA 0.50 0 0.92 0 0 0.05

ratio in 2023 compared to 2023xCE810 was found in
both sets of experiments (Figs. 3D,E, 4D,E). However,
only in ES 1 the differences were statistically significant
for both types of Chl content expression (LAU or DMU);
they were also more pronounced than in ES 2. No signifi-
cant differences between genotypes were found for total
Car content (with the exception of Car per DMU in ES 2)
or for the Chl a/b ratio (Figs. 3F, 4F). As for DMA,
greater values in the hybrid genotype compared to the
parental line were observed only in ES 2 (Fig. 40).

Differences between parts of leaf blade: In both ex-
perimental sets. the differences between individual parts
of leaf blade were statistically significant for most char-
acteristics examined (Tables 1 to 3). Certain general

observations were made, concermning mainly various
structural characteristics, DMA, or the contents of photo-
synthetic pigments.

The shape of MC chloroplasts changed from rather
flat one in basal part of the leaf to more rounded one in
leaf apex (Figs. 1F, 2F). The difference in this parameter
between middle and apical part of leaf blade was statisti-
cally significant in ES 1 only (Table 3). In this experi-
mental set, many MC chloroplasts in leaf apex showed
various symptoms of advanced senescence, e.g., thyla-
koid breakdown or envelope membrane rupture. This was
characteristic especially for the hybrid 2023xCE810.

The volume density of plastoglobuli increased from
middle to apical part of leaf (Figs. 1E, 2F). The amount
of starch did not change with increasing distance from
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Table 3. Differences between basal (B), middle (M), and apical (A) parts ot leaf blade in selected structural and functional photosyn-
thetic characteristics of maize genotypes 2023 (1) and 2023xCE810 (H). Each experimental set was analysed separately. The statisti-

cal significances as determined by Scheffe’ test are shown.

Characteristic First experimental set

Second experimental set

B-M B-A M-A B-M B-A M-A
I H I H [ H I H I H [ H
Photochemical activities of mesophyll chloroplasts
HRA (LLAU) 095 0.16 076 006 061 050 0.01 070 0 0.73  0.07 1.00
HRA (DMU) 08 096 040 048 064 0.60 0.01 047 0 038 007 097
HRA (CCU) 093 0142 073 015 055 095 009 099 003 097 029 093
PS1(LAL) 037 033 095 013 049 038 063 021 044 006 0091 0.40
PS1 (DMU) 045 021 009 056 026 058 029 0142 017 004 082 0.28
PS1 (CCLY) 022 031 099 089 025 020 1.00 082 099 013 099 022
Contents of photosynthetic pigments
Chl (a=b6) (LAD) 070 047 091 001 049 0 0 038 0 027 0 0.92
Chla- b) (DMLU) 001 007 002 093 050 009 004 010 O 0.09 0.01 0.02
Chla (LAU) 072 031 089 0.0l 049 0O 0 0.41 0 030 0 0.94
Chl a (DMU) 001 007 002 094 044 009 O 023 0 012 013 074
Chl 6 (LAY 06l 038 098 002 0353 001 0 025 0 015  0.06 086
Chl b (DMU) 0.01  0.07 001 085 087 010 002 009 0 009 0.0l 0.01
Car (LAL) 044 016 077 015 078 099 0 017 0 007 0 0.52
Car (DML 0 0.02 001 0.01 0.79 091 0 0.11 0 0.04 007 035
Chlab 061 087 097 098 073 095 098 .00 092 099 083 099
Chl/Car 081 069 095 0 0.95  0.01 075 072 042 024 021 0.30
Ultrastructure of mesophyll chloroplasts
IG 099 072 006 060 008 020 0 077 0 0 090 0
I 014 004 002 0 066 034 032 082 0 0 0.01 0.03
T 032 065 0 003 0.04 022 098 009 007 062 0.11 046
P 033 012 0 0 0 0 010 057 0 0 0 0
St 0.76 0.92 0.02 0.56 0.10 0.81 0.14 0.88 1.00 0.97 014 0.76
PR 081 0 003 027 012 00! 0.04 016 003 0.10 .00 097
S 0.79 0.93 0.21 0.99 0.55 097 0.04 0.93 0.53 0.08 0.36 0.16
1L/W 0 0 ] 0 0.05 0 0 0 0 0 0.57 0.34
Dry matter per leat area unit
DMA 0.01 011 001 0.10 096 099 004 002 003 001 084 049

leaf base: the same applied to the volume density of chlo-
roplast stroma except for the statistically significant dif-
terence between basal and middle part observed in 2023
in ES 2 (Table 3, Figs. 1C, 20). The volume density of
granal thylakoids slightly diminished from basal to apical
part of leaf blade. The lowest amount of granal thylakoids
was observed in leaf apex, while the difference between
basal and middle part was usually less pronounced (Figs.
14, 24). However, there were some differences between
experimental sets or genotypes (Table 3). As regards
intergranal thylakoids, the values clearly differed between
experimental sets. In ES 1, the basal part of leaf was
characterised by the highest volume density, while in ES
2 it displayed the lowest volume density of these thyla-
koids (Figs. 18, 2B). The MC chloroplasts in this part of
leaf blade also showed the lowest (in ES 1) or the highest
(in ES 2) content of peripheral reticulum (Figs. 1D, 2D),
respectively.

No statistically significant differences in photo-
chemical activities of MC chloroplasts were found in
ES 1 (Table 3). However. in ES 2, the basal part of leaf
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blade in the parental line displayed the lowest HRA com-
pared to the middle or apical part (Fig. 24). The differ-
ences in PS1 activity were usually statistically insignifi-
cant in either experimental set (Table 3).

The contents of Chls ¢ and b and total Cars in fully
developed, non-senescing leaves (i.e., those analysed in
ES 2) increased from basal to apical part of leaf blade
(Fig. 4D-F). However, the differences between leaf parts
were statistically significant in the parental line only
(Table 3). No differences between various parts of leaf
blade in Chl or Car content per LAU were observed in
senescing leaves (ES 1) of 2023 genotype. but the apex of
2023xCE810 leaves showed significantly lower contents
of Chls compared to their basal or middle part (Table 3,
Fig. 3D.E). When the content of photosynthetic pigments
was expressed per DMU, the results were similar to those
found in ES 2 (Table 3). The Chl/Car ratio or Chl wb
ratio did not differ between individual parts of leaf blade
in either of genotypes examined (Table 3). The highest
DMA was found for leaf base both in 2023 and
2023xCE810 (Figs. 3C, 4C).
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Discussion

Our study of MC chloroplasts in maize leaves showed
that the chloroplast structural and functional characteris-
tics in various parts of leaf blade were heterogeneous
both in mature and senescing leaves. The chloroplasts
from leaf apex were characterised by various parameters
usually associated with advanced development, while
those localised in basal part of leaf blade were clearly
younger. This observation applied to both mature and
senescing leaves. In both types of leaves, an increasing
volume density of plastoglobuli was observed from basal
to apical part of leaf blade: the changes were more abrupt
in senescing leaves. This increase in plastoglobuli num-
ber or volume (or both) is a sign of advancing chloroplast
senescence, as the products of breakdown of thylakoid
lipids are probably accumulated in this compartment
(Kutik er al. 1993, Ram et al. 1994, Kutik 1985, 1998,
Huddk 1997).

Another symptom associated with development of
mature chloroplasts and their gradual conversion to ge-
rontoplasts, or senescing chloroplasts, is the change of
chloroplast shape and dimensions (Somersalo and Aro
1987. Hashimoto et a/. 1989, Chonan et al. 1991, Ono et
al. 1995, Kutik 1998, Kutik er a/. 1999). Senescing leaves
of maize examined in our study contained smaller chlo-
roplasts in mesophyll cells compared to non-senescing,
mature leaves. A gradual transformation of flat chloro-
plasts found in leaf base to more rounded ones in middle
or apical part of leaf blade was also observed. This phe-
nomenon is characteristic for advanced developmental
stage of these organelles (Kutik et al. 1999). In senescing
leaves, MC chloroplasts of leaf apex were often de-
formed. with ruptured envelope and broken thylakoid
membranes. These chloroplasts could be regarded as the
final stage in the chloroplast development (Hudak 1997).

Certain interesting differences in the organisation of
thylakoid membranes were also found in MC chloroplasts
from various parts of leat blade. Contrary to the increase
of size and amount of granal thylakoids often described
for voung, growing leaves (Kutik 1998), we observed a
slightly decreasing gradient from leaf base to apex for
chloroplasts both in mature and senescing leaves. This is
in gcood agreement with general trend depicted in many
other developmental studies: once the mature, photosyn-
thetically fully active chloroplasts with large grana are
tormed. the size of this chloroplast compartment slowly
decreases, thylakoid membranes dilate and finally break
up (Kutik er af. 1988). It can be therefore concluded that
the chloroplasts of leaf apex analysed in our study are
characterised by more advanced developmental stage
compared to those from basal part of leaf blade. As for
intergranal thylakoids. our observation that cven in ma-
ture, fully developed and non-growing leaves their
amount increases with the increasing distance from leaf
base is fairly interesting. In senescing leaves, the volume
density of both granal and intergranal thylakoids de-
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creased with the increasing distance from leaf base which
shows that MC chloroplasts have already undertaken
further step toward their senescence.

No significant changes associated with the heteroge-
neity of leaf blade were found in the volume of chloro-
plast stroma. The same applied to the amount of starch
inclusions, which was extremely small; the differences
between various parts of leaf blade in the volume density
of this chloroplast compartment were usually statistically
insignificant. It might be interesting to compare the num-
ber and size of starch inclusions along the whole leaf
blade in MC and BSC chloroplasts: the ultrastructure of
BSC chloroplasts from our experiments is presently
evaluated and preliminary results ot this analysis have
already been published (Vicankova et al. 2000). We
found interesting differences for the peripheral reticulum:
its amount in mature leaves decreased with the increasing
distance from leaf base, but in senescing leaves a reverse
trend was observed. The role of peripheral reticulum in
chloroplasts is still far from being fully solved: it is pre-
sumed that this compartment (often found in C4 plants) is
involved in various metabolic and transport processes not
directly associated with photosynthesis (e.g., Hudak
1997). We can therefore only speculate that the intensity
of metabolite efflux from chloroplasts in leaf apex of
senescing leaves increased before their final degradation.

The heterogeneity in MC chloroplast ultrastructural
parameters observed in various parts of leaf blade was in
some cases also accompanied by differences in other
photosynthetic characteristics. The content of Chls in
mature leaves increased from leaf base to apex, while in
senescing leaves this trend was reverse, which is in ac-
cord with the findings of other authors (Davies ¢r al
1989, 1990). The content of total Cars increased from
basal to middle part of mature, non-senescing leaf blade;
no further changes were detected either from middle to
apical part of mature leaf blade or in senescing leaves.
similarly to Wellburn et al. (1982). Lower Chl a/b ratio in
senescing leaves compared to mature ones could be ai-
tributed to more abrupt decrease in the amount of Chl a,
but no differences in this parameter along the length of
leaf’ blade were detected. The slower decrease in the
content of Chl & is rather interesting because this pigment
is associated with light-harvesting complexes, important
in thylakoid stacking (Jackowski and Kluck 1993). On
the other hand, Chl a is bound in large quantities to PS|
complexes, the number of which strongly decreases dur-
ing leaf senescence (Lebedev et al. 1986), while PS2 or
light-harvesting complexes account for much lesser
amount of Chl a. These results are thus in good agree-
ment with our findings that the reduction in PSI activity
observed in senescing leaves compared to mature ones
was more abrupt than the reduction in HRA (which is a
measure of PS2 activity). As for various parts of leaf
blade, the decrease of photochemical activities ot MC
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chloroplasts observed from basal to apical part of se-
nescing leaf blade was not statistically significant, due
probably to rather large residual variation in those char-
acteristics. On the other hand, an increase both in HRA
and (though insignificant) in PS1 activity was observed
with an increasing distance from leaf base in mature
leaves, similarly to the findings of Webber et al. (1986)
or Bredenkamp and Baker (1988) in Triticum.

The differences in structural and functional photo-
synthetic characteristics observed between both examined
genotypes. as well as the presence of statistically signi-
ficant interaction between genotypes and leaf parts or
genotypes and experimental series can be attributed to the
faster development of the hybrid compared to its parental
inbred line. The lower content of Chls, lower photo-
chemical activity of isolated MC chloroplasts, greater
volume density of plastoglobuli and starch inclusions,
more developed peripheral reticulum in mature leaves—
all these parameters can be associated with more advan-
ced developmental stage of the 2023xCE810 genotype.
The apparent discrepancy in observation that MC chloro-
plasts of both genotypes contain similar amount of thyla-
koid membranes while the activities of PS1 and PS2 in
senescing leaves are lower in the hybrid than in the par-
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the developmental stage of leaf and on the genotype ex-
amined.
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Abstract

The effect of three different concentrations of amitrole (AM), a bleaching herbicide affecting carotenogenesis, on chlo-
roplast ultrastructure, photosynthetic pigment contents, and photochemical activity was studied in two maize genotypes
differing in photosynthetic characteristics. The content of photosynthetic pigments in leaves of plants treated with low
(20 uM) AM concentration was similar to control plants and no damaging effect of the herbicide on the ultrastructure of
either mesophyll (MC) or bundle-sheath (BSC) cell chloroplasts was observed. Higher (60 and 120 uM) concentrations
of AM caused a significant decrease in the content of carotenoids (especially xanthophylls), which was followed by
photooxidative destruction of chlorophylls and some alterations of chloroplast ultrastructure. MC chloroplasts appeared
more sensitive to the damaging effect of AM compared to BSC chloroplasts. A significant decrease in the amount of
both granal and intergranal thylakoids in MC chloroplasts was observed with the increasing concentration of AM. As
regards BSC chloroplasts, rapid decrease in the volume density of starch inclusions was found in plants treated with
higher concentrations of AM. When 120 pM AM was used, both MC and BSC chloroplasts contained just a few thyla-
koid membranes that were strongly altered. The changes in the ultrastructure of MC chloroplasts were accompanied by
the changes in their photochemical activity. The formation of chloroplast protrusions after treatment of plants with AM
as well as in control plants was also observed.

Additional key words: 3-amino-1,2 4-triazole; carotenoids; chlorophylls; Hill reaction; photosystems | and 2.

Introduction

The photosynthetic apparatus localised in chloroplasts is
one of the most sensitive systems to various stress fac-
tors, both environmental and anthropogenic. Carotenoids
(Cars) belong to the most important protective compo-
nents of photosynthetic pigment-protein complexes. Their
function in chloroplast thylakoid membranes is complex

(see, e.g., Demmig-Adams er al. 1996). Their ability to
absorb photons (especially in the blue region of spec-
trum) enables them to act as additional light-harvesting
pigments besides chlorophylis (Chls). They are also nec-
essary for the assembly and stabilisation of various com-
plexes of thylakoid membranes (namely photosystem 2
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and LHC), where they fulfil an important structural role
(Hoober and Eggink 1999, Phillip et al. 2002). However,
their most important function in the chloroplast is proba-
bly the protection of photosynthetic apparatus from pho-
todestruction caused by strong irradiance or other stress
factors (Siefermann-Harms 1987). Their importance for
successful development and function of the photosyn-
thetic apparatus is clearly obvious when working with
Car-deficient plants. Such plants can be obtained either
by treatment with various so-called bleaching herbicides
(e.g. amitrole, norflurazon, fluridone, flurtamone, and
others; see, e.g. Sandmann and Béger 1982) or as Car-
free mutants, such as vp9 and vp2 of maize (Zea mays L.
— La Rocca et al. 2000a), im of Arabidopsis thaliana L. -
Wetzel er al. 1994), or albino mutant of sunflower
(Helianthus annuus L. — Fambrini et al. 1993).

Amitrole (AM, 3-amino-1,2,4-triazole) can be suc-
cessfully used to obtain plants with damaged chloroplasts
and non-functional photosynthetic apparatus. The effect
of this herbicide on plant protective systems seems to be
manifold. For example, the inhibition of catalase fol-
lowed by increased concentration of H,0, in peroxisomes
was observed in potato (Solanum tuberosum L.) plants
treated with AM (Muraja-Ljubici¢ et al. 1999). However,
the most conspicuous changes due to the application of
this herbicide were found in the content of Cars. AM
inhibits cyclisation of lycopene, which leads to the accu-
mulation of its precursors (phytoene and phytofluene; La
Rocca et al. 2001). The formation of B-ionone or
e-ionone rings is a necessary step in the conversion of
lycopene to either B-carotene (and subsequently to zea-
xanthin, antheraxanthin, violaxanthin, and neoxanthin) or
a-carotene (which is a precursor of lutein; Hirschberg
2001). Therefore the inhibition of this reaction can have
dangerous consequences for the structure and function of
the whole photosynthetic apparatus. This interruption of
the Car synthetic pathway affects negatively the other
photosynthetic pigments as well; in the absence of

Materials and methods

Plants: Seeds of two genotypes (CE704 and CE810) of
maize (Zea mays L.) were obtained from the Maize
Breeding Station CEZEA in Cej& (Czech Republic). They
were germinated for 24 h in water and then placed in
nutrient solution (Hoagland 3) with different concen-
trations of amitrole (20, 60, and 120 uM) or without AM
(control plants). Plants were grown in a growth chamber
(Klimabox RK1-007, Kovodruzistvo Slany, Czech Repub-
lic) with the duration of light period 16 h, temperature
21/16 °C, relative humidity 70/80 %, and irradiance
400 pmol m? s' PAR. 18 d after germination of seeds,
leaf tissue samples were taken from the middle third of
leaf blade of the mature third leaves. These samples were
used for the transmission electron microscopy and
stereological analysis of chloroplast ultrastructure, po-
larographic measurement of photochemical activity of
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B-carotene the degradation of Chls occurs (Wrischer ef al.
1992).

The changes in synthesis and/or degradation of Cars
and Chls described above are usually followed by
changes in the structure of thylakoid pigment-protein
complexes, which in turn are associated with alterations
in the ultrastructure of chloroplasts. These alterations
depend on the concentration of herbicide used, irradiance
(Anderson and Robertson 1960), and temperature (Rascio
et al. 1996, La Rocca et al. 1998, 2001). However, most
studies concerned with the changes in chloroplast ultra-
structure due to AM deal only with the effects of high
AM concentrations (125 pyM AM: Zito er al. 1995,
Agnolucci et al. 1996, Rascio er al. 1996; 200 uM AM:
La Rocca ef al. 2000a,b, Dalla Vecchia et al. 2001). Such
concentrations lead to the nearly complete destruction of
chloroplasts. The use of lower concentrations of AM
should facilitate the production of plants with different
amounts of Cars, and the correlation between the contents
of photosynthetic pigments and the ultrastructure of chlo-
roplasts could therefore be analysed by more subtle
methods.

Maize, as a typical C, plant belonging to NADP-ME
group, exhibits so-called Kranz-type anatomy of leaves
with characteristic presence of two distinct cell types
(mesophyll and bundle sheaths) containing chloroplasts
which differ in many parameters. The possible diffe-
rences in response of these two types of chloroplasts to
various degrees of Car deficiency and its relationship to
photosynthetic activity have not—as far as we know—yet
been described. The main purpose of this work was there-
fore to prepare (by the use of AM) maize plants differing
in the amount of photosynthetic pigments (especially
Cars), to analyse the changes in ultrastructure of MC and
BSC chioroplasts in leaves of these plants, and to corre-
late the level of chloroplast destruction to photosynthetic
processes which take place there.

isolated chloroplasts, and the determination of the con-
tents of photosynthetic pigments.

Analysis of chloroplast uitrastructure: Leaf blade sam-
ples were double fixed (glutaraldehyde/osmic acid), de-
hydrated in ethanol/propylene oxide series, and embed-
ded into Spurr's low viscosity resin. Chloroplast ultra-
structure was evaluated on transverse ultra-thin sections
of embedded objects contrasted with uranyl acetate fol-
lowed by lead citrate treatment (Kutik er al. 1999) using a
transmission electron microscope Philips EM 300. The
volume densities (relative partial volumes, Gundersen
and Jensen 1987) of five chloroplasts for each sample
were counted stereologically on microphotographs using
morphometric grids with regularly distributed points as
described by Kutik er al. (1999). Four plants were
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evaluated for each vanant. In MC chloroplasts, the vol-
ume densities of granal and inter-granal thylakoids, pe-
ripheral reticulum, starch inclusions, and plastoglobuli
were measured and the remaining volume of stroma was
counted into 100 %, whereas in BSC chloroplasts only
the volume densities of starch inclusions and plastoglobu-
li were determined. The differences between variants
were tested by the Mann-Whitney test, using the 5 %
level of statistical significance.

Immunocytochemical analysis: The leaf blade samples
were fixed for 2 h in 4 % paraformaldehyde and 0.25 %
glutaraldehyde fixative in 0.1 M cacodylate buffer, dehy-
drated in ethanol, and embedded into London Resin White
medium. The ultra-thin sections picked up on nickel grids
were incubated for 10 min on 1 % bovine serum albumin
(BSA) in PBS and treated with the mouse primary anti-
body against the apoprotein of LHC2 (which labelled
both LHC1 and LHC2). After washing with 1 % BSA in
PBS, the sections were incubated with colloid gold con-
jugated with goat-anti-mouse antibodies. The sections
were then washed and stained with uranyl acetate for 10
min and examined with the electron microscope (CM-10
Philips). Control experiments were performed similarly,
but the incubation of the ultra-thin sections with the pri-
mary antibody was excluded.

Photochemical activity of chloroplasts: The analysis of
Results and discussion

The negative effect of AM was observed almost from the
beginning of plant development. As expected, the damage
was most pronounced in plants treated with the highest
(120 uM) concentration of AM, whereas application of
lower concentrations of herbicide (20 or 60 uM) resulted
in less perceptible changes. 120 pM AM-treated plants
were generally much smaller and could not be cultivated
longer than about 18 d, which was obviously due to the
fact that the organic nutrients stored in grains were com-
pletely consumed at this time. Under normal conditions,
the beginning of photosynthetic activity and synthesis of
new, energetically rich metabolites would soon compen-
sate loss of these nutrients (used in the first phases of
plant development). However, as the application of AM
strongly diminishes the amount of photosynthetic pig-
ments in leaves, the consequent damage to photosynthetic
apparatus can be severe and no functional chloroplasts
might be present in plants treated with high concentration
of herbicide. This, of course, would ultimately result in a
premature death of plants, as observed in our case.
Differences in the amount of photosynthetic pigments
in leaves due to the application of different concentra-
tions of AM were already seen in the outward appearance
of plants. Both control and 20 pM AM-treated plants had
fully green leaves, whereas the leaves of plants treated
with 60 pM AM were pale yellow-green (ie. with

photochemical activity of isolated MC chloroplasts was
performed as described in Kdmerova and Hold (1999).
Hill reaction activity (HRA) was measured polaro-
graphically as the amount of oxygen formed by the chlo-
roplast suspensions in the light (750 umol m™s™ PAR).
0.007 M K;[Fe(CN)s] was added as an artificial electron-
acceptor, and a constant temperature of 25 °C was main-
tained in the measurement chamber (Barto$ et al. 1975).
Activity of PS1 was measured similarly as the consump-
tion of oxygen by the suspensions of isolated MC chloro-
plasts. 0.15 mM reduced DCPIP was used as an artificial
donor of electrons and 0. mM methyl viologen as an
electron acceptor. The inhibitor of PS2 activity in this
case was 0.1 mM DCMU. Neither HRA nor PS1 activity
was analysed in plants treated with 120 uM AM due to
the apparent absence of photosynthetic pigments in MC
chloroplasts in those plants.

Contents of photosynthetic pigments were determined
in acetone extracts of leaf discs by HPLC (Spectra-
Physics, San Jose, USA) using a reverse phase column
(Sepharon SGX C18, 5 pm particle size, 150x3 mm,
Tessek. Prague, Czech Republic). The solvent system was
acetonitrile : methanol : water (80:12:6) followed by
100 % methanol, and the gradient was run from 8 to 12
min. The flow rate was 16.7 mm’ s”, the detection
wavelength was 445 nm.

diminished amount of Chls and Cars). The leaves of
plants treated with the highest concentration of AM were
completely white (i.e. without photosynthetic pigments).
These observations were further supported by HPLC
analysis of photosynthetic pigments in tissue of both
genotypes. The content of Cars in leaves of AM-treated
plants decreased in a concentration-dependent manner
(Table 1). A slight decrease in the amount of total Cars—
to about 93 % of that found in control plants—was ob-
served in the plants treated with 20 yM AM. A much
lower amount of total Cars was found after treatment of
plants with 60 uM AM (about 33 % of control). The
plants treated with the highest concentration of AM
(120 uM AM) contained very limited amounts of protec-
tive Cars (0.7 % of control in CE810 to 1.7 % of control
in CE704). The loss of xanthophyll cycle pigments (i.e.
violaxanthin, zeaxanthin, and antheraxanthin) together
with the loss of neoxanthin was mainly responsible for
this decrease in content of total Cars; this agrees well
with some earlier observations (Agnolucci et al. 1996,
Dalla Vecchia er al. 2001, Hirschberg 2001, La Rocca er
al. 1998). Lutein (synthesised from a-carotene; Young ef
al. 1997) and B-carotene seemed to be less susceptible to
AM. However, analysis of the changes in the ratio of
lutein and neoxanthin (as representative pigments of
LHC) to B-carotene (as a representative Car of reaction
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centres) revealed a greater relative decrease in the amount
of B-carotene compared to these two xanthophylls. This,
together with the significant loss of the pigments of xan-
thophyll cycle, suggests that the Cars synthesised through
B-carotene pathway are more susceptible to AM. AM
probably inhibits the cyclisation of lycopene (Dalla
Vecchia et al. 2001) and the formation of B-ionone ring
could be more sensitive than the formation of e-ionone
ring (characteristic for a-carotene and lutein).

The protective role of Cars in plants is widely accep-
ted (Demmig-Adams et al. 1996, Young er al. 1997).
Their absence in chloroplasts leads to severe damage of
pigment-protein complexes of thylakoid membranes,
which is accompanied by loss of Chls (Anderson and
Robertson 1960, Young et al. 1997). Moreover, if the
Car/xanthophylls binding sites in the complexes can not
be occupied, the whole complex becomes instable and
Chls will be degraded. The analysis of the content of Chls
in leaves of plants treated with various concentrations of
AM revealed that even the lowest concentration used

(20 pM) had negative influence on these pigments (their
amount decreased to about 90 % of control; Table 1).
Plants treated with 60 uM AM contained about 49 % of
the amount of Chls found in the control plants, and plants
treated with 120 uyM AM were nearly devoid of Chlis (0.7
to 1.1 % of control). The decrease in total Chl concen-
tration was probably due mainly to the decrease in Chl a
content. This pigment appeared to be more sensitive to
AM compared to Chl b. Similar results were reported by
Kushwaha and Bhowmik (1999) for cucumber (Cucumis
sativus L.) treated with isoxaflutole, another herbicide
inhibiting Car biosynthesis. The greater susceptibility of
Chl a to AM-induced photooxidative damage was fe-
flected also in the values of Chl a/b ratio (Table 1), which
decreased with increasing concentration of herbicide.
These results, together with the changes observed in the
content of individual Cars, suggest that reaction centres
of photosystems might be more sensitive to photooxida-
tive damage caused by AM treatment compared to LHC.

Table 1. Contents of photosynthetic pigments [mg m'?] together with Hill reaction activity (HRA) and activity of photosystem 1 (PS1)
[umol(O.) m? s™'] in mesophyll chloroplasts isolated from maize plants of two genotypes (CE704, CE810) untreated (C) or treated
with different concentrations of amitrole (20, 60, and 120 uM). Plants treated with the highest concentration of AM contained very
small amounts of pigments in plant tissue and therefore some values are not given. Car, total carotenoids; V, violaxanthin; A, anthera-
xanthin; Z, zeaxanthin; Chl, chlorophyll; n.d., not determined. Means + standard errors of mean (SEM).

Characteristic C 20 uM 60 uM 120 uM
CE704 Car 46.6+0.0 43.7+0.1 15.0£0.7 0.810.0
neoxanthin 8.320.0 7.0£0.1 1.5£0.1 0.0
lutein 17.920.1 17.70.1 8.240.5 0.510.0
V+A+Z 6.0+0.1 4.840.1 1.120.1 0.0
B-carotene 14.5£0.1 14.2+0.2 4.310.1 0.310.0
Chlatb 311.0+0.7 281.5+0.7 154.846.5 3.410.1
Chl a/b 3.33+0.02  3.10+0.00 3.01£0.02 nd.
HRA 7.411+0.00 6.07+0.70 3.80+0.00 n.d.
PS! 12.60+0.21  14.29+0.22 12.81£0.27 nd.
CE810 Car 43.1£0.0 26.9+10.9 14.140.3 0.0
neoxanthin 9.1:0.1 7.3£0.2 1.7£0.1 0.0
lutein 14.920.1 14.9+0.1 7.4x0.2 0.210.1
V+A+Z 5.4£0.0 4.5+0.1 1.0+£0.0 0.0
B-carotene 13.7£0.1 13.5+0.1 4.1:0.1 0.1£0.0
Chl a+b 268.5+0.2 249.1£1.8 132.3+2.0 0.0
Chl /b 3.36+0.02 3.01+0.02 2.85+0.03 nd.
HRA 11.23+0.00 9.70+0.69 475£0.00 n.d.
PS1 19.88+0.48 15.66+0.12 11.38%0.18 n.d.

Analysis of the photochemical activities of PS1 and
PS2 in isolated MC chloroplasts revealed a great sensi-
tivity of PS2 (Table 1). Hill reaction activity (which is a
measure of the activity of PS2) significantly decreased
with an increasing concentration of herbicide in both
genotypes studied. The highest difference was observed
between control and 60 pM AM-treated plants (photo-
chemical activity of isolated chloroplasts in 120 pM AM-
treated plants could not be measured due to the nearly
complete absence of photosynthetic pigments in MC
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chloroplasts). On the other hand, the activity of PS1 was
affected less, which suggests that this pigment-protein
complex is more resistant to the photooxidative damage.
Similar results were found by Bolychevtseva eral.
(1995).

Treatment of plants with various concentrations of
AM affected not only the content of photosynthetic pig-
ments or photochemical activity of thylakoid pigment-
protein complexes, but also the chloroplast ultrastructure
(Figs. 1 and 2). MC and BSC chloroplasts in leaves of
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control plants were characterised by well-organised
thylakoid membranes (see also Kutik et al/. 2001). MC
chloroplasts contained both granal and intergranal thyla-
koids, whereas thylakoid membranes of BSC chloroplasts
were largely non-appressed; these chloroplasts also con-
tained great amounts of starch inclusions. Mesophyll
chloroplasts of plants treated with 20 uM AM were ultra-
structurally similar to chloroplasts of control plants.
However, stereological methods (Table 2) revealed some
differences in chloroplast ultrastructure. Statistically
significant differences between MC chloroplasts of con-
trol and 20 pM AM-treated plants of genotype CE704
were found only for the volume density of starch inclu-
sions and of genotype CE810 for the volume density of
starch inclusions and plastoglobuli. On the other hand,

the ultrastructure of BSC chloroplasts was more influ-
enced by this low concentration of AM. The volume
density of starch inclusions in BSC chloroplasts of 20 uM
AM-treated plants of CE704 genotype decreased into
about 53.9 % of the values found in control plants and
into about 48.1 % in the case of genotype CE810. The
decrease in the amount of starch inclusions in chloro-
plasts is probably connected with either various stress
factors or advancing senescence of plants (Mostowska
1997, Kutik 1998). In our case, the decrease observed in
BSC chloroplasts of 20 uM AM-treated plants was
accompanied by slight tendency of MC chloroplasts of
CE810 genotype to accumulate starch under these
conditions.

Table 2. Ultrastructural characteristics of mesophyll (MC) and bundle sheath cell (BSC) chloroplasts in two genotypes of maize
(CE704 and CE810) untreated (C) or treated with 20 uM amitrole: volume densities [%)] of appressed (A) and non-apressed (NA)
thylakoids, starch inclusions (ST), plastoglobuli (PL), peripheral reticulum (PR), stroma (S), and proportion [%)] of appressed thyla-
koids to all thylakoids (G). Means + standard error of mean (SEM). Statistical significance of the differences between AM-treated and
untreated plants (D1) or between genotypes (D2) as proven by Mann-Whitney test is also given ("'p< 1%, p<5%, p>5%).

CE704 CE810 D2
C 20 pM DI C 20 uM DI C 20uM

MC A 28.10£1.76  28.29+1.74 -  26.05t1.58  23.37+1.43 - - -
NA 2334£1.19  21.00124 -  21.17#1.54  18.77%¢1.34 - - -
G 5437+1.97 57.08+2.43 -  55.19+2.80  55.24:2.61 - - -
ST  0.10£0.06 0.00 . 1.1120.32 1.24+043 ° o
PL  1.37:0.17 2.10£0.19 - 2.01£0.18 1.68+0.18 ° C.
PR 3.8420.34 3.68+0.20 - 4.7840.39 3.85:£0.34 - - -
S 43.25+228 44.92+191 -  44.89+1.84  51.09+1.89 - - -

BSC ST 26.00+1.81  14.07x1.77 °  19.14£1.27 9.20+1.36 oo
PL  0.23%0.05 0.42:0.07 0.44+0.08 0.43x0.09 - T

The decrease of Cars to about 33 % of control in
plants treated with 60 yM AM was accompanied by
dramatic damage of MC chloroplasts especially in geno-
type CE810 (Fig. 2). MC chloroplasts in leaves of this
genotype showed great changes, similar to those observed
in plants treated with the highest AM concentration. They
were amoeboid in shape and contained only a few thyla-
koids. MC chloroplasts of genotype CE704 (Fig. 1) sub-
jected to the same experimental conditions were less
damaged: they had normal shape and very reduced
amount of thylakoids, occasionally being swollen a bit.
On the other hand, BSC chloroplasts in leaves of plants
treated with 60 uM AM of both genotypes were relatively
unaffected. They, however, contained almost no starch
inclusions but their thylakoid membranes were still pre-
served. As it is unlikely to expect that bundle sheath cells
contain different AM amount compared to mesophyll, it
is probable that BSC chloroplasts are less sensitive to
oxidative damage than MC chloroplasts. These two types
of chloroplasts differ in the amount of antioxidant com-
pounds (Doulis e al. 1997) and this difference seems to
be even more pronounced under stress conditions (Pastori

et al. 2000). Moreover, BSC chloroplasts are relatively
physically isolated from oxygen evolved by MC chloro-
plasts during primary photosynthetic reactions and thus
also from reactive oxygen species produced there.
Mesophyll cells in leaves of 120 pM AM-treated
plants contained greatly damaged chloroplasts with only
a few anomalous thylakoid membranes, sometimes
grouped to form very electron-dense masses. Thylakoids
were usually either localised only in a part of chloroplast
or surrounded the inner chloroplastic membrane. Connec-
tions of thylakoids to the inner chloroplastic membrane
were also occasionally observed (not shown). Similar
phenomenon was found in early stages of chloroplast
development (Hudak 1997). BSC chloroplasts in leaves
of 120 uM AM-treated plants had very limited amount of
thylakoids and never contained starch inclusions. Immu-
nocytochemical analysis of ultra-thin sections of leaf
fragments from 120 pM AM-treated plants revealed
a great decrease in the amount of LHC particles both in
MC and BSC chloroplasts as compared to control plants.
However, the decrease in BSC chloroplasts (not shown)
was not so prominent as in MC chloroplasts (Fig. 3),
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Fig. 1. Chloroplasts of mesophyll cells (MC; 4-D) or bundle sheath cells (BSC; £-H) in the middle part of mature third leaf of maize
genotype CE704. MC chloroplast of a leaf of control plant exhibits a well organised thylakoid membranes — appressed (a) and non-
appressed (na) thylakoids, plastoglobuli (pg). and a small protrussion (p). (B) MC chloroplast of a plant treated with low concentra-
tion of AM (20 uM), similar to A. (C) MC chloroplast of a plant treated with 60 yM AM characterised by a decrease of thylakoid
volume density. (D) A greatly damaged MC chioroplast of a plant treated with 120 uyM AM. Chloroplast contains a few, irregularly
distributed thylakoids which are sometimes appressed (arrows) and form electron dense material. Angle wise cut thylakoid mem-
branes (double arrows) are also seen. An undamaged mitochondrium is also shown. (E) BSC chloroplast of control plant with large
starch inclusions (s). (F) Decrease in volume density of starch inclusions in BSC chloroplast of a plant treated with 20 uyM AM. (G)
Increasing concentration of AM (60 uM) causes a great decrease of starch volume density. A small protrusion is also seen (p). (H)
BSC chloroplast of a plant influenced by 120 uM AM shows absence of starch inclusions and very damaged thylakoids. Undamaged
mitochondria (m) are also seen. Bars = | pm. .
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Fig. 2. Chloroplasts of mesophyll cells (MC; A-D) or bundle sheath cells (BSC; E-H) in the middle part of mature third leaf of maize
genotype CE810. (4) MC chioroplast of a control plant exhibits a well-organised thylakoid membranes and starch inclusions (s). (B)
MC chloroplast of a plant treated with low concentration of AM (20 uM) that contains no starch inclusions. (C) MC chloroplast of a
plant treated with 60 uM AM is greatly damaged. Chloroplast contains only a few irregullarly distributed thylakoids which are ap-
pressed (arrow) and form electron dense material. (D) Greatly damaged mesophyll cell of a plant treated with 120 uM AM with
mitochondria (m), chloroplasts devoid of any thylakoids (ch/) or chloroplasts containing crystalline material (ch) resembling pro-
lamelar bodies in etioplasts. (£) BSC chloroplast of control plant with large starch inclusions (s). (F) Decreased volume density of
starch inclusions in BSC chloroplast of a plant treated with 20 uM AM. (G) Increasing concentration of AM (60 pM) causes a great
decrease of starch volume density. (/) BSC chloroplast (chl) of a plant influenced by 120 uM AM shows absence of starch inclusions
and very damaged thylakoids. Undamaged mitochondria (m) are also seen. Bars = | um.

suggesting again a lesser sensitivity of BSC chloroplasts Vecchia et al. (2001) together with a loss of other Chl a-
to AM. Loss of LHC apoproteins due to the application binding polypeptides (e.g. D1, D2, CP43, CP47, and 22
of high AM concentration was reported also by Dalla kDa proteins of PS2).
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Fig. 3. Immunocytochemical localisation of LHC labelled by
10 nm gold particles (black dots - arrow) in MC chloroplast of
genotype CE810 of a control plant (4) and of a plant treated
with 120 uM AM (B). Bars = 0.2 ym.

Ageing chloroplasts or chloroplasts exposed to vari-
ous stress conditions accumulate plastoglobuli in their
stroma. Plastoglobuli contain lipids from degenerating
photosynthetic membranes and some investigations per-
formed on Car-free plants indicate that they can also
contain precursors of a- and B-carotene, i.e. phytoene and
phytofluene (Dahlin and Ryberg 1986). The results of our
study of chloroplast ultrastructure in leaves of AM-
treated plants suggested that the amount of plastoglobuli
practically did not change with the application of differ-
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ent concentrations of AM. This suggests that the degree
of degeneration of photosynthetic membranes is limited
by the amount of photosynthetic membranes formed
during chloroplast development. Lower contents of Cars
and Chls, which act as stabilisers during LHC assembly
and are necessary for the correct development of thyla-
koid membranes (Wettstein er al. 1995, Hoober and
Eggink 1999), allowed here the formation of only a few
thylakoids. The plastoglobuli in chloroplasts of AM-
treated plants could therefore contain only low amount of
thylakoid lipids and no increase in their volume density
was needed.

Our observation that some chloroplasts formed tubu-
lar protrusions into cytoplasm, filled with peripheral
reticulum and stroma and lacking thylakoids, was fairly
interesting (Fig. 4). These stroma-filled tubules, recently
named stromules (Gray et al. 2001), are usually more
abundant in cells containing relatively small plastid vol-
ume. Therefore the formation of such protrusions may
enable plastids to increase their surface area in order to
optimise metabolic or signal-transduction processes
which require movement of various molecules across the
plastid envelope. Stromules also interconnect plastids
(Gray et al. 2001). Plastids with protrusions, so-called
amoeboid plastids, have been described also by other
authors; they occur mainly during senescence or as a
result of some stress factor (Huddk 1997). We suppose
that the presence of chloroplast protrusions observed in
our study could be connected with cultivation conditions
(growth in nutrient solution is not optimal for maize, but
was the only possible method to ensure that plants with
different amount of Cars will be obtained) rather than
with the AM treatment (these protrusions were found
both in control and AM-treated plants).

Although the reaction of both genotypes to AM
treatment was in many aspects similar, some interesting
differences were also observed. The genotypes did not
much differ in the content of photosynthetic pigments.
CE704 contained slightly more Chls and Cars (except
neoxanthin) compared to CE810, but the differences were
not statistically significant. This applied both for control
and AM-treated plants regardless of the concentration of
AM used. The decrease in the content of photosynthetic
pigments associated with the increasing concentration of
AM was also similar in both genotypes. Some differences
were found only for the content of P-carotene or lutein
when plants were treated with 120 uyM AM. In this case,
CE810 was slightly more affected than the second geno-
type. On the other hand, the differences between both
genotypes in photochemical activity of isolated MC chlo-
roplasts were distinct. CE810 displayed higher activites
of both PS1 and PS2, which applied especially for plants
untreated with AM. This trend was conserved in AM
treated plants as well, but the differences between both
genotypes tended to diminish with increasing concentra-
tion of AM. This suggests that the PS1 complex (and to
some extent the PS2 complex, too) in MC chloroplasts
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Fig. 4. (4) MC chloroplast with a protrussion (arrow) of a control plant of genotype CE704. (B) BSC chloroplast with a protrusion
(arrow) of a plant of CE810 genotype treated with 20 uM AM. Bars = | uym.

of genotype CE810 is probably more susceptible to pho-
tooxidative damage than in CE704 genotype.

The lesser susceptibility of CE704 to such damage
was further supported by the analysis of chloroplast ultra-
structure. The different reaction of both genotypes to AM
was clearly evident especially in MC chloroplasts of
plants treated with 60 yM AM (see above). Statistical
analysis of differences between both genotypes was per-
formed only in control and 20 pM AM-treated plants. In
control plants, both MC and BSC chloroplasts of geno-
type CE810 were characterised by significantly higher
volume density of plastoglobuli compared to CE704; this
difference disappeared when 20 pM AM-treated plants
were analysed. As regards starch inclusions, their volume
density in MC chloroplasts of both control and 20 uM
AM-treated plants was significantly higher in CE810
compared to CE704, whereas in BSC chloroplasts the
situation was reverse. Taken together, these results con-
firm our earlier observations that also suggested that
CE704 is able to withstand well various stress conditions
(e.g. low temperature, water deficit; Hol4, personal com-
munication). Finally, not only the intra-species variability
in the photosynthetic apparatus can be responsible for
differences between these two genotypes after the AM
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Abstract

Cytokinins play a decisive role in regulation of plastid development and differentiation, but their metabolism in
plastids is not known. Metabolic studies using intact chloroplasts are prevented by their instability once they are
isolated from leaf cells. Chloroplasts of Nicotiana tabacum L. cv. Petit Havana SR1 were therefore immobilized
into low-viscosity alginate. Their intactness was assessed by a glyceraldehyde-3-phosphate dehydrogenase assay
which indicated that free chloroplasts totally disintegrated within 7 h, while more than 50% of immobilized
chloroplasts remained intact after 24 h. The immobilization had no marked impact on ultrastructure and postponed
final destruction. The metabolite profile was similar in free and immobilized chloroplasts after 4 h incubation with
tritiated zeatin. Nevertheless, the yield of conversion products decreased twice in immobilized chloroplasts, which

was probably the outcome of mass transfer limitations and/or the sorption to polysaccharide matrix.

Introduction

Metabolic studies on isolated organelles enable to elu-
cidate the role of compartmentation in plant hormone
metabolism and may contribute to understanding of
its regulation. Cytokinins (CKs) are plant hormones
which have a close relationship to plastids. They regu-
late their differentiation and development, especially
by promoting de-etiolation (e.g. Zavaleta-Mancera
et al. 1999, Chory et al. 1994). In tobacco chloro-
plasts, the whole spectrum of CKs was detected (Ben-
kova et al. 1999). Recently, the synthesis of the prenyl
group of CKs in plastids and the localization of four
isopentenyltransferases, CK biosynthetic proteins to
plastids in Arabidopsis, were reported (Kasahara et al.
2004).

The study of metabolism in isolated chloroplasts
is. however, considerably limited by their low stabil-
ity at room temperature. Chloroplast viability could
be positively affected by their immobilization. The

entrapment into a suitable matrix may have protect-
ive effects because it enables to create a favourable
microenvironment and to protect against high-shear
forces. Nevertheless, the stabilizing matrix may also
form diffusion barriers, e.g. for O, and nutrient trans-
port (Guiseley 1989). The impact of immobilization
depends on both the type and concentration of polymer
and the organism used (Junter et al. 2002).
Photochemical activities were compared in free
chloroplasts and those immobilized into agar, cal-
cium alginate and glutaraldehyde cross-linked bovine
serum albumin (Synkova & Sestak 1991). Chloro-
plasts immobilized in calcium alginate beads were
used for study of transfer of lysophosphatidylcholine
from microsomes to chloroplasts, both embedded in
alginate, and subsequent metabolism of lysolipids in
chloroplasts (Testet et al. 1999). Co-immobilization
of spinach chloroplasts (as a source of reducing equi-
valents) and yeast P450 monooxygenase was done
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by Hara et al. (1999) who compared three meth-
ods (entrapment, adsorption and cross-linking) and
seven materials. The conversion of 7-ethoxycoumarin
to 7-hydroxycoumarin was highest when agarose was
used.

Up to now little attention has been paid to the ef-
fect of immobilization on chloroplast physiology and
ultrastructure. The immobilization into 2.4% agar gel
was found to alter chloroplast ultrastructure (Sestdk
et al. 1983). Only some grana and plastoglobules were
visible, even if the Hill activity remained unchanged.
Another study with chloroplasts immobilized into al-
ginate reported only ‘leakage of stroma’ without any
image documentation (Testet et al. 1999). The aim of
our study has been to evaluate the impact of alginate
immobilization on chloroplast ultrastructure, viability
and CK metabolism.

Materials and methods

Chloroplast isolation

Intact chloroplasts were isolated and purified accord-
ing to Benkovi et al. (1999) from tobacco Nicotiana
tabacum L. cv. Petit Havana SR1 which was cul-
tivated in a growth chamber (light regime 16/8 h,
25 °C/20 °C) for 1 month and in a glasshouse at
26 °C/20 °C for another month. Leaves were de-
ribbed, cut and mixed with a homogenization me-
dium (0.33 M sorbitol; 50 mMm Tris/HCl, pH 7.8;
0.4 mM KCI; 0.04 mM Na>EDTA; 0.1% (w/v) bovine
serum albumin; 1% (w/v) polyvinylpyrrolidone; 5 mM
isoascorbic acid) in semi-frozen state, homogenized
with a homogenizer and filtered through a sandwich
of cotton wool between 8 layers of muslin. The chloro-
plast fraction was recovered by centrifugation (1000 g;
2 min; 4 °C), washed with a resuspension medium
(RM: 0.33 M sorbitol; 2 mM Na,EDTA; 1 mM MgCly;
1 mM MnCl;; 50 mM HEPES, pH 7.6) and resuspen-
ded in RM. This suspension was layered on a Percoll
density gradient [40% and 80% (v/v) Percoll solu-
tion in RM] and centrifuged for 15 min at 1000 g at
4 °C. Intact chloroplasts were collected at the interface
of the gradient, diluted with RM and centrifuged for
3 min at 1000 g at 4 °C. The pellet was resuspended in
RM. The chloroplasts were immediately used. All the
procedures were done at 4 °C.

Chlorophyll determination

Chlorophyll was extracted with 80% (v/v) acetone.
The total chlorophyll a+b content was calculated from
the absorbance at 652 nm of the clear extract after
centrifugation (500 g, 5 min) according to Arnon
(1949).

Chloroplast viability

The intactness of chloroplasts was determined by the
glyceraldehyde-3-phosphate dehydrogenase (G3PD)
assay (Latzko & Gibbs 1968). Free chloroplasts in RM
or chloroplasts immobilized in alginate beads were
incubated in a reaction mixture (0.33 M Tris/HCl,
pH 8.5; 17 mM Nay;HAsO4 - 7TH;0; 4 mM cysteine;
20 mM NaF; 40 uM NADP?'). The reaction was
initiated with 0.02 M glyceraldehyde 3-phosphate. Re-
duction of NADP* was followed at 340 nm for 5 min.
The same assay was run with chloroplasts disrupted
with 0.01 M MgCl,. To ensure destruction of immob-
ilized chloroplasts an additional step, sonication, was
performed. The percentage of viable chloroplasts was
calculated from the difference between original and
disrupted sample.

Entrapment of chloroplasts in alginate

Resuspended chloroplasts (1.8 ml) were mixed with a
soft paintbrush with 1.8 ml 4% (w/v) sodium algin-
ate (low viscosity, Sigma) in RM. The mixture was
extruded drop-wise at a constant rate using a syringe
into continuously agitated 1% (w/v) CaCl, in RM.
The beads (average diam. 2.5 mm) were stirred in the
CaCl, solution for | h to complete the gelation pro-
cess. Then they were transferred into the incubation
medium (i.e. RM) containing 5 mM CaCl, and shaken
at 125 rpm at room temperature.

Cytokinin metabolism determination

Substrate ([3H] trans-zeatin, radioactively labelled on
position 2 of the purine ring by Dr. Jan Hanus, Institute
of Experimental Botany, Prague, 1.3 TBq mmol~')
was incubated with either free (incubation time 4 h) or
immobilized chloroplasts (incubation time 4 or 12 h).
After the incubation free chloroplasts were separated
from RM by centrifugation (3000 g; 5 min). RM of
immobilized chloroplasts was decanted. The alginate
matrix was solubilized with 0.5 M sodium citrate in
RM, pH 5.7. Both chloroplast samples were washed
twice with RM. CKs were extracted with Bieleski



solvent (Bieleski 1964) and purified using Ci3 SPE
columns (Sep-Pak Cartridge, Waters, WAT020515).
After elution with 80% (v/v) methanol samples were
concentrated and analyzed by HPLC using column
Luna C18 (2) (150 mm/4.6 mm/3 pum, Phenome-
nex): flow rate: 0.6 ml min~!; mobile phase: A =
40 mM acetic acid + ammonia, pH 4.1, B = meth-
anol/acetonitrile = 1/1 (v/v); gradient: 0 min - 10%
B. 2 min - 15% B, 11 min - 20% B, 11.1 min -
34% B, 19 min - 45% B, 21 min - 100% B, 23 min
- 100% B, 25 min — 10% B; detection at 270 nm.
Collected fractions (0.5 ml) were mixed with liquid
scintillation cocktail (Elite, ICN Biomedicals) and the
radioactivity was counted by Liquid Scintillation Ana-
lyser (Tri-Carb 2900TR). Media were purified directly
using C;g columns, CKs were eluted with 80% (v/v)
methanol and analyzed as chloroplast samples.

Transmission electron microscopy

Leaf blade samples, suspensions of free chloroplasts
and alginate beads with immobilized chloroplasts
were fixed for 2 h with 2.5% (v/v) glutaraldehyde in
RM, pH 7.6, followed by 2 h in 2% (w/v) osmic acid
in RM. Samples were embedded into low viscosity
resin (Spurr 1969) via propylene oxide after dehydra-
tion in graded ethanol series up to 100%. The samples
of suspensions of non-immobilized chloroplasts had
to be treated very carefully. They were transferred
on a Percoll ‘cushion’ [80% (v/v) Percoll solution in
RM] and separated from solutions by centrifugation
(1000 g, 5 min). The ultrastructure was evaluated on
transverse ultrathin sections of embedded objects con-
trasted with a saturated solution of uranyl acetate in
70% (v/v) aqueous ethanol, followed by a lead citrate
solution treatment according to Reynolds (1963) using
a transmission electron microscope.

Results and discussion

The main goal of our study has been to study CK
metabolism in chloroplasts without interference of
cytoplasm and other organelles. To prolong the viabil-
ity of isolated chloroplasts we encapsulated them into
calcium alginate. The bioencapsulation was chosen
because it represents very gentle way of immobiliza-
tion with high potential protective impact (in compar-
ison with the binding on the surface of solid carrier).

Fig. 1. Transmission electron micrograph of chloroplast
cross-section taken from the intact tobacco leaves. Abbreviations
used: CW - cell wall, GT - granal thylakoids, IT - intergranal
thylakoids, P - plastoglobule, S — stroma. Bar = | um.

As chloroplasts are very sensitive to elevated tem-
peratures, ionotropic (low viscosity alginate) and not
thermally-reversible gel (e.g. agarose) was used.

The intactness of free tobacco chloroplasts im-
mediately after their isolation was higher than 90%,
as determined by the latency of the stromal enzyme
glyceraldehyde-3-phosphate dehydrogenase (G3PD).
After 4 h incubation at room temperature the viability
decreased to ca. 42%. The intactness of immobil-
ized chloroplasts decreased according to G3PD test
much slower (more than 86% and 50% after 4 h and
24 h, respectively). However, to follow the reduc-
tion of NADP* approx. a six times higher amount
of chloroplasts (calculated per the amount of chloro-
phyll) had to be used, which indicates that the low
activity of G3PD might be caused by mass transfer
limitations and/or the sorption on polysaccharide mo-
lecules. This is in accordance with the results of Hara
et al. (1999) who reported difficulties in measuring the
NADPH-Hill reaction in chloroplasts entrapped in gel
matrices.

Taking into account the potential interference of
immobilization matrix with G3PD test, the data on the
chloroplast intactness were compared with their ultra-
structure determined by transmission electron micro-
scopy. The most evident change after careful chloro-
plast isolation was the shift of their shape from rather
flat in leaves (Figure 1) to more oval or nearly round
(Figures 2A and B). This was probably given by the
loss of turgor pressure. Immediately after the isola-
tion we observed damages of structure in ca. 15%
of chloroplasts. During prolonged incubation vari-



Fig. 2. Transmission electron micrographs of isolated non-immobilized tobacco chloroplast cross-sections taken immediately after isolation (A)
with detail (B); taken 4 h after incubation at room temperature (C) with detail (D); and destroyed chloroplast (E) with detail (F). Abbreviations
used: GT - granal thylakoids, IT ~ intergranal thylakoids, P - plastoglobule, S - stroma, SI - starch inclusions. Bar = 1 um (A, C, E), 500 nm

(B, F) or 200 nm (D).

ous symptoms of ultrastructure destruction occurred
(thylakoid breakdown — loss of parallel arrangement
and dilatation, envelope membrane ruptures). These
degradation changes differ from the changes during
programmed chloroplast senescence in intact leaves
that are connected with the increase of the size and/or

number of the lipoid waste inclusions, plastoglobuli
(Kutik 1998). Negative changes were much more pro-
found in mature chloroplasts with large starch grana,
which could be the consequence of the inevitable
handling during sample preparation for electron mi-
croscopy. After 4 h incubation more than 50% of
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Fig. 3. Transmission electron micrographs of tobacco chloroplasts immobilized into calcium alginate beads taken 1 h (A) and 18 h (B) after
immobilization. Abbreviations used: AM - alginate matrix, GT - granal thylakoids, [T - intergranal thylakoids, P - plastoglobule, S - stroma,
SI - starch inclusions. Bar = | um.

96.9% 95.2%

Fig. 4. Cytokinin metabolites in free chloroplasts (A) and incubation medium (B) after 4 h incubation with [3 H)Z. Abbreviations used: Ade —
adenine, Z — trans-zeatin, Z9G - trans-zeatin-9N-glucoside.

A 1% pn  |WAde B 0.9% ‘WAde
Ny ozs6 13% ‘0296
98.6% 97.8%

Fig. 5. Cytokinin metabolites in immobilized chloroplasts (A) and incubation medium (B) after 4 h incubation with (3H]Z. Abbreviations used:
Ade - adenine, Z — trans-zeatin, Z9G - trans-zeatin-9N-glucoside.

chloroplasts showed structure damage, e.g. disintegra- destruction of the membrane system was found in at
tion of thylakoid grana (Figures 2C and 2D). The total least 10% of free chloroplasts (Figures 2E and 2F).
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The immobilization did not have significant impact
on chloroplast ultrastructure (Figure 3A). It prolonged
the chloroplast intactness by 2-3 h. After 5-6 h after
isolation, the deterioration became accelerated. Even
if the latency of the stromal enzyme G3PD was high
after 18 h, we still observed destruction of inner mem-
brane system in all immobilized chloroplasts. The
thylakoid membrane system was dilated and destoyed,
as well as inner and outer membranes. The disorgan-
isation ensued with spillage of stroma in the final stage
of chloroplast degradation (Figure 3B).

The additional advantage of immobilization was
an easier handling during sample preparation e.g.
for electron microscopy. The chloroplasts in alginate
beads were more resistant and easier transferred from
one solution to the following one during fixation, de-
hydration and embedding into the resin compared to
chloroplasts in suspension that had to be centrifuged
to separate them from solutions. Even if it is necessary
to consider that some destructive changes might occur
during preparation of samples for electron microscopy,
especially in the ultrastructure of free chloroplasts,
confrontation of the estimation of their viability by
G3PD test and by electron microscopy clearly showed
that in case of alginate immobilized chloroplasts the
assayled to high overestimations.

The metabolite profile of zeatin in free chloroplasts
after 4 h incubation is shown in Figure 4A. The main
CK degradation product, adenine, was found which
indicates that CK oxidase/dehydrogenase is active in
tobacco chloroplasts. This is in accordance with our
previous results (Benkovd et al. 1999). The other
metabolite which correlated in its retention time with
zeatin-9N-glucoside represents another product of CK
deactivation (Mok & Martin 1994).

As the yield of zeatin conversion in isolated chloro-
plasts was very low, we aimed to increase it by
chloroplast immobilization. The HPLC profile of
CK metabolites was similar in immobilized and free
chloroplasts. In case of immobilized chloroplasts, sub-
stantially lower amount of radioactivity was recovered
(Figure 5A), mainly due to the losses during algin-
ate particle solubilization and further purification. The
relative yield of zeatin products also decreased com-
pared to free chloroplasts. Prolonged incubation of
immobilized chloroplasts did not significantly change
the ratio of CK metabolites (data not shown). The
presence of CK metabolites in RM (Figures 4B and
5B) suggests that intensive transport (and/or release
from broken chloroplasts) occurs between the chloro-
plasts and RM. When tritiated zeatin was incubated

in medium without chloroplasts no spontaneous con-
version was detected. The decrease of the reaction
yield of immobilized chloroplasts was caused prob-
ably by diffusion limitation and non-specific sorption.
The achieved results indicate that chloroplast immob-
ilization into alginate does not contribute to better
elucidation of CK metabolism of isolated chloroplasts.

Acknowledgements

This research was supported by the grants of the
Ministry of Education, Youth and Sports COST OC
840.20, LNOOAO81 and GACR 206/03/0369.

References

Amon DI (1949) Copper enzymes in isolated chloroplasts: poly-
phenol oxidase in Beta vulgaris. Plant Physiol. 24: 1-15.

Benkova E, Witters E, Van Dongen W, Kolaf J, Motyka V, Brzobo-
haty B, Van Onckelen HA, Machackov4 I (1999) Cytokinins in
tobacco and wheat chloroplasts, occurrence and changes due to
light/dark treatment. Plant Physiol. 121: 245-251.

Bieleski RL (1964) The problem of halting enzyme action when
extracting plant tissues. Anal. Biochem. 9: 431-442.

Chory J, Reinecke D, Sim S, Washburn T, Brenner M (1994) A role
for cytokinins in de-etiolation in Arabidopsis-det mutants have
an altered response to cytokinins. Plant Physiol. 104: 339-347.

Guiseley KB (1989) Chemical and physical properties of algal
polysaccharides used for cell immobilization. Enzyme Microb.
Technol. 11: 706-716.

Hara M, lazvovskaia S, Ohkawa H, Asada Y, Miyake J (1999) Im-
mobilization of P450 monooxygenase and chloroplast for use in
light-driven bioreactors. J. Biosci. Bioeng. 87: 793-797.

Junter GA, Coquet L, Vilain S, Jouenne T (2002) Immobilized-
cell physiology: current data and the potentialities of proteomics.
Enzyme Microb. Technol. 31: 201-212.

Kasahara H, Takei K, Ueda N, Hishiyama S, Yamaya T, Kamiya Y,
Yamaguchi S, Sakakibara S (2004) Distinct isoprenoid origins of
cis- and rrans-zeatin biosyntheses in Arabidopsis. J. Biol. Chem.
279: 14049-14054.

Kutik J (1998) The development of chloroplast structure during leaf
ontogeny. Photosynthetica 35: 481-505.

Latzko E. Gibbs M (1968) Distribution and activity of enzymes
of the reductive pentose phosphate cycle in spinach leaves and
chloroplasts isolated by different methods. Z. Pflanzenphysiol.
59: 184-194.

Mok DWS, Martin RC (1994) Cytokinin metabolic enzymes. In:
Mok DWS, Mok MC, eds. Cytokinins, Chemistry, Activity and
Function. Boca Raton: CRC Press, pp. 129-137. ISBN 0-8493-
6252-0.

Reynolds ES (1963) The use of lead citrate at high pH as an
electron-opaque stain in electron microscopy. J. Cell Biol. 17:
208-212.

Sestik Z, Benesova H, Zima J, Pospisilova J, Kutik J (1983) Effects
of age and water potential of leaves on photochemical activities
of immobilized chloroplasts. In: Sybesma C. ed. Proceedings of
the Vith International Congress on Photosynthesis in Advances



in Photosynthesis Reseuarch, Brussels, Belgium, IV.4., pp. 407~
410. ISBN 90-247-2946-7.

Spurr AR (1969) A low viscosity epoxy resin embedding medium
for electron microscopy. J. Ultrastruct. Res. 26: 31-43.

Synkovi H, Sestak Z (1991) Immobilization of chloroplasts from
young and old leaves of lettuce, pea, spinach and tobacco.
Photosvnthetica 25: 1-10.

Testet E, Verdont N, Cassagne C, Bessoule J (1999) Transfer and
subsequent metabolism of lysolipids studied by immobilizing

1555

subcellular compartments in alginate beads. Biochim. Biophys.
Acta 1440: 73-80.

Zavaleta-Mancera HA, Franklin KA, Ougham HJ, Thomas H, Scott
IM (1999) Regreening of senescent Nicotiana leaves I. Re-
appearance of NADPH-protochlorophyllide oxidoreductase and
light-harvesting chlorophyll a/b-binding protein. J. Exp. Bot. 50:
1677-1682.



Chloroplast ultrastructural development in vascular bundle
sheath cells of two different maize (Zea mays L.) genotypes

A. Viéankoval-?, J. Kutik!

IFaculty of Science, Charles University in Prague, Czech Republic
2Institute of Experimental Botany, Academy of Sciences of the Czech Republic, Prague,
Czech Republic

ABSTRACT

The leaves of maize have two photosynthesizing tissues with two types of chloroplasts, mesophyll cells (MC) and
vascular bundle sheaths cells (BSC). The development of chloroplasts in BSC was followed by transmission electron
microscopy and point counting method in the middle part of the third leaf of maize plants. From young (Y) to mature
(M) leaves, volume density of photosynthetic membrane system (thylakoids) increased, to senescing (S) leaves it did
not significantly change. During the whole leaf ontogeny, small thylakoid appression regions (grana) were present in
BSC chloroplasts, currently assumed to be agranal. From M to S leaves, volume density of starch inclusions strongly

decreased and that of plastoglobuli strongly increased.

Keywords: chloroplast; ultrastructure; C, photosynthesis; electron microscopy; Zea mays L.

Chloroplasts are cell organelles of photosyn-
thesis. They are, therefore, the most important
type of plastids. Higher plant plastids have been
studied for a very long time (see e.g. Virgin and
Egnéus 1983, Ryberg et al. 1993, Hudak 1997).
Chloroplast ultrastructural development dur-
ing leaf ontogeny was reviewed by Kutik (1998).
Photosynthesis is the primary metabolic process,
which is important, by fixation of inorganic carbon
from CO,, for life on our planet (e.g. Lawlor 2001).
Plants with so-called C, photosynthesis have CO,
fixation compartmentalized between two types of
chloroplasts. Most of C, plants have typical Kranz
(wreath) leaf anatomy. Two types of photosynthetic
tissue surround vascular bundles: the bundle sheath
cells (BSC) and the mesophyll cells (MC). Maize is
a typical C, plant of so-called NADP-malic enzyme
(NADP-ME) subgroup (Hudak 1997). Chloroplasts
are located centrifugally in the bundle sheath cells.
They have usually almost no grana (regions of
appressed thylakoids) or have small grana com-
posed of two to four thylakoids only (whereas
MC chloroplasts have large grana usually from
many thylakoids) but they contain usually large
inclusions of reserve polysaccharide, starch (which
is almost absent in MC chloroplasts). Brangeon
(1973a, b) followed differentiation of dimorphic

(BSC and MC) chloroplasts of young, growing maize
leaves. Differentiation of MCs and BSCs was fol-
lowed in maize also by molecular approaches (e.g.
Furumoto et al. 2000). Kutik et al. (1999) studied
stereologically the development of MC chloroplasts
during ontogeny of the third leaf of maize plants
in genotypes differing in photosynthetic (photo-
chemical) activity. The aim of our work was to
evaluate stereologically (for the first time, as far
as we know) the development of BSC chloroplasts
during ontogeny of the same leaves.

MATERIAL AND METHODS

Maize (Zea mays L.) plants in two parent lines,
CE813 and CE829, and their hybrids, CE813xCE829
and CE829xCE813, were used in the experiments.
They were cultivated in a growth chamber at tem-
perature 25/16°C, air humidity 60 to 80%, and
irradiance of 500 pmol/m?/s. Samples for ultrastruc-
tural study were taken from the middle part of the
third leaf of maize plants (coleoptile numbered
as leaf zero) at the age of the plants of 13, 27,
41 days after sowing, i.e., from young (Y, grow-
ing), mature (M, not more growing) and senescing
(S, yellowing) leaves. They were always taken from
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four plants. For each plant, five chloroplasts were
evaluated. Leaf samples were double fixed with
glutaraldehyde and osmic acid, then embedded
into Spurr’s low viscosity resin via propylene
oxide after dehydration in graded ethanol series,
see Kutik et al. (2001). Ultrathin sections were con-
trasted in saturated solution of uranyl acetate in
70% ethanol (for 20 min) and in lead citrate solution
after Reynolds (1963), (for 20 min). Chloroplast
ultrastructure was evaluated using transmission
electron microscope PHILIPS EM 300. Quantitative
evaluation of chloroplast ultrastructure was realized
by point counting method, using morphometric
grids laid on positive photographic images of
chloroplasts. This method allows estimating three-
dimensional characteristics of given body (e.g.
a chloroplast) from its sections. Volume densities
(relative partial volumes, if chloroplast volume =
100%, see Gundersen and Jensen 1987) of granal
and intergranal thylakoids, peripheral reticulum,
starch inclusions, plastoglobuli and stroma were
estimated. Area, length and width of chloroplast
cross sections in bundle sheaths cells were fol-
lowed by the system for image processing and
analysis LUCIA version 3.52 (Laboratory Imaging
Ltd., Czech Republic). Statistical significance of all
ontogenic and genotypic differences found was
determined by ANOVA software and ¢-test.

RESULTS AND DISCUSSION

The ultrastructure and size of BSC chloroplasts
(Figure 1) changed notably during the leaf ontogeny.
From Y to M leaves the volume density of thylakoids
increased, from M to S leaves it did not change
significantly. Small grana were identifiable during
whole leaf ontogeny, the lowest level of granality
was reached in BSC chloroplast thylakoid system
of mature leaves where compartmentalization of
CO, fixation between MCs and BSCs worked prob-
ably best. Presence of the grana with high activity
of photosystem two splitting water and produc-
ing oxygen is unfavourable for CO, fixation, see
also Nishioka et al. (1993). From M to S leaves the
amount of starch strongly decreased and the volume
density of plastoglobuli increased. Both are the
signs of chloroplast senescence, as was reviewed
by Kutik (1998). Y and M leaves chloroplasts were
larger comparing with S leaves chloroplasts. There
were small differences only between BSC chloro-
plasts of the leaves of CE813 and CE829 inbred lines
of the same age (Tables 1 and 2).

The volume density of BSC chloroplasts in the
cells of mature leaves (data not shown) did not
differ between both inbred lines. Comparison be-
tween BSC chloroplasts ultrastructure in mature
leaves of reciprocal hybrids (Table 1) showed that
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Figure 1. Transmission electron micrographs of chlo-
roplast cross sections taken from the third leaf bundle
sheath cells of maize inbred line CE813: (A) young leaf,
(B) mature leaf, (C) senescing leaf; the chloroplasts con-
tain many intergranal (nonappressed) thylakoids (IT) and
several small grana (GT); peripheral reticulum (PR) is also
seen in the chloroplasts; in senescing leaves the starch
inclusions (SI) are smallest and plastoglobuli (P) largest;
in B and C cell vacuoles (V) are also seen; bar =1 um

CE813xCE829 chloroplasts possessed significantly
less thylakoids, but at the same time much more
starch than CE829xCE813 ones (determined by
t-test).

PLANT SOIL ENVIRON,, 51, 2005 (11): 491-495



Table 1. Structural characteristics (volume densities of chloroplast compartments in % - granal thylakoids, inter-
granal thylakoids, all thylakoids, peripheral reticulum, plastoglobuli, starch inclusions and stroma) and dimensions
of bundle sheath cell chloroplasts cross sections - chloroplast cross section area (um?), chloroplast cross section
length (um), chloroplast cross section width (um) - (x £ s;) in young, mature and senescing leaves of maize in
inbred lines CE813, CE829 and in mature leaves of maize in hybrids CE813xCE829 and CE829xCE813

Young leaves Mature leaves Senescing leaves

CE813x
CE829

CE829x

CE813 CE813

CE829 CE813 CE829 CE813 CE829

Granal

thylakoids 436+048 451+053 360+032 458+069 318+032 503+049 5321088 736+0.80

(%)

Intergranal
thylakoids
(%)

22.09+1.31 2043+1.25 31.13+1.82

All
thylakoids
(%)

26.45+1.44 2494+1.42 33.73+2.00

Peripheral
reticulum
(%)

4.77+026 6.71+047 6.13+0.86

Plastoglobuli

(%) 0.19 £ 0.06

0.09+0.06 0.79+0.13

Starch
inclusions
(%)

5.58+0.71 6.77+0.66 5.01+0.60

Stroma

(%) 63.02 +1.42

61.50+ 1.80 54.35+2.00

Chloroplast
cross section
area (um?)

79+051 649+040 7.74+045

Chloroplast
cross section
length (um)

520+022 566+031 6.08+0.20

Chloroplast
cross section
width (um)

1.99+0.09 149+0.06 1.71+0.07

30.47 + 1.46

35.04 +1.81

8.61 + 0.86

0.87 +0.21

6.89 £ 1.00

49.99 + 8.10

8.93+0.39

7.04 + 0.40

1.74+£0.13

21.16 £2.60 34.65+2.60 30.24+1.97 30.37+2.03

2433+155 40.12+2.80 3556+2.38 37.73+232

6.12+049 8641236 6481058 4.72:087

0691016 097+0.20 220+022 3.18+0.43

15.06+1.49 2251037 154+029 0.54:0.22

53.82+23 48.04+3.02 54.23+229 5536248

893+088 6.44+039 5631028 6.81+048

6.47+035 649+030 530+0.17 5.04:0.17

1.79+0.10 127+0.27 133+0.06 1.74+0.10

Dimorphic chloroplasts of maize differentiate
gradually from identical plastids in very young
leaves (Brangeon 1973a, b). Our results demon-
strate also the presence of small thylakoid grana
even in BSC chloroplasts of mature and senesc-
ing maize leaves. As in MC chloroplasts of maize
(Kutik et al. 1999), BSC chloroplast ultrastructure
changes substantially during whole leaf develop-
ment. Steady increase of the volume density of
plastoglobuli (containing probably lipoid degrada-
tion products of thylakoid membranes, see Kutik
1998) is also connected with leaf ageing. These
developmental changes in BSC chloroplasts are
analogical to differences found in MC chloroplasts
of the same leaves of different age (Kutik et al.
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1999), as well as to the differences found in MC
chloroplasts of mature maize leaves in various
parts of the leaf blade with the oldest cells at the
top of the blade and the youngest ones at the
base (Kutik et al. 2001). Stereology enables us to
evaluate chloroplast ultrastructure in a simple and
complex way (compared to, e.g. measuring of ap-
pressed and nonappressed thylakoid membranes
length or counting grana or number of thylakoids
in the grana). The results of our work confirm
the dynamic nature of chloroplast dimorphism
(BSC chloroplasts versus MC chloroplasts) in the
leaves of maize. This dimorphism is developed
best in mature leaves, which are the main source
of photosynthates.
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Table 2. Levels of statistical significance of differences in structural characteristics (granal thylakoids, intergranal
thylakoids, all thylakoids, peripheral reticulum, starch inclusions, plastoglobuli and stroma) and dimensions
(chloroplast cross section area, chloroplast cross section length and chloroplast cross section width) of BSC chlo-
roplasts from analysis of variance followed by ANOVA test in young, mature and senescing leaves of maize of

inbred lines CE813 and CE829

CE813 CE829 Young Mature Senescing
oune) youre/ (CE813/ (CE813/ (CE813/
senescing) senescing) CE829) CE829) CE829)

Granal thylakoids 0.143 0.006 0.835 0.029 0.094
Integral thylakoids 0 0 0.365 0 0.964
All thylakoids 0.005 0 0.46 0 0.518
Peripheral reticulum 0.127 0.003 0.001 0.009 0.101
Plastoglobuli 0 0 0.246 0.72 0.05
Starch inclusions 0 0 0.227 0 0.009
Stroma 0.002 0.001 0.511 0.173 0.74
Chloroplast cross section area 0 0 0.036 0.007 0.04
Chloroplast cross section length 0.005 0 0.234 0.219 0.286
Chloroplast cross section width 0 0.138 0 0.094 0.001

Acknowledgements

Electron microscopic studies described were per-
formed at the laboratory of the State Institute of
Health in Prague, headed by Dr. D. Hulinska. The
possibility to work there and kind advice given by
Ing. M. Doubek are gratefully acknowledged.

REFERENCES

Brangeon J. (1973a): Compared ontogeny of the two
types of chloroplasts of Zea mays. Journal of Micros-
copy, 16: 233-242.

Brangeon J. (1973b): Effect of irradiance on granal con-
figurations of Zea mays bundle sheath chloroplasts.
Photosynthetica, 7: 365-372.

Furumoto T., Hata S., Izui K. (2000): Isolation and char-
acterization of cDNAs for differentially accumulated
transcripts between mesophyll cells and bundle sheath
strands of maize leaves. Plant and Cell Physiology,
41: 1200-1209.

Gundersen H.J.G,, Jensen E.B. (1987): The efficiency of
systematic sampling in stereology and its prediction.
Journal of Microscopy, 147: 229-263.

Hudak J. (1997): Photosynthetic apparatus. In: Pessa-
rakli M. (ed.): Handbook of photosynthesis. Marcel
Dekker, New York, Basel, Hong Kong: 27-48.

Kutik J. (1998): The development of chloroplast structure
during leaf ontogeny. Photosynthetica, 35: 481-505.

Kutik J., Hola D., Vi¢ankova A., Smidova M., Kocova M.,
Kornerova M., Kubinova L. (2001): The heterogeneity

494

of structural and functional photosynthetic charac-
teristics of mesophyll chloroplasts in various parts
of mature or senescing leaf blade of two maize (Zea
mays L.) genotypes. Photosynthetica, 39: 497-506.

Kutik J., Kocova M., Hola D., Kérnerova M. (1999): The
development of chloroplast ultrastructure and Hill
reaction activity during leaf ontogeny in different
maize (Zea mays L.) genotypes. Photosynthetica, 36:
497-507.

Lawlor D.W. (2001): Photosynthesis. 3" edition. BIOS
Scientific Publishers Limited, Oxford.

Nishioka D., Brisibe E.A., Miyake H., Taniguchi T. (1993):
Ultrastructural observations in the suppression of
granal development in bundle sheath chloroplasts
of NaDP-ME type C, monocot and dicot species.
Japanese Journal of Crop Science, 62: 621-627.

Reynolds E.S. (1963): The use of lead citrate at high pH
as an electron-opaque stain in electron microscopy.
The Journal of Cell Biology, 17: 208-212.

Ryberg H., Ryberg M., Sundquist C. (1993): Plastid
ultrastructure and development. In: Sundquist C.,
Ryberg M. (eds.): Pigment — Protein complexes in
plastids: Synthesis and assembly. Academic Press,
San Diego, New York, Boston, London, Sydney, To-
kyo, Toronto: 25-62.

Virgin H.I,, Egnéus H.S. (1983): Control of plastid deve-
lopment in higher plants. In: Shropshire W., Mohr H.
(eds.): Photomorphogenesis. Springer Verlag, Berlin,
Heidelberg, New York, Tokyo: 289-311.

Recieved on June 7, 2004

PLANT SOIL ENVIRON.,, 51, 2005 (11): 491-495



ABSTRAKT

Vyvoj ultrastruktury chloroplasti v burikach pochev cévnich svazki dvou riznych genotypu kukufice (Zea mays L.)

Listy kukufice tvofi dvé fotosynteticka pletiva s dvéma typy chloroplasti, mezofylové buriky a buriky pochev
cévnich svazki. Vyvoj chloroplasti v burikach pochev cévnich svazki byl sledovan pomoci transmisni elektronové
mikroskopie a bodové stereologické metody ve stfedni casti Cepele tfetiho listu rostlin kukufice. Objemova hustota
tylakoidu (fotosyntetického membranového systému) stoupla v pribéhu dospivani listd, v pribéhu starnuti lista
se prukazné nezménila. Béhem celé listové ontogeneze jsme sledovali pfitomnost gran (na sebe pfitisklych tyla-
koidu) v chloroplastech v burikach pochev cévnich svazkii, povazovanych bézné za agranalni. Objemova hustota
skrobovych inkluzi v chloroplastech vyrazné klesla a objemova hustota plastoglobult vyrazné stoupla v prabéhu
senescence listt.

Kli¢ova slova: chloroplast; uitrastruktura; C, fotosyntéza; elektronova mikroskopie; Zea mays L.
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Maize F, hybrid differs from its maternal parent in the development of
bundle sheath, but not mesophyll, cells” chloroplasts: the quantitative
analysis of chloroplast ultrastructure and dimensions in different parts
of leaf blade at the beginning of its senescence

A. VICANKOVA*, D. HOLA**" J. KUTIK*

Charles University in Prague, Faculty of Science, Department of Plant Physiology* and Department of
Genetics and Microbiology**, Viniénd 5, CZ-128 43 Praha 2, Czech Republic

Abstract

The quantitative changes of chloroplast ultrastructure and dimensions in mesophyll
(MC) and bundle sheath (BSC) cells, associated with the onset of leaf senescence, were
followed along the developmental leaf blade gradient of the third leaf of maize (Zea
mays L.). To ascertain whether the rapidity of structural changes associated with the
transition of chloroplasts from mature to senescent state is a heritable trait, the parental
and the first filial generations of plants were used. The heterogeneity of leaf blade,
associated with the development of maize leaf (with the oldest regions at the apex and
the youngest ones at the base) was clearly discernible in the ultrastructure and
dimensions of chloroplasts; however, there were differences in the actual pattern of
chloroplast development between both genotypes as well as between both cell types
examined. While the course of MC chloroplasts” development at the onset of leaf
senescence in maize hybrid followed that of its parent rather well, this did not apply for
the BSC chloroplasts. In this case, each genotype was characterized by its own
distinguishable developmental pattern, particularly as regards the accumulation of
starch inclusions and the associated changes of BSC chloroplasts” size and shape.

Additional key words: chloroplast development; genetic variability; electron microscopy; granal
thylakoids; leaf blade heterogeneity; peripheral reticulum; plastoglobuli; starch inclusions; Zea mays L.

Introduction

A characteristic feature of plants with NADP-ME type of C4 photosynthesis is a
spatial compartmentation of various processes linked to the photosynthetic carbon
metabolism: the initial fixation of atmospheric CO; by PEP carboxylase, its conversion
into C4 organic acids, its subsequent release from these acids to provide higher CO;
concentrations for RuBisCO (in order to increase the carboxylation efficiency of this
enzyme at the expense of its oxygenation activity), and the regeneration of PEP as the
primary acceptor of CO,. These processes take place in two different photosynthetic cell

Received: 27 March2006, accepted:

" Author for correspondence; e-mail: danahola@natur.cuni.cz

Abbreviations: BSC — bundle sheath cell; F, — the first filial generation; L/W — the ratio of chloroplast’s
cross-section length to width; MC — mesophyll cell; ME — malic enzyme; PEP — phosphoenolpyruvate;
PS2 — Photosystem 2; RuBisCO - ribulose-1.5-bisphosphate carboxylase/oxygenase

Acknowledgements: The results are part of the research supported by grant No. 103/1998 of the Grant
Agency of the Charles University. The authors are grateful to Dr. J. Poruba of the Maize Breeding Station
CEZEA, Cej¢, for supply of maize caryopses, to Dr. D. Hulinskd and Ing. M. Doubek of the State
Institute of Health, Prague, for the facilitation of transmission electron microscopy studies, to Dr. J.
Opatrnd and Dr. J. PetraSek of the Institute of Experimental Botany, Academy of Sciences of the Czech
Republic, Prague, for their assistance with the image analysis, and to Dr. I. Machdc¢kové of the same
institute for her personal help and encouragement during whole work.



types, i.e. the bundle sheath cells (BSCs) surrounding the vascular bundles, and the
mesophyll cells (MCs), which in turn surround the BSC ones. The arrangement of these
cells in leaves of NADP-ME plants follows the pattern reffered to as the Kranz anatomy
(Kranz is the German word for “wreath”), where the two cell layers give the appearance
of wreath surrounding each vein (Furbank and Foyer 1988, Nelson and Langdale 1989,
Nelson and Dengler 1992, Edwards et al. 2001, Leegood 2002, Brown et al. 2005). The
BSCs and MCs differ in their structural properties; the most conspicuous feature of
BSCs being their larger size compared to MCs, their thick cell walls and the centrifugal
or centripetal arrangement of chloroplasts (Nelson and Langdale 1989, Dengler et al.
1994, Leegood 2002, Brown et al. 2005).

The BSCs and the MCs show various differences in the ultrastructure of
chloroplasts, related to their different role in photosynthetic carbon fixation processes.
The high demand for NADPH and ATP in MCs (where it is needed for the conversion
of oxaloacetate to malate and of pyruvate to PEP, as well as for other non-
photosynthetic processes demanding high supply of reducing equivalents and energy,
e.g. nitrogen assimilation, biosynthesis of lipids) necessitates the preference for a linear
photosynthetic electron transport in thylakoid membranes of these cells, and, thus, for a
high amount and photochemical activity of PS2, associated with high granality of MC
chloroplasts” thylakoids (Chow et al. 2005, Majeran et al. 2005). On the other hand, the
biosynthesis and the accumulation of starch takes place preferentially (but not
exclusively) in the BSCs, which are often quite filled up with starch inclusions (Spilatro
and Preiss 1987, Nelson and Langdale 1989, Lunn and Hatch 1995, Majeran et al.
2005).

The distinctive role of BSC and MC chloroplasts in photosynthetic processes of
NADP-ME type C4 plants is further reflected in the cell-specific expression of genes
coding for various chloroplast proteins (Sheen and Bogorad 1987, 1988, Kubicki et al.
1994, Furumoto et al. 2000, Edwards et al. 2001, Hahnen et al. 2003, Majeran et al.
2005). The regulation of this cell-specific expression occurs at both transcriptional and
post-transcriptional levels and is closely linked to the existence of Kranz anatomy. It
seems that the default pattern of MC photosynthesis even in C, plants is a C;
mechanism and that the switch of MCs to Cs photosynthesis depends on their close
proximity to BSCs and on the availability of light (Nelson and Langdale 1989, Nelson
and Dengler 1992, Cousins et al. 2003, Hahnen et al. 2003, Majeran et al. 2005). The
C4 specialization of BSCs is similarly light-dependent, requires their adjacent position
to veins and is influenced also by their procambial / meristematic origin (Nelson and
Dengler 1992, Jankovski et al. 2001, Majeran et al. 2005).

The whole process of the differentiation of BSC and MC chloroplasts during the
development of photosynthetic tissue in C4 plants has been rather extensively studied
using various methods of plant anatomy, biochemistry and molecular biology (Nelson
and Langdale 1989, Nelson and Dengler 1992, Langdale and Kidner 1994, Edwards et
al. 2001, Majeran et al. 2005). Many of these studies were made on maize (Zea mays
L.) and took the advantage of the unique characteristics of this grass species. Leaves of
plants belonging to the grass family have been for a long time ideal model objects for
the study of chloroplast development, as they show a distinctive, well-defined
developmental gradient from base to tip during their growth. This gradient can be
observed for the content of photosynthetic pigments, the activity of photosynthetic and
other metabolic processes, the amount of mRNA, proteins and lipids, the content and
organisation of chloroplast DNA erc. (e.g. Leech et al. 1973, Kirchanski 1975,
Perchorowicz and Gibbs 1980, Miranda et al. 1981 a, b, Martineau and Taylor 1985,
Langdale et al. 1987, 1988, Nelson and Langdale 1989, Nelson and Dengler 1992,
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Nishioka er al. 1993, Williams et al. 1993, Sestak and Siffel 1997, Oldenburg and
Bendich 2004), as well as for chloroplast ultrastructure and dimensions (Kirchanski
1975, Rascio et al. 1980, Wellburn et al. 1982, Kutik 1985, 1992, 1998, Nishioka et al.
1993).

The developmental pattern of chloroplasts along the grass leaf blade is partly
discernible in mature, fully developed leaves as well (Kutik et al. 2001, Kotodziejek et
al. 2003) and becomes again more pronounced with the onset of leaf senescence
(Martinoia et al. 1983, Biswal and Biswal 1988, Chonan et al. 1991, Kutik 1985, 1998,
Matile 1992, Sakai et al. 1999, Kutik et al. 2001, Biswal et al. 2003, Kotodziejek et al.
2003). However, not only there can be differences in this respect among various grass
species (Kotodziejek et al. 2003), but such variability can be observed also within
individual species (different genotypes can display different rates of chloroplast
development) (Kutik and Koc¢ova 1996, Kutik et al. 1999, 2001, Vic¢ankovéa and Kutik
2005). Whether the rapidity of structural changes associated with the transition of
chloroplasts from mature to senescent state is a heritable trait, is not known. Thus, we
had decided to make a quantitative study of the ultrastructural heterogeneity of
chloroplasts in various parts of leaf at the beginning of its senescence in two generations
of maize (parental and F;). Our main purpose was to ascertain whether the
developmental pattern showed by the filial generation follows that of its maternal
parent, and whether there are any differences in this respect between MC and BSC
chloroplasts.

Material and Methods

The ultrastructure and dimensions of chloroplasts were evaluated in mesophyll
and bundle sheath cells of three different parts of the third leaf of maize. Plants of two
maize genotypes (the inbred line 2023 and its F; hybrid 2023xCE810; 2023 being the
maternal parent of this hybrid) were grown in planting dishes filled with garden soil and
placed in the growth chamber (Klimabox RKI-007, KovodruZstvo Slany, Czech
Republic) under conditions of 16/8 h day/night period, 25/16 °C temperature, 70/80 %
relative air humidity and 230-470 pumol m?s’! photon flux density. They were allowed
to grow under these conditions till the maturity of the third leaf was reached. Small
pieces of leaf blade for the evaluation of chloroplast ultrastructural and dimensional
parameters were taken from three parts of leaf blade — the basal one (at approx. one
quarter of the entire leaf blade length, measured from the base), the middle one, and the
apical one (at approx. three quarters of the entire leaf blade length) — 24 d after the date
of sowing. In relation to leaf width, the position of the samples was always midway
between the central rib and the leaf margin. The collection of samples was repeated
again four days later, i.e. on 28-d old plants, when the tip of the third leaf begun to
display senescence symptoms.

The leaf blade samples were first fixed with glutaraldehyde followed by osmic
acid treatment, dehydrated through ethanol series, and embedded into Spurr’s low
viscosity resin (see Kutik et al. 1999). Transverse ultrathin sections were then prepared
from the embedded objects that were first contrasted with a saturated uranyl acetate
solution followed by the lead citrate solution (Reynolds 1963). The microphotographs
were taken using the transmission electron microscope Phillips EM 300 (the
Netherlands) (primary magnifications 7,000x, final magnifications 30,000x), scanned
and imported into Lucia image analysis system for the quantification of selected
ultrastructural and dimensional parameters of MC and BSC chloroplasts. The volume
densities of granal thylakoids, plastoglobuli, peripheral reticulum and starch inclusions



were determined, together with the total area, the length (L) and the width (W) of
chloroplast cross sections. The shape of the chloroplasts was inferred from the L/W
ratio.

The ultrastructural and dimensional parameters of chloroplasts were evaluated in
four plants of each genotype for each sampling date, each plant being represented by
five randomly selected chloroplasts from the respective leaf part and cell type. Data
from both sampling dates were pooled together for the purposes of statistical analysis.
The differences between both genotypes, between individual leaf parts, and between
MC and BSC chloroplasts were determined by the analysis of variance accompanied by
Tukey-Kramer’s tests; all 20 values of each parameter representing each respective
sample were used as the source data for this analysis. The mutual relationships between
the parameters examined were investigated by correlation analysis (Pearson’s
correlation coefficient). Each sample (representing the respective cell type / leaf part /
plant age / genotype) was represented here by four values (averaged from five
chloroplasts for each individual plant) of each ultrastructural or dimensional parameter.
Similar analysis was used to ascertain whether there exists any parallelism in the
development of MC or BSC chloroplast ultrastructure in the inbred line and its hybrid;
the initial data for this analysis were the means of each parameter, calculated from all
20 values evaluated for the respective cell type / leaf part / plant age / genotype. All
statistical evaluation was made with the CoStat (Version 6.204) programme (CoHort
Software, Monterey, CA, the U.S.A.).

Results

The representative samples of chloroplast cross sections from mesophyll and
bundle sheath cells of the basal, middle and apical parts of leaf blade are shown in Fig.
1. The average area of these cross sections in the youngest leaf part examined (i.e. the
basal part of leaf of 24-d old plants) was rather similar in both cell types, but the hybrid
was at this stage characterized by larger BSC chloroplasts compared to the inbred line,
and the area and the width of BSC chloroplasts” cross-sections in this genotype were
significantly higher compared to the MC chloroplasts” ones. In almost every other case
the size of BSC chloroplasts highly and significantly exceeded that of the MC ones
(Table 1).

The average area of MC chloroplasts” cross-sections slightly increased in both
genotypes with the increasing distance from the leaf base and with the advancement of
leaf age, and the genotypes did not differ much in this parameter. This increase in the
total area of chloroplast cross sections was related more to the increase of chloroplast
width (or, more precisely, height) than chloroplast length. However, there was a
significant drop in the size of MC chloroplasts” cross sections in the apical part of leaf
of 28-d old plants (this leaf part already displayed the external symptoms of senescence,
i.e. yellow color, dry tissue at the extreme leaf tip), that was caused by the diminution of
the length of chloroplasts” cross-sections. Thus, the shape of MC chloroplasts gradually
changed from rather flat one observed in the youngest tissue (the basal part of leaf of
24-d old plants) to the more rounded one in the oldest tissue (the apical part of leaf of
28-d old plants) (Fig. 1). The relationship between the inbred line and the hybrid as
regards the values of the L/W ratio calculated for MC chloroplasts also changed with
the increasing age of leaf blade tissue, with the hybrid genotype exceeding the inbred
one in younger leaf parts, and the reverse situation in more aged leaf parts (Table 1).



Fig. 1. Transmission electron micrographs of chloroplast cross sections taken from mesophyll (MC) and
bundle sheath (BSC) cells in three parts of the third leaf of maize F; hybrid 2023xCES810. The cross-
sections of MC (A, C, E) and BSC (B, D, F) chloroplasts in the basal (A, B), middle (C, D) and apical (E,
F) part of leaf are shown. CW — cell wall, GT — granal thylakoids, IT — intergranal thylakoids, M —
mitochondrion, P — plastoglobulus, PR — peripheral reticulum, S — stroma, SI — starch inclusion. Bar — 1

um.



The BSC chloroplasts of the inbred line were always less rounded than those of
the hybrid and these differences between genotypes in the L/W ratio were usually
statistically significant. The increasing trend, observed for the average area of
chloroplast cross sections in mesophyll cells, was partly discernible in the bundle sheath
cells as well, but there were two great deviations: the middle and the apical parts of leaf
of 24-d old hybrid plants were characterized by extremely large chloroplasts (this
applied both for the length and the width of the chloroplast cross sections). No drop in
the BSC chloroplasts” dimensions was observed for the already senescing leaf apex of
28-d old plants (Table 1).

As expected, the thylakoid membranes constituted the largest proportion of MC
chloroplasts” inner volume, and the volume density of thylakoid grana in this type of
chloroplasts was approximately 40 %. This applied for all three leaf parts and both plant
ages, as well as for both genotypes examined, the only exception being the apical part of
leaf of 28-d old plants. The relative partial volume of granal thylakoids in this part of
leaf significantly decreased both in the inbred line and in the hybrid; however, the
decrease observed in the hybrid was much more pronounced compared to the inbred
line. The BSC chloroplasts also contained some grana, but their amount was very low
compared to the MC chloroplasts. The basal part of leaf of 24-d old plants, as well as
the leaf apex of 28-d old plants, was characterized by comparatively high relative partial
volume of granal thylakoids in both genotypes examined. Otherwise, no specific trend
was observed for this chloroplast compartment in the BSC chloroplasts. The inbred line
generally showed higher grana volume density compared to the hybrid; in some cases,
the differences between genotypes were statistically significant (Table 2).

The BSC chloroplasts of the hybrid were rather filled up with starch and the
relative partial volume of starch inclusions varied between 25 and 40 % (with the
exception of the middle part of leaf of 24-d old plants, where it was even higher). The
values of the volume density of starch inclusions in the inbred line were similar, but this
applied only for 28-d old plants; all leaf parts examined in the younger plants showed
significantly lower amount of starch (between 5 and 10 %) and the inbred thus
significantly differed from the hybrid in these cases. The amount of starch in MC
chloroplasts was extremely small; however, some starch inclusions were usually found
in all leaf parts examined (more suspiciously in the hybrid) and there were no
statistically significant differences among various leaf parts regardless of plant age (Fig.
1, Table 2).

The number and size of plastoglobuli increased with the developmental stage of
chloroplasts, both in MCs and BSCs. Although this increase was rather gradual in MC
chloroplasts of both genotypes, the individual leaf parts did not significantly differ in
this parameter, with the exception of the leaf apex of 28-d old plants, that was
characterized by the highest relative partial volume of plastoglobuli. The same applied
for the BSC chloroplasts of the hybrid. As regards the inbred line, we found several
statistically significant differences between various parts of leaf blade in the volume
density of plastoglobuli, and the inbred line also showed significantly higher values of
this parameter compared to the hybrid. In all cases, the MC chloroplasts contained
significantly more plastoglobuli than the BSC ones (Table 2).
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The percentage of MC chloroplast cross sections constituted by the peripheral
reticulum varied between 1 and 2 in the hybrid, and between 1.8 and 3.5 in the inbred
line. Similar values of this parameter were observed in the BSC chloroplasts, but the
variability between individual leaf parts was somewhat higher. When there were some
statistically significant differences between both types of chloroplasts, the volume
density od peripheral reticulum in the MC ones invariably exceeded that of the BSC
ones. However, with the exception of BSC chloroplasts of the inbred line, we did not
find any statistically significant differences among leaf parts and there was also no
specific trend as regards the differences between genotypes (Table 2).

The relationship between various ultrastructural and dimensional parameters of
chloroplasts in mesophyll or bundle sheath cells, as well as between both cell types, was
examined using the correlation analysis. The relative partial volume of granal
thylakoids in MC chloroplasts significantly and positively correlated with the area of
chloroplast cross sections both in the inbred and in the hybrid. On the other hand, the
volume density of plastoglobuli significantly decreased with increasing length of MC
chloroplasts” cross-sections, and the correlation between the volume densities of granal
thylakoids and plastoglobuli was negative as well (again in both genotypes). The hybrid
also showed significant negative relationship between the volume density of
plastoglobuli and the area of chloroplasts” cross-sections or the L/W ratio; this type of
correlation was not found for the inbred line. All other possible relationships between
MC chloroplasts” parameters were statistically non-significant (as regards the Pearson”s
correlation coefficient) (Table 3).

Other types of ultrastructural relationships were found for the BSC chloroplasts.
The relative partial volume of the starch inclusions significantly and negatively
correlated with the volume densities of granal thylakoids. The amount of starch was
positively related to the chloroplast size, while the reverse was true for the volume
density of peripheral reticulum or granal thylakoids and the BSC chloroplasts” width.
The width of the BSC chloroplasts” cross-sections significantly increased with their
length. All these relationships were found in both genotypes, but there were also several
other statistically significant correlations observed either only in the inbred line or in its
hybrid. The positive correlation between the plastoglobuli volume density and the
dimensional parameters of BSC chloroplasts was found in the inbred line only, whereas
in the hybrid this relationship was either negative or statistically non-significant. The
inbred L/W ratio was related to the relative partial volume of starch inclusions
(negatively) and peripheral reticulum (positively). On the other hand, the statistically
significant correlations observed only in the hybrid included the inverse relationship
between the length (or the area) of BSC chloroplasts” cross-sections and the volume
density of peripheral reticulum or granal thylakoids, and between volume densities of
plastoglobuli and starch inclusions (Table 3).

We found also some mutual interdependence of the ultrastructural (or
dimensional) parameters of chloroplasts in MCs and BSCs. In this case, the differences
between both genotypes were even more marked. The relative partial volume of granal
thylakoids in MC chloroplasts was negatively correlated to the relative partial volume
of plastoglobuli in BSC chloroplasts in both the inbred line and its hybrid, the
interrelationship between the plastoglobuli volume densities in both types of
chloroplasts was a positive one, and the relative partial volume of plastoglobuli in BSC
chloroplasts was negatively related to the length of MC chloroplasts” cross-sections.
Other statistically significant values of Pearson’s correlation coefficient were unique
either for one or the other genotype. The inbred line was characterized by several
positive relationships between the volume density of plastoglobuli or starch inclusions



in MC chloroplasts and some dimensional parameters of BSC chloroplasts. The length
of MC chloroplasts” cross-sections was also negatively related to the area, the width or
the starch amount of BSC chloroplasts in this genotype. The hybrid showed negative
correlations between the relative partial volumes of granal thylakoids of BSC
chloroplasts and the MC chloroplasts dimensions, the same applied for the relationship
between BSC and MC chloroplasts” granal thylakoids, while the volume density of
plastoglobuli in MC chloroplasts was inversely related to the volume density of BSC
chloroplasts” grana. There were also several positive interrelationships between MC and
BSC chloroplasts dimensions in this genotype, as well as the positive correlation
between the area of MC chloroplasts” cross-sections and the amount of starch in BSC
chloroplasts (Table 3).

Table 3. Relationships between individual ultrastructural and/or dimensional parameters of the
mesophyll cells” (MC) and bundle sheath cells” (BSC) chloroplasts evaluated as the correlations between
the respective parameters in maize inbred 2023 and its F; hybrid 2023xCE810. Only those correlations
that were statistically significant for at least one genotype are shown as the values of Pearson’s
correlation coefficient (r) + standard errors (SE), together with the level of statistical significance (** ...
significant with p < 0.01, * ... significant with p < 0.05, ns ... non-significant). TG ... the volume density
of granal thylakoids, PG ... the volume density of plastoglobuli, PR ... the volume density of peripheral
reticulum, SI ... the volume density of starch inclusions, A ... the total area of chloroplasts’ cross-
sections, L ... the length of chloroplasts” cross-sections, W ... the width of chloroplasts’ cross-sections.

Relattonshyp  r= SE(1) r=SE() Relationship r = SE{r) r=SE(r)
Inbred Hybnid Inbred Hybnd
MC chloroplasts MC - BSC chloroplasts
TG -PG -0.503=0.134 * -0.772=0.136 ** TG MC) - TG (BSC) ns -0.565=0.176 **
IG-A 0.422=0.193 * 0.510=0.183 * TG (MC) - PG (BSC) -0.422=0.193 * -0.615=0.168 **
PG-A ns -0.446=0.191 * TG {BSC) - PG (MC) ns 0.623=0 167 **
PG-L -0.519=0.182 ** -0.701=0.152 ** TG (BSC) - A (MC) ns -0431=0.192 *
PG-LW ns -0.606=0.170 *¥ TG (BSC)-L (MC) ns -0.418=0.194 *
PG (MC) - PG (BSC) 0.786=0.132 ** 0802=0.128 **
BSC chloroplasts PG (MC) - A (BSC) 0.551=0.178 ** ns
PG (MC)-L (BSC) 0.418=0.194 * ns
TG-SI -0.483=0.137 * -0.455=0.190 * PG (MC) - W (BSC) 0.408=0.195 ¢ ns
TG-L ns -0.459=0.189 * PG {BSC) - SI OMC) 0.493=0.186 * ns
IG-W -0.406=0.195 * -0.434=0.192 PG iBSC)-L (MC) -0.562=0.176 ** -0.530=0.181 **
PG -SI ns -0.465=0.189 * PG(BSC)-L WMC) s -0 464=0.139 *
PG-A 0.529=0.131 ** ns SIMC)-A(BSO) 0.546=0.179 +* ns
PG-L 0.449=0191 * -0.438=0.192 * SI(MC)-L (BSC) 0642=0.163 ** ns
PG -W 0.434=0.192 * ns SI{MC) - W (BSC) 0.450=0.190 * ns
PR-A s -0.478=0.187 * SI{BSC) — A iMC) ns 0413=0.194 *
PR-L as -0.473=0.188 * SI{BSC)-L (M) -0.558=0.177 ** ns
PR-W -0.580=0.138 ** -0.501=0.185 * A{MC)-ABSC) ns 0.506=0.134 *
PR-L W 0.421=0.193 * ns A (MC)-L(BSC) s 0354=0.178 **
SI-A 0.631=0.166 ** 0.748=0.142 ** A (MC)-W(BSC) ns 0 534=0.173 **
SI-L 0425=0.193 * 0.833=0.117 ** A(BSC)-L (MO -0511=0.183 ¢ us
SI-W 0.747=0.142 ** 0.526=0.120 ** L«MC)-L(BSO) 1s 0426=0.193 *
SI-LW -0.445=0191 * ns L (MC)Y-WiBSO) -0.466=0.189 * ns
L-W 0.712=0.150 ** 0.907=0.090 ** WMCO) - WiBSC) ns 0165=0139 *

The examination of the relationship between the inbred line and its hybrid, as
regards various ultrastructural and dimensional parameters of MC or BSC chloroplasts,
revealed that the development of MC chloroplasts (as inferred from the examination of
chloroplasts in three different parts of leaf blade) in leaves of the hybrid followed the
behaviour of its parent rather well (the only non-significant correlations were found for
the volume density of peripheral reticulum and the L/W ratio). On the other hand, no
such similarity was found for the BSC chloroplasts, with the exception of significant
correlation in the volume density of plastoglobuli (Table 4).
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Table 4. Relationship between maize inbred line 2023 and its F; hybrid 2023xCE810 evaluated as the
correlations between the average values of selected ultrastructural or dimensional parameters of the
mesophyll cells” (MC) or bundle sheath cells (BSC) chloroplasts, determined for three different parts of
the third leaf blade in 24-d old and 28-d old plants. The values of Pearson’s correlation coefficient (r) +
standard errors (SE) are shown, together with the level of statistical significance (** ... significant with p
<0.01, * ... significant with p <0.05, ns ... non-significant).

Parameter MC chleroplasts BSC chloroplasts
r=SE(1 r=SE(r)
Granal thylakoids 0.835=0.275 ~* 0.409=0.456 ns

Plastoglobuli 0.946=0.162 ** 0.900=0.219 *
Penpheral reticulum -0.138+0.495 ns 0300=0.478 ns
Starch mnclusions 0.922=0.193 ** -0.193=0.491 ns
Area 0.941=0.169 **» -0.224=0.487 ns
Length 0914=0202 * -0 294=0.478 ns
Width 0.922=0.193 ** -0.193=0.4591 ns
Length width ratio 0.492=0.435 ns 0.634=0.387 ns

Discussion

For our study of the changes in chloroplast ultrastructure and dimensions during
the beginning of leaf senescence, we choose two genotypes of maize: the inbred line
2023 and its direct descendant, F; hybrid 2023xCE810, which inherited its chloroplasts
maternally from the 2023 inbred. As this hybrid showed somewhat faster development
compared to its parent, during the first sampling date, when the third leaves of the
inbred line have just completed their transition into the maturity stage, the
corresponding leaves of the hybrid were already fully mature. Four days later, at the
second sampling date, the apical parts of leaves of hybrid plants showed full symptoms
of senescence (yellow color, dry tip), the middle part of leaf was light-green and the
basal one was fully green, whereas the entire length of 2023 leaves displayed green
color and only the extreme tip of leaves has begun to get yellow. Thus, we could
compare the course of chloroplast development in relation to the different onset of leaf
senescence in both genotypes.

From the beginning of leaf maturity, MC chloroplasts in our samples of leaf
blade were characterized by well-developed thylakoid grana that usually contained
between 15 and 30 thylakoids. Their volume density stayed the same in almost all leaf
parts examined (so that, presumably, they have already reached their full extent at the
first sampling date) and, despite the developmental lead of hybrid genotype over its
parent (and despite its different activity of PS2 compared to the inbred line, see Kutik et
al. 2001), there were no differences between both genotypes in this parameter. Only at
the senescing apical part of leaf of 28-d old plants we found a significant drop in the
volume densities of granal thylakoids, and the difference between both genotypes
manifested itself, as this drop was more pronounced in the hybrid. The decay of
thylakoid membranes, and particularly the diminishing of the grana, is a typical
phenomenon associated with the senescence of chloroplasts (Naito ef al. 1981, Biswal
and Biswal 1988, Matile 1992, Kutik er al. 1999, 2001, Zavaleta-Mancera et al. 1999,
Prakash et al. 2001, Biswal et al. 2003, Kotodziejek et al. 2003). Similar sign of
chloroplast senescence is the increase in the number and size of plastoglobuli, small
particles accumulating the products of thylakoid lipids and chlorophyll breakdown,
carotenoids and carotenoid esters (Naito et al. 1981, Tevini and Steinmuller 1985,
Biswal and Biswal 1988, Matile 1992, Kutik er al. 1993, Biswal 1995, Kutik 1998,
Matile et al. 1989, Biswal et al. 2003). Such increase was clearly discernible in the
senescing apical part of leaves at the second sampling date, and, again, the hybrid
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exceeded its parent in this parameter. The association between the degradation of
thylakoid membranes and the accumulation of the products of their breakdown in
plastoglobuli was thus obvious and was confirmed also by the results of the correlation
analysis.

However, the inverse relationship between thylakoids and plastoglobuli volume
densities applied only for the MC chloroplasts. Besides the fact that the BSC
chloroplasts had much less thylakoids (which is one of their well-known characteristics,
see e.g. Kirchanski 1975, Nishioka et al. 1993, Vi¢ankova and Kutik 2005) compared to
the MC ones, and the relative volume density of their plastoglobuli was also lower than
that of the plastoglobuli in MC chloroplasts, no direct correlation between these two
chloroplast compartments was found in this case. The reason for this lies probably in the
different pattern of leaf blade heterogeneity observed for the plastoglobuli and grana
volume densities in BSC chloroplasts. Whereas an increasing trend from the youngest
leaf base to the oldest leaf apex, similar to the one observed in MC chloroplasts and
concordant with the gradual advancement of chloroplast senescence, was discernible for
the plastoglobuli volume density, the BSC grana behaved differently. The high volume
density of thylakoid grana found in the basal part of leaves is in good agreement with
findings of other authors, who observed that the amount of granal thylakoids of the BSC
chloroplasts decreases during their development and that this decrease is light-
dependent (Brangeon 1973, Kirchanski 1975, Nishioka et al. 1993). As the leaf base of
maize leaves is more shielded from light by leaves of higher insertions, larger grana are
only to be expected here. However, surprisingly high volume density of BSC
chloroplasts” grana was found also in the senescing leaf apex. We observed similar
results when comparing BSC chloroplasts in the middle third of leaf blade of young,
mature and senescing maize leaves (Vicankovd and Kutik 2005). The stacking of
thylakoid membranes could be in this case rather secondary, due to the fact that BSC
chloroplasts at this developmental stage were fully packed with starch granules and
there was thus less possibility of thylakoid spacing. The superiority of the inbred line
over its progeny, shown for the granal thylakoids” volume density in BSC chloroplasts,
could be possibly associated with its slightly lagging development (more discernible in
younger plants), but similar superiority was observed also for plastoglobuli (i.e.
symptom of senescence), and this discrepancy must be therefore caused by some
unknown factors related to genetic differences between both genotypes.

Peripheral reticulum is a rather elusive chloroplast compartment: its role in the
chloroplast function is still far from being clear. It is typical for C4 plants and probably
participates in the transport of primary assimilates (malate, aspartate) from mesophyll to
bundle sheath cells (Laetsch and Kortschak 1972, Chapman et al. 1975, Kirchanski
1975, Hudédk 1997, Kratsch and Wise 2000). This agrees well with our findings that the
volume density of this compartment in MC chloroplasts of mature leaf blade was mostly
higher than in the BSC ones. The inbred line usually showed greater size of peripheral
reticulum in MC chloroplasts compared to the hybrid (in younger plants this applied for
BSC chloroplasts as well); this was perhaps also related to the delay in chloroplast
development displayed by the parental line (i.e. the transport processes between MCs
and BSCs were fully active even in the oldest part of 28-d old inbred plants).

The size and shape of chloroplasts also changes with their development (Naito et
al. 1981, Kutik 1985, Kura-Hotta et al. 1990, Kutik and Kocova 1996, Kutik er al.
1999, 2001, Zavaleta-Mancera et al. 1999, Biswal et al. 2003) and we observed slight
gradual enlargement of MC chloroplasts until the stage of senescence was reached by
leaf tissue. This increase in the size was caused by the rise of chloroplast height (i.e.
width of their cross-sections), so that the chloroplasts gradually acquired more rounded
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shape. In the senescing part of leaf apex, this rounding of MC chloroplasts was very
suspicious, and at the same time there was a sharp drop in their size as well — another
evidence of their transition to senescing state (Kura-Hotta et al. 1990, Kutik et al. 1999,
Sakai et al. 1999). Again, the slight delay in the development of the inbred genotype
after its hybrid could be seen here. The BSC chloroplasts, which are generally larger
than those of MCs (Kirchanski 1975), also displayed this increasing trend but their
shape stayed more-or-less the same in all parts of leaf tissue examined and no decrease
in the BSC chloroplasts” size was observed in the senescing leaf apex. The MC and
BSC chloroplasts thus differ in the course of their development. The inbred line was
characterized by more flat BSC chloroplasts compared to its progeny; this difference
could be partly caused by the larger amount of starch inclusions that filled up the BSC
chloroplasts of hybrid and caused their ,,swelling*.

As regards the accumulation of starch in the BSC chloroplasts, there were
interesting differences between both genotypes. The leaves of 24-d old plants of the
inbred line, which were at the beginning of their maturity, did not yet contain much
starch inclusions, probably due to the fact that the production of 3-phosphoglycerate by
the Calvin-Benson cycle (followed by its transport to MC chloroplasts, reduction to
triosophosphates and return to BSC chloroplasts, where it is used for starch synthesis)
had not yet reached its full efficiency. On the other hand, the hybrid, which was ahead
of its parent in the development of leaves, had already sufficient level of photosynthetic
metabolism and its synthesis and accumulation of starch in BSC chloroplasts was well
advanced. Four days later, both genotypes showed similar amounts of starch, and with
the advancement of leaf tissue senescence, the parental genotype even slightly gained
over its progeny. The assessment of the changes in volume density of starch inclusions
in BSC chloroplasts (and, consequently, of BSC chloroplasts” shape and dimensions),
brought actually the most interesting piece of information about the genotypic
differences in chloroplast ultrastructure, and about the possible heritability of the
changes associated with chloroplast development. Whereas the development of MC
chloroplasts during the onset of senescence of maize leaves occured with about the
same rapidity (judging from the changes of almost all ultrastructural and dimensional
parameters examined) in the inbred line as in its hybrid, this did not apply for the BSC
chloroplasts. Here we observed significant correlations between parent and its progeny
only for the volume density of plastoglobuli, but the synthesis of starch and its
accumulation in the starch inclusions of BSC chloroplasts followed different course in
each genotype. Thus, the different nuclear genetic background of hybrid asserted itself
in this case.

Other differences between both genotypes examined involved mostly the
correlations among various ultrastructural and/or dimensional characters of chloroplasts.
Thus, for example, the increase of plastoglobuli with the increasing BSC chloroplast”
size (i.e. the symptoms of advancing development of chloroplasts) observed in the
inbred line was not followed by similar trend in the hybrid; on the contrary, the reverse
was true. The enlargement of MC chloroplasts was accompanied by similar enlargement
of BSC chloroplasts in the hybrid but not in its parent (again, probably due to the
differences in the advancement of starch accumulation and the related ,,swelling* of
chloroplasts). We can thus conclude that although several parameters related to the
arrangement of chloroplast inner structure indeed seem to be directly inherited from
parent to its progeny, this does not apply generally. Moreover, there are differences in
the inheritance of chloroplast ultrastructural or dimensional parameters between two
basic chloroplast types found in the photosynthetic tissue of NADP-ME type of C4
plants. Whereas the course of MC chloroplast development at the onset of leaf
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senescence in maize hybrid simply follows that of its parent, this is not true for the BSC
chloroplasts, where each genotype has its own distinguishable pattern of chloroplast

development.
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Abstract

Cytokinins are hormones that are involved in regulation of many aspects of plant
growth and development including plastid differentiation and functions. The occurrence
of cytokinins in chloroplasts as well as formation of a prenyl side-chain of isoprenoid
cytokinins and the location of four isopentenyltransferases, cytokinin biosynthetic
enzymes, in plastids indicates importance of cytokinins for chloroplast development.
The impact of modified cytokinin metabolism on the changes in endogenous cytokinin,
indolacetic and abscisic acid contents in leaves and in isolated intact chloroplasts was
determined by LCMS and 2D HPLC, and the alterations in chloroplast ultrastructure by
electron microscopy. Cytokinin overproduction was achieved by the expression of a Sho
gene, encoding an isopentenyltransferase homologue from Petunia hybrida, which
resulted in leaves in an increase of the levels of isopentenyladenine type of cytokinins,
especially of N-glucosides. The extent of the cytokinin content increase was lower in

isolated chloroplasts than in leaves. Cytokinin levels were reduced in leaves of tobacco



harbouring a cytokinin oxidase/dehydrogenase (AtCKX3) gene from Arabidopsis
thaliana. The total cytokinin content in chloroplasts isolated from ArCKX3 plants was
decreased as well, though the levels of cytokinin nucleotides were higher than in the
corresponding wild type. In transformant overexpressing a maize B-glucosidase Zm-
p60.1, naturally targeted to plastids, which is capable of releasing biologically active
cytokinins from their O- and N3-glucosides, a decrease of O-glucosides in chloroplasts
was found. In leaves, the changes in cytokinin O-glucosides were not significant,
though an increase of free bases and ribosides was apparent. O-glucosides were
enormously accumulated in leaves, but not in isolated chloroplasts, of plants
overexpressing a ZOGI gene encoding zeatin O-glucosyltransferase from Phaseolus
lunatus, indicating that the cytokinin conjugates are accumulated primarily in another
compartment. Due to intense cross talk among plant hormones, levels of free
indolacetic and abscisic acid were affected by manipulation of cytokinin content.
Chloroplasts of cytokinin overproducing plants constitutively overexpressing Sho gene
displayed ultrastructure alterations including the occasional occurrence of discernible
crystalloid structures and increased number of plastoglobuli compared with the wild
type. When an inducible promoter was used, no crystalloids were found, but after
induction of the expression of Sho gene an increased thylakoid membrane stacking was
observed. All the other transformants did not display any striking differences in
chloroplast ultrastructure. Taken together, our results suggest that the compartmentation
of plant hormones plays an important role in the fine-tuning of homeostasis of hormone
concentration in plant cells and that chloroplasts are rather independent organelles in
respect to regulation of cytokinin metabolism, which reflects the importance of

cytokinins for plastid function.

Introduction

Plant hormones cytokinins (CKs) are known to be involved in many processes related to
plastid development and functions. Already 10 years after the discovery of kinetin (6-
furfurylaminopurine) as a plant growth regulator CK (Miller et al., 1955), it was shown
that kinetin could stimulate chloroplast differentiation from proplastids, including grana
formation, in tobacco tissue culture (Stetler and Laetsch, 1965). Kinetin was also found
to almost double chloroplast number per cell in etiolated tobacco leaf discs incubated in

the light (Boasson and Laetsch, 1969).



It has been demonstrated that exogenously applied CKs induce partial development of
chloroplasts from proplastids, amyloplasts and etioplasts, especially in darkness (e.g.:
Chory et al., 1994, Kusnetsov et al., 1994). For example, benzyladenine (BA) treatment
of excised watermelon cotyledons accelerated degradation of reserve material and
differentiation of plastids with a more developed inner membrane system as well as
increased levels of plastid pigments and enzymes (Rubisco and NADPH-glyoxylate
reductase) (Longo et al., 1979). Moreover, applied BA accelerated the redevelopment of
grana and stroma in regreening plastids, the increase of reappeared NADPH-
protochlorophyllide oxidoreductase, contents of chlorophyll and proteins in regreening
tobacco leaves (Zavaleta-Mancera et al., 1999 a, b). CK mode of action in plastids
seems to be mediated by the stimulation of the expression of several plastid-related
genes, both of nuclear and plastid origin, in particular of nuclear encoded gene for
chlorophyll a/b-binding polypeptide of the light-harvesting complex and gene coding
for the small subunit of Rubisco in Nicotiana tabacum (Abdelghani et al., 1991),
Arabidopsis (Chory et al., 1994) or Dianthus caryophyllus (Winiarska et al., 1994). For
extensive reviews see Schmiilling ez al. (1997) or Parthier (1989).

Recently, Brenner et al. (2005) identified through genome-wide expression profiling
five rapidly CK induced plastid transcripts in Arabidopsis seedlings indicating a fast
transfer of the CK signal to plastids or its direct perception there. CK effect on gene
expression may be mediated via the hormone interaction with specific proteins. In the
presence of trans-zeatin, 64 kDa chloroplast zeatin-binding protein was found to
activate chloroplast but not nuclear genome (Lyukevich et al., 2002).

The occurrence of endogenous CKs in plastids was proved. CKs were present in
chloroplast tRNAs (e.g. Vreman et al., 1978). Zeatin-type CKs were detected in isolated
spinach chloroplasts by paper chromatography and soybean callus bioassay (Davey and
Van Staden, 1981). Immunolocalization of CKs revealed low labeling in the stroma of
plastids of Tilia cordata embryo cotyledons and roots (Karkonen and Simola, 1999).
We performed detailed analysis of the level of a whole range of CK metabolites (free
bases, ribosides, glucosides and ribotides) in isolated intact chloroplasts using LCMS
(Benkova et al., 1999).

The importance of CKs for plastid development and function may be deduced from the
partial localization of CK biosynthetic pathway to this compartment. Kasahara et al.
(2004) showed that the prenyl group of CKs is synthesised in plastids by the

methylerythritol phosphate pathway and that four isopentenyltransferases (AtIPTI,



AtIPT3, AtIPT5 and AtIPT8) are localised to plastids in Arabidopsis cells.
Unexpectedly, Sakakibara et al. (2005) have found that Agrobacterium IPT modifies
CK biosynthesis in infected plant cells, as it is targeted to and functions in plastids, even
though it lacks typical plastid-targeting sequence, and it prefers another substrate than
plant own IPTs. Enormous increase of CK content in tobacco, which resulted from the
expression of Agrobacterium tumefaciens isopentenyltransferase gene leading to
anomalies in chloroplast ultrastructure and enhanced CK content in chloroplasts
(Synkova et al., 2006).

In the present study, we evaluated the impact of manipulation of CK metabolism on
endogenous CK pool in leaves and isolated intact chloroplasts and chloroplast
ultrastructure of tobacco (Nicotiana tabacum L.). We compared CK overproducing
plants (expressing isopentenyltransferase Sho), plants with decreased CK levels
(overexpressing CK oxidase/dehydrogenase AtCKX3) and plants with altered CK
glucoconjugation  (overexpressing  [B-glucosidase =~ Zm-p60.1 or zeatin O-
glucosyltransferase ZOG!). Taking into account the immense cross-talk among plant

hormones, we determined as well the contents of auxin (IAA) and abscisic acid (ABA).

Materials and methods
Plant materials and growth conditions

Four different types of transgenic tobacco plants with altered CK metabolism and the

corresponding wild types (WT) in vegetative stage were used:

1) tobacco in vitro lines expressing an isopentenyltransferase Sho (Shooting) gene from
Petunia hybrida under the control of a constitutive CaMV 35S promoter or
construct with four 35S enhancer elements (Zubko et al., 2002) and WT Nicotiana
tabacum L. cv. Petit Havana SRI1 cultivated on solid hormone-free MS medium
(Murashige and Skoog, 1962) supplemented with sucrose (30 g I'') and 8-9-week-
old transgenic plants harbouring the Sho gene under a dexamethasone inducible
promoter. Sho expression was induced in transgenic plants with 20 pM
dexamethasone (in 0.05% DMSO, 5 x 50 ml per plant during 13 days). As controls
transgenic plants treated with water or 0.05% DMSO and WT SRI plants treated
with water, 0.05% DMSO or 20uM dexamethasone in 0.05% DMSO were used.
The plants were cultivated in growth chamber (16/8 hr photoperiod at 130 pmol m
s'!, day/night temperature of 25/23°C and relative humidity ca 80%) for 5 weeks

and then transferred to a greenhouse.



All the other plants were cultivated in a soil substrate in a growth chamber (16/8 hr

photoperiod at 150 pmol photons m™ s, 26°C/20°C and relative humidity ca 80%):

2) 1l-week-old tobacco plants (355:AtCKX3) overexpressing a gene for CK
oxidase/dehydrogenase from Arabidopsis thaliana under a constitutive CaMV 35S
promoter (Werner et al., 2001) and 9-week-old WT Nicotiana tabacum L. cv.
Samsun NN.

3) 8-9-week-old tobacco plants (355:Z0G1) harbouring a zeatin O-glucosyltransferase
Z0OG1 gene from Phaseolus lunatus under a constitutive CaMV 35S promoter line
7-20 (Martin et al., 2001) and WT Nicotiana tabacum L. cv. Wisconsin 38.

4) 8-9-week-old tobacco plants (355:P60) overexpressing a maize B-glucosidase Zm-
p60.1 naturally targeted to plastids under a CaMV 35S promoter (Kiran et al.,
2006) and WT Nicotiana tabacum L. cv. Petit Havana SR1. Transgenic plants were
selected with methotrexate (0.5 mg 1) added to solid MS medium supplemented

with sucrose (15 g ™.

Chloroplast isolation

Intact chloroplasts were isolated and purified as described in Benkova et al. (1999) and
in Kiran et al. (2006). The chloroplast fraction was recovered from the homogenate of
deribbed leaves in isotonic medium by centrifugation, layered on a Percoll density
gradient (40% and 80% (v/v) Percoll solution in medium) and centrifuged. Intact
chloroplasts were collected at the interface of the gradient, diluted with medium and
centrifuged. The pellet was resuspended in medium. All the procedures were done at

4°C.

Chlorophyll determination
Chlorophyll was extracted into 80% (v/v) acetone. The total chlorophyll a+b content
was calculated from the absorbance at 652 nm of the clear extract after centrifugation

(500%g, 5 min) according to Arnon (1949).

Chloroplast intactness

The intactness of chloroplasts was determined by the latency of glyceraldehyde-3-
phosphate dehydrogenase according to Latzko and Gibbs (1968). Chloroplasts were
incubated in a reaction mixture (0.33M Tris/HCI, pH 8.5; 17mM Na,HAsO4*7H,0;
4mM cysteine; 20mM NaF; 40 uM NADP"). The reaction was initiated with 0.02 M

(9]




glyceraldehyde-3-phosphate. Reduction of NADP* was followed at 340 nm for 5 min.
The same assay was run with chloroplasts disrupted with 0.01 M MgCl,. The
percentage of intact chloroplasts was calculated from the difference between the

original and disrupted sample.

Extraction and purification of IAA, ABA and CK

Detailed procedure of hormone extraction, purification and quantification has been
described in Kiran et al. (2006). IAA, ABA and CKs were extracted overnight at —20 °C
with Bieleski solvent (Bieleski 1964). [3H] IAA and [3H] ABA (Sigma, USA) and 12
deuterium-labeled CKs ([*Hs]Z, [*Hs]ZR, [*Hs]Z-7G, [*Hs]Z-9G, [*Hs]Z-OG, [*Hs]ZR-
OG, [*H3]DZ, [*H3]DZR, [*HsliP, [*HgJiPR, [*HeliP-7G, [*He]iP-9G; Apex Organics,
UK) were added as internal standards. The extracts were purified using Sep-Pak C18
cartridges (Waters Corporation, Milford, MA, USA) and Oasis MCX mixed mode,
cation exchange, reverse-phase column (150 mg, Waters) (Dobrev and Kaminek 2002).
After a wash with IM HCOOH, IAA and ABA were eluted with 100% MeOH and
evaporated to dryness. Further, CK phosphates (CK nucleotides) were eluted with 0.34
M NH,4OH in water and CK bases, ribosides, and glucosides were eluted with 0.34 M
NH4OH in 60% (v/v) MeOH. Nucleotides were converted to nucleosides with alkaline
phosphatase. IAA and ABA were separated and quantified by 2D-HPLC according to
Dobrev et al. (2005). Purified CK samples were analyzed by LC-MS system consisting
of HTS PAL autosampler (CTC Analytics, Switzerland), Rheos 2000 quaternary pump
(FLUX, Switzerland) with Csi 6200 Series HPLC Oven (Cambridge Scientific
Instruments, England) and LCQ Ion Trap mass spectrometer (Finnigan, USA) equipped
with an electrospray. 10 pL of sample were injected onto a C18 column (AQUA, 2 mm
x 250 mm x 5 pm, Phenomenex, USA) and eluted with 0.0005% acetic acid (A) and
acetonitrile (B). The HPLC gradient profile was as following: 5 min 10% B, then
increasing to 17% within 10 min, and to 46% within further 10 min at a flow rate of 0.2
ml min"'. Column temperature was kept at 30°C. The effluent was introduced in mass
spectrometer being operated in the positive ion, full-scan MS/MS mode. Quantification
was performed using a multilevel calibration graph with deuterated CKs as internal

standards.



Transmission electron microscopy

Leaf blade samples were fixed for 2 h with 2.5% (v/v) glutaraldehyde in RM, pH 7.6,
followed by 2 h in 2% (w/v) osmic acid in RM. After dehydration in graded ethanol
series up to 100% samples were via propylene oxide embedded into low viscosity resin
(Spurr 1969). The ultrastructure was evaluated on transverse ultrathin sections of
embedded objects contrasted with a saturated solution of uranyl acetate in 70% (v/v)
aqueous ethanol, followed by a lead citrate solution treatment according to Reynolds

(1963) using a transmission electron microscope.

Results

Hormone analyses

To investigate the role of hormone compartmentation and to study the interactions
among plant hormones we determined the contents of CKs, free IAA and ABA in leaves
and in isolated intact chloroplasts of four different types of transgenic tobacco with
altered CK metabolism and corresponding wild types at vegetative stage of plant
development. The intactness of analysed chloroplasts immediately after their isolation
was over 90% checked by the latency of the activity of the stromal enzyme
glyceraldehyde-3-phosphate dehydrogenase. The plant hormone content is most
frequently presented in picomoles per gram fresh weight of plant tissue. Here we also
show hormone quantification expressed on chlorophyll content allowing the

confrontation with hormone levels in isolated chloroplasts.

Plants expressing isopentenyltransferase Sho

The total CK content was elevated in mature leaves of tobacco plants after the induction
of the expression of the gene for CK biosynthetic enzyme isopentenyltransferase Sho by
dexamethasone almost 9 times in comparison with corresponding WT (SR1) (Fig. 1A).
The level of physiologically active CK bases and ribosides (especially of iP and iPR)
increased almost 4 times, content of CK N-glucosides (predominantly of iP7G) 8 times
and CK phosphate level even more than 40 times (iPMP). No significant difference in
the content of CK O-glucosides was observed. The CK levels did not significantly differ
among SRI1 plants treated with water, with dexamethasone in DMSO or with DMSO
solution or non-induced Sho gene carrying tobacco plants (data not shown). The
elevation of CKs in induced Sho transformed leaves was lower when CK content was

expressed per mg of chlorophyll, as the transgenics had higher chlorophyll content than



WT (Fig. 1B). The difference between Sho transformants and WT was much lower in
isolated chloroplasts (Fig. 1C) than in leaves. Nevertheless, CK content in chloroplasts
from plants expressing Sho was more than twice as high as that of the WT. As in leaves,
CK phosphate fraction of transgenics was represented predominantly by iPMP, in
contrast to chloroplasts of WT.

Higher CK content was accompanied with slightly higher free IAA and ABA levels in
induced Sho leaves in comparison with the WT when expressed on fresh weight (Table
1). These differences were not significant when expressed on chlorophyll content. In
chloroplasts of induced Sho plants lower IAA, but higher ABA content compared with
chloroplasts of WT was found.

Plants expressing CK oxidase/dehydrogenase AtCKX3

The constitutive overexpression of CK catabolic enzyme CK oxidase/dehydrogenase
AtCKX3 significantly delayed development of transgenic plants, thus the hormone
contents and chloroplast ultrastructure were analysed in older transgenic plants
compared with WT plants. The total CK content was reduced in leaves (Fig. 2A) to
about one-half of that in the WT. Particularly altered were the levels of CK MN-
glucosides and to a lesser extent free bases and ribosides. The chlorophyll content was
reduced in transgenic plants, thus the differences between transgenic and control
tobacco are lowered when CK values are presented in picomoles per mg chlorophyll
(Fig. 2B). The CK content was changed to a lesser extent in isolated intact chloroplasts
(Fig. 2C). Moreover, the values of CK nucleotides were even higher in chloroplasts of
AtCKX3 than in chloroplasts of control tobacco.

The content of free IAA was not significantly changed in ArCKX3 leaves (Table 2)
compared with control plants when expressed on fresh weight, but it was higher when
expressed on chlorophyll content. ABA level was lower in leaves of transgenic tobacco.
We did not observed any significant changes of IAA or ABA levels in chloroplasts
(Table 2).

Plants expressing fB-glucosidase Zim-p60.1
Trend towards an increase in CK free bases and ribosides was observed in leaves (Fig.
3A and B) of tobacco overexpressing maize B-glucosidase Zm-p60.1 compared with

leaves of WT. Changes in the content of CK glucosides in leaves were not significant,



although it decreased in chloroplasts (Fig. 3C). No changes in CK nucleotides or N-
glucosides were found.

The IAA measurements revealed significantly lower level of IAA in leaves as well in
chloroplasts of transgenic plants compared with the WT level of IAA (Table 3). ABA
content was reduced significantly in Zm-p60.1 leaves as compared with control plants

(Table 3). In chloroplasts the difference in ABA level was less pronounced.

Plants expressing zeatin O-glucosyltransferase ZOG1

When gene encoding zeatin O-glucosyltransferase (ZOG1) was constitutively expressed
in tobacco, CK O-glucosides accumulated in leaves (Fig. 4A). The level of ZOG was
two orders of magnitude larger in leaves of transformants than in controls. No
significant difference in the content of N-glucosides was observed. The contents of free
bases, ribosides and nucleotides were only marginally decreased in leaves of ZOGI
tobacco compared with that of the WT. These differences diminished when the CK
content is expressed on chlorophyll (Fig. 4B), while that of O-glucosides is more
profound, as the chlorophyll content is lower in ZOG! than in WT. In contrast, in
chloroplasts very low levels of CK O-glucosides were found (Fig. 4C). The
predominant CK forms were free bases and ribosides, which content as well as content
of CK nucleotides were higher in ZOG! chloroplasts compared with that of the WT.

In leaves of transgenic plants twofold higher IAA content was detected (Table 4). ABA
level was not significantly changed in ZOG! leaves when expressed on fresh weight.
Nevertheless, it was higher when expressed on chlorophyll. IAA and ABA contents
were only slightly higher in ZOG1 chloroplasts than in chloroplasts of controls.

Ultrastructure observations

The most striking anomaly in chloroplast ultrastructure was the occasional occurrence
of crystalloid structures in chloroplasts of in vitro cultivated CK overproducing plants
harbouring an isopentenyltransferase Sho gene under four 35S enhancers (Fig. 5A,
detailed view 5B) as well as 35S promoter. However, some chloroplasts from these
plants did not show apparent changes in the structure compared to control (Figure 5C).
Chloroplasts from Sho overexpressing plants contained more plastoglobuli than
chloroplasts of control plants (Fig. 5D). The crystalloids were never present in
chloroplasts of control SR1 plants cultivated in vitro. After induction of the Sho gene

expression no crystalloids were found, only an increased grana stacking was observed



(Fig. S5E). The crystalloids did not appear in chloroplasts of either SR1 plants treated
with water (Fig. 5F), with dexamethasone in DMSO or with DMSO solution,
respectively, or in chloroplasts of non-induced Sho gene carrying tobacco plants.

The representative chloroplasts from the other types of transgenic tobacco and
corresponding controls are shown in figure 6. The most obvious feature observed was
the different starch accumulation. The chloroplasts of tobacco overexpressing CK
oxidase/dehydrogenase AtCKX3 (Fig. 6A) and B-glucosidase Zm-p60.1 (Fig. 6C) have
less starch inclusions than chloroplasts of control SNN (Fig. 6B) and SR1 (Fig. 6D),
respectively. In contrast, the chloroplasts of zeatin O-glucosyltransferase ZOGI
transformants (Fig. 6E) contained increased number of starch inclusions than control
W38 (Fig. 6F). With increasing starch content the shape of chloroplasts altered from

lens-shaped to more loaf-like.

Discussion

Hormone analyses

In order to elucidate the extent of chloroplast CK autonomy, we compared the impact of
altered CK metabolism on CK pool in isolated intact chloroplasts and in whole leaf
tissue. Considering hormone cross-talk the effect of altered CK metabolism on IAA and
ABA levels was followed, too. The presence of these hormones in chloroplasts was
demonstrated in earlier studies by using immunocytochemical (e.g. Sossountzov et al.,
1986; Ohmiya and Hayashi, 1992; Kirkonen and Simola, 1999; Pastor ez al., 1999) or
fractionation technique followed by HPLC or LCMS analysis (e.g. Fregeau and
Wightman, 1983; Sandberg et al., 1990; Benkova et al., 1999). Chloroplasts were found
to be the compartment where most of the ABA in leaf tissue is formed by the methyl-
erythritol-phosphate pathway (Millborrow and Lee 1998). This pathway also mainly
provides the prenyl group of CKs (Kasahara et al., 2004). Nordstrom et al. (2004)
demonstrated de novo CK synthesis in tobacco leaves and suggested that the presence of
chloroplasts might be a prerequisite for the iPMP-independent pathway of CK

biosynthesis.

Plants expressing isopentenyltransferase Sho
Numerous studies of plants transformed with the ipr gene, encoding an
isopentenyltransferase from Agrobacterium tumefaciens, demonstrated enhanced

biosynthesis of endogenous CK, especially of Z-type (e.g. Redig et al. 1996, Motyka et



al. 2003). Recently, plant own isopentenyltransferase genes (At/PT1-9) were identified
in Arabidopsis thaliana genome (Takei et al. 2001; Kakimoto 2001) and their
homologue Sho in Petunia hybrida (Zubko et al., 2002). In contrast to bacterial ipt, the
overexpression of plant homologue At/PT8 (Sun et al., 2003) as well as Sho (Zubko et
al., 2002) leads to profound accumulation of iP-type of CKs. We used tobacco plants
with dexamethasone-inducible Sho expression and we found about 9 times higher total
CK content in leaf tissue compared with WT. The CK content was increased in isolated
intact chloroplasts as well, though to a relatively lower extent (about 2 times). This is in
accordance  with our data obtained when CK content increased in tobacco
overexpressing isopentenyltransferase gene from Agrobacterium tumefaciens under the
control of the light-inducible promoter for the Pisum sativium small subunit of Rubisco
(Pssu-ipt) (Synkové et al., 2006). In contrary to CK levels in whole leaf tissue, CK
elevation was relatively lower in chloroplasts, especially no dramatic accumulation of
CK glucosides was observed. This indicates that the main pool of CKs is accumulated
outside chloroplasts in CK-overproducing plants overexpressing Pssu-ipt as well as Sho
gene.

We found a slightly increased content of free IAA in leaves when Sho expression was
induced compared with WT whereas the isolated chloroplasts contained lower level of
IAA than WT chloroplasts. Machackova et al. (1997) found increased IAA level in in
vitro cultivated potato plants carrying the Agrobacterium ipt gene. In contrast, EkIof et
al. (1997, 2000) found in CK-overproducing ipt tobacco lower levels of free IAA and
reduced rates of IAA synthesis and turnover. Thus, it has been suggested that CKs
might downregulate IAA levels. Recently, in Arabidopsis plants with glucocorticoid-
inducible ipt expression CK long-term effect on decreasing auxin biosynthesis rate and
pool size was observed, probably mediated through an altered development (Nordstrom
et al., 2004).

We determined higher ABA content in chloroplasts and in leaves of plants
overexpressing Sho than in WT. However, the difference in ABA levels was in leaves
not significant when expressed on chlorophyll content. After overexpression of bacterial
ipt both a decrease of ABA content, e.g. in leaves of Pssu-ipt tobacco (Synkova et al.,
1999) and in petunia corollas with delayed senescence expressing ipt under the control
of the promoter from a senescence associated gene of Arabidopsis, SAG 12 (Chang et
al., 2003), as well as an increase, e.g. in potato transformed by a vector plasmid

containing the Agrobacterium ipt gene Machackova et al. (1997), was reported.
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Plants expressing CK oxidase/dehydrogenase AtCKX3

The CK oxidase/dehydrogenase selectively cleaves unsaturated N® side chains from Z,
iP and their corresponding ribosides, while CK nucleotides, O-glucosides and CKs with
saturated side chains are not the CKX substrates (Armstrong, 1994). It was shown that
overexpression of ArCKX genes in tobacco and Arabidopsis plants resulted in reduced
content of endogenous CKs and strongly altered phenotype with dwarfed shoot habit,
enhanced root growth and delayed flowering and senescence (Werner et al., 2001 and
2003). In 2-week-old tobacco seedlings overexpressing 355:AtCKXI the total CK
content was reduced to 61 - 63% of WT total CK content. In 355:AtCKX?2 the decrease
was even more profound (31 to 48%) (Werner et al., 2001). Transgenic Arabidopsis
plants overexpressing 35S:ArCKX1 and 355:AtCKX2 had increased CK breakdown (30
to 45% of WT total CK content) (Werner et al., 2003). In shoots harvested 14 days after
germination more abundant Z-derived CKs were more strongly reduced (20 to 41% of
WT) than were iP-derivatives (44 to 58% of WT), in contrast to tobacco where the more
profound changes were in iP-type CKs. To our knowledge, the CK content has never
been measured in any 35S:ArCKX3 transgenic plant. These plants are phenotypically
identical to 35S:AtCKXI and the enzyme is ultimately targeted to the same
compartment, vacuole, proved by in planta experiments by fusing the C terminus of
AtCKX3 to green fluorescent protein and expressing this construct under 35S promoter
(Werner et al., 2003). Nevertheless, the apparent K, value for AtCKX3 against iP (7
uM) was significantly higher (14 times) than for AtCKX1 (0.5 pM) and the maximum
velocity values of CKX extracts of Arabidopsis callus derived from root tissue
overexpressing the AtCKX genes Vmax even 77fold higher (Werner et al., 2003). We
have showed that the ectopic expression of ArCKX3 reduced the CK levels in tobacco
leaves of adult plants and as well influenced the CK levels in another compartment than
to which the enzyme has been targeted, in chloroplasts. In leaves, the most strongly
reduced CK metabolites were N-glucosides that are believed to be the physiologically
inactive irreversible conjugates of CKs. However, Werner et al. (2001) determined very
low concentrations of N-glucosides in tobacco WT seedlings that were only marginally
changed in transgenic plants. This discrepancy could be explained by different
developmental stage of analysed tobacco plants. In Arabidopsis seedlings the Z9G and
iPG were measurable and were reduced in 35S:AtCKXI and 35S:AtCKX2 plants
compared with WT plants. The N-glucosides are supposed not to be degraded by CKX,



as zeatin-9-glucoside was not substrate for maize CKX (Bilyeu et al., 2001), even
though this is in contrast with results of an earlier study (McGaw and Horgan, 1983).
Werner et al. (2003) found reduced levels of IAA in Arabidopsis seedlings
overexpressing 35S:AtCKX1 (53-66% of WT content) and 355:AtCKX2 (73-76% of WT
content). The authors speculate that there need not have been direct regulation of IAA
metabolism by CKs, but the different tissue composition, i.e. reduced size of shoot
apical meristem with fewer meristematic cells, reduced cell production in leaves, in
transgenic plants might lead to a lowering of IAA-producing shoot tissue. Nevertheless,
we did not observe any significant differences in IAA levels of leaves of A7CKX3 and
control adult tobacco when expressed on fresh weight. Moreover, the IAA content was
higher in leaves of transgenic plants when expressed on chlorophyll content.

Brugiere et al. (2003) demonstrated induction of maize CKX/ gene expression in leaf
discs by ABA suggesting a role for this hormone in lowering CK concentrations under
different abiotic stresses. Setter et al. (2001) observed a dramatic ABA level increase in
kernels and a concomitant Z-type CK decrease in pedicels of drought-stressed maize
during early kernel development. Using massive parallel signature sequencing gene
expression technology only the up-regulation of AtCKX7 by ABA application in
Arabidopsis seedlings was identified (Hoth er al., 2002). We have found lower ABA
level in leaves of transgenic AtCKX3 tobacco compared with control plants, which

might be linked with prolonged life span and retarded senescence of transgenic plants.

Plants expressing f-glucosidase Zm-p60.1

Maize B-glucosidase Zm-p60.1 was shown to be capable of releasing active CKs from
O- and N3-glucosides in tobacco protoplasts (Brzobohaty et al., 1993) and to be located
in plastids (Kristoffersen et al., 2000). We have recently thoroughly analysed the
transgenic tobacco overexpressing Zm-p60.1 (Kiran et al, 2006). We have
demonstrated that these plants are perturbed in CK metabolism, as seedlings grown on
exogenous zeatin accumulated CKs to higher levels than WT and formed ectopic
structures at the base of hypocotyls at lower zeatin concentration than WT seedlings.
Nevertheless, the adult plants grown in the absence of exogenous zeatin displayed no
phenotype alterations, although changes in hormone content were found. In upper
leaves and internodes higher content of CK free bases and ribosides than in
corresponding parts of WT was determined (Kiran er al., 2006). We have observed

tendency to higher accumulation of free bases and ribosides in leaves as well as in
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chloroplasts of transgenic plants. The level of CK O-glucosides decreased in
chloroplasts isolated from transgenic plants. We previously performed kinetic analysis
of Zm-p60.1. We determined the apparent K, value for Zm-p60.1 in chloroplasts
isolated from transgenic tobacco with H-labelled ZOG as a substrate and we found that
it is 10-fold lower than the apparent K, determined in vitro for the purified enzyme
against the same substrate (Kiran et al., 2006).

We reported steeper fall of IAA gradient from high to low from youngest leaves
downward and lower IAA content in apex and first internodes in Zm-p60.1 tobacco than
in corresponding parts of control plants (Kiran et al., 2006). Here we show that IAA
levels decreased in leaves as well as in chloroplasts of plants overexpressing Zm-p60.1.
ABA measurements revealed lower ABA content in mature leaves of transgenic plants
than in leaves of WT plants. This finding is in contrast to our previous study, when
tendency of increased ABA accumulation especially in older leaves was observed. In
chloroplasts, however, the ABA level did not significantly differ between transgenics

and WT.

Plants expressing zeatin O-glucosyltransferase ZOG1

Martin et al. (2001) constructed transgenic tobacco carrying zeatin O-
glucosyltransferase (ZOGI) gene from Phaseolus lunatus under the control of a
constitutive CaMV 35S promoter. They found ZOG content elevated to 26 pmol per
fresh weight in leaves from less than 1 pmol in control plants and no substantial changes
in the level of other CK metabolites. We detected even one order of magnitude higher
accumulation of ZOG in leaves of transgenic tobacco, which could be caused by older
analysed material in our case and different cultivation conditions. In the previous study
the tobacco plants were grown hydroponically. The elevated CK O-glucoside
concentrations in whole leaves did not significantly influence the content of these
metabolites in isolated intact chloroplasts of transgenic plants. This indicates that CK O-
glucosides are accumulated particularly outside chloroplasts, probably within vacuoles
that are supposed to serve as the main storage compartment especially for CK O-
glucosides (Fusseder and Ziegler 1988).

Martin et al (2001) reported that IAA does not serve as a substrate for zeatin O-
glucosyltransferase and therefore excluded changes in IAA glucosylation to trigger the
observed variations in morphology of transformants (e.g. aerial roots, multiple shoots,

more compact stature than WT). Interestingly, we found twofold higher IAA content in
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leaves of transgenic plants. ABA level was remarkably higher only when expressed on
chlorophyll in ZOG1I leaves. Both IAA and ABA contents were higher in ZOGI
chloroplasts than in chloroplasts of WT.

Ultrastructure observations

We have observed considerable changes in the ultrastructure of CK overproducing
tobacco constitutively expressing Sho gene, including increased number of plastoglobuli
and appearance of crystalloids in chloroplasts of plants grown in vitro. These
crystalloids were not found in chloroplasts of plants either with dexamethasone induced
Sho expression or other CK metabolism transformants analyzed in this work or their
corresponding controls. In another type of transgenic tobacco with elevated endogenous
CKs, carrying Agrobacterium tumefaciens isopentenyltransferase gene under the
control of the light-inducible promoter for the Pisum sativium small subunit of Rubisco
(Pssu-ipt), anomalies in chloroplast ultrastructure were found too (Synkova et al., 1997
and 2003). Irregular or amoeboid shape of plastids often accompanied with ,,tubular
clusters® resembling peripheral reticulum, sometimes swollen thylakoid membranes,
larger light plastoglobuli and protein crystals with a fine membrane like structure were
observed in a significant part of plastids from Pssu-ipt tobacco. Anomalous vesicles and
large amount of swollen thylakoids were also found in Pssu-ipt tobacco calli
(Beinsberger et al., 1991). The distinct chloroplast crystalline structures occupying up
to 16% of chloroplast volume in transgenic Pssu-ipt plants were further studied and it
was suggested that they are probably formed by light-harvesting complex proteins,
which aggregate in the form of 2D crystals that constitute membrane stacks (Synkova et
al., 2006). Smaller crystals were also present in mitochondria and peroxisomes.
Nevertheless, no significant differences in chloroplast cross section length, starch
content, grana width and number of thylakoids per granum were reported between
chloroplasts of transgenic and control tobacco during plant ontogeny (Synkova et al.,
2003). The number of plastids per mesophyll cell exhibited the peak at the onset of
flowering in control plants, whereas the chloroplast number was stable in transgenic
tobacco throughout the ontogeny. We recently found that CK levels in chloroplasts of
Pssu-ipt plants were elevated (Synkova et al., 2006). We have suggested that the
ultrastructure anomalies might be the consequence of CK overproduction creating long-
lasting unfavourable conditions within the cell (Synkova et al., 2006). Here we report

only twice higher CK content in chloroplasts of plants with dexamethasone-induced Sho



expression, where no crystalloids were present. Unfortunately, because of lack of
material we were not able to assess the CK content in chloroplasts of Sho
overexpressing tobacco cultivated in vitro, and thus we could not confirm the
correlation between the occurrence of crystalloids and increased CK content in these
organelles as in the case of Pssu-ipt plants.

When dexamethasone-inducible Sho plants were analysed, increased grana stacking was
noticed. Likewise, an increase in grana stacking was observed in chloroplasts of
transgenic tobacco carrying ipt from Agrobacterium (Catsky et al., 1993) and in tobacco
plantlets cultivated in vitro when CK was applied exogenously (Wilhelmova and Kutik,
1995). Besides, an elevated concentration of BA in the medium induced profound starch
accumulation and lowering of chlorophyll a/b ratio in chloroplasts. The chloroplasts of
CK treated plantlets were smaller and more flattened than chloroplasts of control
plantlets. An increased chloroplast number per cell, fewer plastoglobuli and a higher
degree of grana stacking than in controls was noted in chloroplasts of sepals of
Helleborus niger depistillated flowers after CK treatment (Salopek-Sondi et al., 2002).
In contrast, aberrant chloroplast development (irregular-shaped chloroplasts with little
thylakoid membrane stacking) was observed among other developmental abnormalities
in shooty seedlings and callus of tobacco with 3-fold higher CK levels than in controls
where CHRK (a chitinase-related receptor-like kinase) expression was suppressed (Lee
et al., 2003).

It has been demonstrated that the effect of CKs on plastid structure depends on the stage
of plant development. In early phase of development of Zea mays seedlings, pre-
treatment with BA in the dark stimulated photosynthetic activity and chlorophyll
accumulation. After light exposure BA did not increase photosynthetic activity nor
chlorophyll accumulation, accelerated grana stacking in mesophyll cell chloroplasts and
grana loss in chloroplasts of bundle sheath cells, whereas later it stimulated plastid
multiplication and does not affect the ultrastructure of mature chloroplasts (Caers and
Vendrig, 1986).

Except of Sho tobacco, we did not reveal any considerable changes in the ultrastructure
of chloroplasts of other CK transformants analysed. Only a difference in starch
accumulation associated with a change in chloroplast shape was perceived. Thus,
chloroplasts of AtCKX3 and Zm-p60.1 tobacco contained less starch and were more
flattened than the chloroplasts of WT, whereas chloroplasts of ZOG1 tobacco with more

starch inclusions were relatively thicker than WT chloroplasts. Stoynova et al. (1996)



reported increased starch content in chloroplasts of radish plants after treatment with
phenylurea CK . It should be noted that starch grains are formed
especially in cells of intensively photosynthesising plants and that starch accumulation
is influenced by many factors, especially by light conditions (Lloyd et al., 2005).

The involvement of endogenous CKs in starch formation and amyloplast development
by application of lovastatin, an inhibitor of HMG-CoA reductase (key enzyme in
mevalonic acid synthesis) to CK-autonomous tobacco BY-2 cells was studied
(Miyazawa et al., 2002). After addition of lovastatin to amyloplast inducing, auxin-
depleted, medium, the content of endogenous trans-zeatin riboside decreased, which led
to the reduction of starch accumulation and to the decrease of the transcriptional level of
the ADP-glucose pyrophosphorylase small subunit gene (encoding a protein
indispensable for starch biogenesis). These changes were restored by application of
mevalonic acid or different CKs.

Further, Ananieva et al. (2004) showed that the dark-induced chloroplast destruction in
intact zuccini (Cucurbita pepo) cotyledons during senescence correlated with a decline
in the content of endogenous both physiologically active CK bases, ribosides and CK
nucleotides, whereas the recovery of the normal chloroplast ultrastructure was

accompanied by an enhancement of active CKs and CK nucleotides.

In conclusion, we found a highly non-uniform distribution of CKs between chloroplasts
and the rest of tobacco leaf cells in transgenic lines with several distinct alterations of
CK metabolism. Thus, it is evident that the estimation of overall hormone content in
plant tissue is not sufficient to assess its level at a particular site of its action. Our results
suggest that chloroplasts are relatively independent organelles in respect to regulation of
CK metabolism, which reflects the importance of CKs for their development and

function.
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Table 1

Endogenous contents of IAA and ABA in leaves and in isolated intact chloroplasts of

transgenic dexamethasone-inducible Sho and control SR1 tobacco. Values represent the

mean of two replicates (individual measurements are shown in parentheses).

TAA

Sho

SR1

Leaves [pmol g”' FW]

Leaves [pmol mg™ chlorophyli]
Chloroplasts [pmol mg ™' chlorophyll]

90.70 (117.89; 63.52)
73.74 (95.84; 51.64)
247 (2.79; 2.15)

71.17 (81.05; 61.30)
74.14 (84.43; 63.85)
3.93 (2.76; 3.95)

ABA

Leaves [pmol g”' FW]

Leaves [pmol mg™ chlorophyll]
Chloroplasts [pmol mg‘l chlorophyll]

Table 2

453.46 (749.12; 157.81) 359.98 (628.10; 91.85)
368.67 (609.04; 128.30) 374.98 (654.27; 95.68)

16.80 (18.72; 14.88)

11.71 (13.34; 12.24)

Endogenous contents of IAA and ABA in leaves and in isolated intact chloroplasts of

transgenic 355:AtCKX3 and control SNN tobacco. Values represent the mean of two

replicates (individual measurements are shown in parentheses).

TAA

355:AtCKX3

SNN

Leaves [pmol g”' FW]

Leaves [pmol mg™ chlorophyll]
Chloroplasts [pmol mg™ chlorophyli]

125.0 (177.4; 72.6)
200.4 (279.1; 121.8)
52(4.3;6.1)

122.1 (147.3; 96.9)
114.4 (151.6; 77.2)
52(9.9;04)

ABA

Leaves [pmol g”' FW]

Leaves [pmol mg™' chlorophyll]
Chloroplasts [pmol mg™" chlorophyll]

359.5 (447.7; 271.3)
579.9 (704.4; 455.4)
68.0 (44.0; 92.0)

1102.3 (822.9; 1381.6)
974.0 (847.2; 1100.9)
58.7 (106.6; 10.9)



Table 3

Endogenous contents of IAA and ABA in leaves and in isolated intact chloroplasts of

transgenic 35S:Zm-p60.1 and control SR1 tobacco. Values represent the mean of two

replicates (individual measurements are shown in parentheses).

TAA

358:Zm-p60.1

SR1

Leaves [pmol g‘1 FW]
Leaves [pmol mg™ chlorophyll]
Chloroplasts [pmol mg™" chlorophyll]

85.6 (95.1;76.2)
60.2 (66.9; 53.6)
0.8(1.4;0.2)

144.0 (146.5; 141.5)
135.2 (137.5; 132.8)
1.2(2.1;0.3)

ABA

Leaves [pmol g”' FW]
Leaves [pmol mg™' chlorophyll]
Chloroplasts [pmol mg ' chlorophyll]

Table 4

481.6 (486.9; 476.3)
338.7 (342.4; 334.9)
23.6 (21.5; 25.8)

839 (785.9; 892.1)
787.5 (737.6; 837.4)
26.2(40.4;12.1)

Endogenous contents of IAA and ABA in leaves and in isolated intact chloroplasts of

transgenic 355:Z0G1 and control W38 tobacco. Values represent the mean of two

replicates (individual measurements are shown in parentheses).

TAA

358:Z20G1

W38

Leaves [pmol g™ FW]
Leaves [pmol mg™ chlorophyll]
Chloroplasts [pmol mg™' chlorophyll]

88.8 (102.1; 75.5)
77.2 (88.8; 65.6)
1.4 (1.8; 1.1)

44.2 (38.4; 50.0)
24.0 (20.8; 27.1)
0.9 (0.5; 1.4)

ABA

Leaves [pmol g”' FW]
Leaves [pmol mg™' chlorophyll]
Chloroplasts [pmol mg™ chlorophyll]

528.1 (662.4; 393.8)
459.1 (575.9; 342.4)
13.1(20.9; 5.2)

523.2 (566.9; 479.6)
284.0 (307.7; 260.3)
10.1 (15.0; 5.2)



Figure legends

Figure 1: Cytokinin content (B+R = free bases and ribosides, NG = N-glucosides, OG =
O-glucosides, P = phosphates) in leaves (per fresh weight 1A and per chlorophyll 1B)
and in isolated intact chloroplasts (1C) of transgenic dexamethasone-inducible Sho

(SHO, black) and control SR1 (WT, grey) tobacco. Error bars display SD.

Figure 2: Cytokinin content (B+R = free bases and ribosides, NG = N-glucosides, OG =
O-glucosides, P = phosphates) in leaves (per fresh weight 2A and per chlorophyll 2B)
and in isolated intact chloroplasts (2C) of transgenic 35S5:AtCKX3 (CKX, black) and
control SNN (WT, grey) plants. Error bars display SD.

Figure 3: Cytokinin content (B+R = free bases and ribosides, NG = N-glucosides, OG =
O-glucosides, P = phosphates) in leaves (per fresh weight 3A and per chlorophyll 3B)
and in isolated intact chloroplasts (3C) of transgenic 35S:Zm-p60.1 (P60, black) and
control SR1 (WT, grey) tobacco. Error bars display SD.

Figure 4: Cytokinin content (B+R = free bases and ribosides, NG = N-glucosides, OG =
O-glucosides, P = phosphates) in leaves (per fresh weight 4A and per chlorophyll 4B)
and in isolated intact chloroplasts (4C) of transgenic 355:Z0GI (ZOG, black) and
control W38 (WT, grey) tobacco. Error bars display SD.

Figure 5: Transmission electron micrographs of representative chloroplast cross-
sections taken from the intact leaves of tobacco expressing Sho gene and four 35S
enhancer elements (A, C) with detail of crystalloid (B), and control SR1 (D) tobacco
growing under sterile conditions; and chloroplast cross-section detail taken from leaf of
transgenic dexamethasone-inducible Sho (E) and control SR1 (F) tobacco cultivated in
greenhouse. Abbreviations used: C- crystalloid, CW — cell wall, GT - granal thylakoids,
IT - intergranal thylakoids, M- mitochondrion, P - plastoglobulus, S — stroma, SI -
starch inclusion. Bar =2 um (A, C and D), 500 nm (B, E and F).

Figure 6: Transmission electron micrographs of representative chloroplast cross-section
taken from the intact leaves of transgenic 355:AtCKX3 (A) and control SNN (B),
transgenic 35S:Zm-p60.1 (C) and control SR1 (D), transgenic 355:Z0G! (E) and



control W38 (F) tobacco. Abbreviations used: CW — cell wall, GT - granal thylakoids,
IT - intergranal thylakoids, M- mitochondrion, P — plastoglobulus, S — stroma, SI —

starch inclusion. Bar =2 pm.
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