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ABSTRAKT

Tvorba kotenového systému rostlin je dilezitym ekofyziologickym a agronomickym

parametrem, a také aktualnim tématem vyvojové biologie rostlin. Jeho velmi dualezitou
soucasti jsou postranni kofeny, které tvoii vétsinou hlavni ¢ast absorpéniho povrchu rostliny
Vv rhizosféfe. Jednim z mala popsanych mutantd (vyjma modelovou rostlinu Arabidopsis
thaliana) s poruchou vyvoje postrannich kofent je kukufiény (Zea mays) Irtl (lateral
rootless 1), u néhoz byla popsana chyba v iniciaci postrannich kofeni v ¢asném
postembryonalnim vyvoji. NaSe detailni anatomicko-morfologicka studie mutanta poskytuje
novy pohled na funkci genu LRTL1. Zjistili jsme, Ze iniciace primordii u Irtl je silné zavisla
na podminkach prostiedi a struktura primordii, véetné jejich emergence a pozdéjsiho vyvoje
je siln€ naruSend. Naopak hlavni kofeny nevykazuji tak silné ovlivnéni touto mutaci, ackoliv
ur€ité naruseni bylo nalezeno v povrchovych vrstvach kotenti. Ty byly spojeny s indukovanou

lignifikaci, zvy$enou aktivitou peroxidazy a se zménami v pronikani latek povrchem kofene.

Zmény v propustnosti povrchovych vrstev nas zavedly k problematice apoplastickych
bariér, ktera vSak byla feSena na tradicnim a vyzkouSeném genotypu kukufice (Z. mays)
cv. Cefran. Nase prace poskytuje unikatni pohled na tvorbu téchto bariér v ramci celého
kofenového systému a vypliuje znaénou mezeru tykajici se jejich tvorby u postrannich kofent
riznych fadd. Navic na jednom mist¢ shrnuje vliv osmi nejCastéji  se
vyskytujicich/experimentdlné¢ vyuzivanych kultivacnich podminek. Ty pulsobily vyrazné
zmény pii utvafeni endodermis iexodermis. Nejvyrazngj$i rozdily vramci kotenového
systému jsme pozorovali mezi kratkymi postrannimi kofeny. Chovani dlouhych vétvenych

postrannich kofent se nejvice ptiblizuje popsanym charakteristikdm hlavnich kotend.

V prub¢hu dizertacni prace byla pouzita technika testd propustnosti povrchu kotent.
P11 jejim uzivani jsme zjistili velkou variabilitu ve vysledcich dle typu pouzité sondy. Ackoliv
je tato metodika Casto vyuzivdna, dosud neexistuje srovnani zabyvajici se urcitou variabilitou
mezi vysledky jednotlivych piistupi. Proto byli vybréni zastupci nejcastéji vyuzivanych
»apoplastickych sond“ a sledovano jejich chovani sou¢asné ve dvou rtznych rostlinnych
druzich s odlisné propustnymi povrchovymi vrstvami. Dosazené vysledky byly porovnany
a diskutovany s vystupy ostatnich praci. Vysledky ukazuji na vyrazny vliv rostlinného druhu,
pouZité koncentrace, délce aplikace a individudlnich vlastnosti pouZitych sond. Diskutovana
byla vhodnost jejich vyuZiti a omezeni z pohledu apoplastického transportu.
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1. LITERARNI UVOD

Predkladand dizerta¢ni prace se vénuje skryté ¢asti rostlin — kofenovému systému,

jehoz podstatnou soucasti jsou postranni kotfeny, které tvori obvykle hlavni ¢ast absorpéniho
povrchu rostliny v rhizosfére. Apoplastické bariéry omezuji nekontrolovatelny tok latek
do rostliny. Mechanismy, které ovliviiuji tvorbu postrannich kotent a apoplastickych bariér,
maji zasadni vliv i na jejich preziti v urCitych stresovych podminkach, jakymi jsou
napt. obdobi sucha nebo deficit zivin a dovoluji jim efektivné vyuzivat a soutézit o pudni
zdroje (Enstone et al. 2003; Laskowski 2013; Malamy 2005; Rich and Watt 2013).

Postranni kotfeny vznikaji obvykle postembryonalné (Dubrovsky et al. 2000; Esau
1965; Laskowski et al. 1995; Tian et al. 2014). Vyvoj postrannich kotenti byl detailné popsan
u huseni¢ku (Arabidopsis thaliana), (Malamy and Benfey 1997). Zahrnuje osm fazi od déleni
zakladatelskych bunék, pfes mnohacetna ptfesné organizovana déleni vznikajiciho primordia
aZ po vynofeni postranniho kofene z rodi¢ovskych pletiv. Obecné plati s ur¢itymi omezenimi
1 u trav. Vyvoj postranniho kofene kon¢i diferenciaci vodivych pletiv a jejich naslednym
napojenim na vodiva pletiva rodi¢ovského kofene (Esau 1965).Vznik postrannich kofenu je
regulovan vnéj$imi (Casimiro et al. 2003; Krishnamurthy et al. 2009; Malamy 2005)
a vnitinimi (Bhalerao et al. 2002; Casimiro et al. 2001; Hinchee and Rost 1986; Ivanchenko et
al. 2008; Swarup et al. 2008; Tian et al. 2014; Wightman and Thimann 1980; Zimmermann et
al. 2010) faktory, které spolu intereaguji.

Jednim z dulezitych nastroji funk¢ni genomiky pro objasnéni mechanizmi iniciace,
tvorby a riistu postrannich kofenil je vyuZzivani mutantnich rostlin. Mnozstvi takovychto
mutantd mimo modelovou rostlinu huseni¢ek (A. thaliana) je vsak stale pomérné omezené.
Vzhledem k tomu, ze kukufice (Zea mays), popt. ryze (Oryza sativa) patii mezi jednodélozné
rostliny s heterogenni strukturou kotfenového systému a variabilitou ve vytvareni postrannich
kofeni na primarnich a adventivnich kofenech, oproti husenicku (A. thaliana),
(Hochholdinger et al. 2004b; Smith and De Smet 2012), lze piedpokladat, Ze mechanismy
regulace se mohou mezi jednodéloznymi a dvoudéloznymi rostlinami vyrazné lisit. Je tedy
velmi pfinosné studovat vyvoj kofenti u zastupcl jednodéloznych rostlin, i pfes vyssi
metodickou a casovou naro¢nost. U kukuftice (Z. mays) zatim byly popsany jen Ctyfi mutantni
genotypy s poruchami v utvateni postrannich kofenti - slrl (short lateral roots 1), slr2 (short
lateral roots 2), ruml (rootless with undetectable meristems 1) a Irtl (lateral rootless 1)
(Hochholdinger and Feix 1998; Hochholdinger et al. 2001; Woll et al. 2005).
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Monogenni recesivni mutant Irtl vznikl EMS (ethylmethan sulfonat) mutagenezi
kukutice (Z. mays). Lezi na kratkém rameni druhého chromozomu, avSak mapovani a ptesna
identifikace tohoto genu stale probihd. Dle plvodni studie se tento mutant zdal velmi
vyznamnym nastrojem pro studium iniciace postrannich kofenti vzhledem k popsanému
defektu v zakladani postrannich kofenti na primarnim a seminalnich adventivnich kofenech
v ¢asném postembryonalnim vyvoji (Hochholdinger and Feix 1998). V tomto smyslu byl
pouZivan jako experimentalni model - kontrola bez iniciace primordii, i v naslednych pracich
(Hochholdinger et al. 2004a; Hochholdinger et al. 2001; Park et al. 2004). Presto vSak dosud
chybéla detailni anatomicka studie uptesiujici fenotypovy projev mutace. Mnozstvi informaci
o chovani mutanta Irtl bylo na podatku nasi prace velmi omezené. Casteéna obnova tvorby
postrannich kofenii se podafila pfi plsobeni arbuskularni mykorhizy a/nebo pii zvySeni
dodavky fosfati (Paszkowski and Boller 2002), fenotypem ale velmi vzdalené od ptivodniho
genotypu. Exogenni aplikace auxinu na kli¢ici semena neméla zadny vliv na obnoveni tvorby
postrannich kofenid (Hochholdinger and Feix 1998) a nebyly pozorovany zmény ani
v lokalizaci PIN 1 (PIN-FORMED 1) pienaSece a v polarnim auxinovém transportu (Schlicht
et al. 2006). Zdé se tedy, Ze tento mutant postihuje jiné aspekty regulace vyvoje postrannich
kofend nez je auxin a jeho polarni transport. Lze tedy ocekavat, ze v tomto sméru bude
identifikace tohoto genu zajimavym piispévkem do skupin regulacnich mechanismt
nezahrnujicich auxin.

Predklddand prace se nezamétfuje pouze na popis vyvoje postrannich kotent, ale
poskytuje celkovy pohled na fenotyp Irtl. V pilotnich experimentech ukazoval mutant zmény
VvV utvaieni vnéjSi apoplastické bariéry a aerenchymu. Spolu s detekovanymi zménami
v proteomu (Hochholdinger et al. 2004a) ukazujici na ovlivnéni metabolismu polyfenoli jsme
oc¢ekavali, ze tento mutant bude vhodnym modelem pro funkéni analyzy apoplastickych bariér
a dalSich vlastnosti primarni kiry. Apoplastické bariéry omezuji nekontrolovany piijem latek
z prostiedi. Endodermis je obecné pfitomna apoplastickd bariéra nachazejici se Vv kotenech
vSech semennych rostlin (Esau 1965; Geldner 2013). Modifikaci antiklindlnich
a transverzalnich bunéfnych stén a tésnou asociaci s plazmatickou membrénou dochazi
k omezeni neselektivniho transportu apoplastem (Alassimone et al. 2012; Enstone et al. 2003;
Rufz de Lavison 1910). Vyvoj bariéry je u vétSiny rostlin postupny a obvykle jsou
rozliSovana tii staddia - vytvofeni Casparyho prouzki, suberinové lamely a nasledné
sekundarni tloustnuti bunéné stény (Esau 1965). Obdobnym typem bariéry je exodermis
tvorici se pod pokozkou kofene vétsiny krytosemennych rostlin (Hose et al. 2001; Kroemer
1903; Perumalla et al. 1990; Peterson 1988; von Guttenberg 1968). Oproti relativné

6
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konzervativni struktufe endodermis se tvorba exodermis a jeji charakter 1i$i u rtznych
rostlinnych druhd, kultivart, ale i u téhoz druhu v zavislosti na véku a na podminkach,
ve kterych se koten vyviji (viz dale). Podobné jako endodermis prochdzi tiremi stadii vyvoje
(Hose et al. 2001). Oproti endodermis, jejiz tvorba je konstitutivni, nékteré rostliny vytvaieji
exodermis az po indukci vnéjSimi podminkami, jako napt. kukufice (Z.mays). Vnéjsi
podminky Casto urcuji i postup diferenciace podél hlavni osy kotene a efektivitu vznikajici
bariéry (Enstone and Peterson 1997). Naopak tzv. konstitutivni vznik této apoplastické
bariéry nalezneme napt. u ryze (O. sativa) ¢i rakosu (Phragmites australis), (Ranathunge et
al. 2003; Soukup et al. 2002). I jejich rozsah je vSak ovlivnén podminkami prostiedi.
Pfitomnost bariéry vyrazné€ urCuje transportni parametry kofene (Baxter et al., 2009) a tim
| pfijem mineralnich Zivin a vody, vstup toxickych latek, patogenii nebo vznik mykorhizni
kolonizace (Begg et al. 1994; Enstone et al. 2003; Lux et al. 2011; Schreiber et al. 2007). Lze
predpokladat, ze ovliviiuji i vnitini prostiedi kofene a nasledné pribéh vyvoje pletiv, a jejich
odolnost vi¢i neptiznivym podminkam prostredi. Postup diferenciace pletiv kofene probiha
v kontextu dalSich vyvojovych udalosti, které nelze povaZovat za zcela nezavislé. Znama je
napf. prostorova souvislost a koordinace mezi vznikem aerenchymu, zakladanim a ristem
postrannich kofenu a ukladanim suberinu v apoplastickych bariérach nalezena v radialnim
i longitudinalnim sméru u kukutice (Z. mays) a rakosu (P. australis), (Armstrong et al. 2000;
Enstone and Peterson 1997; Seago et al. 1999; Soukup et al. 2002). Na pocatku prace jsme
vychézely z hypotézy, Ze pokud mutaci doSlo k ovlivnéni schopnosti mutanta efektivné
regulovat vnitini prostiedi, mohl by byt vyrazné ovlivnén prib¢h diferenciace i dalSich pletiv,
vcetné vyvoje postrannich kofeni od jejich iniciace az po zplisob pronikdni matetskymi
pletivy. Predklddand prace proto poskytuje vedle hodnoceni pribchu iniciace a rastu
postrannich kofentli také zhodnoceni vyvoje okolnich pletiv a srovnava tyto procesy navzajem.
V pribéhu prace se ukazalo, Ze mutace ovliviluje celou fadu dalSich parametria v silné
zavislosti na podminkach prostiedi, a tedy, Ze mutant neni vhodny model pro rozsahlejsi
studii apoplastickych bariér. Navic z dtivodu stale nedokonéené identifikace genu zpisobujici
tuto mutaci jsme upustili od této pivodné planované casti a pln€ dokoncili pouze cast
zaméfenou na postranni kofeny. Vzhledem k vysoké variabilit¢ a vyraznym problémum
s kultivaci Irtl rostlin z heterogenni populace semen, zejména jeho vysokou citlivosti
K podminkam prostfedi, byla ¢ast v€novana vyvoji hypodermalnich vrstev nasledné feSena
na jiném ekotypu kukufice (Z. mays).

Tato problematika byla jiz mnohokrat publikovana s pouzitim riznych podminek

prostiedi, 1 riznych druhi rostlin. Rozdily se pak projevuji na rozvoji jednotlivych bariér
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v daném misté, v chemickém sloZeni, v tloustce Casparyho prouzku v radidlnich sténach,
podél samotného kotene a ve vzdalenosti jejich tvorby od vrcholu kofene (Armstrong et al.
2000; Colmer 2003; Colmer et al. 1998; Enstone and Peterson 2005; Enstone et al. 2003;
Karahara et al. 2004; Meyer et al. 2009; Schreiber et al. 2005; Schreiber et al. 1999; Soukup
et al. 2004). Dosud se naprosta vétSina praci zaméfovala pouze na hlavni kofen a ostatni ¢asti
kofenového systému byly opomijeny. OdliSné reakce na urovni apoplastickych bariér byly
pozorovany u je¢mene (Hordeum vulgare), kde v seminalnich a prvni generaci nodalnich
kotfeni nebyla exodermis detekovatelna a utvafela se az v dalSich generacich nodalnich
kotenu (Gierth et al. 1999; Lehmann et al. 2000). Ackoliv postranni kofeny tvoii pfevaznou
a velmi dualezitou ¢ast kofenového systému, jSou zminky o nich ve vétSiné piipadu velmi kusé
a nesystematické. Pfevaznou ¢ast informaci tvoii vysledky z pokusu, pii kterych byly pouzity
apoplastické sondy (Aloni et al. 1998; Soukup et al. 2002; Yamaji and Ma 2007)
se zaméfenim na porovnavani propustnosti mezi hlavnim kofenem a postrannimi kofeny
(Aloni et al. 1998) nebo se zabyvaji otazkou, zdali se dostavaji latky pies mezery vzniklé pii
emergenci postranniho kofene (Peterson et al. 1981), ¢i barvi¢ka prostupuje cely postranni
kofen a jeho cévnimi svazky se dostava dovniti matefského kotene (Enstone and Peterson
1998; Faiyue et al. 2010; Soukup et al. 2002). VétSina téchto informaci se vSak zamétuje
na endodermis, vysledky jsou casto protichudné (Aloni et al. 1998; North and Nobel 1996)
a obsahuji mnohdy pouze informaci o ne/ptitomnosti dané bariéry (Peterson and Lefcourt
1990). Histochemicka detekce ligninu ¢i suberinu (Soukup et al. 2002) nebo stadium vyvoje
bariéry (Reinhardt and Rost 1995) byvaji uvadény pouze velmi sporadicky. Informace
0 exodermis jsou u kofenli vysSich fadi naprosto vyjimecné. Pfitomnost exodermis byla
popsana Vv kukufici (Z. mays), (Redjala et al. 2011; Wang et al. 1995), histochemicky
detekovéna u rdkosu (P. australis), (Soukup et al. 2002), naopak v ryZi (O. sativa) nebyla
v jedné studii pozorovéana (Faiyue et al. 2010), ale v druhé byla detekovéana (Yamaji and Ma
2007). Jediné detailnéjsi informace pochazeji ze studia tlustych postrannich kofenti agave
(Agave deserti) ¢i citrusu (Citrus sp.). Z dtvodi velmi kusych a ¢asto nesourodych informaci
jsme do nadeho studia zahrnuli cely kofenovy systém kukufice (Z. mays) s inducibilnim
charakterem exodermis a studie zahrnuje Skalu nejcastéji se vyskytujicich experimentalnich
podminek, jakymi jsou provzduSiiovand hydroponie, hydroponie se snizenou dostupnosti
kysliku, organické kyseliny v kombinaci s hypoxii, zasoleni, riizné koncentrace tézkych kovi,
puda, zaplavena puda a perlit s piskem. Jako modelovy organismus pro tuto ¢ast jsme zvolili
v nasi laboratofi provéfeny genotyp Cefran (Hlavata 1992; Husakova 2006; Lenochovéa 2004),

jez nevykazuje negativné ovlivnény vyvoj postrannich kofent. Cilem této casti bylo
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zdokumentovat variabilitu apoplastickych bariér v ramci kofenového systému V riznych
podminkach prosttedi. Tato data byla navic spojena s detailni analyzou ristu a vétveni
postrannich kotfent.

V prubéhu studia apoplastickych bariér jsme zjistili, ze ac¢koliv testy propustnosti jsou
velmi Casto pouzivand a celkem jednoduSe proveditelna technika, vysledky v jednotlivych
pracich jsou ¢asto velmi odliSné. Proto jsme doplnili anatomickou ¢ast o metodické srovnani,
které je klicové 1 pro spravnou interpretaci ziskanych vysledki. Vybrana barviva jsme
otestovali na kotfenech kukufice (Z. mays) s indukovanou tvorbou exodermis a na kofenech
ryze (O. sativa), ktera vytvari konstitutivni, silngj$i exodermalni bariéru. V souhrnu
diskutujeme o dilezitém kroku vybéru vhodného ¢inidla a jeho koncentrace pro dany druh
rostliny, jeji stafi a typ kofene. Jelikoz neexistuje jednoduché pravidlo vybéru, souhrn

obsahuje pozitiva i negativa jednotlivych sond.

Z vyse uvedenych divodu je prace Clenéna do tfi viceméné samostatnych casti
zahrnujicich anatomicko - morfologickou studii mutanta Irtl za ruznych kultiva¢nich
podminek, popis vyvoje apoplastickych bariér v ramci celého kofenového systému kukufice
(Z. mays) za riznych podminek prostiedi a zhodnoceni ruznych testi propustnosti
pouZivanych v literatufe zahrnujici diskuzi o moznostech jejich pouziti/jejich limitace

se zahrnutim vlastnich vysledki.

2. CILE PRACE

I. Hlavnim cilem je detailni analyza kofenového systému mutanta Irtl kukufice

Dil¢i cile:

e Detailné zdokumentovat vyvoj postrannich kofend u Irtl, jejich anatomii v riznych
stadiich vyvoje, zptisob pronikani z hlavniho kofene a jejich nasledny rust pfi
variabilnich podminkéch kultivace

e Kvantifikovat iniciaci a rust postrannich kofent Irtl a ptuvodniho genotypu podél
hlavni osy primarniho kotene

e Zhodnotit postup diferenciace povrchovych vrstev kofene; srovnat vyvoj a funkci
exodermalnich vrstev Irtl a normalniho genotypu za ruznych podminek prostiedi
a jejich mozného vlivu na proristani postrannich kotenti

e Popsat rozdily v propustnosti exodermis v zavislosti na prostorovém uspotadani
jednotlivych slozek exodermalnich buné&énych stén

e Porovnat adaptaéni mechanismy na podminky prostiedi mezi Irtl a pivodnim

genotypem a zhodnotit rozdily mezi nimi
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Il. Hlavnim cilem je dokumentace struktury a funkce apoplastickych bariér v rdmci
celého kofenového systému kukufice (Z. mays) za riznych podminek prosti-edi
Dil¢i cile:
e Porovnat rozdily vrozsahu vytvafeni endodermis a exodermis v riznych typech
kotenti (priméarni koten, postranni kofeny riznych fadd, adventivni nodalni kofeny)
a pii pusobeni riznych podminek prostredi
e Detailné zdokumentovat vyvoj apoplastickych bariér v postrannich kofenech rizné
délky a stafi pfi pasobeni riznych stresovych faktort
e Zhodnotit rozdily v propustnosti povrchovych vrstev raznych typa kofent
a za ruznych podminek prostredi
I11. Hlavnim cilem je porovnani jednotlivych typu apoplastickych tracerii uZivanych
Vv literatufe a otestovani vybranych sond na vybraném rostlinném materialu
Dil¢i cile:
e Porovnat charakteristiky jednotlivych apoplastickych sond pouZivanych v literatuie
a zhodnotit rozdily v popsanych vysledcich
e Vybrat vhodné zastupce jednotlivych typti sond a vyzkouSet, popt. modifikovat
metodiku na zvoleném rostlinném materialu
e Porovnat ziskané vysledky s literaturou a vyhodnotit vliv materidlu, pouzitého typu

sondy a zvolené koncentrace

3. MATERIAL A METODY

Jelikoz je tato sekce detailné rozepsana v jednotlivych ¢lancich/manuskriptech,

prezentuji zde jen seznam pouzitého materialu a metod.

Rostlinny material

Kofenovy systém kukufice seté, Zea mays L., B73 genotyp a mutant Irtl (lateral
rootless 1); Zea mays L., cv. Cefran; ryZe seté, Oryza sativa japonica, var. Nipponbare.
Zpracovani vzorki

Pro zpracovani vzorkl byly pouzity ruéni fezy i trvalé preparaty v kombinaci s riznymi
histochemickymi barvenimi, v¢etné detekce aktivity peroxidazy. Vybrané ¢asti kofent byly
projastiovany. Byla testovana propustnost pletiv a kvantifikovan obsah ligninu. Obrazova
analyza byla také pouZita vtéto praci. Pro pozorovani byla vyuzita technika svételné
mikroskopie (svétlé pole, DIC, fluorescence), konfokalni mikroskopie, skenovaci,

popf. transmisni elektronové mikroskopie.
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4. VYSLEDKY A DISKUZE

4.1 Vliv mutace genu LRT1 na vyvoj postrannich koieni kukufFice (Zea mays)

Hlavnim cilem prvni casti této dizertani prace byla detailni analyza kotfenového
systému mutanta Irtl kukufice (Z. mays), u néhoz byl popsan defekt v tvorbé postrannich
kofend v ¢asném postembryonalnim vyvoji (Hochholdinger and Feix 1998). Hned z pocatku
prace se ukazalo, Ze tato mutace neovliviluje pouze vyvoj postrannich kotenti, av§ak ma vliv
I na celkovy habitus a prospivani rostlin, véetné jejich rozmnozovani. Mutant vykazoval
zvySenou citlivost na rizné podminky prostiedi. Vliv fosfati a/nebo mykorhizy na ¢astecné
obnoveni tvorby postrannich kofend byl popsan jiz diive (Paszkowski and Boller 2002). Proto
pro §ir$i zhodnoceni vysledkl jsme zvolili rizné kultivaéni podminky a délku kultivace
ve snaze vyhodnotit jejich vliv na vznik postrannich kofenti. Prvni znamky vytvafejicich
se postrannich kofenti v podobé makroskopicky pozorovatelnych hrbolki na povrchu
hlavnich kofenl jsme pozorovali jiz necely tyden po vykliceni u rostlin péstovanych
v hydroponii a 0 par dni pozdé&ji i u semenacka kultivovanych mezi listy vihéeného filtraéniho
papiru. Jejich pozdé&jsi prorastani vSak neprobihalo srovnatelné s ptivodnim genotypem.
Mutace tedy ovliviluje spiSe pozd¢jsi stadia vyvoje postrannich kofenti, nez samotnou
iniciaci, jak bylo puvodné piedpokladano bez bliz§iho anatomického prozkoumani
(Hochholdinger and Feix 1998). Tomu odpovidaji i vysledky z kvantitativniho hodnoceni
krat$i kortikalni bunky u Irtl. V provzdusnované hydroponii vytvarely mutantni kofeny
dokonce vice primordii/postrannich kofend, nez pivodni genotyp. Zda se tedy, ze ackoliv je
u mutanta iniciace primordii ¢asové zpozdéna, pozdéji dochazi k vyznamnému urychleni
jejich vyvoje. To podporuje i kvantifikace jednotlivych stadii vyvoje primordii v riznych
oblastech primarniho kotene. Ve stars$i poloviné hlavniho kofene jsme mohli sledovat prvni
stadia vyvoje primordii mezi jiz plné prorostlymi postrannimi kofeny. Vzhledem
k obvyklému akropetalnimu vzorci iniciace, jeZz byl potvrzen u husenicku (Arabidopsis
thaliana), (Dubrovsky et al. 2006), to mize byt znamkou vyrazného zpomaleni vyvoje
nékterych zalozenych primordii. Z téchto uvedenych divodid nemize byt mutant nadale
vyuzivan ve studiich jako srovndvaci kontrola nevytvarejici postranni kofeny v ¢asném
postembryonalnim vyvoji (Hochholdinger et al. 2004a; Hochholdinger et al. 2001; Park et al.
2004). Za normalnich podminek jsou primordia vytvafena v ur¢ité minimalni vzdalenosti
od sebe (Dubrovsky et al. 2006). V kofenech Irtl jsme vSak obcéas pozorovali utvaieni
n¢kolika skupin bun¢k (ziejmé primordii) bez ocekavaného rozestupu. Jde-li 0 chybu

.....
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2010), nebo chybu v prostorové definici délicich se bun¢k samotného primordia (Shuai et al.
2002) nelze z nasich experimentl vyvodit. Externi aplikace auxinu, ktery je tésné spjaty
s tvorbou postrannich kofent (Swarup et al. 2008; Teale et al. 2005), nezvratila tato postiZeni
(Hochholdinger and Feix 1998). Podobné ani u vybranych komponent polarniho auxinového
transportu, v¢etné lokalizace pienasece PIN 1 (PIN-FORMED 1), nebyly u Irtl zaznamenany
zmény (Schlicht et al. 2006).

Pti vzniku primordia dochazi k mnohacetnému organizovanému déleni zakladatelskych
bun¢k, které davaji vznik urCitému tvaru primordii typickému pro dany druh rostliny
(MacLeod and Thompson 1979; Malamy and Benfey 1997; Szymanowska-Pulka and
Nakielski 2010). U primordii Irtl byly zaznamenany zajimavé a velmi vyrazné zmény
v anatomii. Mutantni primordia vykazuji poruchy v uspoifadani jednotlivych vrstev, jsou $irsi
na bézi a buiiky zakladnich pletiv jsou mnohem vice vakuolizované. Casto jsme pozorovali
indukovanou lignifikaci na jejich bazi. Primordia maji siln¢ ovlivnénou také strukturu
vznikajiciho apikalniho meristému. Zmény v jejich vyvoji nejsou ovSem limitované jen
co do struktury, ale také ve zpusobu jejich prorastani matefskymi pletivy. Zdali jde o Spatnou
regulaci koordinace mezi primordiem a nad nim lezicimi pletivy (Swarup et al. 2008) vedouci
K uvolnéni stfedni lamely a separaci buné¢nych stén béhem emergence primordia znamé
z husenicku (A. thaliana), (Lucas et al. 2013; Péret et al. 2009; Roycewicz and Malamy 2014;
Yue and Beeckman 2014), nebo o sekundarni modifikace ménici mechanické vlastnosti
pletiva, napft. v disledku tvorby rigidn€js$i bunééné stény jak jiz bylo popsano diive u ryze
(Oryza sativa), (Justin and Armstrong 1991), je z dostupnych pozorovani tézké hodnotit.
Velmi zédhy po vynofeni z matefskych pletiv postranni kotfeny ukoncuji sviyj rast, diky casné
ztraté udrzeni aktivity apikalniho meristému. Vzhledem k vysoké citlivosti mutanta
K prostiedi a tomu, ze jsme toto chovani pozorovali i u velmi mladych postrannich kofend, jde
ziejmé o disledek mechanického tlaku zptsobeného horsi prichodnosti matefskych pletiv.
Zmény v organizaci apikalniho meristému z dtivodu nepfiznivych podminek prostiedi byly jiZ
popsany (De Tullio et al. 2010). Nelze vylou¢it ani moznost urychleni terminace apikalniho
meristému kvuli $patnému mechanismu koordinace déleni a dalSiho vyvoje vznikajiciho
apikdlniho meristému. Terminace byla popsana i jako normalni soucast vyvoje u starSich
postrannich kofenti kukufice (Z. mays) a poru (Allium porrum) rostlych v padé (Berta et al.
1990; Varney and McCully 1991). Jen malé procento z postrannich kotfeni prorostlych
na povrch matetského kotfene dortsta délky vice nez milimetru a jejich morfologie je silné¢

odlisnd od piavodniho genotypu. Jsou zakroucené, tlustsi a zejména v povrchovych
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a podpovrchovych vrstvach miZeme pozorovat vyrazné zmény ve tvaru, velikosti

a soudrznosti bunék.

4.2 Detekované zmény v hlavnich korenech Irtl

Oproti postrannim kotfentim jsou hlavni kofeny Irtl mutaci méné ovlivnény. Jejich
celkova délka je redukovand a jsou obecné tlustsi. Po anatomické strance ukazuji normalni
uspotadani apexu véetné fungujiciho, typicky uzavieného typu apikalniho meristému (Clowes
1981). To by mohlo nasvéd¢ovat rozdilnému tizeni hlavniho a postrannich kofent, které bylo
popsano diive u jinych kukufi¢nych mutantnich linii (Hochholdinger et al. 2004c; Inukai et al.
2005). V urcité vzdalenosti od $picky hlavniho kotfene jsme detekovali zmény v déleni bun¢k
leZicich zejména v povrchovych vrstvach. Nepravidelnosti byly patrné hlavné ve starSich
Castech matefského kofene, které se projevovaly jako naruSeni standardniho usporadani
jednotlivych vrstev bunék. To miiZze byt zptisobeno napft. vyssi rigiditou bunécnych stén, které
nedovoli bunkdm v povrchovych vrstvach kompenzovat objemovy rist bunék lezicich pod
nimi, ale téZ muze jit o zmény v celkové soudrznosti bunék. To také mize souviset
s pozorovanou lignifikaci v téchto mistech. Co je vSak pii¢ina a co nasledek? A jak stim
souvisi vysSi detekovana aktivita peroxidazy v téchto mistech u kofenu Irtl? Peroxidazy hraji
klic¢ovou roli prave pti lignifikaci, popf. suberinizaci, pti propojovani jednotlivych slozek
bunécnych stén a v metabolismu reaktivnich forem kysliku, tzv. ROS (reactive oxygen
species), (Burr and Fry 2009). Nezpusobuje pravé ona zvySena aktivita peroxidazy vyssi
rigiditu bunéénych stén, a tudiZz vyssi mechanicky odpor pletiv s naslednym poSkozenim
pletiv béhem expanzivniho rastu bun¢k? Role zvySené aktivity peroxidazy pii poranéni ¢i
poSkozeni je znama (Almagro et al. 2009). To, zda jde skute¢né o nasledek pusobeni stresu
(nasledek vyssi citlivosti mutantnich rostlin na mén¢ pfiznivé podminky prostiedi), nebo jsou
pravé zvySena aktivita peroxidazy apopsané modifikace bunéénych stén zodpovédné
za pozorovana poskozeni, nelze v tuto chvili zodpovédét. Nicméné je mozné, Ze detekované
zmény v aktivit¢ peroxidazy mohou mit vliv na pozorované zmény pii proriistani postrannich
kofenli z matetskych pletiv, jak je zminéno vySe v této kapitole, nebot ROS signalizace
a specifickd aktivita peroxidazy jsou vyZzadovany pravé pro tento krok vyvoje postrannich
kofenti (Manzano et al. 2014).

Kukufice (Zea mays) je druh rostliny, u které se uvadi, Ze vytvaii vnéjsi apoplastickou
bariéru zvanou exodermis po indukci vné&j$imi podminkami (Enstone and Peterson 1997).
V naSich experimentech slrtl dochazelo ktvorbé této vrstvy pouze v Kultivaci mezi
vlhéenymi listy filtracniho papiru. Pozorované nepravidelnosti v uspofadadni povrchovych

vrstev mély zfejmé negativni vliv na spravnou organizaci Casparyho prouzkt v exodermis.
13
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Ztrata kontinuity bariery byla potvrzena testem propustnosti s kyselinou jodistou.
V pivodnim genotypu byla tato sonda zastavena na Urovni vytvofené exodermis. Naopak
ulrtl proSla kyselina jodistd v nékterych mistech za exodermalni bariéru. Co vSak bylo
zajimavé, zastavila se vE€t§inou na urovni treti, resp. ¢tvrté vrstvy primarni kiry od povrchu.
V hypoxické hydroponii, ktera utohoto genotypu neindukovala vznik exodermalni vrstvy,
prosla sonda u ptvodniho genotypu az k endodermis. AvSak u Irtl ukazalo jeji pronikani
témef totozny vzorec jako v kofenech s vytvofenou bariérou — prosla jen nékolika vrstvami
od povrchu kotfene. Omezeni pronikani testovaciho roztoku odpovidad umisténi pozorované
indukované lignifikace/suberinizace. Mizeme se domnivat, Ze jde o odpovéd” kompenzujici
defekty v uspotfadani povrchovych vrstev pletiv a jejich funkce. Proteomicka analyza mutanta
ukézala zmény souvisejici s metabolismem fenolickych latek a vyssi hladiny enzymi syntézy
ligninu (Hochholdinger et al. 2004a). To muze byt spojené pravé s odpovédi na stres, nebo
s abnormalni lignifikaci pozorovanou v povrchovych vrstvach kofene a také v pericyklu.
Abychom zjistili, zda zvySend syntéza ligninu je spojena s odpovédi na stres, nebo jde
0 celkovou zménu v metabolismu Irtl, provedli jsme kvantifikaci ligninu v riznych ¢astech
odlisn¢ starych rostlin Irtl. NenaSli jsme ale Zadnou zménu v obsahu ligninu oproti
pavodnimu genotypu. Na lignifikaci v Irtl tedy muZeme nahlizet spiSe jako na lokalni
mechanismus odpovidajici na poruseni vnitini homeostazy v disledku jakési obranné reakce

na moznd mén¢ priznivé podminky prostiedi.

4.3 Vyvoj apoplastickych bariér v ramci koienového systému kukufice (Zea mays)
za riznych podminek prostiedi

Apoplastické bariery — endodermis a exodermis, umoziuji kontrolu piijmu latek
z okolniho prostifedi do rostlin. Rozsah, vjakém se vytvafeji, je uzce spjat s piisobenim
podminek prostiedi. Zaméfili jsme se proto na vyvoj apoplastickych bariér kukutice (Z. mays)
za pusobeni rozliénych stresovych faktorti. Oproti ostatnim pracim nase studie udava prvni
systematicky popis variability tvorby téchto bariér vramci celého kotfenového systému
a zahrnuje i morfologickou analyzu kotfenového systému (pro vice detaild viz kap. 3.2.2)
sdlirazem na detailni analyzu rlstu postrannich kofenli, jejich distribuci a vétveni.
Poskytujeme vysledky ziskané z kultiva¢nich podminek indukujicich nej¢astéji studované
stresové faktory pusobici na rostliny, jakymi jsou hydroponie se snizenou dostupnosti kysliku,
organické kyseliny v kombinaci s hypoxii, zasoleni, ruzné koncentrace tézkych kovd,

zaplavena puda a perlit s piskem.
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4.4 Rozdily ve vyvoji endodermis mezi hlavnim a postrannimi koreny; vliv podminek
prostiedi

Endodermis tvofi vnitini apoplastickou bariéru. Vytvaii se konstitutivné ve vSech
kofenech semennych rostlin (Alassimone et al. 2012; Esau 1965) a jak dokazuji naSe
vysledky, alesponi prvni faze jejiho vyvoje, vytvoieni Casparyho prouzki, tvoii kontinudlni
vrstvu dokonce i1 ve velmi kratkych postrannich kofenech druhého tadu, o nichZ neni
V literatufe mnoho informaci. JelikoZ jsme sledovali segmenty rizné dlouhych a ne/vétvenych
postrannich kofenii odebranych jeden centimetr od jejich baze a ve tfech ctvrtinach délky
primarniho kofene, nelze zhodnotit prubéh diferenciace bariér podél osy kofent. Na druhou
stranu u téchto mist mizeme brat utvofeni jejich bariéry viceméné v maximalnim stupni
diferenciace (v kotfenu dané velikosti, stafi a pfi konkrétnich kultiva¢nich podminkach), coz
umoznilo 1épe zmapovat variabilitu tvorby bariéry a jejitho rozsahu pro rtizné typy kotent
Vv ramci kofenového systému. Nejvice se primarnim kofenlim svymi charakteristikami podoba
tvorba endodermis v dlouhych vétvenych postrannich kofenech, pfesto vSak i v téch
se vyskytuje méné ulozené terciarni bunééné stény. Kratké postranni kofeny vytvareji naopak
Casparyho prouzky kratsi a i dalsi stadia vyvoje jsou tvofena v mensim rozsahu.

Pti srovnani postupu diferenciace endodermis mezi riznymi podminkami prostredi jsme
zjistili zajimavé a velmi vyrazné rozdily patrné zejména u kratkych nevétvenych postrannich
kotfenli. Obecné lze fici, Ze pii hypoxii neutvafi kofeny pfili§ silnou endodermalni bariéru, coz
potvrzuji i data Enstone and Peterson (2005). Naopak pfitomnost toxickych kovi, smés
pisku/perlitu a zasoleni stimuluji radialni $itku Casparyho prouzkd. Podobny trend byl popsan
jiz diive pfii zasoleni u kukufice (Zea mays), (Karahara et al. 2004) a ryZe (Oryza sativa),
(Krishnamurthy et al. 2009), pusobenim kadmia (Lux et al. 2011) a pii péstovani kukufice
(Z. mays) na strusce s vysokym obsahem soli a tézkych kovi (Degenhardt and Gimmler
2000). Vysoka koncentrace kadmia zpisobovala mistni zmény v organizaci Casparyho
prouzkl a podporovala masivni rozvoj tfetiho stadia vyvoje bariéry. Zasoleni, toxické kovy
a smés pisku/perlitu podporovaly i1 rozvoj suberinové lamely, coz bylo patrné zejména
u kratkych postrannich kofent. V primarnich kofenech bylo toto popséno napt. u kukufice
(Z. mays) péstované ve vermikulitu (Enstone and Peterson 2005) a u rtiznych kultivart ryze
(Oryza sp.) rostle v zasolené pud¢ ¢i hydroponii se soli (Krishnamurthy et al. 2009). Z naSich
vysledkit je ovSem patrné, ze ovlivnéni na trovni primarnich kofenii nami sledovanych
kukufic je méné vyrazné. Za ostatnich kultivaénich podminek se zejména v kratkych
postrannich kofenech suberinova lamela nevytvaiela téméf vubec. Z toho lze vyvodit, Ze tento

typ koteni reaguje nejcitlivéji na podminky prostiedi pii utvareni endodermis.
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4.5 Srovnani vyvoje exodermis a jeji propustnosti v ramci kofenového systému; vliv
kultiva¢nich podminek

Nase vysledky ukazuji, ze podobné jako u endodermis, i exodermalni Casparyho
prouzky a suberinova lamela se vytvaieji v primarnich i postrannich kofenech, v téch
kratkych v mensi mite. Depozici terciarni bunééné stény jsme nepozorovali u Zadné z variant,
u zadného typu kofend, podobné téZ Enstone and Peterson (2005). Vliv rtznych typu
prostiedi jsme mohli sledovat diky inducibilnimu charakteru exodermis, jaky ma pravé
kukufice (Zea mays). Opét, jako u endodermis, nejpodobnéji hlavnim kofeniim reagovaly
dlouhé vétvené postranni kofeny. V kultivacich s pevnym substratem se vytvarely silné
Casparyho prouzky, a to i ve vétSin¢ velmi kratkych postrannich kofend. Exodermis
Vv postrannich kofenech kukufic (Z. mays) a citrusu (Citrus sp.) rostoucich v padé, byla
zminéna jiz diive (Eissenstat and Achor 1999; Wang et al. 1995). Ackoliv by bylo velmi
zajimavé zjistit, jaky vliv ma siln€¢ vyvinutd exodermis u kratkych postrannich kotfent
na jejich celkovou propustnost, bohuzel takto rostlé kofeny lze jen velmi obtizn¢ testovat
tradiénimi postupy pomoci apoplastickych sond. Pii jejich separaci od substratu hrozi redlné
riziko poskozeni, zejména jemnych postrannich kofend, a tudiz ovlivnéni vysledki (Moon et
al. 1986; Varney and McCully 1991). Vysledky ze zaplavené pudy u blatouchu (Caltha
palustris) a lekninu (Nymphaea odorata), (Seago et al. 2000) a u kukufice (Z. mays) rostlé
v aeroponické kultivaci (Enstone and Peterson 1998; Redjala et al. 2011; Zimmermann et al.
2000), kterd se svymi vlastnostmi blizi kultivaci v pevném substratu vice nez hydroponii,
podporuji dileZitost exodermis také u primarniho kofene v téchto podminkach. Ve vSech
typech hydroponické kultivace jsme nepozorovali témétf zadny vyvoj Casparyho prouzki,
atozejména u kratkych postrannich kotenil. Zeslabeny vyvoj exodermis v hydroponii
potvrzuji idata ziskana naprimarnich kofenech kukufice (Z.mays) a kosatce (lIris
germanica), (Enstone and Peterson 1998; Meyer et al. 2009; Zimmermann et al. 2000).
Ve stagnantni hydroponii nebyly Casparyho prouzky detekovatelne v témét zadnych hlavnich
kotenech, oproti zavzduSnénym variantdm vSak suberinovéa lamela byla témito podminkami
zna¢né stimulovana. Salinita v hlavnich kofenech baviniku (Gossypium hirsutum), (Reinhardt
and Rost 1995), ryZze (Oryza sativa), (Krishnamurthy et al. 2009) ¢iskocce (Ricinus
communis), (Schreiber et al. 2007) stimulovala vyvoj prvniho i druhého stadia exodermis,
naopak u kukufice (Z. mays) takovy efekt nevykazovala. Podobné jako u hlavnich kofent
(Lux et al. 2011; Redjala et al. 2011), i u delsich postrannich kotent kukufice (Z. mays) nizsi

davky toxickych kovi zesilovaly Casparyho prouzky.
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Vysledky z testd propustnosti mezi jednotlivymi typy kofent ukazaly, ze pfi méfeni
redlné vzdalenosti pohybu apoplastické sondy jsou jen velmi malé rozdily mezi jednotlivymi
typy kotenti. Pon€kud propustnéjsi jsou velmi kratké postranni koteny prvniho a druhého
fadu. Vyssi propustnost apoplastu kratSich postrannich kotfenti byla popsana i u rakosu
(Phragmites australis) a ryZze (O. sativa), (Faiyue et al. 2010; Soukup et al. 2002). Pfi
vyjadieni propustnosti jako podilu primarni kury ,,zasazené* kyselinou jodistou se ukazaly
mnohem vyss§i rozdily mezi jednotlivymi typy kofenti, coz vSak ptimo souviselo s jejich
tloustkou. Neékteré prace oviem ukazuji, Ze vzdalenost, kterou musi soluty urazit primarni
karou koreluje s radialni slozkou hydraulického odporu pfi toku do kotene (Eissenstat and
Achor 1999; Rieger and Litvin 1999), coz je také nutné brat na védomi pii vyhodnocovani

vystupll téchto testl. O moZnosti ovlivnéni vysledkil také pouZitou apoplastickou sondou

viz kap. 3.3.2.

4.6 Problémy s detekci exodermalnich Casparyho prouzku v hypoxické kultivaci

V kultivacich s nedostatkem kysliku jsme Casto pozorovali silné suberinové lamely
v exodermis hlavniho a zejména pak postrannich kofenl, avSak bez souCasné detekce
Casparyho prouzki. Vysledky ziskané z histochemické detekce ligninu pomoci berberin
hemisulfatu a floroglucinolu jsme doplnili metodou transmisni elektronové mikroskopie
(TEM). Tato metoda byla pouzita u stejného materidlu, kde autofi histochemicky také
nedetekovali Casparyho prouzky, ale diky TEM zaznamenali paskovou plazmolyzu v této
vrstvé (Enstone and Peterson 1997), kterd vznikd pouze diky pevné asociaci plazmaticke
membrany k bunééné sténé v misté Casparyho prouzkt. Bohuzel ve srovnani s endodermis,
u exodermis jsme nevidéli zadnou paskovou plazmolyzu, ziejmé diky rychlému ulozeni
suberinové lamely, kterd rusi toto pevné spojeni v radialnich sténach (Enstone and Peterson
1997). Nebyli jsme ani schopni jasné¢ detekovat typické elektrondenzni prouzky v oblasti
modifikované radialni bunécné stény, a to ani na stejnych tezech, kde byly jasn¢ viditelné
endodermdlni Casparyho prouzky a dokonce ani Vv kotfenech, kde byly tyto struktury
v exodermis jasné barvitelné berberinem. Tato metoda se pro vyzkum exodermalnich
Casparyho prouzkd nezda pfili§ vhodna, nebot’ i jini autofi méli problémy s jejich jasnou
vizualizaci (Clarkson et al. 1987; Eissenstat and Achor 1999; Lehmann et al. 2000; Ma and
Peterson 2003). Pro¢ jsme nepozorovali ve stagnantni kultivaci po histochemické detekci
Casparyho prouzky, avsak pii stejnych podminkach doplnénych o organické kyseliny jsme
mohli tyto struktury do uréité miry pozorovat? Ze by dochazelo za riznych podminek do jisté
miry K nezavislé regulaci vytvareni Casparyho prouzkd a suberinovych lamel? Problémy

s detekci Casparyho prouzkii mohou souviset se zménou obsahu, popf. i zpiisobu depozice
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ligninu a suberinu v prouzcich. Tuto mySlenku zminili jiz autofi Ranathunge et al. (2005),
ktefi si v8imli neobvykle vysoké propustnosti exodermalnich Casparyho prouzki
rozdilnym chemickym sloZzenim oproti jinym druh@im rostlin. Jiné prace ukazaly, Ze pfi
ruznych druzich stresti se nemusi ménit jen celkové mnozstvi alifatickych a aromatickych
monomert, nybrz i jejich podil (Schreiber et al. 1999; Zeier et al. 1999). Tato problematika
nebyla dosud zcela vyfesena. Ackoliv nékteré prace na endodermis husenicku (Arabidopsis
thaliana) ukazuji, ze zakladni jednotkou Casparyho prouzki je vyhradné lignin, a suberin
se do nich uklada az pozdé&ji (Naseer et al. 2012), jiné tvrdi, Ze u mnoha druhi detekovali
v exodermalnich prouzcich pouze suberin, k detekci vSak pouZzili pouze histochemicke
barveni (Perumalla et al. 1990). Jiné prace po chemické kvantifikaci ukazuji, ze u riznych
druhti rostlin endodermalni i exodermalni prouzky obsahuji ob¢ tyto slozky (Schreiber et al.
1999; Zeier et al. 1999).

4.7 Testy propustnosti

V piedchozich kapitolach dizertaéni prace jsem testovala propustnost povrchovych
pletiv kukufice (Zea mays) Irtl mutanta a pivodniho genotypu B73 s/bez vytvotrené
exodermalni vrstvy, a kultivaru Cefran pro zhodnoceni vlivu podminek prosttedi v riznych
¢astech kofenového systému. V prubéhu prace se wukazalo, ze ackoliv vyuzivani
apoplastickych sond je Siroce vyuzivana technika, vysledky rtznych autort jsou ¢asto velmi
rozporuplné. Z tohoto diivodu vznikla tato ¢ast dizertaéni prace, ktera testuje a porovnava
vybrané apoplastické sondy na dvou genotypech s odliShym typem tvorby exodermis -
inducibilni bariérou u kukufice (Z. mays), (Enstone and Peterson 1997) a konstitutivnim
vznikem u ryze (Oryza sativa), (Ranathunge et al. 2003). Vytipovali jsme ¢tyfi nejcastéji
pouZivané sondy - Zeleznaté kationty (Rufz de Lavison 1910), kyselinu jodistou (Soukup et
al. 2002), srazeny berberin (Enstone and Peterson 1992) a PTS (trisodium 3-hydroxy-5,8,10-
pyrenetrisulfonat), (Zimmermann and Steudle 1998), liSici se svym nébojem, velikosti
a z toho plynoucim chovanim uvnitf pletiv a jejich naslednou detekci. Odlisné chovani sond
jsme zaznamenali pfi prichodu exodermdlni bariérou, pfi pohybu v primarni kiie a také

Vv rizné starych ¢astech kotene.

4.8 Propustnost exodermalni bariéry
Ackoliv ndzev bariéra evokuje neprostupnou vrstvu branici vstupu vSech latek,
apoplastickou bariéru je nutné brat spiSe jako selektivni vrstvu propoustéjici jen uréité

molekuly s ohledem na jejich charakter, zejména velikost a naboj (Hose et al. 2001). Na tuto
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vlastnost poukazuji i naSe vysledky. Apoplastické sondy (Zeleznaté kationty, berberin
i kyselina jodista) prosly ve tfech Ctvrtinach hlavniho kofene kukufice (Zea mays) pies
vytvofenou exodermis, coz bylo pozorovano u berberinu jiz dfive (Enstone and Peterson
1998). Oproti tomu v rostlinach se siln¢jsi bariérou, jakou tvofila nami sledovana ryze (Oryza
sativa), ale i rakos (Phragmites australis) ¢i kosatec (Iris germanica), Fe®* (Soukup et al.
2002) nebo berberin (Meyer et al. 2009; Soukup et al. 2002) nedokézaly prostoupit pies tuto
externi bariéru. Jinou situaci jsme vSak pozorovali u kyseliny jodisté, kterd i u ryZe (O. sativa)
proSla skrz bariéru. U této sondy jsme zjistili velkou variabilitu v chovani pii uziti rizné
koncentrace a délky aplikace v kofenech rtznych druht. Jelikoz po nékolika hodinach
dokézala sonda projit skrz cely kofen ryze (O. sativa) a povahou je to silné oxidac¢ni ¢inidlo,
za Uvahu stoji jeji toxicky vliv na membrany bunck. Pfi pétindsobné slabsi koncentraci
se u kukufice (Z. mays) nedostala dale nez do pokozky, a to i v mladych ¢astech kofene bez
vytvofené exodermis (viz kap. 3.2.2), ziejmé z duvodu vycerpani jeji koncentrace uz
na pokraji kofene. Nicmén¢ se zda, ze jde o druhové specifickou zalezitost, nebot’ tato sonda
prosla ve vyssi koncentraci bud’ jen do rhizodermis (u rakosu, P. australis) nebo jen ¢aste¢né
za exodermis (u zblochanu, Glyceria maxima). Oba druhy jsou mokfadni s celkem silnou
bariérou, avsak lisi se v jejim sloZeni (Soukup et al. 2007; Soukup et al. 2002). Je ziejmé, ze
z davodu mozného negativniho vlivu na membrany je nutné byt pii formulovani zavért
o rychlosti prichodu pletivy velmi opatrny. Nicméné pro posouzeni propustnosti
povrchovych pletiv je tento nastroj dostateény a v mnoha ohledech spolehlivéjsi nez ,,méné
toxické* alternativy. Proto jsme jej pouZili pro testovani propustnosti v prvni a druhé &asti
této prace. PTS se ukézalo velmi nevhodné pro detekci na fezech, bez jejichz vyuziti nelze
zpracovavat silngj$i kofeny. Nese silny negativni naboj, diky némuz ma velmi nizkou afinitu
K buné¢nym sténam. To ziejmé zplsobuje jeho rychlé vymyvani pii ptiprave fezd ze starSich
¢asti kotene, kde buiikky maji mezi sebou velké mezibunécné prostory. Jeho nasledna detekce
je diky silné autofluorescenci bunécnych stén trav také obtizna. To jsou zifejmé divody, pro¢

v literatufe miizeme nalézt vysledky z fezi jen velmi ojedinéle (Peterson et al. 1981).

4.9 Porovnéani pohybu jednotlivych apoplastickych sond v primarni kiie

U kukufice (Zea mays) prosly Fe?*, kyselina jodistd i berberin do vnitinich pletiv
kotene, coZ ndm umoznilo vzajemné porovnat rychlost jejich pohybu. Hloubka penetrace
zavisela na délce ptsobeni expozice, avsak rozdil mezi sondami byl po 30, popt. 60 minutach
tém&f zanedbatelny. Pouze Fe®* doséhly za stejnou dobu hlubSich vrstev. Tato sonda
je v porovnani s ostatnimi nejmensi, lze tedy predpokladat, ze by se méla pohybovat rychleji.

Nicméné je mozné, ze pusobi v ur€ité mife negativné na bunécné membrany. Mozny toxicky
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vliv Fe?* byl diskutovan jiZ v predchozich pracich (Meyer et al. 2009; Ranathunge et al. 2005;
Rufz de Lavison 1910; Soukup et al. 2002). Zajimavé vysledky ukézalo porovnani jedné
sondy aplikované na rtizné rostlinné druhy (Enstone and Peterson 1992). U téchto druhii byla
kontrolované poskozena exodermis, ¢imz se odstranilo ,,zdrzeni/zastaveni® pti priachodu touto
vrstvou. Vysrazeny berberin byl detekovany nejhloubéji v pletivech kukufice (Z. mays), kratsi
vzdalenost od rhizodermis urazil u cibule (Allium cepa) a sluneénice (Helianthus annuus).
U dvoudélozného hrachu (Pisum sativum) a bobu (Vicia faba) se nedostal dokonce hloubéji
nez par vrstev od povrchu, ackoliv tyto druhy vilbec exodermis netvoii. Autofi toto chovani
vysvétluji ptitomnosti fenolickych latek v bunéénych sténach primarni kury, které na sebe
navazuji berberin a omezuji jeho nasledny pohyb (Enstone and Peterson 1992; Wilson and
Peterson 1983). Rozdil v pronikani této sondy mezi jednodéloznymi a dvoudéloznymi
rostlinami byl také popsan u Aloni et al. (1998). Muzeme spekulovat o jiném charakteru
bunécnych stén a velikosti mezibunécnych prostor. Ackoliv byl pro lepsi detekci berberin
srazen, ¢imz mélo byt dosazeno vytvoreni srazenin lépe udrzitelnych v mezibunécénych
prostorach, na fezech jsme jich piili§ mnoho nepozorovali. Dochazelo ziejmé k jejich vymyti
pfi manipulaci s fezy, diky ¢emuZz jsou zavéry dosazené pomoci této sondy méné piesné.
Obcas jsme pozorovali berberin i v n¢kterych bunkach primarni kiry kukutice (Z. mays) a byl
popsan i v bunikach rakosu (Phragmites australis), (Soukup et al. 2002). Nemusi vSak jit
o0 zndmku toxického vlivu na membrany, jaky hrozi u kyseliny jodisté a Fe?*, nebot’ berberin
je substratem pro MDR (multidrug-resistance protein) membranové transportéry popsané
u koptisu (Coptis japonica) a nékterych bakterii (Severina et al. 2001; Shitan et al. 2003). Jak
l1ze vidét z predchoziho textu, u vSech pouzitych sond byla zaznamenana jejich pfitomnost

v protoplastu. Proto je nutné si uvédomit, ze pojem ,,apoplasticka sonda‘“ je pomérné relativni.

4.10 Chovani apoplastickych sond ve $pickach hlavnich kofent

Apoplastické bariéry vznikaji v urcité vzdalenosti od meristému, vétSinou nejdiive
endodermis a v uré¢ité vzdalenosti od ni exodermis. Tato vzdalenost je druhové specificka
a méni se v zavislosti na podminkach prostiedi a rychlosti ristu kofene (Enstone and Peterson
1992; Enstone and Peterson 1997; Ranathunge et al. 2003). Zéna kofenové $picky, ktera tuto
bariéru zatim neobsahuje, nicméné neni propustnd pro apoplastické sondy. Autofi spekuluji
0 vlivu kompaktné&jsiho pletiva s malymi mezibunénymi prostorami (Enstone and Peterson
1992) nebo mizeme uvazovat o vlivu mucigelu. Oproti star§im castem kofene, kde pohyb
Fe?* byl oproti ostatnim sondam rychlejsi, ve $pi¢kach hlavnich kofenéi nami sledované
kukufice (Zea mays) a ryZe (Oryza sativa), ale také u kosatce (Iris germanica), (Meyer et al.

2009) a rakosu (Phragmites australis), (Soukup et al. 2002) se kationty nedostaly do vnitinich
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pletiv. Vzhledem k tomu, Ze kukufice (Z. mays) sekretuje velké mnozstvi mucigelu bunikami
kofenové &epitky, muiZe vazba Fe?" znesnadnit jejich vstup do apexu. To bylo
zdokumentovano pro nékteré dalsi kationty, napt. Cu®* (Morel et al. 1986). A&koliv PTS je
Vv bunéénych sténach vysoce mobilni, v pletivech apexu cibule (Allium cepa) a kukufice
(Z. mays) moc detekovatelné nebylo (Cholewa and Peterson 2001; Peterson and Edgington
1975; Peterson et al. 1981). Naopak u agave (Agave deserti) barvilo celé $picky (North and
Nobel 1995). Bohuzel tato pozorovani nemtizeme doplnit vysledky znami sledovanych
druhd, nebot’ jak u apexu kukufice (Z. mays), tak i ryZze (O. sativa) jsme po piipravé fezi
pozorovali velmi silné vymyvani této sondy z pletiv a bylo velmi té¢zké rozeznat detekovana
mista od silné¢ autofluorescentniho pozadi. Navic jsme pozorovali akumulaci této barvicky
v protoplastu né€kterych bunék mladych postrannich kofenti kukufice (Z. mays). Moznost
vlivu nespecifické endocytosy je ukdzéna v préaci Cholewa and Peterson (2001), kde byla tato
sonda také endocytovdna v nehomogenné distribuovanych kortikalnich buitkich mladych
Casti kofene. Toto chovani je nutné brat v potaz pii postulovani zavéru z detekce pomoci této
sondy. Kyselina jodistd se uryze (O. sativa) dostala Casteéné do apexu, podobné jako
u rdkosu (P. australis), (Soukup et al. 2002). Nicméné po ¢tyfnasobném prodlouzeni doby
inkubace siln¢ obarvila cely objem kofenové Spicky. Tento vysledek podporuje nasi
domnénku o toxickém vlivu této sondy na membrany. V ptedchozi kapitole jsem zminila, Ze
na fezech starSich casti kotfenl se po detekci berberinem nenachazely témét Zadné jeho
srazeniny. Oproti tomu ve Spickach jsme detekovali mnoho srazenin zachycenych v celé
Spicce ryze (O. sativa) i kukutice (Z. mays) a byli pozorovatelné i u hrachu (Pisum sativum),
fazolu (Vicia faba), cibule (A. cepa), kosatce (I. germanica) a rakosu (P. australis), (Enstone
and Peterson 1992; Meyer et al. 2009; Soukup et al. 2002). Dtivodem, pro¢ zde srazeniny
byly zachovany, mohou byt mensi buniky s menSimi mezibunéénymi prostory, ze kterych se

hife vymyvaji.

4.11 Chovani apoplastickych sond v postrannich kofenech

Barvitelnost primordii zavisela na jejich poloze v matefském pletivu a tedy i jejich stafi.
Neprorostla primordia kukufice (Zea mays) a ryze (Oryza sativa) nebyla barvena Zadnou
z pouzitych sond. Situace se zménila, kdyz primordium doséhlo povrchovych pletiv. Fe?*
a kyselina jodista pronikly k primordiu a obarvily jeho apex a kofenovou ¢epicku, podobné
jako u radkosu (Phragmites australis), (Soukup et al. 2002). SraZzeniny berberinu byly
detekovany v celém jeho objemu. Toto barveni neni az tak piekvapujici, vzhledem k tomu, Ze
nad prorustajicimi primordii se v exodermis neukladaji suberinové lamely (Enstone and

Peterson 2005). Pro¢ vSak nebyly obarveny mladsi, hloubé&ji se vyskytujici primordia lze
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Z nasich pozorovani tézko zodpovédéet. Jelikoz tato Cast zaméfend na postranni kofeny neni
ptili§ ¢astym tématem v publikacich, nemame piili§ mnoho srovnani s jinymi autory oproti
vysledkiim z ostatnich c¢asti kotfene. V prorostlych postrannich kotfenech jsme mohli
pozorovat rozdilné chovani jednotlivych sond. Je ale nutné si uvédomit, Ze tato pozorovani
jsou délana na celych organech, kde hrozi piekryti a nedostatecné prostorove rozliseni signalu
zejména v hlubsich vrstvach. Zda se, Ze barveni pomoci Fe?* zavisi na tloustce postrannich
kotentd. U tencich kofent druhého tadu kukutice (Z. mays) a prvniho i druhého tadu u ryze
(O. sativa), ktera vytvaii obecné tendi postranni kofeny, byly Fe** pozorované v celém
objemu kotent. Co vSak bylo velmi zajimavé, u tlustSich kotfenti kukufice (Z. mays) nebyly
zbarvené kofenové Gepi¢ky. Ze by se tlustdi kofeny svym charakterem, napf. produkci
mucigelu, pfiblizovaly hlavnim kofenim? Kyselina jodista barvila ten¢i kofeny obou fada
kukutice (Z. mays) i ryZze (O. sativa) celé. Na pti¢nych fezech jsme vidéli, Zze tato sonda
pronikla u tenkych kofenti k endodermis, v nékterych piipadech barvila i cely stfedni valec,
naopak u dlouhych vétvenych kotent kukutice (Z. mays) se dostala jen do n€kolika vrchnich
vrstev. Dilezitou roli zde hrala tloustka kofene (viz kap. 3.2.2). Zajimavé vysledky ukazaly
berberin a PTS. Silngjsi koteny kukufice (Z. mays) se zdaji byt berberinem zbarvené celé, coz
bylo potvrzeno na pii¢nych fezech (Aloni et al. 1998). Oproti tomu Vv tencich postrannich
kofenech kukufice (Z. mays) prvniho i druhého fadu se sonda nachazela zejména v apexu
a vV mistech napojeni na hlavni kofen (totéZ i u PTS). Naopak za Spi¢kou barveni nebylo pfilis
znatelné. Toto nerovnomérné barveni muze byt zpusobeno rychlej$im vymytim z oblasti
S vétsimi bunikami, popft. rychlejSim rozpusténim srazenin V piipadé berberinu. To naznacuji
i naSe pozorovani z detekce tenkych kofent kukufice (Z. mays) barvenych pouhych 10 minut
pomoci berberinu, kdy barvicka byla viditelnd pouze ve Spicce a na bazi postrannich kofend.
Nicméné v postrannich kotfenech slunecnice (Helianthus annuus) byly krystaly viditelné
Vv celé primarni kufe jiz po péti minutich (Aloni et al. 1998). U ryZe (O. sativa) jsme
nerovnomérné rozlozeni berberinu také nezaznamenali - barvil se cely postranni koten, vzdy
bez kotenové Cepicky. Podobné jako v hlavnich kofenech i zde jsme obcas detekovali PTS
uvniti nékterych bunék ziejmé disledkem endocytézy zminéné v predchozi kapitole a bylo
velmi obtizné odlisit barveni od pozadi. To muze byt divod, pro¢ jsme oproti vysledkim

Faiyue et al. (2010) nepozorovali zadny PTS signal ve stfednim valci.
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5. ZAVERY

I. Analyza kofenového systému mutanta Irtl kukufice (Zea mays)

» Mutace ovlivituje celkovy habitus rostlin

» Tvorba primordii u Irtl silné¢ zavisi na podminkach prostfedi; iniciace je zpozdéna,
u pttvodniho genotypu

» Struktura primordii (v€etné apikalniho meristému), jejich zptisob vynoteni i pozdé&jsi
vyvoj postrannich kofent Irtl jsou silné narusené

» Hlavni kofeny vykazuji poruchy v organizaci povrchovych a podpovrchovych vrstev
pletiv

» V mistech sdisorganizaci pletiv dochazi k indukovanym lignifikacim, depozici
polyfenolickych latek, zvySené aktivité peroxidazy a ke zméndm v priniku

apoplastické sondy

I1. Dokumentace struktury a funkce apoplastickych bariér v ramci celého kofenového
systému kukufrice (Z. mays) za riiznych podminek prostiedi
» Mezi jednotlivymi typy kofend nejsou vyznamné zmény v utvaieni endodermis;
naopak kultivacni podminky ptsobi dosti vyrazné odlisnosti, které ovliviuji nejvice
kratké nevétvené postranni koteny
» Exodermis se tvoii ve v§ech typech kotent a velice citlivé reaguje na riizné podminky
prostiedi; nejpodobnéji hlavnim kofeniim reaguji dlouhé vétvené postranni kofeny
» Mezi jednotlivymi typy kofenti nebyly nalezeny velké rozdily v propustnosti; pti
srovnani jednotlivych podminek prostiedi byly zjistény jen nepatrné rozdily

» Rizné podminky prostiedi mély silny vliv na celou architekturu kofenového systému

I11. Porovnani nejéastéji vyuzivanych apoplastickych sond a jejich otestovani
na intaktnich kofenech kukufice (Z. mays) a ryZe (Oryza sativa)

» Byly vybrani ¢tyfi zastupci apoplastickych sond s riznymi vlastnostmi a otestovani
na dvou rostlinnych druzich sriznymi charakteristikami propustnosti povrchovych
pletiv

» Vysledky byly porovnany s daty z literatury a ptipadné rozdily byly diskutovany

A\

Byly zhodnoceny rozdily ve vysledcich z raznych typti sond
» Byl zjistén vyrazny vliv vlastnosti pouzité sondy, jeji koncentrace, vliv rostlinného

druhu, stafi materidlu a typu kofene
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Vysoké Tatry, Slovensko). Za posledné¢ jmenovany poster ziskala autorka prvni misto.
Své vysledky tykajici se vyzkumu vyvoje postrannich kotent u Irtl publikovala v ¢asopisu
Annals of Botany.

Ve svém volném Case se momentalné vénuje zejména rodin€. Pokud zbyva Cas, tak rada cte,
pali¢kuje, cestuje a projizdi se na GSX-R.
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ABSTRACT

The formation of plant root system is an important ecophysiological and agronomical

parameter and also an actual topic of developmental plant biology. Lateral roots are its very
important part which creates majority of the main absorbent portion of the plant surface
in the rhizosphere. One of the few described mutants (except the model plant Arabidopsis
thaliana) with impaired development of lateral roots in early postembryonic development
is maize (Zea mays) mutant Irtl (lateral rootless 1). Our detailed anatomical-morphological
study of Irtl provides new insight into LRT1 gene function. We found out that initiation
of primordia of Irtl takes place and is strongly dependent on environmental conditions.
The structure of primordia, and also their emergence and later development is strongly
affected. On the contrary, the main roots do not show so strong influence of this mutation,
although some disruptions were found in surface root layers. These disturbances were
connected with induced lignification, increased activity of peroxidase and with changes

in permeation of substances of root surface.

Changes in permeability of surface layers led us to the issue of apoplastic barriers,
which was tested on the traditional genotype of maize (Z. mays). Our work provides a unique
insight into the creation of these barriers not only in the context of the whole root system but
fills in a most prominent gap about lateral roots of different orders. Moreover, it summarizes
the influence of eight most frequently studied conditions. These conditions caused significant
changes in the formation of endodermis and exodermis. The largest differences were observed
between short lateral roots. The behavior of long branched lateral roots was very similar

to the described characteristics of main roots.

The technique of permeability tests was used during these studies. However, we found
out high variability in the results according to kind of tested apoplastic probes. Although this
method is often used, there is no comparative study dealing with some conflicting results
of some published works yet. This is the reason why we chose the most frequently used
candidates of these probes and compared their behavior on two different plant species with
differently permeable surface layers. The results were compared and discussed with
the outputs of other published work. Our results show the significant effect of plant species,

used concentration, time of penetration and individual properties of the apoplastic probe.
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1. INTRODUCTION

This thesis is devoted to the hidden half of plants — the root system. Plant roots are

the essential part and form the major component of the absorbent surface of plant
in the rhizosphere. Apoplastic barriers restrict uncontrolled flow of substances to the plant.
Mechanisms that affect the formation of lateral roots and apoplastic barriers have a significant
impact on their survival under certain stress conditions, such as drought, nutrient deficiencies
and allow them to effectively utilize and compete for soil resources (Enstone et al. 2003;
Laskowski 2013; Malamy 2005; Rich and Watt 2013).

Lateral roots are mostly formed postembryonally (Dubrovsky et al. 2000; Esau 1965;
Laskowski et al. 1995; Tian et al. 2014). Their development has been studied in detail
in Arabidopsis thaliana (Malamy and Benfey 1997). It is divided into eight steps, including
formation of founder cells, anticlinal and periclinal divisions and is finished with emergence
from maternal root tissues. Generally this is valid in grasses with some limitations.
The development of lateral roots ends with differentiation of vascular tissues and their
subsequent connection to the vascular tissues of parental roots (Esau 1965). Their
development is regulated by external (Casimiro et al. 2003; Krishnamurthy et al. 2009;
Malamy 2005) and intrinsic factors (Bhalerao et al. 2002; Casimiro et al. 2001; Hinchee and
Rost 1986; Ivanchenko et al. 2008; Swarup et al. 2008; Tian et al. 2014; Wightman and
Thimann 1980; Zimmermann et al. 2010), which interact together.

Using of mutant plants is one of the most important tools of functional genomics for
evaluating mechanisms of initiation, formation and growth of lateral roots. The amount
of types of such mutants (without A. thaliana) is still relatively limited. Monocot plants maize
(Zea mays) or rice (Oryza sativa) have heterogeneous structure of the root system and
variability in lateral root formation on primary and adventitious roots, compared
to A. thaliana (Hochholdinger et al. 2004b; Smith and De Smet 2012). We can assume that
regulatory mechanisms may vary significantly between monocotyledonous and
dicotyledonous plants. It is therefore very useful to study the root development with
representatives of monocots, despite of more methodical and time consuming difficulties.
Only four mutants with defects in their lateral root development have been identified in maize
(Z. mays) - slrl (short lateral roots 1), slr2 (short lateral roots 2), ruml (rootless with
undetectable meristems 1) a Irtl (lateral rootless 1), (Hochholdinger and Feix 1998;
Hochholdinger et al. 2001; Woll et al. 2005).

The monogenic and recessive mutant Irtl was isolated from EMS (ethylmethan
sulfonate) mutagenized population of maize (Z. mays). It is located on the short arm

5
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of the second chromosome, but mapping and accurate identification of this gene is still
ongoing. According to the original study, this mutant seemed to be very important tool for
studying initiation of lateral roots due to described defect in the early development of primary
and seminal adventitious roots in early postembryonic development (Hochholdinger and Feix
1998). In this sense it was used as an experimental model — the control without primordia
initiation (Hochholdinger et al. 2004a; Hochholdinger et al. 2001; Park et al. 2004). However,
a detailed anatomical study specifying the phenotypic expression of the mutation was
missing. The amount of information about the behavior of Irtl mutant was very limited
at the beginning of our work. Partial recovery was reported with arbuscular myccorrhiza
and/or high phosphate (Paszkowski and Boller 2002), but their phenotype was different from
wildtype. Exogenous application of auxin to germinating seeds had no effect (Hochholdinger
and Feix 1998) and no changes were observed in the localization of PIN 1 (PIN-FORMED 1)
carriers and polar auxin transport (Schlicht et al. 2006). It seems that this mutant is affected
in other aspects of the lateral root regulation than auxin and its polar transport. It can be
expected that identification of this gene will be very important contribution to the group
of regulatory mechanisms not involving auxin.

The present work, however, does not focus only on the description of lateral roots, but
provides overall view of the Irtl phenotype. In the first experiments mutant showed changes
in the formation of exodermis and aerenchyma. Together with detected changes
in the proteome (Hochholdinger et al. 2004a) showing the influence metabolism
of polyphenols, we expected that this mutant would be a good model for the functional
analysis of apoplastic barriers and other properties of the cortex. Apoplastic barriers prevents
uncontrolled intake of substances from the environment. Endodermis is generally present
apoplastic barrier in the roots of seed plants (Esau 1965; Geldner 2013). Due to modifications
of anticlinal and transversal cell walls and close association with plasma membrane it restricts
non-selective transport to the apoplast (Alassimone et al. 2012; Enstone et al. 2003; Rufz de
Lavison 1910). Development of this barrier is sequential and generally three stages are
recognized — creating of Casparian strips, suberin lamellae and subsequent secondary cell
wall thickening (Esau 1965). A similar type of endodermis barrier is exodermis forming under
the epidermis of the root of the most angiosperms (Hose et al. 2001; Kroemer 1903;
Perumalla et al. 1990; Peterson 1988; von Guttenberg 1968). Compared to the relatively
conservative structure of the endodermis, exodermis formation and its character varies
in different plant species, cultivars, but even in the same species in dependence on the age and

the conditions where roots grow (see below). Also exodermis undergoes three stages
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of development (Hose et al. 2001). Incomparison with endodermis, which is created
constitutively, some plants produce exodermis only after induction by external conditions,
typical example is maize (Z.mays). Environmental conditions often determine also
the differentiation along the main axis root and effectiveness of forming barriers (Enstone and
Peterson 1997). In contrast e.g. rice (O. sativa) or common reed (Phragmites australis) create
this barrier constitutively (Ranathunge et al. 2003; Soukup et al. 2002), but their extension
is influenced by environmental conditions. The presence of the barrier greatly determines
the transport parameters of the root (Baxter et al., 2009) and thus the intake of nutrients and
water, entry of toxic compounds, pathogens and mycorrhizal colonization (Begg et al. 1994;
Enstone et al. 2003; Lux et al. 2011; Schreiber et al. 2007). It can be assumed that it also
affects the internal environment of the root and the subsequent development of tissues, and
their resistance to adverse environmental conditions. Root tissue differentiation takes place
inthe context of other developmental events that cannot be considered completely
independent. Spatial relationship and coordination between aerenchyma development,
initiation and growth of lateral roots and suberin deposition in radial and longitudinal
direction in maize (Z. mays) and common reed (P. australis) was described (Armstrong et al.
2000; Enstone and Peterson 1997; Seago et al. 1999; Soukup et al. 2002). At the beginning
of our work we hypothesised that if mutation affected the mutant ability to effectively
regulate its internal environment, it could significantly influence the progress
of differentiation of other tissues, including lateral root development from their initiation
to their emergence from maternal tissues. The present work therefore provides not only
evaluation of initiation and growth of lateral roots but also assesses the development
of the surrounding tissues and compares these processes. However during our work we
observed that mutation affects many other parameters in the strong dependence on cultivation
conditions. Therefore this mutant is not suitable model for the larger study of apoplastic
barriers. In addition, because target gene was still not identified, we changed our plans and
fully completed only the part focused on lateral roots. According to the high variability and
significant problems with Irtl cultivation of plants from heterogeneous population of seeds
and especially its high sensitivity to environmental conditions, the study about hypodermal
layers development was performed on another ecotype of maize (Z. mays).

This topic has frequently been published with using a variety of environmental
conditions, as well as different plant species. The differences are reflected in the development
of the barriers at given areas, in their chemical composition, thickness of Casparian strips

in radial cell walls along the root axis and the distance of their creation from the apex
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(Armstrong et al. 2000; Colmer 2003; Colmer et al. 1998; Enstone and Peterson 2005;
Enstone et al. 2003; Karahara et al. 2004; Meyer et al. 2009; Schreiber et al. 2005; Schreiber
et al. 1999; Soukup et al. 2004). All of these publications focus only on the main root and
other parts of the root system were neglected. Different reactions at apoplastic barrier level
were observed in barley (Hordeum vulgare), where no exodermis was detected in seminal
roots and first generation of nodal roots, but was created in next generation of nodal roots
(Gierth et al. 1999; Lehmann et al. 2000). Although lateral roots form major and most
important part of root system, information about them are very fragmentary and unsystematic.
The majority are results of experiments with apoplastic probes (Aloni et al. 1998; Soukup et
al. 2002; Yamaji and Ma 2007) focusing on comparison of permeability between main and
lateral roots (Aloni et al. 1998). Another work addresses the question of whether substances
penetrate into the root through the gaps created during emergence of lateral roots (Peterson et
al. 1981) or through the lateral root and its vascular tissues (Enstone and Peterson 1998;
Faiyue et al. 2010; Soukup et al. 2002). Most of this information focuses on the endodermis,
the results are often contradictory (Aloni et al. 1998; North and Nobel 1996) and contain only
information about non/presence of the barrier (Peterson and Lefcourt 1990). Histochemical
detection of lignin or suberin (Soukup et al. 2002) or developmental stage of barrier
(Reinhardt and Rost 1995) is mentioned very sporadically. Information about exodermis
in higher order roots is extremely insufficient. Exodermis was detected in maize (Z. mays),
(Redjala et al. 2011; Wang et al. 1995), histochemically detected in common reed
(P. australis), (Soukup et al. 2002), whereas in rice (O. sativa) was not observed in one study
(Faiyue et al. 2010) on the contrary to another work (Yamaji and Ma 2007). The only detailed
information comes from studies of thick lateral roots of agave (Agave deserti) or citrus
(Citrus sp.). Because of extremely fragmentary and often disparate information, we included
into our study the entire root system of maize (Z. mays) with inducible character of exodermis
and study includes the most frequently used experimental conditions such as aerated
hydroponics, hypoxic hydroponics, organic acids in combination with hypoxia, salinity,
various concentrations of heavy metals, soil, flooded soil and perlit/sand mixture. Genotype
Cefran, which does not manifest any negative effect in its lateral root development, as was
verified in our laboratory in other studies, was chosen as a model organism for this part
(Hlavata 1992; Husakova 2006; Lenochova 2004). The aim of this section was to document
the variability of apoplastic barriers within the root system under different cultivation
conditions. These data were also associated with a detailed analysis of the growth and

branching of lateral roots.
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During our study of apoplastic barriers we found out that although the permeability
tests are often used and present quite feasible technique, results in individual experiments are
often very different. Therefore, we have added methodical comparison into our anatomical
experiments, which is crutial for the correct interpretation of the results. Selected dyes were
tested on maize roots (Z. mays) with inducible formation of exodermis and on rice roots
(O. sativa) with constitutively created stronger exodermis. In summary, we are discussing
an important step in selection of suitable apoplastic probe and its concentration for chosen
plant species, its age and type of the root. Since there is no simple selection rule, our work

describes the pros and cons of each probe.

For reasons mentioned above, this thesis is divided into three separate parts including
anatomical — morfological study of Irtl mutant under various culture conditions, description
of apoplastic barrier development across the whole root system of maize (Z. mays) under
different environmental conditions and evaluation of various permeability tests used

in literature, including a discussion of their uses and their limitations with our own results.

2. AIMS OF THE THESIS

I. The main aim is a detailed analysis of the root system of Irt1 maize (Zea mays) mutant

Partial aims:

e To document in detail the development of lateral roots of Irtl, their anatomy
in various stages of development, way of penetration from maternal tissues and their
subsequent growth under variable conditions of cultivation

e To quantify the initiation and growth of Irt1 and wild type lateral roots along the axis
of the primary root

e To evaluate the process of surface layers differentiation; compare the development
and function of exodermal layers of Irtl and wild type under variable cultivation
conditions and their potential impact on the penetration of lateral roots

e To describe the differences in exodermal permeability in dependence on the spatial
arrangement of the individual components of the exodermal cell walls

e To compare adaptation mechanisms to the environmental conditions between Irtl

and wild type; and assess the differences between them
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Il. The main aim is the documentation of the structure and function of apoplastic
barriers across the root system of maize (Z. mays) under different environmental
conditions

Partial aims:

e To compare the differences between endodermis and exodermis creation in variable
types of roots (primary root, lateral roots of different orders, adventitious nodal
roots) and when exposed to different environmental conditions

e To document in detail the development of apoplastic barriers in lateral roots
of different length and age under variable conditions of cultivation

e To evaluate the differences in permeability of surface layers of different type

of roots, and for different environmental conditions

I11. The main aim is to compare different types of apoplastic tracers used in the
literature and test selected probes on the selected plant material
Partial aims:
e To compare the characteristics of each apoplastic tracer used in the literature and
evaluate the differences described in the results
e To select the suitable representative of individual type of probes and test them,
eventually modify the methodology on the selected plant material
e To compare our results with the published works and evaluate the influence

of the plant material, type of probe and concentration

3. MATERIAL AND METHODS

Since this section is described in details in the article/manuscripts, | present here only

a list of material and methods.
Plant material

The root system of maize, Zea mays L., B73 genotype and mutant Irtl (lateral
rootless 1); Zea mays L., cv. Cefran; rice, Oryza sativa japonica, var. Nipponbare.
Processing of samples

For processing the samples there were used free-hand sections and permanent sections

in combination with various histochemical staining, incl. detection of peroxidase activity.
Selected parts of the roots were cleared. We tested permeability of surface layers and
quantified lignin content. Image analysis was also used. Light microscopy (bright field, DIC,
fluorescence), confocal, transmission or scanning electron microscopy was used for observing

the samples.
10
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4. RESULTS AND DISCUSSION

4.1 Effect of LRT1 gene mutation on development of maize (Zea mays) lateral roots

The main aim of the first part of this thesis was a detailed analysis of the root system
of maize (Z. mays) mutant Irtl, which was described as mutant with defect in the formation
of lateral roots in early postembryonic development (Hochholdinger and Feix 1998). We
realised immediately at the beginning of this work that this mutation affects not only the
development of lateral roots, but also affects the overall habitus of plants, including their
reproduction. This mutant exhibited increased sensitivity to different environmental
conditions. Effect of phosphate and/or mycorrhiza on the partial restoration of lateral roots
has been described previously (Paszkowski and Boller 2002). Therefore we chose different
types and duration of cultivation conditions for a broader evaluation of their effect
on the formation of lateral roots. The first signs of formation of lateral roots as some kind
of bulges onthe surface of main roots we could observe in less than one week after
germination in plants grown in hydroponics and few days later in plants cultivated between
moistened filter paper sheets. However, their subsequent penetration was different from wild
type. This mutation affects rather later stages of development of lateral roots than its
initiation, as was originally assumed without detailed anatomical examination (Hochholdinger
and Feix 1998). This corresponds with the results of a quantitative evaluation of initiation
events expressed as initiation index (Dubrovsky et al. 2009), which takes into account
the shorter cortical cells of Irtl. In aerated hydroponics mutant roots created even more
primordia/lateral roots than wild type. It seems that although the initiation of primordia is
at first delayed in mutant, later their development is significantly accelerated. This
is supported also by the quantification of individual primordia stages in different areas
of primary root. We could observe the first stages of primordia development between fully
emerged lateral roots in the older half of main root. Due to the usual acropetal sequence
of initiation described in Arabidopsis thaliana (Dubrovsky et al. 2006) it can be sign
of a significant deceleration of development of some initiated primordia. For these reasons,
this mutant cannot be used in next studies as a comparative control not forming lateral roots
in early postembryonic development (Hochholdinger et al. 2004a; Hochholdinger et al. 2001;
Park et al. 2004). Primordia are normally created with certain minimum distance (Dubrovsky
et al. 2006). However, in mutant roots we could observe the formation of several masses
of cells (probably primordia) without the expected spacing. If it is a mistake in regulation
of distribution individual initiation events (Laskowski et al. 1995; Sreevidya et al. 2010) or
in spatial definition of dividing primordium cells (Shuai et al. 2002) is hard to answer from

11
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our results. Exogenously added auxin, which is closely associated with the formation
of lateral roots (Swarup et al. 2008; Teale et al. 2005), does not reverse this phenotype
(Hochholdinger and Feix 1998). Similarly no changes in mutant were recorded in selected
components of polar auxin transport, including auxin efflux carrier PIN 1 (PIN-FORMED 1),
(Schlicht et al. 2006).

There are multiple organized divisions of founder cells during the development
of primordia, which give rise to certain shape of primordium typical for plant species
(MacLeod and Thompson 1979; Malamy and Benfey 1997; Szymanowska-Pulka and
Nakielski 2010). Interesting and very significant changes in anatomy were observed in Irtl
primordia. Mutant primordia exhibit disturbances in the arrangement of the individual layers,
they are wider at the base and some cells are much more vacuolated. We often observed
induced lignification on their basis. Primordia show also strong changes in structure
of developing apical meristem. Changes in primordia development are not limited only to the
structure itself but also in the way of their penetration through the maternal tissues. Whether
it is because of wrong regulation of coordination between primordium and overlying tissues
(Swarup et al. 2008) leading to the release of the middle lamella and separation of cell walls
during emergence, as was described in A. thaliana (Lucas et al. 2013; Peéret et al. 2009;
Roycewicz and Malamy 2014; Yue and Beeckman 2014) or because of secondary
modifications changing mechanical properties of tissues, e.g. due to more rigid cell walls as
was described in rice (Oryza sativa), (Justin and Armstrong 1991), is difficult to assess from
the available results. Lateral roots terminate their growth very early after emergence from
maternal tissues, because of early loss of apical meristem maintainance. Due to high
sensitivity of the mutant to the environmental conditions and also the fact that we have
observed this behavior even in very young lateral roots, we think that this is a result
of mechanical pressure caused by more difficult penetration through maternal tissues.
Changes in organization of apical meristem observed in adverse environmental conditions
were described (De Tullio et al. 2010). Although we cannot exclude the possibility that
acceleration of apical meristem termination caused by defective mechanism of cell division
coordination and other development of created apical meristem. Process of termination was
described also as a normal part of older lateral root development of maize (Z. mays) and leek
(Allium porrum) grown in soil (Berta et al. 1990; Varney and McCully 1991). Only a small
percentage of emerged lateral roots are longer than one milimeter and their morphology is
very different from wild type. They are curled, wider and particularly in the epidermal and

subepidermal layers there are significant changes of shape, size and consistency of the cells.
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4.2 Detected changes in Irtl main roots

In comparison with lateral roots, main roots of Irtl are less affected by mutation. Their
overall length is reduced and they are generally thicker. They have normal anatomy of their
apex with functional, typically closed root apical meristem (Clowes 1981). It could indicate
a difference in lateral and main root control which was previously described for other maize
mutant lines (Hochholdinger et al. 2004c; Inukai et al. 2005). We detected some changes
in cell divisions in epidermal and subepidermal layers at a certain distance from the main root
tip. These irregularities were particularly noticeable in the older parts of the main roots and
were seen as disturbances of standard arrangement of individual cell layers. It may be due
to e.g. higher rigidity of the cell walls which does not allow to cells in surface layers
to compensate for the volume growth of cells lying below them, but it may also be a result
of changes in the overall cohesion of the cells. It may also be related to observed lignification
in these areas. But what is cause and what consequence? How it relates to higher peroxidase
activity detected in these places of mutant roots? Peroxidases play a crucial role in lignin and
suberin formation, in cross-linking of cell wall components and in the metabolism of reactive
oxygene species (Burr and Fry 2009). We can hypotetise that increased activity of peroxidase
can cause increased rigidity of cell walls and therefore higher mechanical resistance of tissues
leading to damage of those tissues during expansive growth of cells. Role of higher
peroxidase activity during injury or damage is known (Almagro et al. 2009). Whether it is
really the result of stress (due to the higher sensitivity of mutant plants to less favorable
environmental conditions) or increased peroxidase activity and described modification of cell
walls that causes the observed damage, cannot be answered yet. However it is possible that
detected changes in peroxidase activity may lead to the observed changes during penetration
of lateral roots, as mentioned above in this section, because ROS (reactive oxygen species)
signalisation and specific activity of peroxidase are needed just for this step of lateral root
development (Manzano et al. 2014).

Maize (Zea mays) creates an exodermis, the external apoplastic barrier, after induction
by environmental conditions (Enstone and Peterson 1997). In our experiments with Irtl,
the formation took place only in cultivation between moistened filter paper sheets. Observed
irregularities in organization of surface layers had negative impact on the proper organization
of Casparian strips in exodermis. The loss of continuity of the barrier was confirmed with
permeability test using periodic acid. This probe was stopped by exodermis in wild type.
On the contrary, it underwent in some places the exodermal barrier in Irtl. What is very

interesting, it usually stopped its movement at third, respectively fourth cortical layer from

13



Eva Peckova Summary of the Ph.D. thesis

the surface. In hypoxic hydroponics with non-inducing effect on exodermis formation,
the tracer passed up to endodermis in wild type. Interestingly in mutant penetration showed
almost identical pattern as in roots with existing barrier — it penetrated only some layers from
the surface. The restriction of probe penetration corresponds to the location of the observed
induced lignification/suberization. We can assume that this is the answer compensating
the defects in the arrangement of the surface layers and their function. Proteomic analysis
of mutant showed changes associated with the metabolism of phenolic compounds and higher
levels of enzymes of lignin synthesis (Hochholdinger et al. 2004a). It can be associated with
response to stress or with abnormal lignification observed in the surface layers of the root and
also in the pericycle. To determine whether increased synthesis of lignin is associated with
response to stress or it is the overall change of Irtl metabolism, we quantified lignin
in different parts of various old Irtl plants. However, we found out no changes in lignin
content compared to wild type. The lignification in Irtl therefore can be viewed rather as
a mechanism corresponding to a disturbance of internal homeostasis due to some defence

reaction to perhaps less favorable cultivation conditions.

4.3 The development of apoplastic barriers within the root system of maize (Zea mays)
under different environmental conditions

Apoplastic barriers — endodermis and exodermis, enables the control of intake
of substances from external conditions to plants. The extent in which they are formed is
closely connected with effect of the external conditions. Therefore we focused
on the development of apoplastic barriers in maize (Z. mays) under the influence of various
stress factors. In contrast to other works, our study gives the first systematic description
of the variability of apoplastic barrier formation within the whole root system and includes
also morphological analysis of root system (for more details see Sec. 3.2.2) with the accent
on detailed analysis of the growth of lateral roots, their distribution and branching.
We provide results obtained from the cultivation conditions inducing the most studied stress
factors affecting the plants such as hypoxic hydroponics, organic acids with combination
of hypoxia, salinity, various concentration of heavy metals, flooded soil and perlit/sand

mixture.

4.4 The differences in endodermis development between primary and lateral roots;
effect of cultivation conditions
Endodermis is the inner apoplastic barrier. It is created constitutively in all roots of seed

plants (Alassimone et al. 2012; Esau 1965). Our results show that at least the first stages —
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Casparian strips — form continual ring even in very short second order lateral roots, which are
not mentioned often in literature. As we watched segments of various lengths and
un/branched lateral roots taken one centimeter from their base and in the three-quarters of the
length of the primary roots, we cannot evaluate the progress of differentiation in longitudinal
direction. However, we can consider about fully differentiated barriers at these places (in root
of given lenght and age and under concrete cultivation conditions) allowing better mapping
variability of barrier formation and its extent for different types of roots within the root
system. Formation of endodermis in long branched lateral roots is the most similar to the
primary roots, but the third stage of their development is less common. Conversely, short
lateral roots create shorter Casparian strips (in relation to radial cell walls) and next stages are
developed in less extent.

The comparison of progress of endodermis differentiation under various cultivation
conditions showed very interesting and strong differences mainly in short unbranched lateral
roots. Generally, roots form not too strong endodermis under hypoxia, what is confirmed also
by Enstone and Peterson (2005). Conversely, the presence of heavy metals, sand/perlit
mixture and salinity increased the radial width of Casparian strips. Similar trend has been
described previously for salinity in maize (Z. mays), (Karahara et al. 2004) and rice (Oryza
sativa), (Krishnamurthy et al. 2009), after cadmium treatment (Lux et al. 2011) and when
maize (Z. mays) plants grew on a municipal solid-waste bottom slag with high salt and high
heavy metal content (Degenhardt and Gimmler 2000). High concentration of cadmium caused
local changes in Casparian strips organization and supported a masive development
of the terciary cell walls. Salinity, heavy metals and sand/perlite mixture promoted also
the deposition of suberin lamella, what was particularly noticeable at short lateral roots. This
behavior was described also in primary roots for e.g. maize (Z. mays) grown in vermiculite
(Enstone and Peterson 2005) and for different cultivars of rice (Oryza sp.) grown in soil or
hydroponics both with high content of salt (Krishnamurthy et al. 2009). From our results it is
evident that the effect on the level of primary roots of maize we observed is less pronounced.
Hardly any suberin lamella was created in short lateral roots under other cultivation
conditions. Thus, this type of roots reacts the most sensitively to environmental conditions

during endodermis formation.

4.5 Comparison of exodermis development and its permeability within the root system;
effect of cultivation conditions
Our results show that as in endodermis, also exodermal Casparian strips and suberin

lamella are created in primary and lateral roots, in shorter ones in less extent. Terciary cell
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walls in exodermis were not observed under all treatments, in all of type roots, as in Enstone
and Peterson (2005). The effect of different type of conditions we could compare due
to inducible character of maize exodermis development (Zea mays). Again as in endodermis,
long branched lateral roots had similar behavior to primary roots. Very strong Casparian strips
were created in solid cultivations, even in most of very short lateral roots. The presence
of exodermis in lateral roots of maize (Z. mays) and citrus (Citrus sp.) grown in soil has been
mentioned earlier (Eissenstat and Achor 1999; Wang et al. 1995). Although it would be very
interesting to see what effect has strongly developed exodermis in short lateral roots on their
overall permeability, unfortunately these roots cultivated in such way we can hardly test
by traditional methods using apoplastic probes. During their separation from the substrate
there is areal risk of damage, in particular of fine lateral roots, and thus negative influence
on the results (Moon et al. 1986; Varney and McCully 1991). The results from flooded soil
from Caltha palustris and Nymphaea odorata (Seago et al. 2000) and from maize (Z. mays)
grown in aeroponic cultivation (Enstone and Peterson 1998; Redjala et al. 2011; Zimmermann
et al. 2000), which is more similar to substrate cultivation in its characteristics than
hydroponics, support the importance of exodermis also in primary roots in these conditions.
In all types of hydroponics almost no development of Casparian strips takes place, especially
in short lateral roots. Decreased development of exodermis in hydroponics was confirmed
with data from primary roots (Enstone and Peterson 1998; Meyer et al. 2009; Zimmermann et
al. 2000). In stagnant hydroponics Casparian strips were not detectable in almost any primary
roots, compared to aerated hydroponics however the suberin lamella was greatly stimulated
by these conditions. Salinity stress in primary roots of cotton plant (Gossypium hirsutum),
(Reinhardt and Rost 1995), rice (Oryza sativa), (Krishnamurthy et al. 2009) or Ricinus
communis (Schreiber et al. 2007) stimulated exodermis development, but no such effect was
observed in maize (Z. mays). Similarly to main roots (Lux et al. 2011; Redjala et al. 2011)
lower doses of heavy metals caused increasing of width of Casparian strips also in longer
lateral roots of maize (Z. mays). The results of the permeability tests showed that measuring
of distance of real probe movement displays only very small differences between different
types of roots. Somewhat permeable are very short lateral roots of first and second order.
Higher permeability of apoplast of shorter lateral roots was also described in reed
(Phragmites australis) and rice (O. sativa), (Faiyue et al. 2010; Soukup et al. 2002). When we
expressed the permeability as a proportion of cortex stained with periodic acid, the results
showed higher differences between different type of roots, what was directly connected with

their thickness. Some papers, however, show that the distance traveled by solutes in cortex

16



Eva Peckova Summary of the Ph.D. thesis

correlates with a radial component of hydraulic resistance during flow through the root layers
(Eissenstat and Achor 1999; Rieger and Litvin 1999), which is also necessary to take into
account during evaluation the outcomes of these tests. For the potential effects of used probe

on the results see Sec. 3.3.2.

4.6 Problems with detection of exodermal Casparian strips under hypoxia

Very strong suberin lamellae in exodermis were deposited in cultivations with low
oxygen content in primary and lateral roots, but without simultaneous detection of Casparian
strips. The results obtained from histochemical detection of lignin with berberine
hemisulphate and floroglucinol were supplemented by transmission electron microscopy
(TEM). This method was used previously with the same plant material. The authors also did
not detect Casparian strips histochemically, but they observed band plasmolysis in this layer
under TEM (Enstone and Peterson 1997), which is created only because of tight association
of plasma membrane and cell walls in the place of Casparian strips. Unfortunately compared
to endodermis, in exodermis we did not see any band plasmolysis, obviously due to the rapid
deposition of suberin lamella, which disturbs this tight junction in radial cell walls (Enstone
and Peterson 1997). We were also not able to clearly detect the typical electrondense strips in
the area of modificated radial cell walls, even on the same sections with clearly detectable
endodermal Casparian strips, even in the roots where Casparian strips were brightly stained
by berberine. So this method for exodermal Casparian strips detection seems not to be
convenient. Also other authors had problems with their clear visualization (Clarkson et al.
1987; Eissenstat and Achor 1999; Lehmann et al. 2000; Ma and Peterson 2003). Why we did
not observe Casparian strips in stagnant cultivation by histochemical detection, but in similar
conditions with added organic acids we could observe these structures to some extent? Is it
possible that under different conditions comes about independent regulation of Casparian
strips and suberin lamellae development? The problems with detection of Casparian strips can
be related to changes of their chemical properties, or e.g. the way of deposition of lignin and
suberin in these strips. This idea has been mentioned by Ranathunge et al. (2005), who
noticed unusually high permeability of exodermal Casparian strips in rice (Oryza sativa)
cultivated hydroponically. They theorize that it may be due to different chemical composition
compared to other plant species. Other works showed, that under different type of stress, not
only total amount of alifatic and aromatic monomers is changed, but also their ratio
(Schreiber et al. 1999; Zeier et al. 1999). This issue has not been completely resolved yet.
Although some work on endodermis of Arabidopsis thaliana show that basic unit

of Casparian strips is exclusively lignin, and suberin is deposited later (Naseer et al. 2012),
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other works argue that in many species only suberin was detected in exodermal strips. They
used only histochemical staining (Perumalla et al. 1990). Chemical analysis of other authors
show that in different plant species endodermis and exodermis contain both these components
(Schreiber et al. 1999; Zeier et al. 1999).

4.7 The permeability tests

In previous chapters of this thesis, | tested the permeability of surface layers of maize
(Zea mays) Irtl mutant and wild type B73 with/without exodermis, and cultivar Cefran
for evaluation the effect of environmental conditions in different parts of root system. During
our work we found out that although the use of apoplastic tracers is widely used technique,
the results from another authors are often contradictory. That is the reason why this part
of thesis was created. It tests and compares selected apoplastic tracers in two genotypes with
different type of exodermal formation — inducible barrier in maize (Z. mays), (Enstone and
Peterson 1997) and constitutively created in rice (Oryza sativa), (Ranathunge et al. 2003). We
chose four most commonly used probes — ferrous cations (Rufz de Lavison 1910), periodic
acid (Soukup et al. 2002), precipitated berberine (Enstone and Peterson 1992) and PTS
(trisodium 3-hydroxy-5,8,10-pyrenetrisulfonate), (Zimmermann and Steudle 1998), which
differ with their charge, size and resulting behavior within the tissues and their subsequent
detection. The different behavior was monitored during their passing through the exodermal

layer, during their movement in cortex and also in differently old parts of root.

4.8 Permeability of exodermal layer

Although the name evokes an impermeable barrier preventing the entry of all
substances, it is necessary to take it rather as a selective layer which lets pass only certain
substances according to their properties, mainly size and charge (Hose et al. 2001). Our
results point to this property. Apoplastic probes (ferrous cations, berberine and periodic acid)
passed through the exodermis in the three quarters of main root of maize (Zea mays), what
was previously observed for berberine (Enstone and Peterson 1998). In contrast, in plants
with stronger barrier as in our rice (Oryza sativa), but also in common reed (Phragmites
australis) or iris (Iris germanica), Fe?* (Soukup et al. 2002) or berberine (Meyer et al. 2009;
Soukup et al. 2002) failed in penetration through this external barrier. Different situation we
could see with periodic acid, which also in rice (O. sativa) passed this barrier. For this probe,
we have found a great variability in the behavior during use of different concentration and
duration of application in roots of different species. Since after few hours it stained whole root

of rice (O. sativa) and it is strongly oxidative, we can consider its toxic effect on the cell
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membranes. In five time lower concentration it did not get further than into the epidermis
in maize (Z. mays) even in very young parts of root without exodermis (see Sec. 3.2.2),
probably due to exhaustion of its concentration already on the surface of root. However, it
seems that this is species-specific issue, because this probe in higher concentration penetrated
only into root epidermis (in common reed, P. australis) or only partially under the exodermis
(Glyceria maxima). Both species are wetland plants with thick barrier, but they differ in its
composition (Soukup et al. 2007; Soukup et al. 2002). It is obvious that because of potential
negative impact on the plasma membranes we must be very careful during making
conclusions about the speed of movement through the tissues. However, for evaluation
of permeability of surface layers, this tool is sufficient and in many ways more reliable than
“less toxic” alternatives. Therefore, we used it for testing the permeability in the first and
second part of this thesis. PTS is not suitable for detection on the sections, which are essential
for observing wider roots. It has very strong negative charge which gives it very low affinity
to the cell walls. This obviously causes rapid washing during handling of the sections from
older part of roots, where there are large intercellular spaces. Its subsequent detection is due
to the strong autofluorescence of cell walls of commelinoids also difficult. This is probably
the reason why in other publications we can find the results from sections very rarely
(Peterson et al. 1981).

4.9 Comparison of movement of apoplastic tracers in cortex

As was written in previous chapter, Fe?*, periodic acid and berberine came through
the exodermis into cortex tissues of maize (Zea mays). It allowed us to compare the speed
of their movement. The depth of penetration was dependent on the duration of exposure, but
the difference after 30 or 60 minutes of exposure was almost negligible. Only Fe** ions were
detected in deeper layers after the same time. This probe is the smallest in comparison with
the other tracers, so it can be assumed that it should move faster. However, it is possible, that
it affects negatively the plasma membranes. Potential toxic effect of Fe?* was discussed
in previous works (Meyer et al. 2009; Ranathunge et al. 2005; Rufz de Lavison 1910; Soukup
et al. 2002). Interesting results showed comparison of one probe applied to different plant
species (Enstone and Peterson 1992). Exodermis was experimentally injured in these species,
what removed the effect of “delay/stop” of passing tracers through this layer. The precipitated
berberine was detected in the deepest tissues of maize (Z. mays), it moved shorter distance
from root epidermis in onion (Allium cepa) and sunflower (Helianthus annuus). Interestingly,
at dicot pea (Pisum sativum) and bean (Vicia faba) it did not get deeper than a few layers from

the surface, although these species do not form exodermis. The authors explain this behavior
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by presence of phenolic groups in the cell walls of cortex, which can bind berberine and limit
its subsequent movement (Enstone and Peterson 1992; Wilson and Peterson 1983). The
difference in penetration of this probe between monocots and dicots was also mentioned by
Aloni et al. (1998). We can speculate about another character of cell walls and intercellular
space size. Although berberine was precipitated for better later detection and created
precipitates were better holded in intercelular spaces, we observed precipitations rarely.
Apparently they were washed out during handling with the sections. So conclusions reached
by using this probe are less accurate. Occasionally we observed berberine also inside some
cells of cortex layers in maize (Z. mays) and it was also described in cells of common reed
(Phragmites australis), (Soukup et al. 2002). This may not be a sign of toxic effects
on the plasma membranes (as in case of periodic acid and Fe?") because berberine is
the substrate for MDR (multidrug-resistance protein) membrane carriers described in coptis
(Coptis japonica) and some bacteria (Severina et al. 2001; Shitan et al. 2003). As we could
see from text above, the presence of all tested apoplastic probes was observed in protoplast.

Therefore it is very important to realize that the term “apoplastic tracer” is quite relative.

4.10 The behavior of apoplastic tracers in main root apices

Apoplastic barriers are formed in some distance from the meristem, mostly endodermis
first and then exodermis at some distance from it. This distance is species-specific and varies
depending on the environmental conditions and rate of root growth (Enstone and Peterson
1992; Enstone and Peterson 1997; Ranathunge et al. 2003). The area of root tip is without
these barriers but it is not permeable for apoplastic probes. The authors speculate about
the impact of more compact tissues with small intercelular spaces (Enstone and Peterson
1992) or mucigel. Compared to older root parts, where Fe?* movement was faster than other
probes, in main root apices of maize (Zea mays) and rice (Oryza sativa), but also in iris (Iris
germanica), (Meyer et al. 2009) and common reed (Phragmites australis), (Soukup et al.
2002) it did not enter the internal tissues. Maize (Z. mays) root cap cells secrete large amounts
of mucigel, which can bind Fe?* and impede their entry into apex. This was documented for
some other cations, e.g. Cu®* (Morel et al. 1986). Although PTS is very mobile in cell walls,
in apex tissues of onion (Allium cepa) or maize (Z. mays) it was not detected very often
(Cholewa and Peterson 2001; Peterson and Edgington 1975; Peterson et al. 1981).
On the other hand, in agave (Agave deserti) it stained whole tips (North and Nobel 1995).
However, these observations cannot be supplied with results of our examined species, because
in maize (Z. mays) and rice (O. sativa) apex we noticed very strong washing out after making

sections and it was very difficult to distinguish between stained spots and strongly
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autofluorescent background. Moreover we detected accumulation of this dye in protoplast
of some cells in young lateral roots of maize (Z. mays). The possibility of the influence
of non-specific endocytosis is shown in the work of Cholewa and Peterson (2001), where this
dye was endocytosed in non-homogeneously distributed cortical cells of young root parts.
This behavior must be taken into account during postulation of the conclusions after using this
probe. Periodic acid in rice (O. sativa) penetrated apex partially, similarly to common reed
(P. australis), (Soukup et al. 2002). However, after four times extension of staining, it stained
whole root tips. This result supports our assumption about the toxic effect of the probe
on the plasma membranes. In the previous chapter, I mentioned very rare observed
precipitates after detection with berberine in older root parts. In contrast, we observed many
precipitates in whole apex of rice (O. sativa) and maize (Z. mays) and their presence was
mentioned also in pea (Pisum sativum), bean (Vicia faba), onion (A. cepa), iris (I. germanica)
and common reed (P. australis), (Enstone and Peterson 1992; Meyer et al. 2009; Soukup et al.
2002). It can be caused by smaller cells with smaller intercellular spaces in apices, where

the precipitates are better holded.

4.11 The behavior of apoplastic probes in lateral roots

The staining ability of primordium depended on their position in maternal tissues so
on their age. Non-emerged primordia of maize (Zea mays) and rice (Oryza sativa) were not
stained by any of the probes. The situation changed when primordium reached the surface
of the tissue. Fe*" and periodic acid penetrated to primordium and stained its apex and root
cap, similarly as in common reed (Phragmites australis), (Soukup et al. 2002).
The precipitates of berberine were detected even in whole primordium. This is not so
surprising, because no suberin lamellae in exodermis is deposited above developing
primordium (Enstone and Peterson 2005). Why younger, deeper occurring primordia were not
stained is difficult to answer from our observations. Since this part focused on lateral roots
that is not too frequent theme in publications, we do not have too many comparisons with
other results about other parts of the root. In emerged lateral roots we observed different
behavior between individual probes. However, it is important to note, that these observations
are made on whole organs where there can be overlap and worse spatial recognition
of the signal, especially in the deeper layers. It seems the staining with Fe?* depends
on the thickness of lateral roots. In thinner second order lateral roots of maize (Z. mays) and
first and second order lateral roots in rice (O. sativa), which creates them thinner in general,
Fe?* was observed in whole roots. Interestingly in thicker lateral roots of maize (Z. mays) no

staining was found in root caps. Maybe the thicker lateral roots become closer in their
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character to the main roots, e.g. with production of mucigel. Periodic acid stained whole
thinner roots both of orders in maize (Z. mays) and rice (O. sativa). The cross sections showed
that it penetrated up to the endodermis in thin roots, in some cases stained even whole central
cylinder, but in long branched lateral roots of maize (Z. mays) reached only few surface
layers. An important role plays the root thickness (see Sec. 3.2.2). Precipitated berberine and
PTS showed interesting results. The thick maize roots (Z. mays) seem to be stained whole
and this was confirmed with cross sections (Aloni et al. 1998). On the contrary, in thinner first
and second order lateral roots of maize (Z. mays) probe was observed mainly in apex and
in the juction to main root (same for PTS). Behind the root tip the staining was not very
noticeable. This irregular staining can be caused by faster washing out from the area with
bigger cells, or faster dissolving of precipitates in case of berberine. This is indicated by our
observations from detection after 10 minutes of berberine staining of thin lateral roots
of maize (Z. mays), when dye was also visible only at the tip and base of lateral roots.
However, in the lateral roots of sunflower (Helianthus annuus), precipitations were detectable
in whole cortex already after 5 minutes (Aloni et al. 1998). We also monitored no irregular
distribution of berberine in rice (O.sativa). Whole lateral root was stained, but always
without root cap. Similarly to main roots, we have occasionally detected PTS within some
cells probably because of endocytosis (mentioned in the previous chapter), thus it was very
difficult to distinguish staining from the background. It can be the reason why we observed no

PTS signal in the central cylinder in comparison with the results of Faiyue et al. (2010).
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CONCLUSIONS

I. Analysis of the root system of Irtl maize mutant (Zea mays)

>
>

The mutation affects the whole habitus of plants

The Irtl primordia development depends very strongly on the environmental
conditions; the initiation is delayed, but the frequency of initiation events may be even
higher in the later stages than in the wild type

The structure of primordia (including the apical meristem), their mechanism
of emergence and subsequent development of Irtl lateral roots is strongly affected

The main roots show disturbances in organization of surface layers and under them
Induced lignification, deposition of polyphenolic compounds, increased peroxidase
activity and changes in penetration of apoplastic probes takes place in sites with

observed disturbations

I1. Documentation of the structure and function of apoplastic barriers in the whole root

system of maize (Z. mays) under different cultivation conditions

>

Among the different types of roots we found no significant changes in the formation
of the endodermis; on the contrary, culture conditions cause very substantial changes
that affect mainly short unbranched lateral roots

Exodermis is created in all types of roots and is very sensitive to different
environmental conditions; the long branched lateral roots show the most similar
behavior to the main roots

No significant differences in permeability of surface tissues were found among
the different types of roots; only some differences were observed under different
environmental conditions

Different culture conditions had very strong effect on the architecture of the root

system

I11. The comparison of the most frequently used apoplastic tracers and their trying out

on the intact maize (Z. mays) and rice (Oryza sativa) roots.

>

Four candidates of apoplastic tracers with different properties were selected and tested
on two different plant species with different characteristics of surface layers

The results were compared with data from the literature and any differences were
discussed

The differences of results from different kind of probes were evaluated

We found out very significant effect of properties of the probe used, concentration,
plant species, age and type of root
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