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Abstrakt

ABSTRAKT

Tvorba kotenového systému rostlin je dulezitym ekofyziologickym a agronomickym
parametrem, a také aktudlnim tématem vyvojové biologie rostlin. Jeho velmi dilezitou
soucasti jsou postranni koteny, které tvoii vétSinou hlavni ¢ast absorpéniho povrchu rostliny
Vv rhizosféte. Jednim z mala popsanych mutanti (vyjma modelovou rostlinu Arabidopsis
thaliana) s poruchou vyvoje postrannich kotfent je kukufiény (Zea mays) Irtl (lateral
rootless 1), u néhoz byla popsana chyba v iniciaci postrannich kofenii v ¢asném
postembryonalnim vyvoji. NaSe detailni anatomicko-morfologicka studie mutanta poskytuje
novy pohled na funkci genu LRT1. Zjistili jsme, Ze iniciace primordii u Irtl je silné zavisla
na podminkach prostiedi a struktura primordii, véetné jejich emergence a pozdéjsiho vyvoje
je siln¢ naruSena. Naopak hlavni kotfeny nevykazuji tak silné ovlivnéni touto mutaci, ackoliv
ur€ité naruseni bylo nalezeno v povrchovych vrstvach kotenti. Ty byly spojeny s indukovanou

lignifikaci, zvySenou aktivitou peroxidazy a se zménami v pronikani latek povrchem kofene.

Zmény v propustnosti povrchovych vrstev nés zavedly k problematice apoplastickych
bariér, ktera vSak byla feSena na tradicnim a vyzkouSeném genotypu kukutice (Z. mays)
cv. Cefran. NaSe prace poskytuje unikatni pohled na tvorbu téchto bariér v rdmci celého
kofenového systému a vypliiuje znaénou mezeru tykajici se jejich tvorby u postrannich
kofenti ruznych fadi. Navic na jednom misté shrnuje vliv 0Smi nejéastéji se
vyskytujicich/experimentalné vyuzivanych kultivaénich podminek. Ty pusobily vyrazné
zmény pii utvafeni endodermis iexodermis. Nejvyraznéjsi rozdily v ramci kofenového
systému jsme pozorovali mezi kratkymi postrannimi kofeny. Chovani dlouhych vétvenych

postrannich kotenil se nejvice priblizuje popsanym charakteristikdm hlavnich kofend.

V prib¢hu dizertaéni prace byla pouzita technika testti propustnosti povrchu kotfent.
Pii jejim uzivani jsme zjistili velkou variabilitu ve vysledcich dle typu pouzité sondy. Ackoliv
je tato metodika Casto vyuZivana, dosud neexistuje srovnani zabyvajici se ur¢itou variabilitou
mezi vysledky jednotlivych pfistupi. Proto byli vybrani 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 individualnich vlastnosti pouzitych sond. Diskutovana

byla vhodnost jejich vyuziti a omezeni z pohledu apoplastickeho transportu.



Abstract

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 Irtl primordia
takes place and is strongly dependent on environmental conditions. The structure
of primordia, also their emergence and later development is strongly affected. On the
contrary, the main roots do not show so strong influence by 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 root

surface.

Changes in permeability of surface layers led us to the issue of apoplastic barriers,
what was dealt to the traditional and previously tested another 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 important 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. UVOD A CILE PRACE

1.1 Uvod do problematiky

Piedkladana dizerta¢ni prace se vénuje skryté ¢asti rostlin — kofenovému systému.
Puda, ve které rostlina roste, je velice heterogenni systém. Jeji vlastnosti a vzajemnd interakce
srostlinou moduluji architekturu kofenového systému (Rich and Watt 2013), jehoZ
podstatnou soucasti jsou postranni kofeny. Ty nesou nejvétsi podil na piijmu vody a Zivin
ze substratu a tvoti obvykle hlavni c¢ast absorpéniho povrchu rostliny v rhizosféte.
Apoplastické bariéry omezuji nekontrolovatelny tok latek do rostliny. Mechanismy, které
ovliviiuji tvorbu postrannich kotent (Laskowski 2013; Malamy 2005) a apoplastickych bariér
(Enstone et al. 2003), maji zasadni vliv i na jejich pfeziti v urcitych stresovych podminkach,
jakymi jsou napt. obdobi sucha nebo deficit zivin a dovoluji jim efektivné vyuzivat a soutézit

0 pudni zdroje.
1.1.1 Vznik a vyvoj postrannich kofeni

Postranni kotfeny vznikaji obvykle postembryonalné, vtzv. diferenciacni zoné
rodicovského kotene, V relativné velké vzdalenosti od apikalniho meristému (Dubrovsky et al.
2000; Esau 1965; Laskowski et al. 1995; Tian et al. 2014). Tato vzdalenost se lisi dle
rostlinného druhu, ale i rychlosti ristu, a je silné ovlivnéna vn&jSim prostfedim
(Ploshchinskaya et al. 2002; Soukup et al. 2002). U semennych rostlin se zakladaji endogenné
v pericyklu, vrchni vrstvé stfedniho valce. Pievazné u jednodéloznych rostlin, zejména pak
utrav jako kukufice (Zea mays) ¢i ryze (Oryza sativa), vznikaji pfesné organizovanym
délenim urcitého poctu zakladatelskych bunék lezicich na floémovych pdlech (Bell and
McCully 1970; Jansen et al. 2012). Nasledné primordium se vytvati v urité minimalni
vzdalenosti od posledniho vytvofeného primordia blize apexu hlavniho kofene, tedy
v tzv. akropetalni sekvenci (Dubrovsky et al. 2006). Ackoliv mnoho praci dokumentovalo
Casna stadia primordii mezi jiz vzniklymi postrannimi koteny (Dubrovsky et al. 2000; Shitan
et al. 2003; Vermeer et al. 2014), prace Dubrovsky et al. (2006) jasn¢ dokazala, Ze alespoii
U huseni¢ku (Arabidopsis thaliana) zakladani primordii skuteéné probiha v akropetalnim
sméru, avSak kdykoliv se mlize vyvoj primordia (iniciace, ustaveni meristému ¢i emergence)

zastavit ¢i zbrzdit.
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Vznik postrannich kofenti je regulovan vnéjSimi a vnitinimi faktory, které spolu
intereaguji. Exogenni vlivy zahrnuji napf. dostupnost vody, piitomnost tézkych kovu,
zasoleni, nabidku Zivin, hlavné nitraty a fosfaty a mechanické ptisobeni substratu (Casimiro et
al. 2003; Krishnamurthy et al. 2009; Malamy 2005). Do endogennich vlivli lze zafadit
pusobeni fytohormonii, zejména auxinu, ale také cytokinint, ethylenu, giberelint a ABA
(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). Presto, ze kroku definovani zakladatelskych bunék bylo vénovano mnoho pozornosti
(Beeckman et al. 2001; De Smet 2012; Dubrovsky et al. 2000; Dubrovsky et al. 2008; Jansen
et al. 2012; Lavenus et al. 2013), dosud nebylo zcela objasnéno, zdali vnéjsi faktory ovliviiuji
misto samotného vzniku zakladatelskych bunck, nebo jsou jen schopny ovlivnit jiz
definovana mista, napf. urychlenim, nebo naopak zpomalenim/zastavenim vyvoje zaloZzeného

primordia (Van Norman et al. 2013).

Vyvoj postrannich kofent byl detailné popsan u husenic¢ku (A. thaliana). Proces za¢ina
asymetrickym antiklinalnim délenim, kdy dochazi Kk ustaveni zakladatelskych bunék.
Nésleduji periklinalni a dalSi organizovana déleni, kterd utvaieji jednotlivé vrstvy primordia
a zvétsuji jeho celkovy objem. Vyvoj kon¢i vynofenim (tzv. emergenci) postranniho kofene
z rodi¢ovskych pletiv (Biatek et al. 2014; Malamy and Benfey 1997). Obecné plati tento
jednotlivych déleni béhem vyvoje primordii (Malamy and Benfey 1997; Szymanowska-Pulka
and Nakielski 2010), nove prace ukazuji, Ze pro spravnou morfogenezi primordia je dulezita
signalizace mezi nim a nad nim umisténymi rodi¢ovskymi pletivy, kterymi v pribéhu jeho
vyvoje prorusta (Lucas et al. 2013; Péret et al. 2009; Roycewicz and Malamy 2014; Yue and
Beeckman 2014). Dokonce jiz pied prvnim délenim vedoucim ke vzniku primordia je kriticka
komunikace mezi aktivovanymi bunikami pericyklu a buiikami endodermis nachézejicimi
se nad timto mistem, jeZ je zprostfedkovana auxinem (Marhavy et al. 2013). Pied prichodem
rostouciho primordia timto mistem pak dochazi k ptetvoieni protoplastu endodermalnich
bunék, které ztraceji objem, méni tvar a dochdzi k ¢astecné degradaci Casparyho prouzki
(Vermeer et al. 2014). Spolupréace také vede u ur¢itych druht k tvorbé riznych doc¢asnych
struktur z matefskych pfilehlych pletiv, které chrani $picku pronikajiciho primordia. Tento
material je u svlaéce (Convonvulus arvensis) tvofen zbytky bunéénych stén bunék primarni
kary, jejichz protoplasty byly selektivné degradovany (Bonnett 1969). Tyto struktury byly

v minulosti nazyvany odlisné, jako napf. ,,poche digestive* (Van Tieghem and Douliot 1888)
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nebo ,,die Tasche” (von Guttenberg 1968), nicméné funkce ochrany a usnadnéni pronikani
primordia je tataz (Bell and McCully 1970; Charlton 1991). Koordinace mezi primordiem
a pletivy rodi¢ovského kotene zahrnuje také krok produkce auxinu vznikajicim primordiem
(Benkova et al. 2003), ktery v okolnich pletivech indukuje expresi LAX 3 (LIKE AUX 1)
vtokovych pienaSect auxinu (Péret et al. 2009; Swarup et al. 2008). Zde auxin reguluje IDA-
HAE/ HSL2 (peptid INFLORESCENCE DEFICIENT IN ABSCISSION - receptor-like kindza
HAESA/ HAESA-LIKE 2), (Kumpf et al. 2013), ktera indukuje enzymy,
napt. polygalakturonazy (Peretto et al. 1992), expanziny (Cosgrove 2000) nebo pektin lyazy
(Laskowski et al. 2006), ménici mechanické vlastnosti buné¢nych stén za cilem zeslabeni
¢1 modifikace bunécnych stén a rozvolnéni bunék podél stiedni lamely a tim usnadnéni

pruniku primordia (Roycewicz and Malamy 2014; Swarup et al. 2008).

Bé&hem pronikani rodi¢ovskymi pletivy dochazi k poruseni integrity pletiv lezicich vné
od pericyklu, ¢imz vznikd moznost nekontrolovatelného vstupu latek, vcetné patogeni
do rostliny. Pro obnoveni bariér ohrani¢ujicich vnitini prostor rostliny a kontinua povrchu
rostlinného organu dochazi k suberinizaci, lignifikaci (u obilnin ¢i rakosu, Phragmites
australis) nebo k akumulaci fenold (u jestfabniku, Hieracium florentinum), (Charlton 1991,
Peterson 1979; Soukup et al. 2002). U kukufice (Z. mays) bylo také béhem emergence
a bezprosttedné poté zjisténo uvolnovani benzoxazinoidd, obrannych molekul, které jsou
toxické pro hmyz, houby i bakterie (Park et al. 2004). Vyvoj postranniho kofene konci
diferenciaci vodivych pletiv a jejich naslednym napojenim na vodiva pletiva rodicovského

kotene (Esau 1965).

1.1.2 Studium mutantnich rostlin

Jednim z dulezitych nastroji funk¢éni genomiky pro objasnéni mechanizmi iniciace,
tvorby a rastu postrannich kofenll je vyuzivani mutantnich rostlin. MnoZstvi téchto mutantd
mimo modelovou rostlinu huseni¢ek (Arabidopsis thaliana) je vSak stale pomérné omezené.
Vzhledem k tomu, ze kukufice (Zea mays), popt. ryze (Oryza sativa) patii mezi jednodélozné
rostliny s heterogenni strukturou kofenového systému a variabilitou ve vytvareni postrannich
kofeni na primarnich a adventivnich kotfenech, oproti husenicku (A. thaliana),
(Hochholdinger et al. 2004b; Smith and De Smet 2012), Ize piedpoklédat, 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 ¢asovou naro¢nost.
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U ryZe (O. sativa) byly popsany jednak mutantni genotypy nevytvaiejici vubec
postranni kofeny vysledkem zmén v auxinove signalizaci - Lrtl (Lateral rootless 1), (Chhun
et al. 2003a), Irt2 (lateral rootless 2), (Wang et al. 2006) a rm109 (rice mutant 109), (Hao and
Ichii 1999) nebo vytvarejici postranni koteny v redukovaném mnozstvi - crll (crown
rootless 1) (Inukai et al. 2005), arml (auxin-resistant mutant 1) a arm2 (auxin-resistant
mutant 2), (Chhun et al. 2003b). U kukufice (Z. mays) zatim byly popsany jen ¢tyfi mutantni
genotypy s poruchami v utvaieni postrannich kofenti: mutanti slrl (short lateral roots 1), slr2
(short lateral roots 2) ukazujici defekt v rustu postrannich kofenti (Hochholdinger et al.
2001), ruml (rootless with undetectable meristems 1) netvofici hlavni a postranni kofeny
(Woll et al. 2005) a pro tuto praci zvoleny mutant Irtl (lateral rootless 1), (Hochholdinger
and Feix 1998).

1.1.3 KukuFi¢ny mutant Irtl (lateral rootless 1)

Monogenni recesivni mutant Irtl vznikl ndhodnou indukci bodovych mutaci pomoci
EMS (mutagen ethylmethan sulfonat) u B73 linie kukuiice (Zea mays), ktera byla pouZita
i pro pieCteni kukuifiéného genomu (Schnable 2009). Lezi na kratkém rameni druhého
chromozomu, avSak mapovani a piesna identifikace tohoto genu stale probihd. Dle ptivodni
studie se tento mutant zdal velmi vyznamnym néstrojem pro studium iniciace postrannich
kofenti vzhledem Kk 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 experimentélni model - kontrola bez iniciace
primordii i v naslednych pracich (Hochholdinger et al. 2004a; Hochholdinger et al. 2001;
Park et al. 2004). Ptesto vSak dosud chybé¢la detailni anatomicka studie upiesnujici

fenotypovy projev mutace.

Mnozstvi informaci o mutantu Irtl chovani bylo na pocatku nasi prace velmi omezené.
Céstetna obnova tvorby postrannich kofenti se podafila p¥i piisobeni arbuskuldrni mykorhizy
s houbou Glomus moseae nebo pii zvyseni dodavky fosfati. Soucasny efekt obou faktord byl
nejsilngjsi (Paszkowski and Boller 2002). Fenotyp Irtl a distribuce postrannich kotfenu ale
byly velmi vzdalené od pivodniho genotypu. Postranni kofeny se vytvaiely vysoce vétvené,
kratké a vznikaly spiSe ve skupinach bez naznaku klasické akropetalni sekvence. Exogenni
aplikace auxinu (ve form¢ 1-NAA,; 1-naphtalene acetic acid) na kli¢ici semena neméla zadny
vliv na obnoveni tvorby postrannich kotenti (Hochholdinger and Feix 1998) a nebyly

pozorovany zmény ani V polarnim auxinovém transportu a ani v lokalizaci PIN 1 (PIN-
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FORMED 1) ptenasece (Schlicht et al. 2006), jeZ je nepostradatelny pro iniciaci postrannich
kofenti (Benkova et al. 2003). Zda se tedy, Ze tento mutant postihuje jiné aspekty regulace
vyvoje postrannich kofenli nez je auxin a jeho poldrni transport. Lze tedy ocekavat,
Ze v tomto sméru bude identifikace tohoto genu zajimavym piispévkem do skupin regula¢nich

mechanismu nezahrnujicich auxin.

Predkladand prace se nezaméfuje pouze na popis vyvoje postrannich kotent, ale
poskytuje celkovy pohled na fenotyp Irtl. V pilotnich experimentech ukazoval mutant zmény
VvV utvafeni vnéj$i apoplastické bariéry a aerenchymu. Spolu s detekovanymi zménami
v proteomu (Hochholdinger et al. 2004a) ukazujici na ovlivnéni metabolismu polyfenold jsme
ocekavali, Ze tento mutant bude vhodnym modelem pro funkéni analyzy apoplastickych barier

a dalsich vlastnosti primarni kiry.

1.1.4 Apoplastické bariéry

Apoplastické bariéry omezuji nekontrolovany piijem latek z prosttedi. Endodermis je
obecné pritomna apoplasticka bariéra nachazejici se na povrchu stiedniho valce v kofenech
velké ¢asti vytrusnych rostlin a prakticky vSech semennych rostlin (Esau 1965; Geldner
2013). Vyvoj bariéry je u vétsiny rostlin postupny a obvykle jsou rozliSovana tfi stadia (Esau
1965). Casparyho prouzky jsou typickym a prvnim znakem vytvafejici se endodermalni
vrstvy (Bonnett 1968). Vznikaji v ur¢ité vzdalenosti od meristému a bylo zjisténo, ze pro
prostorovou kontrolu vyvoje prouzki u huseni¢ku (Arabidopsis thaliana) je vyZadovan
kontakt mezi sousednimi endodermalnimi bunikami (Martinka et al. 2012). Lze je snadno
detekovat pfi plazmolyze pfi jevu zvaném paskova plazmolyza. Ta vzniké diky tésné asociaci
plazmalemy s bunéénou sténou, které se ani pii plazmolyze neodlucuji (Bonnett 1968). Praveé
modifikaci antiklinalnich a transverzalnich bunéénych stén a tésnou asociaci s plazmatickou
membranou dochazi k omezeni neselektivniho transportu apoplastem (Alassimone et al. 2012;
Enstone et al. 2003; Rufz de Lavison 1910). Casparyho prouzky de€li kofen na dvé Casti —
strana obsahujici stfedni valec a strana vné od endodermis. Na obou stranich plazmalemy
byly v kofenech husenicku (A. thaliana) nalezeny transportéry vykazujici protichidnou
polarni distribuci, jejichz rozmisténi se déje az po diferenciaci endodermis. Tato polarizace je
zavisla na sprédvne funkci endocytotického cyklovani membran (Alassimone et al. 2010).
Diive se predpokladalo, ze Casparyho prouzky obsahuji rizny pomér suberinu a ligninu
(Schreiber et al. 1999; Zeier et al. 1999), ktery je odlisny dle druhu a v zavislosti

na podminkach prostiedi. Novéjsi prace vyuzivajici genetick¢é manipulace produkce ligninu
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a suberinu u huseni¢ku (A. thaliana) vsak spiSe hovoii primarné pouze o ligninu. Nicméné
svymi vysledky nerozliSuji a nevylucéuji ptitomnost aromatické domény suberinu (Naseer et
al. 2012). Druhym staddiem vyvoje endodermis, ktery nastupuje az urcity ¢as po vytvoreni
Casparyho prouzki, je vytvofeni suberinové lamely. Ta se tvofi u huseni¢ku (A. thaliana)
Vv jednotlivych buiikach, nezavisle na okolnich a také nezavisle na vzdéalenosti od meristému
(Naseer et al. 2012). V kukufici (Zea mays) se tvoii nejprve na vnitinich a vnéjsich
tangencialnich sténach a az poté v radidlnich (Haas and Carothers 1975). Tietim vyvojovym
stddiem je pak sekundarni tloustnuti bunééné stény, ktera je silngjsi v radidlnich sténach
a slabsi v tangencialnich. Dale mtize lignifikovat. Maturace bun¢k do druhého a tietiho stadia
je asynchronni a nejprve se objevuje proti buitkam floému (Peterson and Enstone 1996).
Existuje v8ak fada druhd, u kterych se endodermis vyskytuje pouze ve stadiu Casparyho
prouzku, jako napft. u lekninu (Nymphaea odorata), modrasky (Pontederia cordata), vod’anky
(Hydrocharis morsus-ranae) ¢i blatouchu (Caltha palustris), (Seago et al. 1999a, 2000a;
Seago et al. 2000b).

Obdobnym typem bariéry je exodermis tvofici se pod pokozkou kofene vétSiny
krytosemennych rostlin (Hose et al. 2001; Kroemer 1903; Perumalla et al. 1990; Peterson
1988; von Guttenberg 1968). Husenicek (A. thaliana), jeZ je Siroce vyuZivan na vyzkum
endodermalni vrstvy, tuto pfidatnou vrstvu bohuZel netvoii, a pro tuto problematiku jsou
vyuzivany jiné modelové rostliny, jako napi. kukufice (Z. mays), ryZe (Oryza sativa), kosatec
(Iris germanica), radkos (Phragmites australis) ¢i cibule (Allium cepa), (Armstrong and
Armstrong 2001; Enstone and Peterson 2005; Ma and Peterson 2000; Meyer et al. 2009;
Soukup et al. 2002). Oproti relativné konzervativni struktufe endodermis se tvorba exodermis
a jeji charakter lisi u riznych rostlinnych druht, kultivart, ale i u téhoZ druhu v zavislosti
na véku a na podminkach, ve kterych se koten vyviji (viz dale). Popisuje se, Ze podobn¢ jako
endodermis, prochazi itato apoplasticka bariéra tfemi stadii vyvoje (Hose et al. 2001).
Ackoliv se hovoti o exodermalnich Casparyho prouZcich jako o analogické stuktufe k tém,
které se vytvari vendodermis (Geldner 2013), zatim neexistuje piiliS mnoho praci
zabyvajicich se porovnavanim téchto struktur (Enstone et al. 2003; Meyer and Peterson
2013). Ur¢ité rozdily byly jiz popsany. Oproti endodermis, exodermalni Casparyho prouzky
se vytvaieji Sirsi (Enstone et al. 2003). Také mezi prvnim a druhym stadiem zahrnujicim
vznik suberinové lamely neni takovy odstup, jaky je znamy p¥i formovani endodermis. Casto
se suberinové lamely ukladaji jesté nez je dokoncen vyvoj Casparyho prouzki (Peterson
1989) nebo dokonce ve stejnou dobu (Meyer et al. 2009; Seago et al. 1999b, 2000a). N¢které
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druhy tvofi podobné jako endodermis jen jednu exodermalni vrstvu (kukufice, Z. mays, ryze,
O. sativa, cibule, A. cepa), (Enstone and Peterson 1997; Ma and Peterson 2000; Perumalla et
al. 1990; Ranathunge et al. 2003), avSak existuji druhy s vice vrstvami (rakos, P. australis,
orobinec, Typha glauca, T. augustifolia, kosatec, I. germanica, agave, Agave deserti), (Meyer
et al. 2009; North and Nobel 1995; Peterson and Perumalla 1990; Seago et al. 1999b; Soukup
et al. 2002), kde vznika nejprve vnéjsi vrstva a nasledné vrstvy vznikaji centripetalné (Meyer
et al. 2009). Oproti endodermis, jejiz tvorba je konstitutivni, nékteré rostliny vytvareji
exodermis az po indukci vn&jsimi podminkami, jako napt. kukufice (Z. mays). Vné&jsi
podminky ¢asto 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 (P. australis), (Ranathunge et al. 2003;
Soukup et al. 2002). | jejich rozsah je v3ak ovlivnén podminkami prostiedi a adaptaci rostliny
K podminkam stanovisté. Piikladem takové adaptace jsou rizné druhy kosatce (Iris sp.).
Druhy, které rostou v pudé s nedostatkem vody, vytvareji mnohovrstevnou exodermis
anaopak druhy, vyskytujici se v zatopeném substratu, tvofi jednovrstevnou exodermalni
bariéru (Meyer et al. 2009).

Apoplastické bariéry se utvareji v ur¢ité vzdalenosti od apikalniho meristému hlavniho
kotene. Tato vzdalenost se dosti 1i§i dle druhu a rovnéz zavisi na rychlosti ristu kofene
(Clarkson et al. 1987; Enstone and Peterson 1992; Enstone and Peterson 1997; Ranathunge et
al. 2003). Vétsinou se blize apexu diferencuje endodermis a exodermis vznika az v uréité
vzdalenosti od ni. U mokfadnich rostlin byva tento trend obraceny (Lichtenberkova 2002;
Seago et al. 1999b; Soukup et al. 2002).

Pritomnost bariéry vyrazné urCuje transportni parametry kotene (Baxter et al., 2009)
atim i pfijem minerdlnich zivin a vody, vstup toxickych latek, patogenti nebo vznik
mykorhizni kolonizace (Begg et al. 1994; Enstone et al. 2003; Lux et al. 2011; Schreiber et al.
2007). Lze pitedpokladat, Ze ovliviuji i vnitini prostiedi kofene a nasledné prubéh vyvoje
pletiv, a jejich odolnost vuc¢i neptiznivym podminkam prostiedi. Postup diferenciace pletiv
kofene probiha v kontextu dalSich vyvojovych udalosti, které nelze povazovat za zcela
nezavislé. Znama je napi. prostorovad souvislost a koordinace mezi vznikem aerenchymu,
zakladanim a rustem postrannich kofent a ukladanim suberinu v apoplastickych bariérach
nalezena v radialnim i longitudinalnim sméru u kukufice (Z. mays) a rakosu (P. australis),
(Armstrong et al. 2000; Enstone and Peterson 1997; Seago et al. 1999b; Soukup et al. 2002).

Vysledky z kukufice (Z. mays) péstované ve vermikulitu ukazuji, Ze v mladSich oblastech,
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pobliz kterych maji v budoucnu prorustat postranni kofeny, se v endodermis nachazeji
tzv. propustné buniky bez suberinovych lamel. Tyto builkky jsou navic sefazeny radiilné
s bunkami v exodermis, u kterych je také zpozdéna tvorba suberinové lamely (Enstone and
Peterson 2005). Koordinace vyvoje postrannich kofend a nemodifikované exodermis byla
popsana i u rakosu (P. australis), (Armstrong et al. 2000; Soukup et al. 2002). Tyto oblasti
jsou nazyvany ,,okna“ a ziejmé slouzi k usnadnéni proristani postrannich kofend. Nasledkem
stresu se mohou tato mista, nachézejici se proti prorustajicim primordiim, suberinizovat,
popt. lignifikovat v dusledku poskozeni. Tim dojde Kk jakémusi uvéznéni primordii uvnitf
matefského kofene a ty pak prorustaji podél osy skrz vrstvy primarni kiry (Armstrong et al.
1999; Armstrong and Armstrong 2001).

Na pocatku prace jsme vychazely z hypotézy, Zze pokud mutaci doSlo k ovlivnéni
schopnosti mutanta efektivné regulovat vnitini prostfedi, mohl by byt vyrazné¢ ovlivnén
pribéh diferenciace i1 dalSich pletiv, v€etné¢ vyvoje postrannich kotenti od jejich iniciace
az po zpusob pronikani matetskymi pletivy. Predkladana prace proto poskytuje vedle
hodnoceni pritbéhu iniciace a rastu postrannich kotfenti také zhodnoceni vyvoje okolnich
pletiv a srovnava tyto procesy navzajem. V prub¢hu prace se ukazalo, ze mutace ovliviiuje
celou fadu dalSich parametrti v silné zdvislosti na podminkach prostiedi, a tedy, Ze mutant
neni vhodny model pro rozsahlejsi studii apoplastickych bariér. Navic z duvodu stale
nedokoncené identifikace genu zpusobujici tuto mutaci jsme upustili od této puvodné
planované casti a pln¢ dokoncili pouze Cast zaméfenou na postranni koteny. Vzhledem
K vysoké variabilit¢ a vyraznym problémum s kultivaci Irtl rostlin z heterogenni populace
semen, zejména jeho vysokou citlivosti k podminkam prostfedi, byla ¢ast vénovana vyvoji

hypodermalnich vrstev nasledn¢ feSena na jiném ekotypu kukufice (Z. mays).

1.1.5 Vliv podminek prostfedi na vyvoj apoplastickych bariér

Tato problematika byla jiz mnohokrat publikovdna s pouZzitim riznych podminek
prostiedi, i riznych druhi rostlin. Velké rozdily byly nalezeny mezi utvarenim endodermis
a exodermis napft. za pouziti hydroponie s odliSnou dostupnosti kysliku, aeroponie (Enstone
and Peterson 1998, 2005; Zimmermann et al. 2000; Zimmermann and Steudle 1998),
vermikulitu (Enstone and Peterson 1998; Schreiber et al. 2007) a agaru (Soukup et al. 2004).
DalSi popsané stresory ovliviiujici tvorbu téchto vrstev jsou sucho (Enstone et al. 2003),
salinita (Karahara et al. 2004; Shen et al. 2014; Schreiber et al. 2007), tézké kovy
(Degenhardt and Gimmler 2000; Lux et al. 2011), nedostatek Zivin (Schreiber et al. 2007),
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acidita, patogeny (Enstone et al. 2003), teplota (Armstrong et al. 1999), fytotoxiny
(Armstrong and Armstrong 2001; Armstrong et al. 2000) a mechanicky odpor substratu
(Meyer et al. 2009; Seago et al. 2000b). Rozdily se pak projevuji na rozvoji jednotlivych
bariér v daném misté, v chemickém sloZeni, v tloustce Casparyho prouzka v radialnich
sténach, podél samotného koifene a ve vzdalenosti jejich tvorby od vrcholu kotene (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).

1.1.6 Apoplastické bariéry se vytvareji nejen v hlavnich korenech

Dosud se naprostad vétsina praci zaméfovala pouze na hlavni kofen a ostatni ¢asti
kofenového systému byly opomijeny. OdliSné reakce na drovni 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
kofenu (Gierth et al. 1999; Lehmann et al. 2000). Ackoliv postranni kofeny tvoii pfevaznou
a velmi dulezitou ¢ast kofenového systému, jsou zminky o nich ve vétsiné piipadt velmi kusé
a nesystematické. Pfevaznou ¢ast informaci tvoti vysledky z pokusu, pti 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 kotfeny
(Aloni et al. 1998) nebo se zabyvaji otazkou, zdali se dostavaji latky pies mezery vzniklé pii
emergenci postranniho kofene (Peterson et al. 1981), ¢i barvicka z okolniho prostiedi
prostupuje cely postranni kofen a jeho cévnimi svazky se dostava dovniti mateiského kotene
(Enstone and Peterson 1998; Faiyue et al. 2010; Soukup et al. 2002). Vétsina téchto informaci
se vSak zaméfuje na endodermis, vysledky jsou ¢asto 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 o exodermis jsou u kofent vyssich fadi naprosto vyjime¢né. Pritomnost exodermis
byla popsana v kukufici (Zea mays), (Redjala et al. 2011; Wang et al. 1995), histochemicky
detekovéna u rdkosu (Phragmites australis), (Soukup et al. 2002), naopak v ryZi (Oryza
sativa) nebyla v jedné studii pozorovana (Faiyue et al. 2010), ale v druhé byla detekovana
(Yamaji and Ma 2007). Jediné detailn&jsi informace pochazeji ze studia tlustych postrannich

kotfent agave (Agave deserti) ¢i citrusu (Citrus sp.). Pfi studiu postrannich kofent agave byly
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popsany rozdily v poétu vytvotenych exodermalnich vrstev v zavislosti na trvani sucha (North
and Nobel 1991) a na citrusech byly srovnavany rozdily ve vyvoji suberinové lamely mezi

jednotlivymi fady postrannich kofent a téZ mezi tfemi riznymi druhy (Huang and Eissenstat
2000).

Z divodi velmi kusych a ¢asto nesourodych informaci jsme do naseho studia zahrnuli
cely kofenovy systém kukufice (Z. mays) s inducibilnim charakterem exodermis a studie
zahrnuje Skalu nejcastéji se vyskytujicich experimentalnich podminek, jakymi jsou
provzdusnovand hydroponie, hydroponie se snizenou dostupnosti kysliku, organické kyseliny
v kombinaci s hypoxii, zasoleni, rizné koncentrace tézkych kovi, pida, zaplavena puda
a perlit s piskem zalévany pouze vodovodni vodou za ucelem sledovani nizkého vodniho
potencidlu a mozného nedostatku uréitych Zivin. Jako modelovy organismus pro tuto Cast
jsme zvolili v nasi laboratofi provéteny genotyp Cefran (Hlavata 1992; Husékova 2006;
Lenochova 2004), jez nevykazuje negativné ovlivnény vyvoj postrannich kofent. Cilem této
¢asti bylo zdokumentovat variabilitu apoplastickych bariér v ramci kofenového systému
v riznych podminkach prostiedi. Tato data byla navic spojena s detailni analyzou ristu

a vétveni postrannich kotent.

1.1.7 Testovani propustnosti apoplastu

Testy propustnosti povrchu koifene jsou technikou uZivajici se vice nez stoleti (Rufz de
Lavison 1910), ktera nam umoziuje detekovat pohyb latek apoplastickou drahou
v rostlinnych pletivech. Tyto latky jsou oznacovany jako tzv. apoplastické sondy. Ackoliv
u vétsiny z nich je zndmo chovani, které takto striktné vyhranénému oznaceni neodpovida,
pro snadnéj$i orientaci v tomto textu se tohoto oznaceni budeme nadale drZet. Apoplastické
sondy jsou latky, jejichZ vlastnosti jim umoziuji pohybovat se pouze v apoplastu a nemély by
prechéazet snadno pies plazmatickou membranu. Sondy aplikované vétsinou ve formé urcitého
roztoku na testovana pletiva je pak mozné nésledné detekovat. Tim ziskdvame poziéni
informaci o ne/propustnosti apoplastu daného vzorku. Jejich pohyb samoziejmé silné zavisi
na velikosti molekuly sondy a jejiho ndboje, jelikoz apoplast mize obsahovat velké mnozstvi
negativné nabitych molekul. K testovani se uZivaji jednak malé anorganické latky, jako Fe?*
¢i kyselina jodista, které se svymi vlastnostmi podobaji solutim obsazenym v pidnim
roztoku. Jako apoplastické sondy jsou Casto vyuzivany i vétsi fluorescentni latky, jako

napt. rostlinny alkaloid berberin, calcofluor ¢ PTS (trisodium 3-hydroxy-5,8,10-
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pyrenetrisulfonat). Uvedene sondy jsou odlisné svymi vlastnostmi, s kterymi jsou spojené

| rizné limitace v jejich pouZiti.

V prub¢hu studia apoplastickych bariér jsme zjistili, Ze ackoliv testy propustnosti jsou
velmi Casto pouzivana a celkem jednoduse proveditelnd technika, vysledky v jednotlivych
pracich jsou ¢asto velmi odli$né. Proto jsme doplnili anatomickou ¢ast o metodické srovnani,
které je kliCové i pro spravnou interpretaci ziskanych vysledkd. Vybrand barviva jsme
otestovali na kofenech kukutice (Zea mays) s indukovanou tvorbou exodermis a na kofenech
ryze (Oryza sativa), kterd vytvaii konstitutivni, silnéjsi exodermalni bariéru. V souhrnu
diskutujeme o dulezitém 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 vyuziti jednotlivych sond.

Z vyse uvedenych divodu je prace Clenéna do tii viceméné samostatnych casti
zahrnujicich anatomicko-morfologickou studii mutanta Irtl za riznych kultivaénich
podminek, popis vyvoje apoplastickych bariér v ramci celého kofenového systému kukuftice
(Z. mays) za riznych podminek prostfedi a zhodnoceni riznych testi propustnosti
pouzZivanych v literatute zahrnujici diskuzi o moznostech jejich pouZziti/ jejich limitace

se zahrnutim vlastnich vysledki.
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1.2  Cile prace

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

(Zea mays)

Diléi cile:

Detailné zdokumentovat vyvoj postrannich kofent u Irtl, jejich anatomii
v riznych stadiich vyvoje, zplsob pronikani zhlavniho kofene a jejich

nasledny rist pii variabilnich podminkéch kultivace

Kvantifikovat iniciaci a rast postrannich kofenu Irtl a ptvodniho genotypu

podél hlavni osy primarniho kotene

Zhodnotit postup diferenciace povrchovych vrstev kofene; srovnat vyvoj
a funkci exodermélnich wvrstev Irtl a normalniho genotypu za ruznych

podminek prostfedi a jejich mozného vlivu na prortstani postrannich kofenti

Popsat rozdily v propustnosti exodermis Vv zavislosti na prostorovém

uspotradani jednotlivych slozek exodermalnich bunéénych stén

Porovnat adapta¢ni mechanismy na podminky prostiedi mezi Irtl a puvodnim

genotypem a zhodnotit rozdily mezi nimi.

Il. Hlavnim cilem je dokumentace struktury a funkce apoplastickych bariér v rdmci

celého korenového systému kukufice (Z. mays) za riznych podminek prosti-edi

Diléi cile:

Porovnat rozdily vrozsahu vytvafeni endodermis a exodermis Vv riznych
typech kofenti (primarni kotfen, postranni kofeny riznych tada, adventivni

nodalni kotfeny) a pii plisobeni riznych podminek prostiedi

Detailné zdokumentovat vyvoj apoplastickych bariér v postrannich kofenech

rizné délky a stafi pti pisobeni riznych stresovych faktori
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e Zhodnotit rozdily v propustnosti povrchovych vrstev raznych typa kofent

a za raznych podminek prostedi.

I11. Hlavnim cilem je porovnani jednotlivych typt apoplastickych tracert uzivanych

v literatufe a otestovani vybranych sond na vybraném rostlinném materialu
Dil¢i cile:

e Porovnat charakteristiky jednotlivych apoplastickych sond pouzivanych

V literatufe a zhodnotit rozdily v popsanych vysledcich

e Vybrat vhodné zastupce jednotlivych typl 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.
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2. MATERIAL A METODY

Ackoliv je tato dizertacni prace rozdélena do tii viceméné samostatnych casti, metody
zahrnujici napt. kultivace rostlin a zdkladni anatomické a histochemické postupy jsou shodné.
Z tohoto divodu jsem se rozhodla namisto opakovaného vypisovani totoZznych metod
v jednotlivych sekcich, pojmout tuto ¢ast dizerta¢ni prace jako celkové shrnuti. Pokud ale Slo
vylozené o samostatnou metodu pouzitou jen v dané ¢asti, pouzila jsem oznaceni jednotlivych

kapitol obsahujicich konkrétni ¢lanek/manuskript.
2.1 Rostlinny material

Kotenovy systém kukufice seté, Zea mays L., B73 genotyp a mutant Irtl (kap. 3.1.2); Zea
mays L., cv. Cefran (kap. 3.2.2, 3.3.2); ryZe seté, Oryza sativa japonica, var. Nipponbare
(kap. 3.3.2).

2.2 Typy kultivaci a kultiva¢ni podminky

Semena kukutice (Z. mays) byla klicena mezi listy filtra¢niho papiru po Ctyfi dny, pii
27 °C, ve tm¢&. U semen mutanta Irtl (kap. 3.1.2) byla semena pied kliCenim Ctyfi dny
jarovizovéana v lednici pti 4 °C pro lepsi synchronizaci kli¢eni. Semena ryZe (O. sativa),
(kap. 3.3.2) byla klicena sedm dni ve vodé na svétlém misté pokojové teploty. Rostliny
s primarnimi kofeny (2 - 5 cm) byly pfeneseny do kultiva¢nich nadob a kultivovany v ristové
komore s fotoperiodou 16/8, ozafenim 435 W.m?, relativni vlhkosti vzduchu 50 - 75 %
a teplotni periodou 22/18 °C den/noc. Ctvrtinovy Zivny roztok Hoagland 3 (Hoagland and
Amon 1950) byl doplnén mikroprvky (Arnon 1938) a Fe* citratem, popf. jests agarem,
organickymi kyselinami, NaCl, nebo Cd** (detailni sloZeni a koncentrace viz kap. 3.1.2, 3.2.2,
3.3.2). Zivny roztok byl ménén kazdy tyden. Pro kratkodobou kultivaci byly pouzity 5 L
(kap. 3.1.2), popt. 12 L nadoby (kap. 3.2.2, kap. 3.3.2), pro dlouhodobou 80 L (kap. 3.1.2).
V piipadé kultivaci v puad¢ ¢i perlitu byly rostliny péstovany v 1 L nadob¢ v experimentalnim
skleniku (kap. 3.2.2). Rostliny byly péstovany bud’ mezi listy filtra¢niho papiru (Lenochova et
al. 2009), (kap.3.1.2), v zavzdusnované hydroponii (kap. 3.1.2, 3.2.2, 3.3.2), stagnantni
hydroponii (kap. 3.1.2) utuZené agarem (kap. 3.2.2), ve vlhké &i zaplavené pudé nebo
v perlitu s piskem (kap. 3.2.2). Rostliny kukuftice (Z. mays) byly zpracovany ve staii 16 dni
(kap. 3.1.2, 3.3.2), 18 dni (kap. 3.2.2), popi. az pii kvétu cca po Ctyfech mésicich pii
dlouhodobé kultivaci (kap. 3.1.2). Rostliny ryZe (O. sativa) byly staré 46 dni (kap. 3.3.2).
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2.3 Zpracovani materialu

Vybér jednotlivych typt kofentl, stejné tak pozic podél kofene a pocet opakovani
se liSi mezi jednotlivymi sekcemi podle nasledného zpracovani, a proto jsou uvedeny

aZ u jednotlivych vysledki ve ¢lancich/manuskriptech (kap. 3.1.2, 3.2.2, 3.3.2).

2.3.1 Rucni fFezy

Vybrané vzorky kofent byly fixovany v 4 % paraformaldehydu ve fosfatovém pufru
(0.05 M, pH 6.8) a pomoci ru¢niho mikrotomu byly piipraveny pficné 50 — 150 pm tlusté
fezy. Rezy byly dle potieby barveny pomoci Sudan Red 7B (0.01 % w/v; 1 h), smési 1 % HCI
a 12 % Floroglucinolu (3 min) nebo Berberin hemisulfatu (0.1 % aqg.; 1 h) s Gencianovou
violeti (0.05 % aqg.; 10 min) pro zhaSeni autofluorescence (Brundrett et al. 1991; Jensen
1962). Vzorky byly nasledné pozorovany v 65 % glycerolu (popf. okyseleném glycerolu
po barveni HCI - Floroglucinol). Jako kontrola slouzily nebarvené fezy pozorované

ve svétlém poli nebo s vyuzitim ptislusné fluorescence.

2.3.2 Trvalé preparaty

Vybrané vzorky byly fixovany v 50 % FAA (formaldehyd — kyselina octova — ethanol)
a po odvodnéni (Némec 1962) zality do histoplastu. Sériové podélné a pficné fezy tlusté
10 pm pfipravené na rotaénim mikrotomu byly barveny Safraninem O a Fast Green FCF
(Johansen 1940), (kap. 3.1.2).

2.3.3 Priprava vzorki pro TEM

Vzorky kotent velikosti max 3 x 3 mm byly fixovany ve 2.5 % glutaraldehydu
v kakodylatovém pufru (0.1 M, pH 7.2) a postfixovany pomoci 2 % (w/v) osmium tetroxidu
ve stejném pufru. Poté byly infiltrovany v osmi krocich (12 h/krok) do pryskyfice LR white
s pfidanym katalyzatorem 0.5 % benzyl peroxidem a nechany polymerovat ptes noc pii 60 °C
bez ptistupu vzduchu. Z blockii byly nasledn& vytvoreny polotenké fezy (2 — 3 um). Rezani
ultratenkych fezi a kontrastovani pomoci osmia bylo provedeno v servisnim pracovisti
Elektronové mikroskopie, Vini¢na 7, Praha. Vzorky byly pozorovany v transmisnim

elektronovem mikroskopu (kap. 3.2.2).
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2.3.4 Priprava vzorkua pro SEM

Vybrané 1 cm dlouhé tseky hlavnich kofend byly fixovany v 2.5 % glutaraldehydu
v kakodylatovém pufru (0.1 M, pH 7.2; 24 h), poté dehydratovany pomoci ethanol-acetonové
fady, preneseny do terciarniho buthanolu, vakuové vysuSeny a pozlaceny (Sputter Coater
SCD 050, Bal-Tec). Nasledné byly pozorovany ve skenovacim elektronovém mikroskopu
(kap. 3.1.2).

2.3.5 Projasnéni koreni

Kotenové $picky byly projasnény pomoci Nal (Soukup and Tylova 2014) a barveny
Propidium jodidem (5 pg/mL) a Hoechstem 33258 (2 pg/mL). Takto ptipravené vzorky byly
pozorovany v konfokélnim mikroskopu (kap. 3.1.2).

2.3.6 Aktivita peroxidazy

Aktivita peroxidazy byla detekovana histochemicky na rucnich tezech (kap. 3.1.2).
Reakéni smés obsahujici 1 mL acetatového pufru (0.1 M, pH 5) s282 pl smési DAB
(0.78 mg/mL), NiCl2 (4 mg/mL) a H,0; (0.03 mg/mL) byla aplikovana na fezy po dobu 1 h,
ve tm¢ a pii 35 °C. Na kontrolni fezy nebyl pouzit H,O,, popt. byl aplikovan phenylhydrazin
k inhibici peroxidazy (5 min; 0.1 % v PBS), (Pearse, 1968).

2.3.7 Test propustnosti a hodnoceni

Permeabilitni testy byly pouzity ve vSech sekcich. Vzhledem k tomu,
ze charakteristiky jednotlivych apoplastickych sond, véetné postupu jejich pouziti jsou velmi

detailné komentovany v kap. 3.3, neni zde tato ¢ast vice rozvedena.

2.3.8 Analyza jednotlivych vyvojovych stadii a kvantifikace primordii/ postrannich

KkoFenu

Jednotliva vyvojova stadia postrannich koteni byla kvantifikovana na podélnych
seriovych trvalych preparatech vytvofenych z 1 cm dlouhych kotfenovych segmentt

(kap. 3.1.2). Cetnost iniciaci postrannich kofentl byla vyjadiena jako “lateral root initiation

.....

I: primérna délka pIné prodlouZenych bunék primarni kiry (mm),” (Dubrovsky et al., 2009).
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2.3.9 Kvantifikace ligninu

Vzorky (kap. 3.1.2) byly vysuseny pii 60 °C a zhomogenizovany. Bunécné stény byly
vycCistény (Selvendran, 1975) a nasledné inkubovany s kyselinou thioglykolovou (Bruce and
West, 1989). LTGA (Lignin Thioglycolic Acid Derivates) byly extrahovany z buné¢nych stén
a méfeny spektrofotometricky (Helios a, Unicam, Cambridge, UK) pfi 280 nm. Vysledky
byly vyjadieny jako absorbance/sucha hmotnost vy¢isténych bunéénych stén (Lange et al.,
1995).

2.3.10 Hodnoceni distribuce Casparyho prouzki a suberinovych lamel

Distribuce bun¢k vendodermis a exodermis obsahujici Casparyho prouzky,
popf. suberinové lamely byla hodnocena semikvantitativné. Bylo vytvofeno pét kategorii
podle vyskytu (0 — Zadné bunky neobsahovaly danou modifikaci, 5 — v8echny buiky),

(detailni informace viz kap. 3.2.2).

2.3.11 Obrazova analyza

Obrazova analyza v softwaru NIS Elements AR 3.22.05 (Laboratory Imaging;
http://www.nis-elements.com) byla vyuzita pro zhodnoceni radialni tloustky Casparyho
prouzka v endo/exodermis (kap. 3.2.2) a stanoveni pohybu apoplastické sondy primarni kiirou
(kap. 3.2.2). Také byla pouzita pro manualni zméfeni celkové délky hlavnich kofent
(kap. 3.1.2, 3.2.2) a pro zméteni délky postrannich kofent druhého a tretiho fadu (kap. 3.2.2).
Morfologickd analyza postrannich kofen prvnich fadu byla provedena poloautomaticky
v softwaru Image J 1.49d, plugin Smart Root (National Institute of Mental Health;
http://imagej.net), (kap. 3.2.2).

2.3.12 Mikroskopie

Pro vétsinu pozorovani byl pouzit mikroskop Olympus BX51 (Olympus Copr., Tokyo,
Japan) v rezimu svétlého pole, DIC, ptipadné fluorescence s kostkou pro UV (Olympus U-
MWU) a modrou excitaci (Olympus U-MWB). Dokumentace byla provedena pomoci
digitadlni kamery Apogee U4000 (Apogee Imaging Systems, Inc., Roseville, CA, USA).
Z dalSich mikroskopickych technik byl vyuZit konfokalni laser-skenovaci mikroskop (TCS
SP2, Leica, Mannheim, Germany), skenovaci elektronovy mikroskop (JEOL JSM-6380LV,
Tokyo, Japan) a transmisni elektronovy mikroskop (JEOL 1011, Tokyo, Japan) s digitalni
kamerou Veleta CCD a softwarem Olympus Soft Imaging Solution GmbH.

21



Material a metody

2.3.13 Statistické analyzy

Ke statistickému zhodnoceni vysledka byl pouzit program NCSS 2001 (Jerry Hintze,
Number Cruncher Statistical Systems, Kaysville, Utah, USA). V kapitole 3.1.2 byl uzit
dvouvybérovy t-test a v pfipadé dat bez normalni distribuce Mann-Whitney/Wilcoxon,
popi. Kolmogorov-Smirnov neparametricky test. Pro otestovani rozdilti v podilu jednotlivych
vyvojovych stadii primordii/postrannich kotenti v dané pozici kotene byl vyuzit Hotellingliv
dvouvybérovy t-test (Hotelling 1931). Pro udrZeni p-hladiny u nezavislych vzorku byla
vyuzZita metoda Bonferroni-Holm (Holm 1979). V kapitole 3.2.2 byla pouzita GLM Anova
pro analyzu vlivu vzorku/oSetfeni/interakci. Nasledné rozdily byly déle analyzovany pomoci
Bonferroniho mnohonéasobného srovnavaciho testu. Korelace byly zhodnoceny pies
Correlation Matrix (Spearman Correlation Coefficient). Chybové tsecky oznacuji stfedni

chybu pruméru.
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3. SOUHRN VYSLEDKU PRACE

3.1 Analyza koienového systému mutanta Irtl kukufice (Zea mays)

Pii studiu mutanta Irtl kukufice (Z. mays) jsme se neomezili pouze na kofenovou ¢ast,
ale sledovali jsme vliv této mutace na urovni celé rostliny. NaSe vysledky ukazuji, Ze mutace
ovlivituje celkovy habitus rostlin. Obecné jsou niz§itho vzristu a hife snaSi nepiiznivé
podminky prostiedi, jako napf. Gtoky patogent ¢i nedostatecné provzdu$néni media. Rostliny

¢asto vykazuji sterilitu.

Na zaklad¢ detailni analyzy kotfenového systému s vyuzitim raznych typtu kultivaci
jsme zjistili, Ze mutace zpusobuje vysSi citlivost Irtl rostlin k riznym podminkam prostedi,
coz mé¢lo zejména dopad na zpozdény vyvoj a postizeni postrannich kotenti. Na samotnou
frekvenci zakladani primordii, jak bylo ptivodné predpokladano, vSak mutace vliv nema. Je
proto tieba piehodnotit vyuZiti tohoto mutanta, jeZ nadale nemuze byt uzivan jako ,,kontrolni*
varianta nevytvarejici postranni kofeny v ¢asném postembryondlnim vyvoji pro proteomické
a genomické studie. Bliz§i anatomické studie jednotlivych stadii vyvoje postrannich kotfent
ukézala, Ze primordia v mutantnich rostlinach vykazuji poruchy v uspotadani jednotlivych
vrstev, jsou SirSi na bazi, s Castymi lignifikacemi. Samotna vznikajici struktura budouciho
apikalniho meristému postranniho kotene je siln¢ ovlivnéna, coz mize mit za nasledek
pozorované zmeény 1 pii prorustdni pletivy hlavniho kotene. Je vSak mozné, ze pravé
problémy s prorstanim negativné ovlivituji strukturu vznikajiciho meristému. Také samotné
vynofeni postrannich kofenti neprobihd, ve srovnani s puvodnim genotypem, tradi¢nim

zpusobem a pokud k nému dojde, tyto kofeny ukoncuji velmi zahy svuj rist.

Oproti postrannim kofeniim nevykazuji hlavni kotfeny vyrazné zmény v organizaci
meristému. Nicméné i1 tento typ kofenli je mutaci ovlivnén, jelikoz v urcité vzdalenosti
od apikalniho  meristétmu  jsme zaznamenali poruchy v organizaci povrchovych
a podpovrchovych vrstev. Ty byly nejrozsahlejsi zejména ve starSich, pln¢ diferencovanych
castech kotfenli. Vysledky z anatomickych a histochemickych pozorovani téchto mist jsme
korelovali stesty propustnosti bunéénych vrstev pii pouziti kyseliny jodisté jako sondy
propustnosti povrchu kotene. To ukazalo zajimavy vzorec diferenciacnich zmén v téchto
povrchovych vrstvach kofene Irtl, kde bylo vidét, Zze funkce sledovanych vrstev je
v mutantnich kofenech zménéna oproti normalnimu genotypu. Mezi nejmarkantnéjs$i zmény

v diferenciaci mutizeme jmenovat zvySenou lignifikaci, depozici polyfenolickych latek
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a zvySenou aktivitu peroxidazy. Indukovana lignifikace a zvySena aktivita peroxidazy byla
taktéZ pozorovana v pericyklu, v mistech potencialniho vzniku primordii a kolem jiz
vzniklych primordii. Kvantitativni zmény v celkovém obsahu ligninu mutanta oproti

puvodnimu genotypu vsak nebyly statisticky prukazné.

3.1.1 Podil prace

Veskeré experimentalni prace vcetné sepsani manuskriptu jsem provedla sama,

s konzulta¢ni pomoci Dr. Soukupa a Prof. Hochholdingera.

3.1.2 Publikace

Vysledky ztéto kapitoly jsou soucasti publikace: Husdkovd, E., Soukup, A.,
Hochholdinger, F. (2013). "Lateral root development in the maize (Zea mays L.) lateral
rootless 1 mutant.” Annals of Botany 112(2): 417 - 428.
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e Background and Aims The maize [rt]l (lateral rootlessl) mutant is impaired in its development of lateral roots
during early post-embryonic development. The aim of this study was to characterize, in detail, the influences that
the mutation exerts on lateral root initiation and the subsequent developments, as well as to describe the behav-
iour of the entire plant under variable environmental conditions.

e Methods Mutant [rt] plants were cultivated under different conditions of hydroponics, and in between sheets of
moist paper. Cleared whole mounts and anatomical sections were used in combination with both selected staining
procedures and histochemical tests to follow root development. Root surface permeability tests and the biochem-
ical quantification of lignin were performed to complement the structural data.

o Key Results The data presented suggest a redefinition of /r¢/ function in lateral roots as a promoter of later de-
velopment; however, neither the complete absence of lateral roots nor the frequency of their initiation is linked to
[rt] function. The developmental effects of /r¢/ are under strong environmental influences. Mutant primordia are
affected in structure, growth and emergence; and the majority of primordia terminate their growth during this last
step, or shortly thereafter. The lateral roots are impaired in the maintenance of the root apical meristem. The
primary root shows disturbances in the organization of both epidermal and subepidermal layers. The Irtl-
related cell-wall modifications include: lignification in peripheral layers, the deposition of polyphenolic sub-

stances and a higher activity of peroxidase.

e Conclusions The present study provides novel insights into the function of the /r7] gene in root system devel-
opment. The [rt] gene participates in the spatial distribution of initiation, but not in its frequency. Later, the de-
velopment of lateral roots is strongly affected. The effect of the /r#/ mutation is not as obvious in the primary
root, with no influences observed on the root apical meristem structure and maintenance; however, development

of the epidermis and cortex are impaired.

Key words: Zea mays, Irtl, lateral root, lateral root emergence, root apical meristem, lignin, peroxidase.

INTRODUCTION

Lateral roots (LRs) typically form the major portion of the root
systems of vascular plants. Root system architecture, which is
shaped by root branching, is one of the key agronomic para-
meters determining the uptake of water, nutrients and other
substances, as well as the eco-physiological relationships
with the rhizosphere.

LRs are mostly formed postembryonally in the subapical
zone of the parent root (Esau, 1965). Their development has
been studied in detail in the Arabidopsis thaliana dicot
model, primarily due to its simple and experimentally access-
ible root system. Initiation of its LRs takes place in the proto-
xylem sector of the pericycle, and is normally divided into
eight steps, including formation of founder cells, anticlinal
and periclinal divisions, as well as the activation of a new
apical meristem during emergence from the maternal root
tissues (Malamy and Benfey, 1997). LR initiation in more
complex (and agronomically important) model plants such as
the monocot cereals maize (Zea mays) and rice (Oryza
sativa) differ to some extent. In maize, LR initiation takes
place opposite from the phloem poles of the polyarch stele
(Bell and McCully, 1970; Jansen et al., 2012). Most of
the young LRs are formed from pericycle cells, except for

the temporary early root cap of endodermal origin, which
are later replaced by the activity of the root apical meristem
initials (Clowes, 1978). The heterogeneity of the cereal
root system and its development is reflected in the specific
root-type regulatory mechanisms (Majer and Hochholdinger,
2011).

Intrinsic mechanisms provide a baseline of the root system’s
architectural set-up. Auxin plays a pivotal role in root develop-
ment by interacting with other plant growth regulators, as well
as other regulatory factors (Tung et al., 1996; Zimmermann
et al., 2010; Kapulnik et al., 2011; Smith and De Smet,
2012). External factors allow for a modification of the intrinsic
programme within the limits of developmental plasticity
(Malamy, 2005), in order to adjust to and cope with the con-
ditions of the environment.

There are a plethora of root development mutants in
A. thaliana, yet only a limited number of root mutants are cur-
rently available for other plant species. Study of the interspe-
cific differences in root development are of particular value.
The tomato (Lycopersicon esculentum) mutant dgt (diageotro-
pica) does not generate LRs as a result of changes in auxin sig-
nalling (Muday et al., 1995; Lavy et al., 2012). Similarly, rice
(Oryza sativa) mutants without LRs were described as [rz]
(lateral rootless 1; Chhun et al., 2003b), Irt2 (lateral rootless 2,
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Wang et al., 2006) and RM109 (Rice Mutant 109; Hao and
Masahiko, 1999). Moreover, rice mutants with reduced
numbers of LRs include arml, arm2 (auxin-resistant mutant
1 and 2; Chhun et al., 2003a), and crll (crown rootless 1,
Inukai er al., 2005). Lastly, several mutants with defects in
their LR development have been identified in maize (Zea
mays), including the mutants sirl, sir2 (short lateral roots 1
and 2; Hochholdinger et al., 2001), ruml (rootless with un-
detectable meristems 1, Woll et al., 2005) and [rt]l (lateral
rootless 1; Hochholdinger and Feix, 1998).

The monogenic and recessive mutant /r¢t/ was isolated from
a segregating F,-generation of an EMS (ethyl methane sulfon-
ate) mutagenized population (Hochholdinger and Feix, 1998)
of the B73 inbred line, due to its conspicuous phenotype.
The [rt] mutant is deficient in LR formation during its early
postembryonic development (Hochholdinger and Feix, 1998).
Partial recovery was reported in the presence of arbuscular
mycorrhiza, and was further pronounced in the presence of a
high phosphate concentration (Paszkowski and Boller, 2002).
However, such LRs were short, highly branched, and with a
distribution along the primary root far from the normal acrop-
etal sequence. The mutant phenotype does not seem to be dir-
ectly related to auxin signalling; it was not reversed by
exogenous application of auxin (Hochholdinger and Feix,
1998), nor were any disturbances in the PIN1 efflux transporter
localization observed (Schlicht er al., 2006). Based on an ana-
lysis of [rtl, the role of the ZmGSL (Gibberellic Acid
Stimulated-Like) gene family, during formation of LR primor-
dium, was revealed (Zimmermann et al., 2010).

Detailed histological studies of this mutant, presented here,
provide further insights into the function of the [rtl gene,
which is used as a reference lateral rootless material
(Hochholdinger et al., 2004a; Park et al., 2004; Schlicht
et al., 2006; Zimmermann et al., 2010) for studies of maize
root development.

MATERIAL AND METHODS
Plant materials and growth conditions

Seeds of a segregating Zea mays Irtl and wild-type (B73 geno-
type) were imbibed for 4 d at 4 °C, and then germinated on
moist filter paper in the dark at 27 °C for 4 days. Seedlings
with approx. 2 cm primary root were mounted into 5-litre con-
tainers in the growth chamber (16/8-h photoperiod; irradiation
435 W m~? photosynthetically active radiation; 22/18 °C day/
night; relative humidity approx. 50 %). Quarter-strength
Hoagland 3 solution (Hoagland and Amon, 1950), supplemen-
ted with microelements [120 nm H3;BO3, 360 nm MnCl,.4H,0,
5 nm ZHSO4.7H20, 03 nwm (NH4)6M07024, 09 nm
CuS0,4.5H,0 (Arnon, 1938) and 10 pm Fe’' citrate (pH
5-3-5-5)], was used and changed weekly. The plants were
either cultivated between moist sheets of filter paper
(Lenochova et al., 2009) or cultivated using hydroponics,
which was either constantly aerated (dissolved oxygen satur-
ation >60 %) or stagnant (in which the oxygen content
during 3 days gradually decreased to 5—10 % of saturation).
The plants were harvested 16 days post germination,
scanned, and the shoot and root lengths were measured.
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Long-term hydroponics was carried out in a greenhouse in
80-litre reservoirs, with internal circulation of the solution
(dissolved oxygen saturation >75 %) for approx. 130 days
until flowering. The composition of the nutrient solution was
identical to that of the short-term cultivations. It was
changed every other week, with the microelements and iron
supplemented weekly.

Anatomy and histochemistry

Samples from selected positions of the primary roots from
16-d-old plants were either fixed in 50 % FAA for the per-
manent sections, or in 4 % formaldehyde in phosphate buffer
(0-05 ™, pH 6-8) for the free-hand sections. Selected segments
of the primary root were embedded into histoplast and longi-
tudinal as well as transversal sections (10 wm) were cut; they
were then stained with Safranine O and Fast Green FCF
(Johansen, 1940). Quantitative image analyses were performed
using NIS Elements software (Laboratory Imaging; http:/
www.nis-elements.com/).

Free-hand transverse sections (approx. 150 wm) were
stained in Sudan Red 7B (0-01 %, w/v) (Brundrett et al.,
1991), HCl-phloroglucinol (Jensen, 1962), and berberine
hemisulfate (0-1 % aq.; UV Olympus U-MWU filter block)
(Brundrett er al, 1988); and counterstained with Crystal
Violet (0-05 % aq., 10 min, for quench autofluorescence;
Grubler). Unstained control sections were surveyed in bright
field or UV-excited autofluorescence.

Peroxidase activity was detected histochemically on free-
hand sections after 2 h of formaldehyde fixation, as described
above. Reaction mixtures containing 1 mL acetate buffer
(0-1 M, pH 5) with a 282-pL mixture of diaminobenzidine
(0-78 mg mL "), NiCl, (4 mg mL™") and H,0, (0-03 mg
mL ") was applied to sections for 1h at 35 °C in the dark.
H,0O, was omitted from control sections, and peroxidise inhib-
ition with phenylhydrazine (5 min; 0-1 % in phosphate-
buffered saline) was alternatively used (Pearse, 1968).

The permeability of intact root surfaces was probed for 1 h
with periodic acid 0-02 % aq. solution, and penetration of the
solution from the surroundings was localized on free-hand sec-
tions, as previously described (Soukup et al., 2007). Control
sections were processed without periodic acid oxidation.

Sections were observed with an Olympus BX51 microscope
(Olympus Corp., Tokyo, Japan) (differential interference con-
trast, epifluorescence), and documented with an Apogee
U4000 digital camera (Apogee Imaging Systems, Inc.,
Roseville, CA, USA). Nal solution (Dubrovsky et al., 2009)
cleared the root tips stained with propidium iodide (5 g
mL~'; MP) and Hoechst 33258 (2 pg mL~'; Sigma). These
were then observed in a confocal laser scanning microscope
(TCS SP2; Leica, Mannheim, Germany).

Segments of primary roots (length 1 cm) were fixed for 24 h
in 2-5 % glutaraldehyde in cacodylate buffer (0-1 m, pH 7-2),
and then processed for scanning electron microscopy
(JSM-6380LV; JEOL, Tokyo, Japan) as follows: dehydration
through a gradual ethanol and acetone series, transfer to ter-
tiary butanol, vacuum drying, followed by gold coating
(Sputter Coater SCD 050, Bal-Tec).

€102 ' feN U0 8Z21d ABAO|R BlIZIBAIUN e /BI0'S[euinolpuoxo-qoe//:dny Wwolj papeo umod


http://www.nis-elements.com/
http://www.nis-elements.com/
http://www.nis-elements.com/
http://aob.oxfordjournals.org/

Husakova et al. — Lateral root development in maize Irtl mutant

Analysis of developmental stages and quantification
of primordia/LRs

The developmental stages of LR primordia were quantified
from 1-cm-long root segments, using permanent longitudinal
serial sections. The frequency of LR initiation was expressed as
a LR initiation index Iy gy = 100 x d x [, where d is the density
of LR initiation events (number mm ') and [ is the average
fully elongated cortical cell length (mm) (Dubrovsky ef al., 2009).

Quantification of lignin

Samples of selected root parts of plants grown for 16 and
130 d in a hydroponic system were dried at 60 °C and homo-
genized. The cell walls were purified (Selvendran, 1975) and
incubated with thioglycolic acid (Bruce and West, 1989).
The LTGAs (lignin thioglycolic acid derivates) were succes-
sively extracted from the cell walls and measured spectro-
photometrically (Helios «; Unicam, Cambridge, UK) at
280 nm. The results were expressed as absorbance per dry
weight of purified cell walls (Lange et al., 1995).

Statistical analyses

A two-sample #-test, and in the case of data without a
normal distribution the Mann—Whitney/Wilcoxon or
Kolmogorov—Smirnov non-parametric tests were applied
(NCSS 2001; Jerry Hintze, Kaysville, UT, USA). For testing
of differences in the proportion of particular developmental
stages of primordium/LRs within the tested position of an
entire root of wild-type and /r¢/ plants, Hotelling’s two-sample
t-test was used (Hotelling, 1931). The Bonferroni—Holm
method was used to maintain the P-value for non-independent
samples (Holm, 1979). Error bars within the plots indicate the
standard errors (s.e.) of the mean.

RESULTS
The Irtl affects overall shoot and root sizes

Overall, mutant /r¢/ plants were more delicate than the wild-type
phenotype, displaying fewer leaves, as well as shorter shoots and
roots. Shoot and root elongation was affected according to the
mode of cultivation as quantified for 16-d-old plants grown in
moist paper, or alternatively, either in an aerated or non-aerated
hydroponic culture (Table 1). The longest primary roots were
obtained under aerated hydroponics. Wild-type primary roots,
on average, were 40 % longer than the /rf/ mutants under such
conditions. Non-aerated hydroponics led to shorter primary
roots; the wild-type were only 11 % longer than in the Irti;
those grown in moist paper sheets were 89 % longer than their
Irt] siblings. In contrast, shoots grew best under non-aerated
hydroponic conditions; they grew worst in moist paper. On
average, wild-type shoots were between 43 and 57 % longer
than the /rt] shoots at this stage of development.

The Irtl affects root system architecture in an environmentally
sensitive manner

LR formation was analysed in the 16-d-old plants under the
cultivation conditions described above. Growth in moist paper
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had the strongest inhibitory effect on the branching of both
wild-type and mutant roots (Fig. 1A, D). While LRs were
delayed, but still formed in the wild-type, no LRs were
present in the /rf/ mutant on primary or seminal roots
(Fig. 1D). Both the aerated (Fig. 1B, E) and the non-aerated
(Fig. 1C, F) hydroponic cultured plants formed frequent LRs
on all root types of the wild-type (Fig. 1B, C), as well as the
[rt] mutant (Fig. 1E, F) seedlings. Overall, the root systems
from hydroponics were more complex than from paper cultiva-
tion, with the wild-type plants developing longer LRs, and
more branched seminal roots. Mutant roots in non-aerated
hydroponics (Fig. 1F) were brownish, with traces of decay.

A lower root system complexity, with less branching and
very short LRs, was also observed for /r¢/ in long-term culti-
vation (Supplementary Data Fig. S1).

The 1rtl largely affects the latter stages of lateral root
development

Bulges of lateral root primordia (LRP) were observed on the
surface of Irtl primary roots 6 d after germination in both
hydroponic cultivations, and about 2 d later in those germi-
nated in moist paper. LR density was calculated for 16-d-old
plants grown in hydroponics, and expressed as an LR initiation
index (Fig. 2A, B). There was only a minor effect of /rz/ on the
frequency of LR initiation. LRP were initiated at comparable
or even higher rates (in aerated hydroponics) in Irf/ mutants
(two-sample #-test, P < 0-01, n = 8).

The complete developmental process of LRP has been
divided into five stages for simplified quantification
(Fig. 2C). The first stage included the first anticlinal and peri-
clinal divisions (maximum of two cell layers) in the pericycle.
In the second stage, the LRP grew to half way through the
cortex of the primary root. During the third stage, the LRP
reached the peripheral layers of the primary root cortex. In
the fourth stage, the LRs emerged from the maternal root.
Finally, the last stage was reached when the LRs emerged
from the primary root by more than 500 um. We tested frac-
tions of particular developmental stages of primordium/LRs
for specified root positions or for the entire root. In both
cases, [rtl-related differences were detected (P << 0-05;
Hotelling’s two-sample #-test, n = 8). Defects in the develop-
ment of later (post initiation) stages of LRP were pronounced
in an increased proportion of the early (the second and the
third) stages of LRP in Irt/. The early stages were present at
a high frequency in [rt] primary roots, independent of the
culture conditions, even in the basal portions among fully
emerged LRs. This situation was not observed in the wild-
type. Emergence of mutant LRs began significantly further
away from the root tip in Irtl roots. In aerated hydroponics,
the part of the primary root without emerged LRs was twice
as long (1192-3 4+ 7-6) as the wild-type (584-6 + 2.0). In
non-aerated hydroponics, it was extended by 76 % (IrtI:
356-0 + 2.4, wild-type: 202-1 + 4-6); in moist paper it was
extended by 36 % (Irtl: 949-2 + 5.7, wild-type: 697-3 +
10-0) (two-sample #-test, P < 0-01, n = 5-8, means + s.e.).
A high percentage of I[rtl LRPs do not emerge from the
primary root (51 % fewer in the Irt/ roots from non-aerated
hydroponics, 69 % fewer in aerated hydroponics) (Fig. 2C).
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TABLE 1. Shoot and root length (mm, mean + s.e.) of 16-d-old wild-type and Irtl seedlings under different cultivation conditions

Aerated hydroponics (n = 8)

Non-aerated hydroponics (n = 8)

Moist paper (n =5)

Root

Shoot

Root

Shoot

Root

Shoot
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3 Anatomy and growth of LRP are defective in Irtl

z :l The structure of /rt] LRP was severely affected in hydro-
Pk ponics (Fig. 3; Supplementary Data Fig. S2). LRP of the

Irt]

Irt]

Irt]

WT

Irt]

WT

Irt]

WT

3556 £+ 99

162:5 +2-8

231-6 + 37

162:3 +7-0

180-0 + 3-1

1875+ 63

293.6 + 139

1427+ 42

269-6 + 109

69-5 + 2.7

ok

1060 + 262

3k

ok

ok

ok

3k

ok

ok

ok

Asterisks indicate level of significance from two-sample #-test: *P < 0-05, ** P < 0-01.

early stages (S1-S3) were often noticeably wider and not
well delimited (Fig. 3A) when comparing Irt/ with the wild-
type (Fig. 3D), often resulting in a mass of dividing cells of
the pericycle, with a spatial arrangement deviating from stand-
ard LRP development (Supplementary Data Fig. S2). The
surface layers of Irtl LRP of later stages often contained
anomalously expanded and highly vacuolated cells (Fig. 3A,
C). Anomalous volume growth and the loose arrangement of
epidermal cells was far more obvious in the emerged LRs of
Irtl (Fig. 3B, C, J, L). The typical structure of LRP, and
later closed apical meristem structure with separated tiers of
initials (and their derivatives), was lost in Irt/ seedlings
before emergence, or shortly thereafter (Fig. 3B, compare
with wild-type in Fig. 3E; see also Supplementary Data Fig.
S2). Development of the /rt/ LRP was often associated with
ectopic lignifications. Such an anomalous modification of the
cell walls was often observed on the base of older LRP
(Fig. 3C), as well as in the vicinity of fused and unconvention-
ally spaced bulges of dividing cells, resembling LRP (Fig. 3F).
Anomalous lignification was also detected in the pericycle of
primary roots between protoxylem poles, where initiation of
LRs normally takes place (Fig. 3G).

The progress of LR emergence in /rtl (Fig. 3H) was
strongly affected compared with the wild-type (Fig. 3I).
The tissues of the penetration site above the LRP did not
separate normally, and emergence was probably impeded
in [rtl. LRs that emerge from an [rt] primary root continue
growth for a short period of time, and then terminate their
growth very soon after emergence (usually no longer than
0-5 mm). The structure of the LR apical meristem is ex-
tremely disturbed (Fig. 3], L); tiers of initials are not distin-
guishable as in the wild-type (Fig. 3K, M). Second-order
LRP start to develop very close to the first-order LR tip in
mutant root systems (Fig. 3J); however, this does not take
place in the wild-type. The infrequently long LRs of Irt]
(longer than 0-5 mm) are thicker, with randomly curved
tips, as well as having anomalous arrangements and swelling
of the epidermal cell layers.

The 1rtl takes part in primary root development

The effect of the mutation was not as obvious in the primary
root as it was in LRs. The roots of Ir¢t/ were thicker, primarily
due to lateral expansion of the cortical cells (Supplementary
Data Table S1).

Unlike in LRs, the closed arrangement of /rt/ primary root
apical meristems (Fig. 4A) apparently did not differ from the
wild-type (Fig. 4B). However, the pattern of cell division
seems to be affected up to some distance behind the promer-
istem, causing local irregularities in the radial and tangential
arrangement of cortical cells (Fig. 4C). These are most
evident in the outermost layers of the hypodermis and over-
laying epidermis, especially in the subapical and older parts
of the primary roots (Fig. 4E, compared with the wild-type
in 4D, F).
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Fic. 1.

Morphology of wild-type and Irtl root systems. Wild type (A—C) and mutant /rt/ (D—F) plants grown under various growth conditions for 16

days. Compared with wild-type plants (A), no LR emergence was observed in /rz/ plants (D) cultivated in moist paper. In contrast, LRP emerged in aerated
hydroponics (wild-type, B; Irtl, E) and non-aerated hydroponics (wild-type, C; Irtl, F), respectively. In non-aerated hydroponics, mutants (F) displayed signs
of decay, illustrated by brownish roots. The majority of LRs in /r#/ mutants (E, F) terminated their growth during or shortly after emergence. Scale bars = 10 mm.

The Irtl affects the function of surface layers of the
primary root

The exodermis, suberized hypodermal layer with Berberin
stainable Casparian strips, was only detected in those roots
of plants cultivated between filter paper (Fig. 5A, B). An in-
correct pattern of cell division within the subepidermal
layers of [rt] mutants impaired the correct development of
exodermal cell-wall modifications, and the proper positioning
of the Casparian strips (Fig. 5SA), which normally form a con-
tinuous cylinder (Fig. 5B). Frequently, cell-wall adhesion was
reduced in the surface layers, causing partial separation of in-
dividual cells from layers predominantly observed in the older
parts of mutant primary root (Fig. 5C, G). Irregularities in the
arrangement of the exodermis modified the pattern of periodic
acid penetration. This tracer penetrated sites of defective exo-
dermis arrangement, and marked underlying cell layers of the

cortex. The sites where the probe did not pass across the exo-
dermis (Fig. 5C) were similar to the continuous exodermis of
wild-type seedlings (Fig. 5D). Prolonged exposure to periodic
acid did not have any significant effect on the depth of tracer
penetration, which stopped in sites of irregularities approxi-
mately in the third layer below the Irt/ epidermis (data not
shown). Ectopic lignification was detected in sites of exoder-
mal irregularities in Irtl roots (Fig. 5G, compared with the
wild-type in Fig. 5SH). The absence of a developed exodermis
from roots cultivated in hydroponics (Fig. SE, F) allowed deep
penetration of the periodic acid into wild-type roots (Fig. SF).
By contrast, in mutant roots under the same cultivation condi-
tions, the probe did not penetrate into the root, only reaching
the epidermis, and to sites where the irregular cell arrangement
passed two layers deeper (Fig. SE). The outermost cortical cell
layers of [rt] were positive for lignin, but only in patches for
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Aerated hydroponics
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F1G. 2. Quantification of LRP initiation and LR growth (A, B) and analysis of developmental stages of LRP (C). Non-aerated hydroponics (A), aerated hydroponics

(B). Mutants initiate comparable numbers of LRs as the wild-type, and in some cases the LR initiation index was even higher in aerated hydroponics (two-sample 7-test,

P < 0-01). (C) Number of individual developmental stages of LRP (S1—S5 as specified in the text). Fraction of individual developmental stages of LRP changes along

the root: from the first quarter of its length, the middle portion and the third quarter of the length from the tip of the primary root. A significantly lower percentage of

LRP emergence (S4—S5) was observed in /rt] roots, regardless of the cultivation conditions. Proportions of the developmental stages along the root, as well as within

the tested root position, were statistically different for /rt/ and the wild-type. The differences were statistically significant (Hotelling’s two-sample 7-test, P < 0-05).
Values shown are mean numbers of individual developmental stages of LRP within the segment and s.e. (n = 8).

suberin; and no Berberin staining of Casparian strips was
detected. Therefore, their pattern did not correspond to the ar-
rangement of a typical exodermis; however, the permeability
test strongly resembled the distribution of the probe in [rt/
roots cultivated in moist paper (Fig. 5G).

Peroxidase activity and lignin content

Higher peroxidase activity was detected in the root tissues
1 cm from the tip (data not shown) and in the middle part of
Irt] roots grown under any of the cultivation conditions. The

highest peroxidase activity was recorded with the paper culti-
vation (Fig. 5I-L). The strongest response was observed in the
peripheral layers of the [rt] cortex (Fig. 5I), and in the peri-
cycle between protoxylem poles (Fig. 5K) as comparing
with the wild-type (Fig. 5J and L, respectively).

While induced lignification was frequently recorded in roots
of Irtl plants, no significant quantitative changes in overall
lignin content were detected (Supplementary Data Fig. S3).
The cell walls of metaxylem vessels, pericycle and pith were
significantly thicker in [rt/ mutants (Supplementary Data
Table S2). The mutant roots had a higher mechanical resistance
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during sectioning, and displayed an increased resistance of the
cortical tissues to pectinase and cellulase (data not shown).

DISCUSSION

The root system of maize (Zea mays) contains several types of
morphologically distinct roots (Hochholdinger and Tuberosa,
2009): embryonic roots — the primary root, and several
seminal roots; as well as postembryonic nodal roots — under-
ground crown roots and brace roots from shoot nodes
(Feldman, 1994). LRs further extend the absorptive surface
of the lower orders of roots. The maize mutant [rt/ was
described as not initiating LRs during early postembryonic de-
velopment (6 d after germination), when grown in germination
paper rolls soaked with distilled water (Hochholdinger and
Feix, 1998). Partial recovery was reported with arbuscular
mycorrhiza and/or high phosphate (Paszkowski and Boller,
2002). Previous proteomic studies had detected a set of pro-
teins that were preferentially expressed in [rt] roots; a subset
of these proteins is related to lignin metabolism
(Hochholdinger et al., 2004a). The current study was initiated
to understand more about the role of /r¢/ in root development
and growth. Because the effects of environmental conditions
had been recorded previously, different cultivation systems
and long-term cultivations were involved to allow for better
generalization of the results.

The frequency of initiation events was quantified in later
plant development to further characterize the [/rtl effect.
Bulges of LRP appeared on the surface of primary and
seminal roots of 6-d-old [rtl seedlings under hydroponics,
appearing 2 days later in those grown on moist paper.
However, bulges of LRP did not typically emerge out of the
primary root, suggesting a substantial role of /rt/ in the later
development of LRs. Quantitative analysis of initiation indi-
cated that the primary target of /rt/ is not initiation per se,
as originally suggested. The density of initiation was normal-
ized to different cortex cell length in [rf/ mutants, and
expressed as an LR initiation index (Dubrovsky et al., 2009).
In fact, the total number of initiated LRP within the primary
root was not significantly different from the wild-type in stag-
nant hydroponics, and was even slightly higher in aerated
hydroponics. The difference between the current and original
observations of the lack of LRP in early postembryonic devel-
opment (Hochholdinger and Feix, 1998) should be related to
the effects of cultivation conditions (e.g. different types of cul-
tivation paper; different nutrient solution), as well as the ages
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of the sampled roots. Due to the augmented sensitivity of /rt/
plants to environmental conditions, initiation was delayed and
sampling for anatomical sections at 4 d did not reveal the pres-
ence of LRP. Older plantlets from the original experiment
(figure lc, d in Hochholdinger and Feix, 1998) were grown
for 2 weeks in paper rolls before being transferred to hydro-
ponics. Anatomical analyses were not performed on older
roots (Hochholdinger and Feix, 1998) and the data presented
thus expand on previous findings.

Initiation of LRs in maize takes place in pericycle sectors,
opposite to the phloem, at some distance from the apical meri-
stem (Bell and McCully, 1970). The process, which is similar
to that in other plants such as A. thaliana, contains the deter-
mination of founder cells (De Smet, 2012), subsequent divi-
sions and emergence of LRs from the primary root (Smith
and De Smet, 2012). Defects related to [rt/ in the early
stages of LRP included the formation of groups of dividing
cells in the pericycle. This might be related to incorrect
spatial regulation of the initiation events (Laskowski et al.,
1995; Sreevidya et al., 2010), and/or the spatial definition of
groups of dividing cells of LRP within the pericycle (Shuai
et al., 2002).

A highly regular pattern of cell division is a typical feature
of LRP development in many model plants (De Smet et al.,
2006) such as: A. thaliana (Malamy_ and Benfey, 1997),
Raphanus  sativus (Szymanowska-Pulka and Nakielski,
2010), Vicia faba, Pisum sativum, Phaseolus vulgaris and
Z. mays (Bell and McCully, 1970; MacLeod and Thompson,
1979). In maize, a set of unequal and equal divisions creates
distinct LR populations of precursors present for stele, cortex
with root epidermis, and root cap. Such a pattern is disturbed
in [rt] mutants, appearing more obvious in the later develop-
mental stages. The means of differentiation of the primary
root epidermis should also affect emergence of LRs.
Penetration of the LRs through the overlying tissues is facili-
tated by local auxin maxima inducing the expression of
cell-wall-remodelling enzymes, leading to cell-wall adhesion
in A. thaliana (Péret et al., 2009). The typical separation of
cell walls in the vicinity of the emerging LRs, and facilitating
their emergence, is observed in the wild-type but not in Irt]
roots. Apparently, LRPs of /rt/ come through 'unprepared’
layers of parental root tissues that do not easily open, and
are stretched during LRP outgrowth. Moreover, lignification
detected in the surface layers of primary roots may play an im-
portant role, causing difficulties during penetration of LRP, as
described in O. sativa (Justin and Armstrong, 1991). However,

Fic. 3. Changes in anatomy and emergence of /rt/ LRP. Plants were cultivated for 16 d in non-aerated hydroponics. LRP of the /rt/ mutant display an altered
structure before (A) and after (B) emergence compared with the wild-type (D, E). Anomalously expanded highly vacuolated cells were observed on the surface
and on the base of /rt] LRP (A, C, asterisks). A loose arrangement of epidermal cells was obvious in the emerged /rt/ LRs (B). The structure of root apical
meristem of LRP, and later in the apex of LRs with separation of root cap and tiers of initials and their derivatives is lost in /rt/ (B, arrow) compared with
the wild-type (E, arrow). Lignifications (red) were often detected in /rz/ on the base of emerged LRP (C, arrow), around the malformed LRP (F, arrow; asterisks
mark individual LRP), and in the pericycle of the primary root where initiation normally takes place (G, arrows). Emergence of LRs in /r¢] (H) and separation of
the surface cell layers is modified; see (I) for the wild-type. The /r#/ mutant (J) shows irregular divisions in the surface area of LR tips and disorganization in the
root apical meristem (J, arrow). Second-order LRP develop very close to first-order LR tips in /rt1 (J, asterisk), which often show strong curvature. Arrangement
and anomalous cell volume growth is obvious in the epidermis of LRs (J, L, for Irt1; K, M, for the wild-type ). (A—F) Longitudinal permanent sections stained
with Safranine and Fast Green. The sections were prepared from the first quarter of the length from the tip of the primary root. (G) Free-hand section from the
middle of the primary root, HCI-phloroglucinol. (H, I) Scanning electron micrographs showing samples from the first quarter from the tip of the primary root. (J—
M) Roots were cleared with Nal and stained with propidium iodide and Hoechst 33258. (J, K) Differential interference contarst microscopy; (L, M) confocal laser
scanning microscopy, maximal projection. Scale bars = 100 wm, except (C) = 50 pm.
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F1G. 4. Root apical meristem structure and irregularities in epidermal/cortical cell divisions behind the apex in primary roots of /rt/. The mutant shows normal

arrangement of the closed primary root apical meristem (A) similar to the wild-type (B). In some places, the mutant displays disruption of the regular radial and

tangential organization of the cortex (C, black arrow) and epidermis (C, white arrow). White arrows in C and E point to particular sites of disturbances at different

distances from the meristem in /r¢/ (C: approx. 300 wm, E: approx. 700 wm). None of these differences was found in the wild-type (D: approx. 300 wm,

F: approx. 800 pwm). Aerated hydroponics, permanent serial sections from four root tips 1cm long were stained with Safranine and Fast Green.
Scale bars = 100 pm, except (C) = 150 pm.

the biomechanical effect of modified epidermal and hypoder-
mal development can hardly explain the changes of LRP struc-
ture before emergence, or of LR apical meristems after
emergence (Potocka ef al., 2011). The premature loss of
apical meristem activity of LRs should therefore (at least par-
tially) be related to failure mechanisms of apical meristem
maintenance. The loss of LR apical meristems was described
earlier in maize as a common developmental event of some
LRs in older parts of the primary root (Varney and McCully,
1991). Additionally, under unfavourable conditions, the root
apical meristem can be reorganized, and its activity modified
through redox-mediated signalling (De Tullio er al., 2010).
Such an association seems to be attractive for [rt/, which is
more sensitive to the environmental conditions. We can specu-
late that higher peroxidase activity (or other reactive oxygen
species-related metabolism) in the tissues could further accel-
erate the onset of meristem activity termination of LRs.
Impaired specification of cell lineages and the coordination

of tissue development is particularly obvious on precursors
of the epidermis in LRP, with anomalous vacuolization and
volume growth, which becomes far more distinct after emer-
gence of the LRs (when epidermal cells with abnormal
volume growth are particularly conspicuous).

Only a low percentage of LRs emerge in /rt/, and exceed a
length of more than 0-5 mm. The emerged /r¢/ LRs are shorter,
curved and thicker, and the structure of their apex is intensely
affected. Loss of the root apical meristem probably eliminates
the inhibitory effect, and the formation of secondary LRs very
close to the root tip is frequently observed.

The development of primary roots is also affected with mu-
tation; noticeable changes in their length and radial growth
were recorded. Contrary to LRs, where the apical meristem
structure, as well as its function are severely affected; no sig-
nificant defects in the longitudinal arrangement and mainten-
ance of the apical meristem were observed in the primary
roots, pointing to different regulatory mechanisms and/or

€102 ' feN U0 8Z21d ABAO|R BlIZIBAIUN e /BI0'S[euinolpuoxo-qoe//:dny Wwolj papeo umod


http://aob.oxfordjournals.org/

Page 10 of 12

Husakova et al. — Lateral root development in maize Irtl mutant

Fi6. 5. Details of primary root surface layers of 16-d-old wild-type and /rt/ plants. (A, B) Exodermis (ex) only developed by cultivation in paper. Arrangement
of Casparian strips is modified in /rt] (A, asterisk) in comparison with the wild-type (B), where Casparian strips form a continuous cylinder. Berberine hemi-
sulfate with Crystal Violet, UV. (C—F) The permeability test of the root surface with periodic acid detected changes in exodermis function in /rz/. Pink colour
indicates tissues penetrated with the probe. The plants were cultivated in paper (C, D) and in non-aerated hydroponics (E, F), where the roots created no exo-
dermis. The /rz] mutant shows the same pattern of penetration under both cultivation conditions (C, E). In all cases, periodic acid did not penetrate beyond the
epidermis, but in sites of irregularities moved approximately into the third layer from the surface (black arrow). In wild-type primary roots, the probe only pene-
trated into the epidermis in paper-cultivated roots (D, black arrow), while in non-aerated hydroponics it penetrated into the whole cortex (F). (G, H) Lignin de-
tection with HCI-phloroglucinol in paper-cultivated roots. In /r¢/ roots (G) lignin was deposited in the peripheral layers of the primary root, mainly in sites of
irregular cell arrangement (white arrow; ep, epidermis), similar to the penetration of periodic acid. In wild-type primary roots, lignin was detected in the exo-
dermis (ex) (H). Cell-wall adhesion is weakened in the surface layers of /rt], causing a release of individual cells from the layers (C, E, G, asterisks). (I-L)
Detection of peroxidase activity in paper-cultivated plants. Strong activity of peroxidase was detected in all tissues of /r7/ roots (I, K). The maximum activity
was observed in surface layers of the cortex (I), and in the central cylinder, mainly in the pericycle (pc) (K). Very low activity was observed in wild-type primary
roots (J, L). All sections were cut in the middle of the primary root. Scale bars = 20 pm.

responses. Such differences in regulatory mechanisms for dif-
ferent types of roots were reported earlier for other maize
mutant lines (Hochholdinger et al., 2004b; Inukai er al.,
2005). Irregularities connected to an altered manner of differ-
entiation and/or aberrant cell divisions in the basal part (some
distance from the promeristem) of ground meristem and proto-
derm were evident in differentiated parts of /rt/ primary roots.
The higher variation of cell sizes indicates some impaired co-
ordination of development, partial loss of cell adhesion and
continuity of layers, all of which results in disruption of the
root surface. These disturbances could be connected to ectopi-
cally induced lignification; however, it is difficult here to

separate cause and consequence. Plant extracellular peroxi-
dases play important roles during the plant’s entire develop-
ment (Hiraga et al., 2001); however, they are also induced
during plant injury and defence responses, and they play a
key role in several metabolic processes, for example auxin me-
tabolism, lignin and suberin formation, cross-linking of cell-
wall components, and the metabolism of reactive oxygen
species (Almagro et al., 2009; Burr and Fry, 2009).
Peroxidases use H,O, for oxidation and connection of cell-
wall compounds such as tyrosine residues, monolignols,
suberin units and ferulic acids, resulting in the creation of a
rigid network (Passardi er al., 2004). The higher activity of
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peroxidases in /r¢/ might be connected to the higher (and possibly
premature) rigidity of the cell walls of developing tissues. It might
be related to the thicker cell walls of /r¢/, together with the higher
mechanical resistance of tissues, increased resistance of cortical
tissues to pectinase and cellulase, and disrupted coordination of
volume changes during growth of the outer cell layers. In this
case, further work would also be necessary to distinguish
whether the higher abundance of peroxidase and the mentioned
cell-wall modifications are the mechanisms creating the damage,
or whether it is a consequence/response to higher stress (subopti-
mal conditions) in the tissue.

In maize, under certain environmental conditions, the hypo-
dermal layers differentiate (in our study under paper cultiva-
tion) into exodermis — morphologically distinct cell layers
with Casparian strips and suberin lamellae (Enstone and
Peterson, 2005; Zimmermann et al., 2000), which modulates
the permeability of the root surface, and accordingly also in
their interactions with the surrounding rhizosphere (Hose
et al., 2001). Both the proper spatial arrangement and coordin-
ation of exodermal cell development are required for the
correct set-up of a continual cylinder of Casparian strips, as
well as its later functioning. A similar phenomenon was
described in the endodermis of A. thaliana (Martinka et al.,
2012). In Irtl roots, the improperly coordinated divisions
lead to the loss of continuity of the exodermal cell layer,
and a disturbance in the positioning of Casparian strips. The
effect of lost barrier continuity was documented by penetration
of an apoplastic tracer (periodic acid), which locally passed
across the exodermis of /r#/ but not the wild-type. The pene-
tration depth of the apoplastic tracer in Ir¢/ was restricted to
layers beneath due to ectopic lignification, suberization and
other cell-wall modifications. The presence of an apoplastic
barrier was also detected in /rt/ roots under conditions non-
inducible for the exodermis in the wild-type. Penetration, in
this case, was limited to the outermost cortical layers; in the
wild-type, without exodermis grown under the same cultiva-
tion conditions, the apoplastic tracer passed up to the endoder-
mis. The character of this barrier in [rt/ does not fit the
standard exodermis. Cell-wall modifications resesmble those
induced by injury, which include inter alia ectopic deposition
of lignin and patchy suberization reducing apoplastic perme-
ability of non-exodermal layers.

Higher levels of the enzymes of lignin biosynthesis and the
metabolism of phenolics detected in proteomic studies of [rt]
roots (Hochholdinger ef al., 2004a) might be related to such
‘injury-related” responses, as well as to the abnormal lignifica-
tion in the pericycle or outer cortex. Such protection/defence
reactions are in accordance with the higher sensitivity of Irt]
to environmental conditions, and possibly its lower ability to
control the internal environment. To confirm whether lignin
biosynthesis is related to local stress or injury responses, or
if it represents a global metabolic change in /rf/ plants, we
have quantified the lignin content in different plant organs.
No significant increase was detected in Irz/, indicating that a
global increase of lignin metabolism is not an effect of Irt/.
Most probably, it is a correction mechanisms responding to
the internal tissue imbalance in the coordination of both devel-
opment and differentiation.

Based on the results of this study, the /rz] gene takes part in
the control of LRP development and emergence, and also
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disturbs the ability of plants to maintain the activity of LR
apical meristems. Furthermore, the mutant indicates a differ-
ence of root apical meristem development and maintenance
mechanisms within the primary roots and LRs. Hence, Irt]
provides a unique link between LR formation, root apical
meristem maintenance and their environment. Identification
of the Irtl gene sequence will provide further insights into
LR initiation and regulation of development in monocot
plants.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Figure S1: root
system and inflorescences of plants grown for 130 d and
detail of the second youngest leaves from 16-d-old plants.
Figure S2: additional photographs of affected structure of
Irt] LRP. Figure S3: quantification of lignin using thioglycolic
acid, followed by alkaline hydrolysis in adult plants from long-
term hydroponic cultivation. Table S1: number of cortex
layers, diameter of primary cortex and central cylinder in the
middle of the primary root of 16-d-old wild-type and Irt]
plants, under different cultivation conditions. Table S2: thick-
ness of cell walls of metaxylem vessels, pericycle and pith.
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FiGc. S1. Root system (A—C) and inflorescences (D—G) of plants grown for 130 d and detail of the second
youngest leaves from 16-d-old plants (H-J). Compared to the wild type (A), the Irtl root system (B) is
less complex. Formation of crown root primordia from shoot-nodes in hydroponic cultivation was
delayed and reduced by ~20% in Irtl (n = 6). Roots of Irtl were very fragile, with brownish zones
frequently having decayed root tips (C, asterisks); seldom-formed LRs were short and many were
severely curved. Scale bars = 400 mm. The homozygous Irtl plants were more susceptible to adverse
environmental influences. In long-term hydroponics without sufficient aeration, plants were very
susceptible to fungal attack of their root system, and were unable to survive deeper hypoxia of stagnant
Hoagland solution supplied with 0.05% agar more than a few days (data not shown). Homozygous Irtl
plants formed sterile inflorescences even in field conditions: (D, F) for the wild type, (E, G) for Irtl. In
comparison with the wild type (H), mutant plants exhibited symptoms of nutrient deficiencies (1).
Interestingly, such behaviour was even induced in plants of normal genotype grown in the same container
with Irtl plants (J).




FiG. S2. Additional photographs of affected structure of Irtl LRP. Plants were cultivated for 16 d in
aerated hydroponics. Mutant plants often developed groups of LRPs very close together (A, asterisks
mark individual LRP) and with anomalously expanded cells (B, asterisks; arrow marks lignification).
Fully-emerged mutant LR (C, asterisk marks LRP, arrows mark lignification), compared with the typical
close root apical meristem structure in LR of the wild type (D). LRP before (E) and after (F) emergence.
Scale bars = 100 pm.




FiGc. S3. Quantification of lignin using thioglycolic acid, followed by alkaline hydrolysis in adult plants
from long-term hydroponic cultivation. Results are expressed as absorbance per dry weight of purified
cell walls (g™%). Older fully-differentiated parts of plants were sampled. Leaves, nodes, and internodes
from the basal first quarter of the shoot length; adventitious nodal roots (ANR) were sampled from the
first node above water level. LRs under the water level were divided into two groups - first order LRs (LR
I.) and higher orders LRs (other LR). No significant differences were identified between Irtl and the wild
type. Two-sample t-test, mean values £ s.e., n = 4.
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TABLE S1. Number of cortex layers, diameter of primary cortex and central cylinder (in mm % s.e.) in the
middle of the primary root of 16-d-old wild type and Irt1, under different cultivation conditions

Number of cortex Diameter of primary Diameter of central

layers cortex cylinder
wt 6.3+ - 98.8+1.8 * 160.0+ -
] 0.1 19
Moist paper
Irtl 6.6+ - 106.4+3. * 161.9+ -
0.2 1 1.9
wt 7.0+ - 99.8+16 * 170.3+ -
Non-aerated 0.1 2.1
hydroponics  |rt1 7.0+ - 111.3+3. * 172.0+ -
0.2 9 1.7
wt 58+ * 76.4+1.3 ** 161.6+x **
Aerated 0.8 2.1
hydroponics | 6.3t0. * 1149416  ** 177.641.8 **

5

two-sample t-test, * P < 0.05, ** P < 0.01; n = 5 (3 sections and 3 measurements per 1 root)

TABLE S2. Thickness of cell walls of metaxylem vessels, pericycle and pith (in mm % s.s.). Samples were
taken from a first- and third-quarter of primary root length of 16-d-old wild type and Irt1 seedlings in
hydroponics. Cell walls of metaxylem vessels, pericycle and pith were significantly thicker in Irtl roots,
compared to the wild type. Thickness was measured on permanent sections. Three sections, with three
measurements on every section, in every area

Metaxylem vessels Pericycle Pith

y wt 0.82+0.04  ** 1.09+0.04  ** 0.81+0.01  **

Non-aerated Irt 1.4240.06  ** 1.50+0.06  ** 1.6740.18  **
hydroponics’ ” wt 1.66+0.09  ** 1.45+0.05 - 1.08+0.22 -
Irtl 2.73+0.09  ** 1.52+0.06 - 1.31+0.23 -

y wt 1.2640.05  ** 1.25+0.05  ** 1.83+0.07  **

Aerated Irt1 3.2840.11  ** 2.07+0.08  ** 2.71+0.17  **
hydroponics” L, W 2.85£0.07  ** 1.35:0.05  ** 1.46+0.25  *
Irtl 4.26£0.09  ** 2.04+40.07 ** 2114016  *

two-sample t-test, * P < 0.05, ** P < 0.01

*n=6,n=8
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3.2 Studium variability struktury a funkce apoplastickych bariér v ramci
celého korenového systému kukurice (Zea mays) za riznych podminek

prostredi

Tato studie poskytuje vysledky ziskané z kultiva¢nich podminek s vybranymi stresory
pusobicimi na rostliny, jakymi jsou nizky vodni potencial, salinita, t&zké kovy, organické
kyseliny, popf. nedostatek kysliku. Vysledky ukazuji vyrazny vliv riznych podminek

prostiedi na celou architekturu kofenového systému a zastoupeni jednotlivych typt kotfend.

Pii sledovani vyvoje endodermis v kofenech rizné délky, veéku a fadu jsme
nepozorovali vyznamné zmény v distribuci a relativni délce Casparyho prouzku vici radialni
stén¢, pouze kratké nevétvené postranni kofeny je tvoii krat$i. Také naslednd tvorba
suberinoveé lamely a vytvofeni terciarni stény je méné rozsahla u kratkych postrannich kotent.
Naopak kultivaéni podminky ukazaly silny vliv na vyvoj endodermis. Relativni Sitka
Casparyho prouzkl a vytvafeni suberinové lamely byly nejvice stimulovany ptsobenim
kadmia a ve smé&si pisku a perlitu. Oproti tomu endodermis se vytvaiela slab&ji v hypoxickych
typech kultivace - stagnantni hydroponie, hydroponie s organickymi kyselinami a v zaplavené
pud¢, kdy primarni kofeny nevytvaiely tfeti stadium vyvoje endodermis. Obecné Ize shrnout,

ze nejcitlivéji na rizné podminky prostiedi reaguji praveé kratké nevétvené postranni kofeny.

Exodermalni Casparyho prouzky a suberinovd lamela se tvofi v primarnich
| postrannich kofenech, v postrannich kofenech (zejména v kratkych) v mensi mife. Velmi
zajimavym vysledkem je pozorovani silnych suberinovych lamel v exodermis hlavniho
I postrannich kofenl (zejm. ve stagnantnich podminkach), avSak bez souCasné detekce
Casparyho prouzki. Vysledky ziskané z histochemické detekce ligninu pomoci berberin
hemisulfatu byly proto doplnény metodou transmisni elektronové mikroskopie. Tato metodika
se vSak ukdzala jako nedostatecnd pro detekci exodermalnich Casparyho prouzki, které
se zfejm¢ n&jakym zpisobem odlisuji od téch vytvarenych v endodermis. Tieti stadium
Vvyvoje exodermis jsme nepozorovali ani u primarnich ani u postrannich kofen. NaSe
vysledky potvrdily jiz znama data o vlivu prostfedi na diferenciaci exodermis v hlavnim
kotenu. Nejpodobnéji hlavnim kofenim reaguji dlouhé vétvené postranni koteny.
V kultivacich s pevnym substratem, jako je ne/zaplavena puda a perlit s piskem se vytvarely
SirSi Casparyho prouzky a jejich kruh byl téméf uzavieny. Naopak suberinové lamely byly

vyrazné¢ diferencovany zejména v kultivacich s nedostatkem Kkysliku, jako je stagnantni
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kultivace a kultivace s organickymi kyselinami utuzena agarem, popi. v perlitu s piskem.
Naopak ve vSech typech hydroponické kultivace jsme, a to zejména u kratkych postrannich
kofentl, nepozorovali témét zadny vyvoj Casparyho prouzkii a zna¢né snizenou depozici
suberinovych lamel v zavzdusnénych variantach. Nizsi davka kadmia lehce urychlila depozici
Casparyho prouzkt v delSich postrannich kotfenech, naopak vyssi davka zplisobovala zménu
Vv usporadani povrchovych vrstev se silnymi depozicemi ligninu a extracelularniho materialu,

avsak s absenci normalni stavby exodermalni vrstvy.

Anatomickeé vysledky z hydroponickych kultivaci jsme porovnali s testy propustnosti
s vyuzitim kyseliny jodisté. Vysledky z méfeni realné vzdalenosti pohybu ukazaly, Ze mezi
jednotlivymi typy kofeni nejsou piilisné rozdily v absolutni propustnosti povrchu kofene.
Permeabilita vyjadiena v podilu primarni kiry ,,zasazené* kyselinou jodistou se vSak lisi mezi
jednotlivymi typy kofen. To pfimo souvisi s jejich tloustkou, jez byla mezi variantami

odlidna.
3.2.1 Podil prace

V této Casti jsem se podilela ptiblizné z 45 % na experimentalni praci. Ta zahrnovala
ptipravu ruénich fezl, histochemickou detekci a dokumentaci, dale provadéni testh
propustnosti a nasledné zpracovani vzorktl zahrnujici fezani/foceni, méteni tloustky primarni
kiry a vyhodnoceni pohybu sondy pomoci obrazové analyzy. Také jsem piipravila vzorky pro
transmisni elektronovou mikroskopii a podilela jsem se na jejich pozorovani. Déale jsem
provedla zhodnoceni distribuce suberinovych lamel a méfeni postrannich kofentd prvniho fadu

v ramci morfologické analyzy kofenového systému.

3.2.2 Publikace

Vysledky ztéto kapitoly jsou soucasti manuskriptu: Tylova, E., Peckova, E.,
Blascheova, Z., Soukup, A. Apoplastic barriers in lateral roots of Zea mays L. under various

environmental conditions.
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Abstract

Lateral roots form the dominant part of root system. Their permeability for entering
compounds is therefore one of key determinants of plant-soil interface, but systematic insight
into apoplastic barriers (endodermis, exodermis) formation has never been done. To cover the
lack of information, we realized introductory broad-range anatomical study of lateral roots of
Zea mays L. grown under various conditions/stress influences (hypoxia, low water potential,
salinity, heavy metal toxicity). Our data show that maize plants respond to growth conditions
with redistribution of biomass among primary root axis, long 1% order laterals, and fine
laterals of higher orders. Fine laterals are favored in solid substrates, particularly in aerated
soil, compared to hydroponics. The structural features of endodermis/exdodermis differ very
slightly between primary root axis and long laterals across all growth treatments applied. In
contrast, fine laterals present the part of complex root system with less differentiated barriers,
but with the highest responsiveness towards environmental conditions.

Key words: lateral roots, exodermis, endodermis, apoplastic barriers, stress, permeability,

branching
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Introduction

Plant’s ability to maintain its internal environment is joined with selective uptake of
necessary nutrients and exclusion of potentially harmful phytotoxic compounds. Such
selectivity of root — rhizosphere communication is related to presence of root apoplastic
barriers that prevents uncontrolled apoplastic transport. Barrier’s structural features
(Casparian bands, suberin lamellae, tertiary walls) are established by intrinsic mechanisms
during differentiation and fine-tuned in response to environment (Enstone et al. 2003; Hose et
al. 2001; Lux et al. 2011). In endodermis, the response to environmental conditions includes
acceleration of Casparian bands (CB) maturation (Lux et al. 2011), enlargement of CBs width
(Enstone and Peterson 1998; Karahara et al. 2004), or enhanced suberin lamellae deposition
(Enstone and Peterson 1998; Redjala et al. 2011).

Such developmental plasticity, a feasible adaptation of sessile plants towards
heterogenic soil environment, is more pronounced in exodermis, the barrier of outer cortex.
Exodermis is a common, albeit not obligatory structure of angiosperms roots (Perumalla et al.
1990). Structure of exodermis is highly variable among plant taxons (Kroemer 1903) and its
higher phylogenic diversity, not seen in endodermis, should be related to environmental
adaptations during speciation. Exodermis commonly differentiates more basipetaly than
endodermis, but this sequence can switch in response to adverse growth conditions
(Zimmermann and Steudle 1998) or might develop constitutively, as documented in species
long-term adapted to stress-bearing habitats, e.g. wetlands (Soukup et al. 2002) or even
possibly in old mining areas (Vaculik et al. 2012). Exodermal differentiation is under high
impact of external conditions. In Zea mays, the differentiation of uniform single-layered
exodermis occurs much further from the root apex in aerated hydroponics compared to
aeroponic, soil, and vermiculite cultivations, or exposure to humid air (Enstone and Peterson

1998). Suberin lamella deposition is significantly enhanced by cold stress, hypoxia (Clarkson
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et al. 1987), and osmotic stress (Perumalla and Peterson 1986). The same stimulatory effect is
valid for other species, e.g. Iris germanica with multi-layered exodermis under exposure to
humid air (Meyer et al. 2009), or Gossypium hirsutum (Reinhardt and Rost 1995), and Oryza
sativa in saline conditions (Krishnamurthy et al. 2009) or hypoxia (Kotula et al. 2009). The
rate of exodermis maturation further influences root apoplast permeability for water
(Zimmermann et al. 2000; Zimmermann and Steudle 1998) and solutes, including adverse
compounds (Lux et al. 2004; Redjala et al. 2011).

Exodermis commonly differs from endodermis in the pattern of development. In corn
roots, the maturation of endodermis proceeds in distinct steps along the roots axis. Casparian
bands are formed synchronously in entire endodermis close to the root apex as dot-like
structures in inner part of radial cell walls, increasing later their width. Suberin lamellae
deposit later, less synchronously (Enstone and Peterson 1997; Schreiber et al. 1999). In
contrast, the entire process of exodermis maturation in corn root is “patchy” in both radial and
longitudinal direction. The differentiation of Casparian bands is asynchronous, as even older
root parts may possess only some exodermal cells with detectable Casparian bands (Enstone
and Peterson 1997). The asynchronous pattern moves along also in suberin lamellae
deposition, as the process seems to continue immediately after the CB establishment (Enstone
and Peterson 1997).

The entire knowledge of barrier’s developmental plasticity however possesses an
important gap. It comes almost solely from the studies of main root axis. Lateral roots,
although forming a dominant part of absorptive surface of complex root system, are neglected
because of general difficulties with handling and sample processing. Endodermal CBs of
emerging primordia were shown to establish in direct connection with endodermis of mother
root in Vicia faba (Peterson and Lefcourt 1990). Partial apoplastic leakage may occur at sites

of laterals emergence (Ranathunge et al. 2005), but its contribution to overall apoplastic
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bypass flow in roots is considered to be small (Faiyue et al. 2010; Moon et al. 1986) due to
sealing with collar of lignified cortical cells (Soukup et al. 2002) or other resealing
mechanisms. In contrast, substantial apoplast permeability of laterals themselves are indicated
by some studies (Aloni et al. 1998; Enstone and Peterson 1998; Faiyue et al. 2010; Soukup et
al. 2002). The presence of differentiated exodermis in lateral roots was only rarely noticed in
corn (Redjala et al. 2011; Wang et al. 1995) but not in very short laterals of rice (Faiyue et al.
2010). Is the exodermis differentiation in lateral roots substantially modified, delayed/reduced
compared to the main root axis under particular environmental conditions? The scarcity of
anatomical data prevent any reliable answer to this question, even though the pattern of
exodermal differentiation in lateral roots can significantly affect nutrient uptake and entrance
of adverse compounds (heavy metals, xenobiotics, pathogens) at whole plant level, with
logical implications to agriculture production and food quality.

To cover the lack of information, we realised introductory broad-range anatomical
study of lateral roots of Zea mays L. grown under various conditions. We have focused on
establishment of barrier’s structural features in endodermal and exodermal layer of lateral
roots of various length, age, and order. These data were compared with the main root axis and
accompanied with detailed analysis of lateral root growth, distribution, and branching. The
structural features of apoplastic barriers were analysed in basal parts of selected roots to
compare the most advanced state of barrier differentiation in the given root type. Growth
conditions were selected to induce environmental stresses that plants commonly experience

worldwide: hypoxia, low water potential, salinity, heavy metal toxicity, etc.
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Material and Methods

Experimental set-up and growth conditions

Seeds of Zea mays L. cv. Cefran (supplier Oseva Bzenec, Czech Republic) were
germinated on moistened filter paper for four days. Seedlings with app. 5cm long primary
root without any laterals were selected and transferred into experimental cultures of various
hydroponis and solid substrate cultivations. Experimental cultures were designed to induce
various types of stress which plants commonly experience worldwide: hypoxia, low water
potential, salinity, heavy metal toxicity. The complete list of treatments is given in Tab. 1.

Hydroponic cultivations were carried in 12 L plastic containers (six plants per
container). The water surface was covered with pieces of opaque plastic (polyurethane) to
prevent algal growth and exposure of roots to the light. The cultivation was performed in a
room with constant growth conditions: 16/8 day/night regime (irradiance 435 W m), 22/18
day/night thermoperiod, rel. humidity 50-75%. The basic cultivation solution was a quarter-
strength Hoagland 3 nutrient solution (Hoagland and Arnon 1950) with the following
composition (UM): NOz™ 3750; PO,> 254; Ca** 1249; K* 1501; Mg** 510; SO,* 510; BOs>
11.6; Fe** 5.1; Mn*" 2.3; Zn*" 0.34; Cu®* 0.12; M0;02> 0.015. The solution was further
modified according to Tab 1. The cultivation period was 14 days. The solution was renewed
once within this period.

Solid media cultivations were carried in 1 L plastic containers (one plant per
container) in the greenhouse. The containers were filled with appropriate substrate according

to Tab 1. The cultivation period was 14 days, similarly to hydroponic cultures.

Morphology of primary roots
Primary seminal roots of 18-d-old plants were subjected to detailed morphometric

analysis. Roots were scanned and lengths of main root axis and 1% order laterals were
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analysed semi-automatically with Smart Root software. Lengths of 2" and 3" order laterals

were analysed manually with NIS elements AR 3.22.05 (Laboratory Imaging; http://www.nis-

elements.cz/en). The longitudinal gradient of lateral root development along the primary root

axis was followed. Primary root axis was divided into 2cm segments and lateral root lengths

and numbers were quantified in each segment to gain their longitudinal distribution.

Anatomical analyses

Anatomical analysis was performed on primary root subjected to morphological
analysis (see above). To describe the internal structure variability in primary root axis and its
laterals, root were sectioned at various positions, according to Fig. 1A. The analysis was
performed in basal parts of selected roots to compare the most advanced state of barrier
differentiation in the given root type. Following position were analysed: PR (primary root;
third quarter of its total length from the tip), LR-L (long branched lateral roots located at the
base of main root axis; segments taken 1 cm from the base), LR-M (middle-length branched
laterals located at the third quarter of main root axis length; segments taken 1 cm from the
base), and LR-S (short unbranched laterals located at the %2 of main root axis; segments taken
1 cm from the base). In addition, brace roots developing at stem nodes above the substrate
were involved; segments were taken at position 1 cm behind the root base. The analysis
covers three plants per treatment and three roots of particular type per position and plant. The
lengths of lateral roots selected for anatomical analysis are given in Tab. 2.

Roots were fixed in 4% formaldehyde in phosphate buffer. Segments (0.5cm) at the
given positions were hand sectioned (approx. 150um) and stained in Sudan Red 7B (0.01%
wi/v; 1 h) (Brundrett et al. 1991), or berberine hemisulfate (0.1% aq.; 1 h) (Brundrett et al.
1988) counterstained with Crystal Violet (0.05% aqg.; 10 min). Sections were mounted in 65%

ag. glycerol and observed with an Olympus BX51 microscope (Olympus Corp., Tokyo,
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Japan), supplemented with UV Olympus U-MWU filter block, and Apogee U4000 digital
camera (Apogee Imaging Systems, Inc., Roseville, CA, USA). The presence of differentiated
exodermal/endodermal Casparian bands (CB) and suberin lamellae (SL) were analysed on
three primary roots per treatment. The continuity of endodermal/exodermal layer (distribution
of cells with detectable CB or SL) was studied. The roots were divided into five categories
according to suberin lamella (SL) deposition in cells of endodermal or exodermal layer: 0 (no
cells with detectable SL), I (<20% of cells with SL), II (£50% of cells with SL), III (>90%
cells with SL), IV (complete layer of cells with SL). Similar categories were applied for CB
occurrence. The radial width of endodermal/exodermal CB was estimated using image
analysis software NIS Elements AR 3.22.05 (Laboratory Imaging) on berberine-stained root
segments. For transmission electron microscopy, root segments were fixed in 2.5%
glutaraldehyde in cacodylate buffer (0.1M, pH 7.2), post-fixed in 2% (w/v) osmium tetroxide
in the same buffer, and embedded in LR White resin after dehydration in ethanol series. The
ultra-thin sections were observed under JEOL JEM-1011 microscope equipped with Veleta
CCD camera, and Olympus Soft Imaging Solution GmbH software.

Surface permeability was assayed with periodic acid (Hs1Og) as an apoplastic tracer.
Plants with intact primary roots were sequentially immersed into 0.1% ag. solution of HslOg
(30 min) and reducing solution (30 min) according to (Soukup et al. 2007). Diluted periodic
acid (0.02% HslOg) was not sufficiently effective. It rarely crossed exodermis (Fig. 8I-J),
even in tiny second order laterals (Fig. 8J). Alternative tracer solutions came up with some
limitations (Peckova, unpublished results). Modification of cell wall components by
penetrating periodic acid were detected with Schiff’s solution (Pearse 1968) on free hand
sections of root segments sampled at positions given in Fig. 1A. The permeability of root
tissues was quantified as the depth of tracer penetration and related to width of root cortex

plus rhizodermis.
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Statistics

Statistical evaluation was performed using NCSS 2000 and PASS 2000 software
(Jerry Hintze, 1996. NCSS and PASS. Number Cruncher Statistical Systems. Kaysville,
Utah). The effects of species (sp.), treatment (tr.) and interactions (int.) were analyzed with
analysis of variance (GLM ANOVA). The differences among species and treatments were
further analyzed with Bonferroni Multiple Comparison test; the results are expressed with
different letters in figures. Correlations were analyzed with Correlation Matrix (Spearman
correlation coefficient). The normal distribution of residuals and other assumptions were

tested using the Descriptive Statistics section of NCSS software.

Results

Root growth and branching

Growth conditions significantly affected root system architecture (Fig. 1B-J). The total
length of primary root axis was the longest in AER treatment, followed by SOIL,
AER+SALT, AER+5Cd, and PER, while very short axis occurred in AER+50Cd, STAG,
STAG+AO, and FLO treatments (Tab. 2; p<0.001, ANOVA, Bonf. test). Primary roots in
SOIL and AER treatments were extensively branched, but the distribution of laterals differed.
High number of 1% order laterals and very short 2" order laterals occurred in AER treatment.
In contrast, SOIL grown roots possessed slightly longer 2" order laterals and the branching
continued up to 3 order. Roots in other treatments had shorter total length and number of
laterals, with minor occurrence of 3™ order laterals (Tab. 2, Fig. 1B-J). The overall
distribution of root growth between main root axis and laterals (calculated as the ratio
between length of main root axis and total length of all the laterals; PR/LR in Tab. 2) was
lower in SOIL, AER, and AER+5Cd treatments compared to AER+50Cd (p<0.05, ANOVA,

Bonf. test). Other treatments did not significantly differ (Tab. 2).
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In addition, the distribution of 1% order laterals along the primary root axis changed in
response to treatments (Fig. 2A-1). In AER, the density of 1%laterals remained fairly constant
from basal to apical part of main root axis and mean length of those laterals gradually
decreased in clear longitudinal gradient (Fig. 2A). Similar distribution occurred also in almost
all the other hydroponic treatments (Fig. 2), but it was not maintained in AER+SALT with
clear patches of shorter and longer laterals along the main axis (Fig.1G and 2D). The most
conspicuous difference was however found in SOIL grown roots (Fig. 2C). In those roots, 1*
order laterals were concentrated in basal part of primary root. The lower density of laterals in
younger parts was compensated with their pronounced elongation (higher mean length) and
their length distribution was significantly more heterogeneous (Fig. 2C).

In all treatments, significant number of 1% order laterals exhibited time-limited growth.
We calculated the frequency of short (>2cm) 1* order laterals along the longitudinal gradient.
Short roots occurred in significant amounts (>20%) even in older basal part of root axis where
co-occurred with very long branched ones. Their frequency differed among treatments (Fig.

2A-1), the most homogenous distribution were found in AER (Fig. 2A).

Endodermis differentiation

The structural features of apoplastic barriers were analysed in basal parts of seminal
primary roots (PR), laterals (LR), and nodal brace roots to compare the most advanced state
of barrier differentiation in the given root type. Berberine staining proved complete
endodermal layer with Casparian bands (CB) in all analysed basal root segments (Table 3,
Fig. 3A-D, Q-T), including short (+ 0.5cm) 2" order laterals (Fig. 3Y). Across all the
treatments, the width of endodermal CBs was affected by growth conditions rather than root
type (Fig. 4A-D). The relative width of CBs (expressed as the % of radial wall) varied

surprisingly little among PR and branched laterals LR-L and LR-M (p>0.5; Fig. 4A-C), being
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shorter only in small (= 2cm) young unbranched laterals LR-S (by 23% on average; p<0.001,
GLM ANOVA; Fig. 4D). In contrast, the absolute width of CBs differed significantly among
all root types. Across all the treatments, the absolute width was (um) 5.0; 3.6; 2.7; 1.8 in PR,
LR-L, LR-M, and LR-S, respectively (p<0.001, GLM ANOVA).

Growth conditions affected CBs width considerably. Across all examined root
segments, cadmium exposure (AER+5Cd, AER+50Cd) and perlite cultivation (PER)
triggered enlargement of relative CBs widths (by 33%, 70%, 30% on average; respectively)
compared to aerated hydroponics (AER). In contrast, CBs in stagnant hydroponics (STAG,
STAG+AQ) were 24% and 14% shorter compared to AER (p<0.001, GLM ANOVA). The
effect of growth conditions got stronger towards shorter lateral roots (Fig. 4A-D). The most
striking differences in relative length of CB occurred in young unbranched laterals LR-S (Fig.
4D). Examples of endodermal CBs are shown in Fig. 3A-D, Q-T, Y and Fig. 5A-H. We
further observed irregularities in positioning of CB-like lignification that occurred in
pericycle cells adjacent to damaged endodermal cells in severely stressed plants, particularly
in AER+50Cd treatment (Fig. 3AE).

Suberin lamella was not present in all endodermal cells. Its deposition was
asynchronous and the extent differed among root types and growth conditions. To simplify
the quantification of suberin lamella deposition, roots were divided into five categories (0-1V;
see Methods) according to relative incidence of endodermal cells with mature SL in analysed
root segments. On average, primary roots of all treatments fit the category I11-1V or IV, with
almost complete suberinized endodermal layer and minor occurrence of passage cells (Table
3; Fig. 31-L). The longest branched laterals (LR-L) did not significantly differ from primary
roots (Table 3; p>0.05), but the extent of suberinization was lower in shorter laterals LR-M
and LR-S (Table 3; p<0.001, GLM ANOVA, Bonf.test). Cultivation in PER, AER+5Cd, and

AER+50Cd enhanced the suberinization compared to STAG, STAG+AO, and FLO
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treatments. The response to treatments was strongly expressed in short lateral roots (LR-S),
being almost negligible in long laterals LR-L and PR axis (Table 3; p<0.001, GLM ANOVA).
Short lateral roots were clearly the principal components of roots system responding most
intensively to growth conditions.

Tertiary walls developed in basal part of primary roots in AER, PER, AER+SALT,
SOIL, AER+5Cd, and AER+50Cd treatments, but were only rarely detected in STAG,
STAG+AO and FLO treatments (Fig. 3A-D and 5A-D). Massive tertiary wall deposition
occurred in AER+50Cd treatment (Fig. 3C and 5D). Tertiary walls were also found in long
lateral roots (LR-L). In PER, SOIL, and AER+SALT, all examined LR-L possessed tertiary
walls. In other treatments, tertiary walls were detected only in some of analysed LR-L.
Shorter laterals (LR-M and LR-S) lacked endodermal tertiary walls, with the exception of
perlite cultivation (PER) and cadmium exposure (AER+50Cd). In those two treatments,
tertiary walls were often but not always deposited in endodermal cells (Fig. 5E-H), sometimes
in irregular “patchy” pattern (Fig. 3AA).
Exodermis differentiation

Complete exodermal layer with differentiated CBs, here defined as radial parts of cell
walls stained with berberine hemisulfate/ crystal violet, were found in basal parts of PR axis
across all the treatments, with the only exception of STAG treatment (Table 3, Fig. 3E-H).
Exodermis of STAG grown plants possessed well-developed suberin lamellae (Fig. 3P), but
berberine staining failed to detect lignified CBs although detection was positive in
endodermal CB excluding the possibility of detection failure (Fig. 3H). CBs were observed
only in a few exodermal cells in this treatment (Table 3). The presence of exodermal CBs
were further checked using TEM approach. Unfortunately, this method failed to show

discernible exodermal CBs even in those root segments showing clear berberine staining in
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exodermis and in spite of the perfect visualisation of endodermal CB on the same ultra-thin
sections (Fig. 5I-L).

Lateral roots obviously differentiate exodermal CBs, but the occurrence of exodermal
cells with CBs was significantly lower compared to primary roots (Table 3, Fig. 3Q-T, Y
p<0.001, GLM ANOVA). The absence of berberine-detectable exodermal CBs in lateral roots
was frequent in all hydroponic treatments, although mild cadmium stress (5uM Cd**) slightly
enhanced CBs establishment, particularly in long laterals (LR-L) (Table 3). Further increase
in applied cadmium concentration (50uM Cd**) did not intensify this effect. It rather caused
the disruption of standard developmental pattern in outer cortex of lateral roots related to
cellular damage. In such case CB-like lignification established in incorrect cortex layer (Fig.
3AD) and middle cortex underwent extensive lignification (Fig. 3AC) and massive deposition
of extracellular material in intracellular spaces (Fig. 3AB) as an injury response. These
irregularities seemed to compensate lack of properly differentiated exodermal CBs in affected
lateral roots. Irregularities occurred also in salt stressed lateral roots, e.g. locally doubled
exodermal layer (Fig. 3AF), but the frequency was lower. In contrast to hydroponics, plants
cultivated in solid substrates (PER, FLO, and SOIL treatments) possessed well-detectable
exodermal CBs even in very short young unbranched laterals (LR-S) (Table 3, Fig. 3R).

Across all the treatments, the relative width of existing/differentiated exodermal CB
expressed as the percentage of radial wall was significantly higher in primary root (69%)
compared to laterals (55%, 54%, and 59% in LR-L, LR-M, and LR-S, respectively; p<0.05,
GLM ANOVA; Fig. 4E-H). Similar trend were found for absolute widths (um): 9.4 in PR
compared to 6.7, 5.2, and 4.8 in LR-L, LR-M, and LR-S, respectively (p<0.001, GLM
ANOVA, data not shown). Laterals did not significantly differ from each other. Roots without

detectable exodermal CB (zero values) were excluded for this analysis.
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The CB width responded to growth conditions only slightly. Across all root types, the
longest exodermal CBs (in % of the radial wall) were found in sand-perlite mixture, while
AER and SOIL treatments were at the opposite side of the spectrum (Fig. 4E-H).

Suberinization of exodermal layer was almost complete in basal parts of primary roots
in all the treatments (Table 3; examples in Fig. 3M-P and 5L-M). The presence of
conspicuous exodermal SL was proved even in roots lacking lignified exodermal CBs
detectable with berberine hemisulphate (compare Fig. 3H and 3P). We have identified such
alteration of exodermal development particularly in STAG and STAG+AO treatments, in all
root types including primary root and laterals of first and second order. Across all treatments,
the extent of exodermal suberinization (expressed as the relative occurrence of cells with
detectable SL) was significantly lower in middle-length and short lateral roots compared to
primary root and long laterals (Table 3, p<0.001, GLM ANOVA), which act as principal axis
of root system. Such variation in exodermal suberinization was not in plant grown in sand-
perlite mixture (PER treatment) with highly suberinized exodermis in all examined root
categories (Table 3) including short unbranched first order laterals (LR-S; Fig. 3V). Examples
of exodermal suberin lamellae in LR-S are given in Fig. 3U-X; in second order laterals in
Fig. 3Z.

Neither primary roots nor laterals did not deposited tertiary walls in exodermis.
Examples of exodermal cells without signs of cell wall thickening are documented on TEM

photographs in Fig. 5I-L.

Differentiation of surface layers in brace roots
To cover the whole range of root surface layers differentiation in maize roots, we
further examined brace roots developing on stem nodes in two-month old plants grown in

aerated hydroponics. The basal part (2-3cm) of those roots developed above the surface of
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cultivation solution, the remaining part was submerged. Such exposure towards atmosphere
changed the pattern of differentiation in root surface layers conspicuously. In basal emerged
part (examined at the position 1cm from the base), no sign of exodermis differentiation (CBs,
suberin lamellae, changes in cell shape) were found (Fig. 6A-C). In contrast, rhizodermis
went through a massive lignification that gradually extended towards sclerified outer cortical
layers (Fig. 6B). Interestingly, local disruption of massive rhizodermis lignification was
compensated with enhanced lignification of outer cortex and with the occurrence of CB-like
lignifications in rhizodermis (Fig. 6D).

In more distal submerged root part (examined 4cm from the base), standard
developmental patter of outer cortex occurred with well established exodermis (CBs, suberin

lamellae) and without rhizodermis lignification (Fig. 6E-G).

Root surface permeability and root thickness

Surface permeability within the root system was tested in plants from hydroponics to
ensure non-destructive transfer of plants into 0.1% HslOg tracer solution. The assay identified
sites of lateral root emergence and areas of locally disrupted outermost layers as the sites with
the highest surface permeability of the root (Fig 8A). For further evaluation of root surface
permeability for different root types these sites were excluded. Across all the treatments, the
percentage of root cortex reached by the tracer in 30min assay differed among root types. In
absolute values, the real distance (um) of tracer penetration from surface towards stele was on
average 81.1um in PR, compared to 99.5 and 102.3um in LR-S and second order laterals
(p<0.05, GLM ANOVA). LR-L and LR-M (95-96.9um) did not differ from PR (p>0.05,
GLM ANOVA, Bonf. test; Fig. 7).

However, periodic acid passed 31.2% of root cortex in main roots, 72.3% in LR-L, 85-

86% in LR-M and LR-S, and 103% in second order laterals, on average (p<0.001, GLM
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ANOVA). The value above 100% means the break through the endodermal layers into stele.
The percentage of cortex hit by the tracer clearly correlated with root diameter (Spearman
correlation coefficient: -0.8; p<0.001; examples in Fig. 8B, D-G).

The comparison of roots grown under various conditions of hydroponic treatments
(AER, AER+5Cd, AER+50Cd, AER+SALT, STAG, and STAG+AO; solid substrates were
excluded from the assay) showed differences in permeability in response to growth
conditions. Across all the root types, the distance of tracer penetration was 20% lower in
AER+5Cd and AER+SALT treatments compared to AER and AER+50Cd (Fig. 7; p<0.001,
GLM ANOVA, Bonf. test). Other treatments did not significantly differ.

The average thickness (um) of cortex + rhizodermis gradually decreased from
262.2um in PR to 133.0um in LR-L, 110.5-115.5um in LR-M and LR-S, and 91.5um in 2™
order laterals (p<0.001, GLM ANOVA, Bonf. test). The treatment conditions affected the
thickness of fine laterals (LR-M, LR-S, and 2" order laterals) but not of PR and LR-L.
Thinner laterals generally occurred in FLO, AER, AER+5Cd, and SOIL treatments, while

AER+50Cd, STAG, and STAG+AO were on the other side of the spectrum (Fig. 7).

Discussion

This anatomical study presents the first systematic insight into variability of apoplastic
barriers differentiation in various types of roots within the root system. Fine laterals form
dominant part of root system surface. The root system might be intuitively seen as a system of
fine “more open roots”, which are distributed into the space by thicker roots of lower orders.
However such might be misleading in some cases — e.g. root system of roots without
secondary thickening. In such cases the basipetal gradient within individual roots might be

the principal factor of permeability distribution within the root system.
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The growth, branching and permeability for entering compounds are therefore key
determinants of plant-soil interface. Unfortunately, huge variability in size and thickness
make any general conclusion about the apoplast permeability of lateral roots rather difficult to
make. High developmental plasticity of particular root development further increases
variation of the results. Together with laborious sample processing makes this variation such
evaluation not a straightforward task. To face this challenge, we analysed representatives of
maize 1% order laterals roots differing in length and position on maternal root (see Fig. 1A)
together with representatives of 2" order laterals. As the pattern of lateral root development
responds strongly to environmental conditions, we have compared roots from six hydroponic
treatments and three solid substrate cultivations (Tab. 1) to make more general conclusions.

The pattern of lateral root development changed significantly in response to
treatments. All stress factors (salinity, cadmium, or hypoxia) decreased length of primary root
and its laterals compare to favourable conditions of aerated hydroponics and soil. Previous
comparison of soil and hydroponic treatments proved soil-grown roots as more extensively
branched (Redjala et al. 2011). Our detailed analysis showed that branching to higher orders
determines such difference. Soil-grown roots had higher proportion of fine laterals of higher
orders (2" and 3). In contrast, roots in aerated hydroponics formed high number of very
short unbranched 2" order laterals. These two treatments differed also in distribution of 1°
order laterals along the main axis. In aerated hydroponics, the density was fairly constant and
lengths of laterals gradually decreased acropetaly. In soil, the distribution was significantly
less homogenous, which support the developmental plasticity of lateral root development in
response to heterogeneous soil environment (Svistoonoff et al. 2007; Walch-Liu et al. 2006).

Lateral roots selected for anatomical analyses represent three categories of 1% order
lateral roots — the longest extensively branched laterals emerging at the base of primary root

(LR-L, 2-17cm in dependence of treatment conditions), shorter branched laterals located at %
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of main root axis (LR-M, £ 5cm) and very short unbranched ones (LR-S, £2cm) emerging in
the middle zone of primary root. Although LR-S are the youngest 1* order laterals analysed in
our study, they do not represent actively growing laterals just after emergence, because the
zone of primordia emergence is located more distally. They rather represent laterals with
time-limited growth activity. The early cessation of root apical meristem (RAM) activity in
some laterals (approx. 10%) was repeatedly documented in field grown maize roots (Cahn et
al. 1989; Pages and Pellerin 1994; Varney and McCully 1991). In our study, very short roots
(< 2cm) occurred in close vicinity of very long branched neighbours along the whole main
axis, but their distribution differed among treatments. In aerated hydroponics the frequency
gradually decreased to zero towards primary root base, in soil-grown roots the frequency
remained above 30% even in basal zones. Such selective maintenance of RAM activity may
help plants to balance the costs of root system growth with acquisition of resources in highly
heterogenic soil environment. We can speculate that maintenance of growth activity in all
emerging laterals is worthless wasting. The enhanced lateral root growth in nutrient-rich
patches (Drew 1975), hydrotropism (Cassab et al. 2013; Eapen et al. 2005), or growth
relocation in stress avoidance (Potters et al. 2007) are strategies comprising to the
effectiveness of root system based on selective development of some laterals. The early
cessation of growth in some laterals seems to be part of root system developmental program
as we found laterals shorter 2cm located at basal segments of primary roots in aerated

hydroponics although nutrient solution is more homogenous environment compared to soil.

Endodermis differentiation in lateral roots
Endodermis of lateral roots establish quite early, in a short distance behind the tip, and
in direct connection with endodermis of parent root (Peterson and Lefcourt 1990). We can

therefore assume tight similarity in endodermal maturation among main root and laterals. In
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agreement, several endodermal characteristic of basal segments (with the most advanced state
of maturation) did not significantly differ between main root axis and the longest branched
laterals (LR-L). Laterals delayed only in tertiary wall deposition, but relative CB width and
extent of SL deposition were similar. Such minor differences were further confirmed for their
distal segments (at the position of first emerging primordia; data not shown). In contrast, short
branched laterals (LR-M) and particularly very short unbranched ones (LR-S) had shorter
endodermal CB (relative to radial wall) and lower frequency of SL or tertiary walls.

Our screening of Casparian bands using image analysis of free-hand berberine stained
sections obviously overestimated the width of endodermal CBs. The values ranging among
30-80% of radial wall are higher compared to more precise data acquired by TEM approach
(e.g. 21-34% (Karahara et al. 2004)). In spite of this limitation, we proved the effect of
growth conditions on endodermal CBs maturation. Cadmium exposure, salt stress, and
cultivation in sand-perlite mixture of low water potential enlarged CB compared to other
treatments, in agreement with other studies (Karahara et al. 2004; Lux et al. 2011). The
differences among treatments were particularly significant in short lateral roots. Short
unbranched laterals even proceed into secondary state of endodermal maturation in cadmium
treated and sand-perlite grown plants only, while SL were rarely found in these roots of other
treatments. Fine laterals therefore represent the part of the complex roots system highly

responsive towards environmental stress factors with respect to endodermis characteristics.

Exodermis maturation and apoplast permeability

Studies focused on main root axis repeatedly shown the responsiveness of exodermal
maturation towards growth conditions, with acceleration under low water potential, salinity,
or exposure to toxic compounds (Enstone and Peterson 1998; Meyer et al. 2009; Redjala et al.

2011; Reinhardt and Rost 1995). The data collected in the present study show that similar
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acceleration occurs in lateral roots. First-order laterals in all hydroponic treatments possessed
only small patches of detectable CBs or SL in outer cortex, in contrast with plants cultivated
in solid substrates (particularly in sand-perlite mixture) with almost complete primary
exodermis even in very short (x2cm) unbranched laterals. In agreement, exodermis were
proved in field-grown first-order laterals of maize (Wang et al. 1995). From this point of
view, contribution of lateral roots to the maintenance of plant internal environment by
regulation of solute entrance seems quite important. Unfortunately, the apoplast permeability
of lateral roots grown in solid substrates can be tested with substantial limitations only. The
damage caused by excavation from substrate hits preferentially fine roots and changes the
entrance of apoplastic tracer substantially (Moon et al. 1986). The tracer application into the
growth container prior the excavation seems more reasonable as it secures intact root system,
but non-specific tracer-substrate interactions can influence the results. The enhanced barrier’s
maturation in aeroponics (Redjala et al. 2011; Zimmermann et al. 2000), the cultivation
system simulating soil conditions better than hydroponics, favours the conclusion about the
significance of exodermis in soil grown plants.

In hydroponics, mild cadmium stress (5pm Cd**) enhanced exodermal maturation in
long branched laterals, but not in shorter ones. Lateral roots thus mimicked the developmental
plasticity of main roots axis only partially, in size-dependence manner. Other stress factors
applied in hydroponics (salinity, organic acids, and hypoxia) did not induced changes
recognizable at basal segments of examined lateral roots. In all these treatments, short laterals
remained almost unsheltered with exodermis, in contrast to long branched laterals and main
root axis. As the root thickness gradually decreased from primary root to long laterals and
further to shorter ones, these data indicate that the gradient in exodermis formation is closely

related to the size of individual roots.
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Apoplastic tracer assay confirmed higher permeability of short laterals, in agreement
with observations of other species in hydroponics (Faiyue et al. 2010; Soukup et al. 2002).
The differences in permeability among root types were however smaller than expected. The
limitation of tracer assay laid in high variability of obtained results. An explanation for this
variability can be related to a broad zone of incomplete patchy exodermis with highly variable
permeability that is typical for maize roots (Enstone et al. 2003). In addition, the apoplastic
tracer (0.1% HsIOg) often overcame matured exodermal layer and reached the cortex,
although identical tracer did not cross hypodermal layers in Phragmites or Glyceria (Soukup
et al. 2007). This indicates some “weakness” of maize exodermal barrier in comparison with
wetland species. In agreement, wild relative of Zea mays, the teosinte species Zea
nicaraguensis with high tolerance to waterlogging, differentiates much tighter barriers (Abiko
et al. 2012).

Significant alteration of lateral root anatomy in hydroponics was found only in plants
under severe cadmium stress (50um Cd?*). The toxicity did not induced enhancement of
exodermis maturation in affected lateral roots, as we failed to detect CBs in exodermal layer.
Instead, laterals were much thicker, showed extensive lignification of middle cortex and
occlusions in cortical intercellular space. Similar changes, documented for Oryza and
Phragmites after application of toxic cocktail of organic acids (Armstrong and Armstrong
2001) or sulphides (Armstrong and Armstrong 2005) are considered defence reactions against
severe toxicity damaging root membranes (Armstrong and Armstrong 2001). In these wetland
species, the decreased oxygen leakage were found in affected laterals (Armstrong and
Armstrong 2001). In our study, the real distance of apoplastic tracer (0.1% HslOg) penetration
from surface towards middle-cortex in 50um Cd?* treated laterals did not significantly
differed compared to other treatments. Intercellular occlusions in cortex were permeable for

periodic acid tracer. The tracer however reached significantly lower portion of cortex, because
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of considerable root thickness. Root thickening under cadmium exposure caused by greater
cortical cell size (Maksimovi¢ et al. 2007) obviously participates in radial resistance to radial

flow of water and solutes (Lux et al. 2011).

Altered exodermal maturation in stagnant hydroponics

In our study, we repeatedly observed suberin lamellae in hypodermal cells lacking
berberine signal of CBs, particularly in plants cultivated in stagnant hydroponics (see Fig. 2).
This was not caused by the general failure of the staining procedure (berberine hemisulphate
with gentian violet counterstaining) as endodermal CBs were properly stained on similar
sections. Missing berberine staining do not necessary mean lack of CBs. Band plasmolysis
indicating tight adhesion of plasmalema to Casparian band cell wall domain was observed in
hypodermal cell lacking any berberine detectable impregnations of CBs (Enstone and
Peterson 1997). We employed transmission electron microscopy (TEM), but this approach
failed to provide clear proof of differentiated CBs in exodermis of hypoxia treated roots. We
simply did not observe electron opaque band domain in any of examined osmium-post-fixed
ultrathin sections, even in roots with clearly berberine-stained exodermal CBs. Endodermal
Casparian bands were conspicuous on the same sections. Limited usability of TEM approach
for exodermis is indicated also by other studies (for review see (Ma and Peterson 2003)).

Maize exodermal radial walls are thin, suberin lamellae deposition may mask
lignification of CBs (Ma and Peterson 2003) that complicates their histochemical proof.
Exodermal suberinization is further enhanced in stagnant hydroponics (Enstone and Peterson
2005). The deposition of suberin but not lignin correlates with resistance to oxygen leakage
from roots (De Simone et al. 2003; Soukup et al. 2007) or lower hydraulic conductivity
(Schreiber et al. 2005). Intensive suberinization may however explain the lack of detectable

exodermal CBs in stagnant hydroponics only partially. Our data showed the most pronounced
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suberinization in roots cultivated in solid substrates, particularly in sand-perlite mixture, in
agreement with other studies comparing hydroponics with other types of cultivation (Enstone
and Peterson 2005; Redjala et al. 2011; Zimmermann and Steudle 1998). Exodermal CBs
were clearly detectable in roots of perlite grown plants in spite of such strong suberinization.
Moreover, exodermal CBs were detected with berberine staining in roots grown in hypoxic
treatment enriched by toxic agents (organic acids). An explanation might therefore be an
altered lignin/suberin involvement in impregnation of exodermal cell walls in response to
hypoxia versus toxicity. Such explanation must be further tested as the importance of lignin
versus suberin in exodermal CBs formation is still not completely resolved. Endodermal CBs
in Arabidopsis were shown to contain lignin without suberin (Naseer et al. 2012), but partial
involvement of suberin in both endo- and exodermal CBs was indicated in other species
(Schreiber et al. 1999; Zeier et al. 1999).

Alternatively, “missing” berberine staining of exodermal Casparian bands in hypoxia
treated maize roots may raise doubt about generally accepted sequence of exodermis
maturation steps. We can speculate that establishment of CBs and SL deposition are not just
steps in maturation sequence, but rather processes with some degree of autonomous

regulation by different environmental inputs. Such speculation needs further examination.
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Legends to figures:

Fig. 1 (A) Locations of segments analysed for the anatomical structure: PR (primary root;
third quarter of its total length from the tip), LR-L (long branched lateral roots located at the
base of main root axis; segments taken 1 cm from the base), LR-M (middle-length branched
laterals located at the third quarter of main root axis length; segments taken 1 cm from the
base); LR-S (short unbranched laterals located at the % of main root axis; segments taken 1
cm from the base). Lengths of analysed roots are given in Tab. 2. (B-J) Primary root
architecture; (B) AER; (C) SOIL; (D) STAG+AO; (E) FLO; (F) STAG; (G) AER+SALT; (H)

AER+5Cd; (1) AER+50Cd; (J) PER (for details of treatments see Tab. 1). Scale bars = 2cm.

Fig. 2 (A-I) Distribution and mean length of 1% order laterals along the axis of primary root (n
= 3). Total numbers of 1% order laterals in 2cm segments from root base towards the apex
(white columns, left axis). Total numbers of short (<2cm) 1% order laterals in each segment
(black columns, left axis). Mean length of 1% order laterals in each segment (red line, right

axis). For details of treatments see Tab. 1.

Fig. 3 (A-D; I-L) Endodermis appearance at % of primary root axis in selected treatments -
Casparian bands in (A) AER, (B) PER, (C) AER+50Cd, and (D) STAG; suberin lamellae and
tertiary walls in (1) AER, (J) PER, (K) AER+50Cd, and (L) STAG. (E-H; M-P) Exodermis
appearance at % of primary root axis - Casparian bands in (E) AER, (F) PER, (G)
AER+50Cd, and (H) STAG, suberin lamellae (M) AER, (N) PER, (O) AER+50Cd, and (P)
STAG. (Q-X) Endodermis and exodermis in basal segments of short first order lateral roots
(LR-S) - Casparian bands in (Q) AER, (R) PER, (S) AER+50Cd, and (T) STAG; suberin
lamellae in (U) AER, (V) PER, (W) AER+50Cd, and (X) STAG. (Y-Z) Endodermis and

exodermis in second order lateral root — Casparian bands (Y) and suberin lamellae (Z). (AA)
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“Patchy” tertiary walls occurrence in endodermis of LR-S in PER treatment. (AB-AF)
Alteration of standard developmental pattern in salt and cadmium treated plants —
extracellular material accumulation in cortex in AER+50Cd treatment (AB); Casparian bands-
like lignifications in cortex (AC, AD) and stele (AE) in AER+50Cd treatment; Casparian
bands-like lignifications in cortex in AER+SALT treatment (AF). (A-H, Q-T, Y, AA-AF)
Berberin-Crystal violet staining of lignification; (I-P, U-X, Z) Sudan Red 7B staining of

suberin lamellae. Scale bars = 20pum.

Fig. 4 (A-D) Width of endodermal and (E-H) exodermal Casparian bands (CB) expressed as
the percentage (%) of radial wall (mean + SE, n=3) in primary root (PR) and its long (LR-L),
middle-length (LR-M), and short (LR-S) 1% order laterals. EN-endodermal CB; EX-
exodermal CB; n.a.-not available (roots were not developed). Grey columns express positions,
where exodermal CB were not detected in all analyzed roots. Casparian bands were stained
with berberine hemisulphate and Crystal Violet counterstaining. Different letters indicate
significant differences among treatments (p < 0.05; GLM ANOVA, Bonf. test). For details of

treatments see Tab. 1.

Fig. 5 (A-H) Casparian bands in endodermis and (I-K) exodermis visualized by TEM
approach. (A-D) Endodermal radial walls with electron-dense CBs in primary root in (A)
AER, (B) AER+SALT, (C) AER+50Cd, and (D) STAG treatments. (E-H) Endodermal CBs in
short 1% order lateral roots LR-S in (E) AER, (F) AER+SALT, (G) AER+50Cd, and (H)
STAG. (I-K) Exodermal radial walls in primary roots in (I) AER, (J) AER+SALT, and (L)
STAG. (L-M) Detail of exodermal suberin lamellae in % of primary root in (L) AER and (M)
STAG treatments; sl — suberin lamellae. For details of treatments see Tab. 1. Scale bars =

1um, except L, M = 100nm.
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Fig. 6 (A-G) Differentiation of surface layers in brace roots emerging from stem nodes. (A-D)
Basal segments exposed to atmosphere above the surface of cultivation solution — sectioned
1cm from root base. (E-F) Distal segments submerged in the solution — sectioned 4 cm from
the root base. (A, E) Floroglucinol staining of lignification; (B, D, F) Berberin-Crystal violet
staining of lignification; (C, G) Sudan Red 7B staining of suberin lamellae. Scale bars =

10pm.

Fig. 7 Root surface permeability for apoplastic tracer (HsIOg) in different root types and
treatments. Total width (um) of cortex plus rhizodermis (open columns) and the depth (um)
reached by the tracer in 30 min assay (purple columns). Primary root (PR), its long (LR-L),
middle-length (LR-M), and short (LR-S) 1% order laterals; second order laterals (2" order

LR). Treatments are explained in Tab. 1.

Fig. 8 (A, B, D-G) Root surface permeability for apoplastic tracer (0.1% HslOg); (A, B)
primary root at ¥ of its axis; (D) basal segments of long and (E) middle-length first order
laterals; (F-G) second order laterals without (F) and with (G) HslOg penetration into stele. (C,
H) negative controls without HsIOg application; (C) primary root and (H) short lateral root. (I-
J) Permeability for diluted tracer (0.02% HslOg); (1) primary root at % of its axis; (J) basal
segments of short first order laterals. Purple coloration indicates sites affected by HslOg

tracer. Scale bars = 50um.
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50 AER AER soiL 2

A B +50Cd CH 8
5 40 S
o [=
: 6 2
c 30 £
- S 2
Z 4 2
— 20 ] c
@
£

) HN Il 2

1

0 - u 0

50 AER+SALT STAG PER - 9

_ D E F 8
3 40 7 =
[ 6 9
Z 30 <
& > 5
= w
— 20 4 =
3 ©
1]
10 U 2 E

1

50 AER+5Cd STAG FLO | 9

0 ‘G H +A0 | 8
g
@ 6 S
230 -
£ 5%
< 0]
5 20 4 .
Z 33
10 2 E

1

: ﬂ !

2 6 10 14 18 22 26 30 34 38 42 46 50 2 6 10 14 2 6 10 14 18 22 26 30 34 38 42
distance from PR base (cm) (cm) (cm)



Manuskript 1.




Manuskript 1.

Fig. 4
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Fig. 7
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Tab. 1 Treatments applied in the study

Treatment Growth conditions

AER Aerated hydroponics; oxygen saturation >90%

STAG Stagnant hydroponics with addition of 0,05% agar; O, saturation <20%

STAG+AO Stagnant hydroponics with addition of 0,05% agar + 2mM organic acids (a
mixture of acetic and formic acid; 1:1); pH adjusted to 5.7 using 1M NaOH

AER+SALT Aerated hydroponics + 100mM NaCl

AER+5Cd Aerated hydroponics + 5uM Cd**

AER+50Cd  Aerated hydroponics + 50pM Cd**

SOIL Soil moistened with tap water

FLO Soil flooded with tap water to 1cm above the soil surface

PER Mixture of fine quartz sand and perlite (1:1) moistened with tap water
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Tab. 2 Biometric characteristics of primary roots in different treatments and length of laterals

selected for the anatomical study (means, n=3-5).

AER AER AER AER STAG STAG SOIL FLO PER
+SALT +5Cd  +50Cd +AO

Total lengths per primary root (cm)
PR axis 58.6° 40.6° 358" 16.1° 13.2° 10.2* 46.2° 156° 37.4°
PRapic. 82" 50® 66° 1.6° 42%® 40*® 57° 53® 65°
1" LR 745° 270 538"  449° 103* 66.6° 534° 131° 195
2" LR 102 17.9° 148 04* 67* 44° 263" 376 713
3“LR 0 01* 0 0 0 0 154°  03*  09°
LRtotal 847" 289° 553 453* 110° 71.1* 813"  170°  267°
PR/LR 0.07* 0.14* 0.06° 033" 012 022* 006* 0.12° 0.25%
Total LR numbers per primary root
1" LR 564°  301° 214"  40.0° 35.0* 40.0° 323" 787* 141®
2" LR 851°  188° 57.0° 2.7*  253* 11.7° 417 55.0° 149°
3“LR 0 1.0° 0 0 0 0 733" 200 7.3
LRtotal  1414° 490 271* 427 60.3* 51.7* 813" 136* 297
Mean LR lengths per primary root (cm)
1" LR 1.3 09* 26® 10* 30° 15° 18® 17® 1.3
2" LR 0.05* 0.06® 0.03* 0.06° 0.15° 011* 031° 034" 01®
3“LR 0 0.002* 0° 0 0 0 0.04° 0.01*  0.004°
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Lengths of laterals selected for the anatomical study (cm)

LR-L 12.8 7.1 13.9 2.0 7.1 6.3 17.1 12.6 17.6
LR-L apic. 2.1 0.8 5.7 2.0 2.6 2.3 3.6 4.7 4.5
LR-M 4.0 2.8 n.a. n.a. 4.3 3.7 4.4 3.9 4.9

LR-S 1.8 1.5 2.3 0.9 2.0 1.3 2.3 2.1 2.2

Note: PR axis — length of primary root axis; PR apic. — length of unbranched apical part of
PR; 1% LR - first order laterals; 2" LR — second order laterals; 3 LR — third order laterals;
LR-L - long branched laterals located at the base of PR; RP/LR — ratio PR axis/LR total; LR-
L apic. - length of unbranched apical part of LR-L; LR-M - middle-length branched laterals
located at the third quarter of PR; LR-S - short unbranched laterals located at the % of PR;
n.a. - not available (roots were not developed). Different letters indicate significant

differences among treatments (p<0.05; ANOVA, Bonferroni Multiple Comparison test)
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Tab. 3 Occurrence of CB/SL bearing cells in endodermal/exodermal layer (means, n=3-5)

PR LR-L LR-M LR-S PR LR-L LR-M LR-S

Endodermal CB Exodermal CB
AER v v v v v 0-1 I 0
AER+SALT IV v v v l-1v  0-1 0 0
AER+5Cd v v v v v -1 0 0-1
AER+50Cd IV v v v v 0 n.a. 0
STAG v v v v 0-1 0 0 0
STAG+AO v v v v v 0-1 0-1 |
SOIL v v v v v M-t -1 H-111
FLOODED IV v v v v v H-111 H-111
PERLITE v v v v "m-1v v m-1v -1

Endodermal SL Exodermal SL
AER -1v- -1 - 1-mir 0-1 -1 -t 1=l 0
AER+SALT IV im-1v 1-mr  0-l H-1v 1= 0-1 0
AER+5Cd v v -1 Hi-1v v l-1v  0-1 0-1
AER+50Cd IV v n.a. H-1v v | n.a. 0-1
STAG -1 -1t 1m-1v - 0o-1 H-1v 1 H-111 0-1
STAG+AO v -1 1-1 0-1 v I H-111 I-11
SOIL v im-1v 1-mr  0-l Il -1 I 1
FLOODED IV i-1v 0-1 0-1 v i-1v 0 I-11
PERLITE v v v H-1v v v m-1v - m-1v

Note: Extent of barrier formation in primary root (PR) and its long (LR-L). middle-length

(LR-M). and short (LR-S) laterals in response to treatments (n=3). Roots were divided into
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categories according to the incidence of cells with developed CB/SL in
endodermal/exodermal layer: 0 (0%); I (<20%); II (£50%); III (>90%). 1V (100%).
Treatments: AER-aerated hydroponics; AER+SALT-aerated hydroponics + 100mM NacCl;
AER+5Cd-aerated hydroponic + 5 uM Cd*"; AER+50Cd-aerated hydroponic + 50 pM Cd?*;
STAG - stagnant hydroponics; STAG+AO - stagnant hydroponics + 2mM organic acids;
SOIL - soil cultivation; FLO - cultivation in flooded soil; PER - cultivation in mixture of

sand and perlite; n.a.-not available (roots were not developed).
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3.3 Testy propustnosti

Tato ¢ast zahrnuje souhrn dostupnych informaci o pouziti nejcastéji vyuzivanych testl
propustnosti, navazuje na piedchozi testovani, dopliuje je vlastnimi pokusy a obsahuje
diskuzi v ptipadé nalezenych rozdild. Pro tuto souhrnnou studii byly vybrany v literatuie
nejcastéji se vyuzivajici latky, prezentujici jednak malé apoplastické sondy pozorovatelné

ve svétlém poli (Fe?", kys. jodista) a vétsi fluorescentni sondy (srazeny berberin, PTS).

Oproti ofekavani vSechny sondy béhem téchto experimentl prosly v uréitém rozsahu
ptes vytvofenou exodermalni vrstvu ve tfech ¢tvrtinach hlavniho kotene kukutice (Zea mays),
u ryze (Oryza sativa) pouze kyselina jodista. Zjistili jsme velkou variabilitu chovani rizné
koncentrace a délky aplikace kyseliny jodisté v kofenech riiznych druhii. Nase vysledky také
poukazuji na nesnaze pii pouziti PTS Vv téchto oblastech kotene. Po prichodu exodermalni
vrstvou, Fe?, kyselina jodista i berberin se pohybuji primarni ktrou kukufice (Z. mays)
obdobnou rychlosti, Fe?* o trochu rychleji. DosaZena vzdélenost od povrchu souvisi s délkou
aplikace sondy. V oblasti apikalnich vrcholt hlavnich kofenti kukufice (Z. mays) i ryze
(O. sativa) jsme pozorovali rychly pranik berberinu do vnitinich ¢asti kofene a Caste¢né
i kyseliny jodisté, naopak téméF zadny u Fe?* iontdi a PTS. Pokud byla primordia postrannich
kotenli velmi mladé, ulozena hluboko pod povrchem mateiského kotfene, nebyla obarvena
Zadnou z testovanych sond. Naopak chovéni sond v prorostlych postrannich kotfenech bylo
rozdilné. Fe®* ionty se pohybovaly v postrannich kofenech prvniho a druhého ¥adu riiznou
rychlosti, kterd zavisela zejména na jejich tloustce. Kyselina jodistd barvila velmi silng
vSechny sledované kratké postranni kofeny. VysraZzeny berberin byl detekovan zejména
v tlustSich postrannich kofenech. PTS se opét ukazala jako méné vhodna sonda, nebot’

vystupy byly dosti nesourode.

Nase vysledky jasn€é poukazuji na dulezitost vybéru vhodné sondy a jeji koncentrace
pro dany druh rostliny, stafi testovaného pletiva/organu, typu kofene a na komplikace pfi
srovnani vysledkd rizné navrZenych experimentt. Navic vzhledem ktomu, Ze u vSech
pouzitych sond byla zaznamenana jejich piitomnost v protoplastu, je na misté upozornit,

Ze pojem ,,apoplasticka sonda“ je pomérn¢ relativni.
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3.3.1. Podil prace

Veskeré experimenty testujici apoplastické sondy jsem provedla sama. Nékteré pilotni
pokusy byly provedeny Dr. Tylovou. Spole¢né s Dr.Soukupem jsem se podilela

na sepisovani manuskriptu.

3.3.2 Publikace

Vysledky z této kapitoly jsou soucasti manuskriptu s ndzvem: Peckova, E., Tylova, E.,
Soukup, A. Tracing the root permeability.
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Abstract

Permeability tests using apoplastic tracers are efficient tools for tracing the apoplast
route in plant root tissues. They enable localization of sites where apoplast is permeable to
solutes from surrounding and evaluation the local variation in permeability. Although the
tracers are used for many decades, there is still not an ideal tracer and flawless procedure. All
of them have different characteristics and limitations. Behavior and gained results of each
tracer depend strongly on many parameters — on plant species, character of cell walls,
concentration of tracer, exposure time, subsequent processing and chemical properties of
selected tracer. In this review we summarize usage and our experience with the most

frequently used tracers representing various groups with different characteristics.

Key words: apoplastic tracer, permeability, ferrous ions, berberine, PAS reaction, PTS,

exodermis
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Introduction

Plant is an open system, with ongoing communication with its soil environment,
including e.g. water and nutrient uptake but also adverse influence of rhizosphere. According
to the pathway of flow the transport space is traditionally and functionally divided to
apoplastic and symplastic (Miinch, 1930). Symplastic continuum is surrounded by plasma
membrane, which serves as a selective barrier securing active regulation and selection of
compounds passing to and from the protoplast. Apoplast on the other hand is an
extraprotoplasmic space comprising volume of cell walls and intercellular spaces.

In order to keep some degree of selective transport between root and surrounding
environment the passive and mostly non-selective transport via apoplast is restricted in
specific tissues acting as apoplastic barriers. Generally present apoplastic barrier in roots of
vascular plants is endodermis. Its function is related to the modifications of anticlinal cell
walls and tight association with the plasma membrane (Alassimone et al. 2012; Enstone et al.
2003; Ferguson and Clarkson 1976; Geldner 2013; Rufz de Lavison 1910), so that transport is
restricted mostly to symplast. Similar type of apoplastic barrier may be differentiated in the
peripheral part of the root cortex - exodermis, which occurs in the roots of most seed plants
(Perumalla et al. 1990b; Peterson and Perumalla 1990). Of course the term apoplastic barrier
should not be considered strictly as impermeable boundary to any compound but is molecule
size and charge related (Hose et al. 2001) and its properties might change under influence of
environment (Colmer 2003; Degenhardt and Gimmler 2000; Meyer et al. 2009; Moon et al.
1984). Permeability of root apoplast is modified via structural changes and/or impregnation of
cell walls and is environmentally plastic in some species (Meyer et al. 2009; Schreiber et al.
1999; Zeier et al. 1999). Apoplastic barriers play crucial role in water and nutrient uptake,
oxygen economy of wetland plants as well as other fields of stress ecophysiology (Armstrong

et al. 2000; North and Nobel 1995; Redjala et al. 2011; Soukup et al. 2007).
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In spite of the importance of root wall/apoplast permeability there is rather limited
methodological set of tools to evaluate its extend and spatial variation. There are several
attitudes to probe permeability and transport pathways across root. The first group might be
presented by quantitative measurements of hydraulic and other transport parameters. For
example root pressure probe technique (Bramley et al. 2007; Knipfer and Fricke 2010;
Peterson et al. 1993; Ranathunge et al. 2003; Ranathunge et al. 2005a; Ranathunge et al.
2005b; Zimmermann and Steudle 1998) and vacuum perfusion technique (Knipfer and Fricke
2010). Those might quantify root pressure (Wegner 2014), water and solute flows for whole
root systems or only excised parts of roots. Techniques following radial O, loss (ROL) use
root-sleeving O, electrode or methylene blue indicator dye for detection O, escaped from the
root, when not enough apoplastic barriers are created (Armstrong and Armstrong 2001,
Shiono et al. 2011; Soukup et al. 2007). Proper usage of those methods provides physically
robust quantitative data suitable for modeling of transport flows. On the other hand their
spatial resolution is generally somehow limited in comparison with the other group of
attitudes using apoplastic tracers.

Apoplastic tracers are compounds with limited penetration cross the plasmalemma.
That is why it is considered that their transport is carried only via apoplast. As discussed latter
on this prerequisite is not so strict for most of the compounds used. Root tissues exposed to
solution containing such a tracer may in subsequent processing and localization provide
positional information on accessible part of apoplast. The processing should be considered as
an important step of the procedure affecting subsequent interpretations. There is significant
informative value of such attitude but output should be interpreted very carefully. It should be
stressed out that penetration of compounds via apoplast is strongly dependent on molecular
size and charge; for further information see (Marschner 1995; Sattelmacher 2001). Apoplast

might contain high density of negative charges which strongly affect probes, as e.g. PTS (for
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details see next chapter) or ions of metals (Gierth et al. 1999; Zimmermann and Steudle
1998). In other words tracer can be related only to compounds of similar molecular properties.
Attempts of their usage to trace water movement (Canny and Huang 1994; Varney et al. 1993;
Zimmermann and Steudle 1998) or other compounds in apoplast should be interpreted very
carefully and one should realize that movement of tracer might differ considerably from other
compounds including water. Despite of such limitations there are still not many other options
to substitute this valuable set of methods for localization of apoplastic barriers in roots and
giving some idea of relative permeability of particular tissues with desired spatial resolution.

Tracers penetrating the root tissues might be detected on the sections, whole-mounts
or quantified after tissue elution, e.g. fluorometrically (Faiyue et al. 2010) or their
concentration in collected xylem sap is measured (Krishnamurthy et al. 2014). Further
manipulation of the tissue, e.g. experimental cutting off selected laterals (Ranathunge and
Schreiber 2011) or controlled damage of particular surface layers (Moon et al. 1984) might
help further specify features and position of apoplastic barriers.

To our knowledge the very first reference using apoplastic tracers to demonstrate
varying permeability of root tissues is that of Rufz de Lavison (1910). He used iron applying
to the root from surrounding solution. His identification of “living membranes” bordering the
inner space of central cylinder from passive diffusion of compounds from surrounding
solution was crucial step in root biology. Ferrous ions are still used as apoplastic tracer. For
accelerating of the precipitation, oxidizing compounds are added to the ferrous ions. In
Fenton reaction hydrogen peroxide oxidizes Fe** to Fe®*. Resulting precipitates of Fe**
hydrates can be histochemically localized as insoluble pigment of Berlin Blue (also called
Prussian Blue), ferric ferrocyanid Fes[Fe(CN)g]s, which is formed when ferric ions react with
hexaferrocyanate anions Fe(CN)s*. White precipitates of Fe,[Fe(CN)s] might be also

produced during reaction (Pearse 1968). Alternatively, CuSO4 can be used and detected as
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brown insoluble crystals of copper ferrocyanid Cu,[Fe(CN)g], so called Hatchett’s brown
(Ranathunge et al. 2005a; Ranathunge et al. 2005b), but due to the similar shades of plant cell
walls brown precipitates are worse to distinguish than blue color of ferric ions.

Up to now, there are various compounds used as an apoplastic tracer with different
properties and limitations. Of course their usage is not limited to roots (Canny 1993b;
Perumalla et al. 1990a). Beside ferrous ions (Rufz de Lavison 1910; Soukup et al. 2002) and
La®** (Lehmann et al. 2000), other cations are used for localization of uptake as e.g.
radioactive strontium and *2P used for the tracing the calcium ions or phosphate, respectively
(Ferguson and Clarkson 1975; Ferguson and Clarkson 1976) or e.g. rubidium used for tracing
the potassium ions (Gierth et al. 1999). However, their transport across plasma membrane
should be considered.

Only few apoplastic probes might be observed under bright field optics on fresh
sections such as precipitate products of ferrous ions or periodic acid modified cell walls
(Husakova et al. 2013; Soukup et al. 2002). PAS (Periodic acid — Schiff’s reagent) reaction is
general histochemical reaction used to demonstrate presence of structural polysaccharides.
Inorganic periodic acid (Hs1Og, Mr 227.90) oxidatively cleaves carbon bonds between 1, 2-
glycol groups of glucose (so called diols) contained in polysaccharides of cell walls.
Dialdehydes produced by periodic acid in cell wall can be localized on sections (fresh or
permanent) afterwards by Schiff’s solution. Basic fuchsin solution is reduced by sulfite and
form leucobase of Schiff’s reagent to detect and stain dialdehydes intensively purple (Pearse
1968). Detail information about the detection of selected dyes and samples processing and
options of their usage are discussed later.

Majority of tracers represent quite large organic molecules of dyes observed under
epifluorescence microscope. To understand their behavior on their way through the apoplastic

route, it is necessary to realize their properties, e.g. their size or charge of the molecule, since
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dyes with negative charge will not bind to the commonly negatively charged cell wall
material. With some generalization we can distinguish several groups of fluorescent tracers
according to affinity to apoplastic cell wall components; below we present some of the most
widely used. Propidium jodide (Mr 668.39) contains two quaternary ammonium cations
which cause high affinity to the acidic compounds of the cell walls (Hosmani et al. 2013;
Naseer et al. 2012). Cellufluor (Mr 916.98) binds tightly cellulosic and hemicellulosic
components of the cell walls. It is used under variable names as e.g. Calcofluor white M2R,
Fluorescent Brightener 28; or similar dyes such as Fluostain I (Mr 960.95), Tinopal
CBS/Tinopal PRS (Mr 562.56), Uvitex CFX (Mr 813.00), (Barnabas 1996; Ochiai and Matoh
2002; Peterson et al. 1981a; Peterson et al. 1981b; Peterson et al. 1978) and many others.
Cellufluor and dyes with similar properties have to be detected under UV, what is the main
disadvantage of these tracers. Plants, especially commelinoid monocots, have very strong
autofluorescence of cell walls. Strong background deteriorates signal legibility and detection
specificity mainly under UV excitation. Berberine hemisulphate (Mr 336.37) is an alkaloid
with high affinity to acidic compounds (e.g. polyphenolics), (Enstone and Peterson 1992;
Meyer and Peterson 2011; Strugger 1939). Berberine yields bright fluorescence under UV or
blue excitation. It was first used as an apoplastic tracer by Strugger (1939) in a form of a raw
extract of Chelidonium. The solution of berberine is usually followed after precipitation with
thiocyanate (Enstone and Peterson 1992). Weak acidic dye which does not bind to cell walls
is sulphorhodamine G (Mr 552.59), (Canny and Huang 1994; Oparka 1991; Varney et al.
1993). With some restrictions Evans Blue, acidic dye primarily used for detection of dead
cells, can be used as apoplastic tracer, but high difusibility of signal complicates the handling
(Gierth et al. 1999) making sectioning almost impossible. Lucifer yellow CH (Mr 457.20),
(Bederska et al. 2012) and SITS (4-acetoamido-4-isothiocyanostilbene-2,2-disulphonic acid,

Mr 498.46), (Skinner and Radin 1994) have very high purchase cost and very low
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fluorescence, so they are used mainly for microinjection technique and rather as a symplastic
tracer. The acidic dye, that does not bind to components of cell walls, is light green SF
yellowish (Mr 749.89), (Epel and Bandurski 1990; Lépez-Pérez et al. 2007) or PTS (used as
trisodium and tetrasodium salts), which contains even four negative charges (Skinner and
Radin 1994). PTS (trisodium 3-hydroxy-5,8,10-pyrenetrisulfonate, Mr 524.00), also called
Pyranine or Solvent Green is strongly fluorescent probe detectable under UV (Canny 1993a;
Zimmermann and Steudle 1998) and blue excitation (Faiyue et al. 2010). Weak signal could
be distinguished under green excitation (see also Cholewa and Peterson (2001)) that is
convenient because of lower autofluorescence background. Intensity of fluorescence depends
also on degree of ionization of 8-hydroxyl groups, so pH also affects maximum of its
fluorescence excitation and following emission (Faiyue et al. 2010). PTS as well as
previously mentioned sulphorhodamine G are often applied into the root media and detected
in the leaves, because of their fast movement in plant tissues (Peterson et al. 1981a). Other not
so common dyes are used for tracing of apoplastic transport, e.g. conjugates of Dextran-Texas
Red (Sivaguru et al. 2006). In following section we summarize usage and experience with

some of above mentioned tracers, which were used in our work.

Plant treatment

There are several ways how to expose plant roots to the solutions of tracers.
Application the aqueous solution of the tracers to the whole root system of intact plants is
used in this paper. Transpiration drives the tracer with the flux and diffusion into and through
the plant, as was described with berberine (Aloni et al. 1998). However, tracers can also be
applied to the root system without shoots or only to root segments. In this case the penetration
is driven almost exclusively by diffusion. It should be realized that both those attitudes might

significantly affect the pattern of gained results (Aloni et al. 1998). In the case of root
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segments it is necessary to eliminate the ingress of tracer solution via wound sites. Sticky wax
or wool grease (lanolin) were successfully used in our team to dip blotted cut ends of
segments and seal them before tracer application (Soukup et al. 2002).

Representative tracers were selected and compared under identical conditions in

subsequent text.

Material and methods of cultivation

The seeds of Zea mays L., cv. Cefran were germinated on the moist filter paper in the
dark at 27 °C for 4 days. The seeds of Oryza sativa japonica, var. Nipponbare were soaked
for 24 hrs in tap water and then 1 week germinated in the water in the light at room
temperature. Seedlings with approx. 2 cm primary root were transferred into 12 L containers
and cultivated in growth chamber (16/8-hr photoperiod; 435 W.m? PHAR; 22/18 °C
day/night; relative humidity 50 - 75 %). The aerated hydroponics (dissolved oxygen
saturation > 50 %) contained quarter-strength Hoagland 3 solution (Hoagland and Amon
1950), supplemented with microelements [11,6 uM H3BOg3, 2,3 uM MnCl,.4H,0, 0.34 uM
ZnS0,4.7H,0, 0.015 PM (NH4)sM07024, 0.12 pM CuSO..5H,0 (Arnon, 1938) and 5.1 pM
Fe** citrate (pH 5.3-5.5)]. Solution was changed weekly. The maize plants were harvested 16
days after germination and rice plants 46 days after germination. At least 3 sections from
3 plants in selected positions were analyzed. Sections were observed with an Olympus BX51
(Olympus Copr., Tokyo, Japan) microscope (UV Olympus U-MWU, U-MWB and u-MWG
filter blocks) and documented with digital camera Apogee U4000 (Apogee Imaging Systems,

Inc., Roseville, CA, USA).
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Test based on PAS reaction

In this method periodic acid is used as an apoplastic tracer. Method was used before to
test continuity of vascular tissues of Zea mays (Mistrikova and Kozinka 1989). We have
adopted and modified the method to test permeability of root surface and underlying tissues
(Soukup et al. 2007; Soukup et al. 2002).

Features that might advocate use of the method is relative small inorganic molecule of
periodic acid. It is a weak acid (pKa 3.29) oxidatively modifying components of cell wall so
that the trace is permanently marked does not diffuse and cannot be washed out during
subsequent sample processing. The method can be used also for permanent sections including
dehydration and embedding. In connection with no fading the procedure ensures precise
localization. This method can be combined with other procedure as treatment of fixed
material with mixture of Schiff’s solution of propidium jodide following by clearing with
chloral hydrate or iodide solution (Soukup & Tylov4, 2014). This is suitable for small pieces

of organs or small plants as Arabidopsis (Truernit et al. 2008).

Procedure:

1. The root system of whole plant was dipped into aqueous solution of periodic acid (0.1 %) for period of
several minutes (10 or 30 min) up to several hours (1 or 4 hrs).

2. After proper wash in tap water the remnants of periodic acid can be eliminated by washing in reducing
solution (the same duration as periodic acid). This step is optional, but can improve the preciseness of
localization. If included the reaction should be abbreviated as PARS (Pearse 1968)

3. Fresh sections or permanent sections (after dehydration and embedding) were prepared from samples

4, Sections were treated with Schiff’s solution for 20 min, then washed in SO, water twice for 10 min

5. Sections were mounted into glycerol with SO, water (1:1) and observed in bright field optics; proper

controls without using of periodic acid were done
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Solutions (Pearse 1968):
Reducing solution
Dissolve KI (1 g) and Na,S,03.5H,0 (1 g) in 100 mL H,0. Add 0,5 mL HCI (2 M). The solution can be used

only for limited period (several weeks).

Schiff’s reagent (after de Tomasi)
Bazic fuchsin (1 g) dissolve in boiling water (200 mL) and stir for 5 min. The solution cool down to 50 °C
and filter. 20 mL of 1 M HCI add and after cooling to room temperature add 1 g of Na,S,0s. The solution let
to stay in dark for 24 hrs. The active coals (2 g) put into the solution and shake well for several minutes and
filter the solution. The resulting colorless Schiff’s reagent should be stored in dark at 0 — 4 °C and warm
before use.
SO, water

Mix together before use: HCI (1 M, 5 mL) + K,S,05 (10 % aqg., 5 mL) + H,0 (100 mL)

Possible sources of flaws and additional information:

- In case of fixation of the material it should be taken into consideration that fixatives
introducing aldehydes into the tissue should be avoided.

- Control sections of the root without periodic acid treatment should be included to confirm
the origin of the aldehydes since presence of indigenous aldehydes in the tissue (e.g. those of
lignin) might interfere with the test.

- Proper washing of sections out of the Schiff’s solution in SO, is crucial for precise
localization. If traces of unbound Schiff’s solution stay on sections the leucobase of fuchsine

can be re-oxidized in air giving false response.

Test based on Fe?*

Plant material is treated with solution containing Fe** ions that are readily mobile and

can penetrate the tissue.



Manuskript 11.

Procedure:
1. Solution of FeS0,4.7H,0 (25 mM) was applied to intact roots of whole plant for 30 or 60 min
2. Roots were transferred into the tap water and fresh sections were prepared
3. Sections were treated for 10 min in solution containing 0.5 % of HCI and 1 % K,;Fe(CN)e. This step can
be skipped as ferrous ions precipitate in tissues also spontaneously. On the other hand the induction and
acceleration of precipitation improve localization as well as response.
4. Treated sections were washed in distilled water, mounted into 65 % glycerol and observed in bright

field; proper controls were done

Possible sources of flaws and additional information:

- Hydrogen peroxide can be applied after FeSO4.7H,0O treatment for accelerating of Fe**
oxidation and more precise detection afterwards.

- Contamination of sections by iron during sectioning and subsequent handling (tools,
chemicals) may be often source of errors and misinterpretation.

- As Berlin Blue is not soluble in organic solvents it might be possible to dehydrate, embed
and section the samples. On the other hand the precipitate is not strongly bound to cell wall
and can be washed out during handling.

- The localization of ferric ions depends on properties of cell walls. Metachromatic staining
with Toluidine Blue of Phragmites showed, that adsorption ferric ions to cell walls carrying
negative surface charge seems to be important factor determining later detected distribution
(Soukup et al. 2002). However, we did not see any differences between cell wall staining

from different maize tissues (data not shown).

Berberine test

This method was modified and introduced by Enstone and Peterson (1992). Berberine
hemisulphate is after entrance into root precipitated with thiocyanate. Formation of fine, less

soluble needle-like fluorescent crystals refined localization and mostly eliminated problems
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with minimal adsorption of basic berberine to uncharged surfaces of mostly cellulosic cell

walls and decreased washing of berberine out of blocks of tissues or sections.

Procedure:
1. Solution of berberine hemisulphate (0.05 % aq.) was applied to tested material for 30 or 60 min
2. Roots were rinsed in tap water and gently blotted
3. Roots were treated with solution of KSCN.5H,0 (90 mM) for 30 or 60 min. The duration should be the
same as treatment with berberine hemisulphate
4. Sections were cut instantly and mounted into KSCN.5H20 (90 mM) solution to keep crystals insoluble
5. Fluorescence of berberine was observed under UV or blue excitation; proper controls without using of

berberine hemisulphate were done

Possible sources of flaws and additional information:

- Detected crystals of berberine thiocyanate should be maintained in thiocyanate solution to
keep them insoluble. That is why this test is not suitable for permanent preparation.

- The control sections have to be included as background autofluorescence of tissue may be
misinterpreted as a positive response. This is particularly important under blue excitation,
because emission of berberine is not well distinguished from background autofluorescence

(mainly in Commelinoids).

Test with PTS

PTS is fast moving in non-impregnated cell walls. This is why the washing step is the
crucial factor. We used three combinations according to different authors. It was 120 min of
staining followed by 10 min of washing (Cholewa and Peterson 2001), 120 min of staining
and 6 sec washing and 6,5 hrs + 10 sec washing (Peterson et al. 1981a). Unfortunately, no
changes in distributions were detected, but strength of the signal was decreased with longer

wash.
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Procedure:
1. The roots of intact plants were immersed into PTS solution (0.1 % aq.)
2. Roots were gently washed with slowly running water for defined time
3. Parts of root were segmented and mounted immediately into 90 % glycerol

4. Sections were observe under fluorescence as soon as possible; proper controls were done

Possible sources of flaws and additional information:

- Because of easy movement, it is very hard to make sections without losing PTS staining.
Handling of PTS treated samples must be very fast.

- Different techniques were used to minimize washing of PTS by other authors, e.g. mounting

into modeling clay or immersion oil (North and Nobel 1995; Peterson and Edgington 1975).

Comparison of different apoplastic tracers

Selected tracers represent principal categories of commonly used probes with focus on
their affinity to the plant cell walls and also represent small inorganic tracers as well as bigger
organic ones. Fe?* and periodic acid are small apoplastic tracers that can be detected under
bright field. Fe?* has some affinity to cell walls and periodic acid as anion even modifies cell
walls. Berberine hemisulphate is larger polar molecule which does not have sufficient affinity
to polysaccharidic cell wall components, but its thiocyanate precipitate crystals are better
detected in the apoplast. PTS was included in the selection because of its high mobility and
rapid movement in apoplast. Comparison of these tracers might illustrate their usage and
differences in their properties. Used apoplastic tracers were applied on whole root system of
maize (Zea mays) and rice (Oryza sativa) plants as aqueous solution for 30 or 60 min. For
better evaluation of individual tracers and their behavior we will review variability of their
penetration and compare gained information in different parts of root system of Z. mays and

O. sativa with different root surface permeability.
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Movement of tracers in fully differentiated parts of main root

Detection surface layers permeability

Model plants differ in properties of exodermal apoplastic barrier. Zea mays plants were
grown in aerated hydroponic cultivation where uniform exodermis was fully developed along
% length of main root (Fig. 1 A, B). Patterns of Fe*, periodic acid and berberine
hemisulphate distribution were rather similar. Limited penetration might be expected for
apoplastically moved tracers, but all of them pervaded exodermis and reached deeper cortical
layers (Fig. 1 C - H). However, in case of berberine detection we could just observe staining
of cell walls, but no precipitates. In Oryza sativa, Fe?* and precipitated berberine after 60 min
of incubation (Fig. 1 I, J) were kept out of the root (just in root epidermis), which forms
constitutive and stronger exodermal barrier. These two probes also did not enter main roots in
Phragmites australis, which creates more extensive barrier (Soukup et al. 2002) and for
berberine did not in Iris germanica (Meyer et al. 2009).

Different pattern was recorded for periodic acid, which passed across O. sativa
exodermis after 60 min, marked up to the half of its cortex (Fig. 1 K) and all root tissues were
labeled during 4 hrs in the same concentration (data not shown). The toxic effect on cell
membranes can be one of the reasons, because the periodic acid is an oxidative. Lower
concentration (0.02 %) which is less harmful to the membranes was also tested. It failed to
penetrate deeper into the cortex even in roots without differentiated exodermis and the
prolonged period of incubation (up to 5 hrs) did not change the position of the tracer
penetration borderline (data not shown). Therefore low concentration gradient, reduction and
exhaustion of periodic acid on its way should also be considered. Interestingly the probe in
higher concentration (0.1 %) as we used, stayed on the surface of P. australis even after 4 hrs
while Glyceria sp., other wetland grass with conspicuous constitutive exodermis, let periodic

acid partially through. These differences were related to exodermal properties and pattern of
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suberin lamellae deposition (Soukup et al. 2007; Soukup et al. 2002). Also stronger
exodermal barrier of these wetland species in comparison to O. sativa can cause protection of
plasma membranes from the probe, which cannot destroy them. Periodic acid seems to be a
valuable estimation of root surface permeability. However, because of high probability of
destructive effect of periodic acid on the membranes, it must be stressed out that the
conclusion about the observation of its apoplastic movement through the cortex must be
formulated very carefully.

PTS, which is very mobile probe, should penetrate into the root similarly to previously
described tracers. However, likewise to our treatment with Fe”* and berberine in O. sativa
roots, PTS was detected neither in cortex of primary roots in our plants nor in A. cepa,
(Cholewa and Peterson 2001; Peterson and Edgington 1975) and agave (Agave deserti),
(North and Nobel 1995) both with strong developed exodermis. In Z. mays PTS was detected
in leaves, but in publication anatomical sections missing so it does not mean that PTS passed
into the stele through the cortex (Peterson et al. 1981a; Zimmermann and Steudle 1998). PTS
tracing on root sections turned to be rather difficult due to its high solubility in water and
leaching during processing of sections. That is why publications normally do not show results
on sections from older and thicker parts of root, where cells and intercellular spaces are very
big. Strong autofluorescence background of commelinoid cell wall makes the usage of PTS
even more complicated. This is reason why we think this tracer is inappropriate for testing
surface permeability of differentiated part of roots. Its use in other publications is restricted

mainly to root apex and discussed below.

Tracer movement in inner root tissues
Differences in movement of variable apoplastic tracers were observed during their

permeation within the root cortex of Zea mays. Fe**, precipitated berberine and periodic acid
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moved with similar rate in Z. mays root tissues, however in case of berberine we could
frequently observe only staining without precipitates in cell walls. Probes stained the first
few outer cortical layers after 30 min (Fig. 1 C — E) and reached deeper layers with prolonged
time of exposure (Fig. 1 F - H). Fe** seemed to be slightly faster and after 60 min reached
deeper layers (about 2 - 3 layers more), (Fig. 1 F). Similar trend was recorded before for
Phragmites australis (Soukup et al. 2002). The assumption about toxicity of Fe®* was
demonstrated in previous work (Ranathunge et al. 2005a; Rufz de Lavison 1910; Soukup et
al. 2002). Application of ferrous ions followed by berberine in older part of Iris germanica
main root can manifest this problem (Meyer et al. 2009). Berberine normally did not pass
behind the multiple exodermal layers, but if berberine was applied after ferrous ions (60 min)
it was detected under these layers. So generally, concentration of FeSO, solution and time of
application have to be chosen very carefully according to toxicity tests for particular plant
material (Meyer et al. 2009; Ranathunge et al. 2005a).

Species specific tracer movement within “unmodified” cell walls was documented for
berberine (Enstone and Peterson 1992). In Pisum sativum and Vicia faba roots, which do not
possess the exodermis, it did not move fast and most of the precipitates were observed just in
the surface area even after 60 min. Authors claim that presence of ferrulic acid and phenolic
compounds in cortical cell walls bind berberine and restrict its further penetration (Wilson
and Peterson 1983). Controlled damage of peripheral tissues of older part of primary root of
species with exodermis also allowed precipitated berberine to move only several layers from
the damage and did not reach endodermis after 60 min. The distance of movement through the
parenchymatous tissues was longer in Z. mays, shorter in Allium cepa and Helianthus annuus
(Enstone and Peterson 1992). So, the limited diffusion of tracers should be taken into account
even in primary cell walls of cortical tissues. Variation might be related to differences in

composition and thickness of cell walls and size of intercelullars. Noticeable differences were
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recorded between dicots and monocots in permeability of precipitated berberine through the
cortex (Aloni et al. 1998). We can only speculate whether washing can leach away the
precipitates during sectioning of cells of variable size in older parts of root and bring
significant differences as we could frequently observe staining, but no precipitates in cell
walls (Fig. 1 D, G). Due to displacement of crystals during sectioning and other manipulation,
the accuracy of localization is somehow lower in these parts in comparison to use of periodic
acid or Fe**. Detection of berberine is also related to size of precipitates which depends on
concentration and time of exposure (Enstone and Peterson 1992; Meyer et al. 2009).
Berberine was also observed in protoplast after an extended time of treatment duration
(Soukup et al. 2002) and also some of our results from cortical Z. mays cells support this
phenomenon (see Fig. 3 L). However it has not necessary mean destroying of plasma
membrane. Berberine seems to be substrate for MDR-type (multidrug-resistance protein)
ABC (ATP-binding cassette) transporter on plasma membranes isolated from cells of Coptis
japonica. Moreover, exogenously added berberine to the medium was actively taken up
through the plasma membrane (Shitan et al. 2003). Also another plant alkaloids seem to be
penetrating cations and substrates of an MDR pump as was described for bacterial membranes
(Severina et al. 2001).

Central cylinder of maize contains polyaromatic substances that are also stained with
used probes (Fe”*, berberine and periodic acid) in some extent (Fig. 1 L - N). In our
experience such response is usually dependent on developmental stadium of the root (mainly
lignification). This false staining is created during handling with the sections so not all of the
results of stained stele looked the same. The most common false staining in Z. mays roots
occurs around the late metaxylem vessels, pericycle and sometimes even cells in endodermis.
However it does not mean that the probe reached the endodermis from the surface, because

these areas show staining without any tracer application (in negative control). No stained
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tissues were found in O. sativa (Fig. 1 O, P), just in some small extent with periodic acid
(Fig. 1 Q).

Tinopal CBS, cellufluor similar dye, also came through the cortex but like other tracers
did not reach the endodermis in Z. mays and V. faba even after 24 hrs (Peterson et al. 1981a).
Since this probe binds to cellulose very tightly, we could suppose its slower movement, but in
Pyrus malus and Pelargonium hortorum roots without exodermal layers was detected next to
the endodermis (Peterson et al. 1981b) and immediately after wounding of the A. cepa root
reached cellufluor the stele (Moon et al. 1984). However, all results can be affected by
problems with detection under UV because of strong autofluorescence of commelinoid

monocots cell walls.

Behavior of tracers in root apices

Although the apoplastic barriers are formed in some distance from the root tip, apical
part in the vicinity of the meristem was described not to be completely permeable for the
tracers (Enstone and Peterson 1992). It can be speculated of smaller intermicrofibrillar spaces
within the cell walls, different composition of matrix polysaccharides contrary to the older
parts or it can be affected by secretion of mucigel from the root cap (Enstone and Peterson
1992). The previous work on Phragmites australis showed different behavior of some tracers
in apex. Depth of penetration depended on position relative to meristem, but generally Fe?*
ions were restricted to the surface layers (Soukup et al. 2002), contrarily periodic acid and
precipitated berberine stained most of the cortex (unpublished results). None of these tracers
reached stele when endodermis was differentiated. Fe?* ions seem to be most restricted in the
root apex in comparison to results from older root tissues (see previous chapter). We can

speculate about strong affinity of the ions to the surface of root tips, e.g. to the pectins. This is

consistent with results after application of CuSO, in Zea mays apex (Ranathunge et al. 2005b)
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and also with our observations of root cap Z. mays and Oryza sativa, where Fe®* stained just
surface, even after prolonged time (Fig. 2 A, B). No staining of stele in the real apex and root
cap showed also Iris germanica (Meyer et al. 2009).

Similar pattern to P. australis showed periodic acid in O. sativa roots (Fig. 2 C), but
after 4 hrs all tissues were strongly stained (Fig. 2 D), what can support our opinion about
high possibility of membrane destruction, as we also described in previous section. So in short
sum, concentration of periodic acid has to be chosen carefully as well as exposure time since
too high concentration and long time can cause destruction of membranes and penetration into
cells.

Another probes which showed very low permeability in the young parts are cellufluor
like Tinopal CBS in Z. mays roots (Peterson et al. 1981a) and Light Green, that was applied
into the apoplast in apex of Z. mays coleoptyle (Epel and Bandurski 1990).

On the contrary, the precipitates from berberine test were detected in all of root apex
tissues of Z. mays (Fig. 2 E), (Enstone and Peterson 1992) and O. sativa (Fig. 2 F). The
precipitates were well retained (contrary to the older parts of root) probably because of the
smaller cells with less porous cell walls in the root tip. The same pattern of berberine was
observed in I. germanica (Meyer et al. 2009), Pisum sativum, Vicia faba and Allium cepa
(Enstone and Peterson 1992).

Surprisingly, highly mobile PTS probe did not move in apex (Peterson and Edgington
1975) even after longitudinal cutting the root A. cepa tip into two parts followed by staining
(Cholewa and Peterson 2001). We also tried this probe but various combinations of exposure
time and following washing in Z. mays/O. sativa had no effect on the result. PTS was
obviously washed out very rapidly so we could not properly distinguish between stained
tissues and background (data not shown). Contrarily to that, in agave (Agave deserti) roots

non-stressed with drought authors could observe PTS staining of whole apices, obviously
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because of mounting sections into immersion oil (North and Nobel 1995). Also staining of
whole apex of A. cepa without root cap was recorded by Peterson and Edgington (1975),
unfortunately it is not possible to recognize more detail pattern on cited figures. However, in
closer view, PTS was in patches contained in the protoplast of permeated tissues (Cholewa
and Peterson 2001) and also we could sometimes observe some “shining” cortical Z. mays
cells (see Fig. 3 M). The presence in protoplast might be connected with some degree of
leakage, which might be related to unspecific uptake most likely via endocytosis (Cholewa
and Peterson 2001). This behavior of PTS should be considered during interpretation. In fact

the endocytotic activity might be pressuposed to be responsible for differences in staining.

Apoplastic tracers in the lateral roots

Lateral roots usually emerge in differentiated tissues. All of used tracers did not reach
non-emerged primordia (data not shown), although in radial direction exodermis does not
contain suberin lamellae above the endogenously developed lateral root primordia (Armstrong
et al. 2000; Enstone and Peterson 2005). Prolonged time had no effect on the results.

Just before emergence root caps of Zea mays (Fig. 3 A) and Oryza sativa primordia are
well stained by ferric ions contrary to the main root tip. The same was monitored previously
for Fe** in Phragmites australis (unpublished results). Periodic acid gives similar results in
our material (Fig. 3 B) and also in P. australis (Soukup et al. 2002). Berberine penetrated the
primordia faster, as it was found in the complete volume of non-emerged lateral roots
primordia (Fig. 3 C).

In fully developed first (just few millimeters long) and second order lateral roots
differences between used tracers were most pronounced. Ferric ions stained at first only the
elongation part of the lateral root and whole root tip. Thin Z. mays roots were stained almost

completely after 60 min (Fig. 3 D), the thicker one without root cap (Fig. 3 E). O. sativa
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created generally thinner lateral roots than Z. mays, so all of them were fully stained (data not
shown). Periodic acid stained very strongly whole short lateral roots of Z. mays and O. sativa
already after 30 min (Fig. 3 F), however cross sections from very thick long Z. mays laterals
showed just few layers staining (unpublished results). Precipitated berberine in Z. mays
showed contrary pattern than previous described tracers. Thicker roots were intensely stained
(Fig. 3 G), while thin roots (Fig. 3 H) often contained middle non-stained region (slightly
observed also after using Fe’*). Reason can be caused by faster washing out/or maybe
dissolving of tracer precipitates from these parts with bigger cells than in apices or places,
where laterals are joined to main root. This reason is supported by our observation from thin
lateral Z. mays roots stained just 10 minutes, where the staining was observed just in the
junction lateral/primary root and in the root tip (data not shown). However, in O. sativa
thinner roots berberine did not show such as pattern and whole lateral roots were stained,
without lateral root cap (Fig. 3 1). Similar to berberine, also PTS seems to be washed out very
easily and can be detect in places with smaller cells as on the base and in the lateral root tip of
Z. mays (Fig. 3 K, L). The same stained area in the root tip were acquired for O. sativa. Also
in laterals, PTS showed non-uniform and very patchiness staining in some cells, as possible
result of endocytosis, what was already mentioned above (Fig. 1 S). Again results were hardly
distinguishable from background. No PTS signal was recorded in central cylinder unlike
Faiyue et al. (2010) who has observed that. So PTS seems to be more suitable for fast
detection of the accumulation in leaves, passing the transpiration stream, but less for detection

on the level of individual parts of roots.
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Conclusion

Despite the fact that methods presented here are not able to quantify the permeability
or reflection coefficient of root-wall apoplast in physical terms they enable for localization of
sites where apoplast is permeable to solutes from surrounding and evaluate the local variation,
even though with considerable limitations. The advantage can be seen in using relatively
small inorganic tracers (Fe?*, periodic acid) that might mimic the soil solution solutes better
than apoplastic organic tracers of high molecular weight.

Although the tracers are used for many decades, still does not exist ideal tracer and
useful manual. Behavior and following results of each tracer depend very strongly on many
incoming parameters. Our results and comparisons of results of many authors show that it
depends on tested plant species — dicots/monocots and non/creating of constitutively
developed exodermis. We must very carefully choose the concentration since can be toxic for
the membrane. Also duration of exposure is important, because some tracers were observed in
protoplasts after prolonged time. There are repetitions required to obtain unbiased data. It also
depends on the selected tracer — not all are suitable for the same purposes due to their
characteristics (e.g. cellufluor vs PTS). Also high background autofluorescence of cell walls,
especially in grasses, may also cause some difficulties during detection of fluorescent tracers.

From above it might be concluded that mentioned “apoplastic” tracers could be used
as an efficient tool for probing permeability of root tissues. However, those methods have
many limitations. Only sensible and careful usage and relevant interpretation may yield

trustworthy results.
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Legends to figures:

Fig. 1. Cross sections of main roots in % of their length treated with variable apoplastic
tracers. (A) Fully differentiated Casparian strips in exodermis (ex) of Zea mays root detected
with Berberine hemisulphate with Crystal Violet, UV. (B) Strong suberin lamellae in
exodermis (ex) of Z. mays root stained with Sudan Red 7 B. (C, F, I, L, M) Fe*" test. (D, G, J,
N, O) Berberine test. (E, H, K, P, Q) PARS test. After 30 min passed all probes through the
exodermis in Z. mays (C - E) and stained up to the half of cortex after 60 min (F - H). After 60
min in Oryza sativa, Fe?* and berberine did not pass through the exodermis (1, J) by contrast
with periodic acid (K). Arrows indicate the deepest layer, where the probe came. Central
cylinder of Z. mays, 30 min of staining (L - N) and O. sativa, 60 min staining (P - Q). Proper

controls were done. Scale bars = 50 um.

Fig. 2. Variable apoplastic tracers applied to main root apices. Ferrous ions were
detectable just on the surface of whole main root tip of Zea mays (A) and Oryza sativa (B)
even after 60 min. Periodic acid reached some deeper tissues including whole root cap of
O. sativa already after 30 min (C) and the roots were whole stained after 4 hrs (D).
Precipitations of berberine are spread out everywhere in the root apex after 60 min in Z. mays

(E) and O. sativa (F). Proper controls were done. Scale bars = 200 um.

Fig. 3. Behavior of different apoplastic tracers in lateral roots. During emergence of
lateral roots of Zea mays, their root cap is stained after 60 min with Fe** (A) and periodic acid
(B) but precipitated berberine entries into whole early stage of lateral root (C). Fully
developed lateral roots (D — L). Thin second order lateral roots are whole stained with Fe®*
(D), while the root cap of first order laterals is unstained (E) in Z. mays. Periodic acid stained

strongly whole Z. mays laterals both of orders already after 30 min; here second order lateral
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(F). Precipitated berberine stained after 60 min whole thicker first order roots (G), while
thinner second order roots (H) contained middle non-stained area in Z. mays. Thin O. sativa
lateral roots of first order showed different pattern — after 60 min lateral roots were stained
whole, instead of the root cap (I). In Z. mays we can detect PTS in the junction with first order
lateral or on the few cells in the root tip of second order laterals (J, K). Precipitated berberine
(10 min), (L) and PTS (M) was observed in protoplast of some cortical Z. mays cells of lateral
roots. PTS was applied for 2 hrs and washed out during 6 sec. Proper controls were done.

Scale bars = 200 um (A - D, F - H), 100 pm (E, I - ), 25 um (L, M).
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Fig. 1
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4. DISKUZE

4.1 Vliv mutace genu LRT1 na vyvoj postrannich korenii kukufice (Zea

mays)

Hlavnim cilem prvni ¢asti této dizertatni prace byla detailni analyza kofenového
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 kofent byl popsan jiz diive (Paszkowski and Boller 2002). Pro
SirSi zhodnoceni vysledkd jsme proto zvolili rizné kultivaéni podminky a délku kultivace
ve snaze vyhodnotit jejich vliv na vznik postrannich kotenti. Prvni znamky vytvaiejicich se
postrannich kofenti v podobé makroskopicky pozorovatelnych hrbolkti na povrchu hlavnich
kofend jsme pozorovali jiz necely tyden po vyklieni u rostlin péstovanych v hydroponii
a0 par dni pozd¢ji 1 u semenackt kultivovanych mezi listy vlhéeného filtraéniho papiru.
Jejich pozd¢jsi prorustani ale neprobihalo srovnatelné s ptivodnim genotypem. Mutace tedy
ovlivituje spiSe pozdé&jsi stadia vyvoje postrannich kofenti, nez samotnou iniciaci, jak bylo

pivodné piedpokladano bez bliz§iho anatomického prozkoumani (Hochholdinger and Feix

......

......

bunky u Irtl. V provzdusnované hydroponii vytvaiely mutantni kofeny dokonce vice
primordii/postrannich kofent, nez puvodni genotyp. Zda se tedy, Ze ackoliv je u mutanta
nastup iniciace primordii ¢asové zpozdén, pozdéji dochazi k vyznamnému urychleni jejich
vyvoje. To podporuje i kvantifikace jednotlivych stadii vyvoje primordii v riznych oblastech
primarniho kotfene. Ve star§i poloviné hlavniho kofene jsme mohli sledovat prvni stadia
vyvoje primordii mezi jiz plné prorostlymi postrannimi koteny. Vzhledem k obvyklému
akropetdlnimu vzorci iniciace, jeZ byl potvrzen u husenicku (Arabidopsis thaliana),
(Dubrovsky et al. 2006), to mize byt znamkou vyrazného zpomaleni vyvoje nékterych
zaloZenych primordii. Z téchto uvedenych duvodi nemiZze byt mutant nadale vyuZivan
ve studiich  jako srovnavaci kontrola nevytvafejici postranni kofeny v Casném
postembryonalnim vyvoji (Hochholdinger et al. 2004a; Hochholdinger et al. 2001; Park et al.

2004). Za normalnich podminek jsou primordia vytvarena v urit¢é minimalni vzdalenosti
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od sebe (Dubrovsky et al. 2006). V kofenech Irtl jsme vSak obcas pozorovali utvaieni
nékolika skupin bunék (ziejmé primordii) bez oéekavaného rozestupu. Jde-li o chybu
2010), nebo chybu v prostorové definici délicich se bun¢k samotného primordia (Shuai et al.
2002) nelze z naSich experimentd 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). Podobn¢ ani u vybranych komponent polarniho auxinového
transportu, v¢etné lokalizace pifenaSece PIN 1 (PIN-FORMED 1), nebyly u Irtl zaznamenany
zmény (Schlicht et al. 2006).

Pii  vzniku primordia dochazi k mnohacetnému organizovanému  déleni
zakladatelskych bunék, které davaji vznik uréitému tvaru primordii typickému pro dany druh
rostliny (MacLeod and Thompson 1979; Malamy and Benfey 1997; Szymanowska-Pul’ka and
Nakielski 2010). U primordii Irtl byly zaznamenany zajimavé a velmi vyrazné zmény
v anatomii. Mutantni primordia vykazuji poruchy v uspofadani jednotlivych vrstev, jsou $irsi
na bazi a bunky zékladnich pletiv jsou mnohem vice vakuolizované. Casto jsme pozorovali
indukovanou lignifikaci na jejich bazi. Primordia maji silné¢ ovlivnénou také strukturu
vznikajiciho apikalniho meristému. Zmény v jejich vyvoji nejsou ovsem limitované jen
co do struktury, ale také ve zptsobu jejich proristani matetskymi 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 bunéénych 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 dasledku tvorby rigidnéjsi bunécéné stény, jak jiz bylo popsano diive u ryze
(Oryza sativa), (Justin and Armstrong 1991), je z dostupnych pozorovani tézké hodnotit.
Velmi zahy po vynofeni z matetskych pletiv postranni koteny ukonéuji sviij rust, diky ¢asné
ztraté udrzeni aktivity apikalniho meristému. Vzhledem kvysoké citlivosti mutanta
Kk prostfedi a tomu, Ze jsme toto chovani pozorovali i u velmi mladych postrannich kofend, jde
ziejmé o disledek mechanického tlaku zptsobeného horSi prichodnosti matetskych pletiv.
Zmény v organizaci apikalniho meristému z dtivodu neptiznivych podminek prostiedi byly jiz
popsany (De Tullio et al. 2010). Nelze v8ak vylouc¢it ani moznost urychleni terminace
apikalniho meristému kvuli $patnému mechanismu koordinace déleni a dalsiho vyvoje
vznikajiciho apikalniho meristému. Terminace byla popsana i jako normalni soucast vyvoje

u star$ich postrannich kofent kukutice (Z. mays) a poru (Allium porrum) rostlych v padé, kdy
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v pribéhu jejich vyvoje dochazi s Casem kuplné diferenciaci vSech bunék ve Spicce
postrannich kotent (Berta et al. 1990; Varney and McCully 1991). Jen malé procento
Z postrannich kofent prorostlych na povrch matefského kotene dortsta délky vice nez
milimetru a jejich morfologie je silné odlisna od puvodniho genotypu. Jsou zakroucené, tlustsi
a zejména v povrchovych a podpovrchovych vrstvich mizeme pozorovat vyrazné zmény

ve tvaru, velikosti a soudrznosti bunék.
4.2 Detekované zmény v hlavnich kofrenech Irtl

Oproti postrannim kotfeniim jsou hlavni kofeny Irtl mutaci méné ovlivnény. Jejich
celkova délka je redukovana a jsou obecné tlustsi, v dusledku laterdlni expanze bun¢k
primarni kary. Po anatomické strance ukazuji normalni usporadani apexu véetné fungujiciho,
typicky uzavieného typu apikalniho meristému (Clowes 1981). To by mohlo nasvédcovat
rozdilnému ftizeni hlavniho a postrannich kotent, které bylo indikovano jiz diive u jinych
kukufi¢nych mutantnich linii (Hochholdinger et al. 2004c; Inukai et al. 2005). V urcité
vzdalenosti od $picky hlavniho kofene jsme detekovali zmény v déleni bunék leZicich
zejména v povrchovych vrstvach. Nepravidelnosti byly patrné hlavné ve starSich castech
mateifského kotene, které se projevovaly jako naruseni standardniho uspofadani jednotlivych
vrstev bunék. To mlize byt zplisobeno napi. vyssi rigiditou bunécnych stén, které nedovoli
buinkdm v povrchovych vrstvach kompenzovat objemovy riist bunék lezicich pod nimi, ale téz
muze jit o zmény v celkové soudrznosti bunék. To také mize souviset S pozorovanou
lignifikaci v téchto mistech. Co je vSak pfi¢ina a co nasledek? A jak stim souvisi vyssi
detekovand aktivita peroxidazy v téchto mistech u kofent Irtl? Peroxidazy hraji kli¢ovou roli
pravé pii lignifikaci, popf. suberinizaci, pfi propojovani jednotlivych slozek bunécnych stén
a v metabolismu reaktivnich forem kysliku (ROS, reactive oxygen species), (Burr and Fry
2009). Nezpusobuje pravé ona zvySena aktivita peroxidazy vyssi rigiditu bunéénych stén,
a tudiz vyssi mechanicky odpor pletiv s naslednym poskozenim pletiv béhem expanzivniho
ristu buneék? Role zvysené aktivity peroxidazy pti poranéni ¢i poskozeni je znama (Almagro
et al. 2009). To, zda jde skute¢né o nasledek pusobeni stresu (nasledek vyss$i citlivosti
mutantnich rostlin na méné ptiznivé podminky prostiedi), nebo jsou pravé zvysena aktivita
peroxidazy a popsané modifikace bunécnych stén zodpovédné za pozorovand posSkozeni,
nelze vtuto chvili zodpovédét. Nicméné je mozné, ze detekované zmény v aktivité
peroxiddzy mohou mit vliv na pozorované zmény pii prorustani postrannich kotent

z matetskych pletiv, jak je zminéno vySe v této kapitole, nebot’ ROS signalizace a specificka
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aktivita peroxidazy jsou vyzadovany pravé pro tento krok vyvoje postrannich kotfent

(Manzano et al. 2014).

Kukutice (Zea mays) je druh rostliny, u které¢ se uvadi, ze vytvaii vnéjsi apoplastickou
bariéru zvanou exodermis po indukci vnéj§imi podminkami (Enstone and Peterson 1997).
V naSich experimentech s Irtl dochazelo k tvorbé této vrstvy v kultivaci mezi vlhéenymi listy
filtraéniho papiru. Tyto podminky se ziejm& svymi charakteristikami (dostatek kysliku,
mozné lokalni sniZzeni vodniho potencialu, mozné mistni vyCerpani zivin) podobaji perlitu
¢ipideé, jelikoz vtéchto substratech rostliny kukufice (Z. mays) vytvarely masivnéjsi
exodermis ve srovnani s hydroponii (viz kap. 4.5). Pozorované nepravidelnosti v organizaci
povrchovych vrstev mély negativni vliv na spravnou organizaci Casparyho prouzki
v exodermis. O dulezitosti uspofadani bunck a jejich vzajemného kontaktu v jednotlivych
vrstvach primarni kiiry na spravné ulozeni Casparyho prouzki v endodermis pojednava prace
Martinka et al. (2012). Ztrata kontinuity bariéry byla potvrzena testem propustnosti
s kyselinou jodistou. V puvodnim genotypu byla tato sonda zastavena na trovni vytvoiené
exodermis. Naopak u Irtl prosSla kyselina jodista v nékterych mistech za exodermalni barieru.
Co vsak bylo zajimavé, zastavila se vétSinou na Grovni tfeti, resp. ctvrté vrstvy primarni kiry
od povrchu. V hypoxické hydroponii, kterd utohoto genotypu neindukovala vznik
exodermalni vrstvy, proSla sonda u puvodniho genotypu az k endodermis. Avsak v Irtl
ukazalo jeji pronikani témé&f totozny vzorec jako v kofenech s vytvofenou bariérou — prosla
jen né¢kolika vrstvami od povrchu kotene. Omezeni pronikani testovaciho roztoku odpovida
umisténi pozorované indukované lignifikace/suberinizace. Muzeme se domnivat, ze jde

0 odpoveéd’ kompenzujici defekty v uspotadani povrchovych vrstev pletiv a jejich funkce.

Proteomicka analyza mutanta ukazala zmény souvisejici S metabolismem fenolickych
latek a vyssi hladiny enzymu syntézy ligninu (Hochholdinger et al. 2004a). To mize byt
spojené pravé s odpovédi na stres, nebo s abnormalni lignifikaci pozorovanou v povrchovych
vrstvach kofene a také v pericyklu. Abychom zjistili, zda zvySena syntéza ligninu je spojena
sodpovédi na stres, nebo jde o celkovou zménu v metabolismu Irtl, provedli jsme
kvantifikaci ligninu v riznych ¢astech odlisné starych rostlin Irtl. Nenasli jsme ale Zadnou
zménu v obsahu ligninu oproti pavodnimu genotypu. Na lignifikaci v Irtl tedy muzeme
nahlizet spiSe jako na lok&lni mechanismus odpovidajici na poruseni vnitini homeostazy

v dusledku jakési obranné reakce na mozna mén¢ ptiznivé podminky prostredi.
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4.3 Vyvoj apoplastickych bariér vramci koienového systému kukuiice

(Zea mays) za raznych podminek prostiedi

Apoplastické bariéry - endodermis a exodermis, umoziuji kontrolu piijmu latek
z okolniho prostiedi do rostlin. Rozsah, v jakém se vytvareji, je uzce spjat s pisobenim
podminek prostiedi. Zamé&fili jsme se proto na vyvoj apoplastickych bariér kukutice (Z. mays)
za pusobeni rozli¢nych stresovych faktorti. Oproti ostatnim pracim naSe studie udava prvni
systematicky popis variability tvorby téchto bariér v ramci celého kofenového systému
a zahrnuje i morfologickou analyzu kotfenového systému (pro vice detaild viz kap. 3.2.2)
sdirazem na detailni analyzu ristu postrannich kofenti, jejich distribuci a vétveni.
Poskytujeme vysledky ziskané z kultivaénich podminek indukujicich nejéastéji studované
stresové faktory pusobici na rostliny, jakymi jsou hydroponie se snizenou dostupnosti kysliku,
organické kyseliny v kombinaci s hypoxii, zasoleni, rizné koncentrace tézkych kovt, puda
asni spojeny mozny vliv mechanické odolnosti substratu, zaplavena ptida indukujici vliv
hypoxie a perlit s piskem zalévany pouze vodovodni vodou. Vzhledem k vysoké porovitosti
naposledy jmenovaného substratu a jeho relativné rychlému vysychani mizeme uvazovat
0 niZ8im vodnim potencialu v porovnani s ostatnimi kultivacemi a pfipadné 0 mozné snizené
dostupnosti urcitych Zivin diky zalivce vodovodni vodou bez dalsiho ptidavku mineralnich

Zivin.

4.4 Rozdily ve vyvoji endodermis mezi hlavnim a postrannimi koreny; vliv

podminek prostredi

Endodermis tvoii vnitini apoplastickou bariéru na povrchu stfedniho valce. Vytvaii
se konstitutivné ve vSech kofenech semennych rostlin (Alassimone et al. 2012; Esau 1965)
a jak dokazuji naSe vysledky, alesponl prvni faze jejiho vyvoje, vytvoreni Casparyho prouzki,
tvoii kontinualni vrstvu dokonce i ve velmi kratkych postrannich kofenech druhého fadu,
o0 nichZ neni v literatufe mnoho informaci. Ve vyvoji postrannich kofenti se endodermalni
vrstva definuje v primordiich dorostlych Kk nejvrchnéjsi  vrstv€ primarni  kury,
popt. az k rhizodermis (Malamy and Benfey 1997). Casparyho prouzky dozravaji tésné pied,
nebo kratce po vynofeni postranniho kofene (v zavislosti na rychlosti ristu primordia
a na druhu) a tvoii kontinuum s endodermis rodicovského koiene (Bell and McCully 1970;
Peterson and Lefcourt 1990). Jelikoz jsme sledovali segmenty rizné dlouhych a ne/vétvenych

postrannich kofenti odebranych jeden centimetr od jejich baze a ve tfech ¢tvrtinach délky
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primarniho kofene, nelze zhodnotit prabéh diferenciace bariér podél osy kofenti. Na druhou
stranu U téchto mist muZzeme brat utvofeni jejich bariéry viceméné v maximalnim stupni
diferenciace (v kofenu dane velikosti, stafi a pfi konkrétnich kultivaénich podminkach), coz
umoznilo lépe zmapovat variabilitu tvorby bariéry a jejiho rozsahu pro rizné typy kotent
v ramci kofenového systému. Nejvice se primarnim kofentim svymi charakteristikami podoba
tvorba endodermis v dlouhych vétvenych postrannich kofenech, piesto vSak i v téch
se vyskytuje méné ulozené terciarni bunééné stény. Kratké postranni kofeny vytvareji naopak
Casparyho prouzky vuci radialni sténé kratSi a i dalSi stadia vyvoje jsou tvoiena v mensim

rozsahu.

Pfi srovnani postupu diferenciace endodermis mezi riznymi podminkami prostiedi
jsme zjistili zajimavé a velmi vyrazné rozdily patrné zejména u kratkych nevétvenych
postrannich kofen. Obecné lze fici, ze pii hypoxii kofeny neutvaieji pfili§ silnou
endodermalni bariéru, coz potvrzuji i data Enstone and Peterson (2005). Naopak pfitomnost
toxickych kovu, smés pisku/perlitu a zasoleni stimuluji radialni Sitku Casparyho prouzku.
Podobny trend byl popsan jiz diive pii zasoleni u kukutice (Zea mays), (Karahara et al. 2004)
aryze (Oryza sativa), (Krishnamurthy et al. 2009), ptisobenim kadmia (Lux et al. 2011) a pfi
péstovani kukufice (Z. mays) na strusce s vysokym obsahem soli a tézkych kovi (Degenhardt
and Gimmler 2000). Vysoka koncentrace kadmia zptisobovala zmény v organizaci Casparyho
prouzki a podporovala masivni rozvoj tfetiho stadia vyvoje bariéry. Zasoleni, toxické kovy
asmés pisku/perlitu podporovaly i 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. U jinych zastupci dvoudéloznych i jednodéloznych druht
péstovanych ve vermikulitu nebyla suberinova lamela v primarnich kofenech vytvoiena,
avsak tato vyvojova studie byla dé¢lana na mladsich rostlinach (Aloni et al. 1998). Za ostatnich
kultiva¢nich podminek se zejména v kratkych postrannich kotenech suberinova lamela
nevytvarela témét viubec. Ztoho lze vyvodit, Ze tento typ kofenll reaguje nejcitlivéji

na podminky prosttedi pfi utvareni endodermis.
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4.5 Srovnani vyvoje exodermis a jeji propustnosti v ramci korenového

systému; vliv kultiva¢nich podminek

Nase vysledky ukazuji, ze podobné jako u endodermis, i exodermalni Casparyho
prouzky a suberinova lamela se vytvareji v primarnich i postrannich kofenech, ackoliv
muzeme pozorovat zietelny gradient v rozsahu odpovédi na podminky prostfedi. Obecné
se v kratkych postrannich kofenech tvoii v men$i mife. Tieti stadium vyvoje exodermis,
ulozeni terciarni bunéfné stény, jsme, podobn¢ jako Enstone and Peterson (2005),
nepozorovali uZ&dné zvariant u Zzadného typu kofend, ackoliv silné¢ sklerifikovana
a ve vnéjsich né¢kolika vrstvach lignifikovand hypodermis se vytvaiela u adventivnich
nodalnich kofenti vyvijejicich se nad vodni hladinou/substratem. Nejde vSak o typickou
exodermis, jelikoZ nebyly detekovany ani Casparyho prouzky, ani suberinové lamely. Tento
vzorec vyvoje byl okamzité pieklopen do diferenciace klasické exodermis, jakmile kofen
dosahl vodni hladiny a vyvijel se v roztoku. Vliv riznych typt 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 kotfeny
a smérem ke kratkym nevétvenym postrannim kotentim dochézelo k zeslabeni diferenciace
exodermis. V kultivacich s pevnym substratem se vytvafely silné Casparyho prouzky,
atoive vétsiné velmi kratkych postrannich kofenti. Exodermis v téchto typech kofenu
u kukutic (Z. mays) a citrust (Citrus sp.) rostoucich v pidé, byla zminéna jiz diive (Eissenstat
and Achor 1999; Wang et al. 1995). Ackoliv by bylo velmi zajimavé zjistit, jaky vliv ma silné
vyvinutd exodermis u kratkych postrannich kotfent na jejich celkovou propustnost, bohuzel
takto rostlé¢ koteny Ize jen velmi obtizné testovat tradicnimi postupy pomoci apoplastickych
sond. Pii jejich separaci od substratu hrozi realné riziko poSkozeni, zejména jemnych
postrannich kofend, a tudiz ovlivnéni vysledk (Moon et al. 1986; Varney and McCully
1991). Vysledky ze zaplavené pudy u blatouchu (Caltha palustris) a lekninu (Nymphaea
odorata), (Seago et al. 2000b) a u kukufice (Z. mays) rostlé jednak v aeroponické kultivaci
(Enstone and Peterson 1998; Redjala et al. 2011; Zimmermann et al. 2000), jednak mezi
vlh¢enymi listy filtra¢niho papiru (viz kap. 4.2), jeZ se obé svymi vlastnostmi blizi kultivaci
Vv pevném substratu vice neZ hydroponii, podporuji dilezitost exodermis také u primarniho
kofene v téchto podminkach. Divodem zesilené tvorby exodermis v pevnych substratech
muze byt jejich porovity charakter, diky ¢emuz muze kotfen v ur€itych mistech ztracet kontakt
S casticemi a tim dochazet ke sniZzeni pfistupu vody a Zivin. Ta pak slouzi jako bariéra proti

ztratdm vody z kofene do pudy a v extrémnich podminkach sucha muze piebirat i funkci
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rhizodermis (Enstone et al. 2003). Ve vSech typech hydroponické kultivace jsme nepozorovali
témét Zadny vyvoj Casparyho prouzkl, a to zejména u kratkych postrannich kotent.
Zeslabeny vyvoj exodermis v hydroponii potvrzuji i data ziskana na primarnich kofenech
kukufice (Z. mays) a kosatce (lris germanica), (Enstone and Peterson 1998; Meyer et al.
2009; Zimmermann et al. 2000). Ve stagnantni hydroponii nebyly Casparyho prouzky
detekovatelné v téméi Zzadnych hlavnich kofenech, oproti zavzdu$nénym variantam vSak
suberinova lamela byla témito podminkami zna¢né stimulovana. Zesileni exodermalni bariéry
a naopak snizeni rozsahu endodermis v téchto podminkach je zfejmé dusledkem snahy
0 udrZeni kysliku uvnitf kofene a k usnadnéni jeho prichodu do stiedniho valce (Enstone and
Peterson 2005). Redukované radialni ztraty kysliku z kotfene ve stagnantni kultivaci byly
sledovany i u ryZe (Oryza sativa), (Colmer et al. 1998). Salinita v hlavnich kofenech baviniku
(Gossypium hirsutum), (Reinhardt and Rost 1995), ryZze (O. sativa), (Krishnamurthy et al.
2009) ¢i skoéce (Ricinus communis), (Schreiber et al. 2007) stimulovala vyvoj prvniho
i druhého vyvojového 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 kotenti kukufice (Z. mays) nizsi davky toxickych kovii zvysovaly Sitku
Casparyho prouzkt v radialnim sméru. NaSe vysledky naznacuji, Ze vyvoj exodermis je
mozné chapat jako do ur¢ité miry nezavislé kroky, které se mohou ve svém projevu lisit podle

podminek prostiedi.

Vysledky z testi propustnosti mezi jednotlivymi typy kofend ukazaly, ze pii méfeni
redlné vzdalenosti pohybu apoplastické sondy jsou jen velmi malé rozdily mezi jednotlivymi
typy kotrenti. Pon¢kud propustnéjsi jsou velmi kratké postranni kofeny prvniho a druhého
fadu. Vyssi propustnost apoplastu kratSich postrannich kofend byla popsana i u rakosu
(Phragmites australis) a ryze (O. sativa), (Faiyue et al. 2010; Soukup et al. 2002).
Pii vyjadieni propustnosti jako podilu primarni kiry ,,zasazené* kyselinou jodistou se ukazaly
mnohem vy3Si rozdily mezi jednotlivymi typy kofent, coZ viak muze p¥imo souviset S jejich
tloustkou. Nékteré prace ovSem ukazuji, Zze vzdalenost, kterou musi soluty urazit primarni
kirou, koreluje s radialni slozkou hydraulického odporu pti toku do kotene (Eissenstat and
Achor 1999; Rieger and Litvin 1999), coZ je také nutné brat na védomi pti vyhodnocovani
vystupt téchto testt. O moznosti ovlivnéni vysledkt také pouzitou apoplastickou sondou

viz kap. 3.3.

Jak bylo poukézano u endodermis, také v povrchovych vrstvach zpisobovala vyssi

davka kadmia zmény v uspoiadani povrchovych vrstev, vcetné exodermis, a to zejména
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Vv postrannich kotenech, které byly tlustSi, podobné jako v praci Maksimovi¢ et al. (2007).
Ve sttedni primarni ktfe jsme detekovali silné depozice ligninu a extraceluldrni material
v mezibuné¢nych prostorech, s naruSenim normalni stavby exodermalni vrstvy. Podobné
zmény byly pozorovany u ryze (O. sativa) a rakosu (P. australis) pusobenim organickych
kyselin ¢i sulfidi (Armstrong and Armstrong 2001; Armstrong and Armstrong 2005),
v mensim rozsahu také v nasi experimentalni varianté se zasolenim a uréitou podobnost
mizeme nalézt i u mutanta Irtl popsaného v prvni ¢asti této dizertaéni prace (viz kap. 4.2).
Ziejmé jde o obrannou reakci na naruSeni pletiv. Takto negativné ovlivnéné postranni kofeny
vykazovaly redukovany Unik kysliku (Armstrong and Armstrong 2001), tudiz jsme oc¢ekavali,
Ze tyto obranné depozice budou zabranovat penetraci sondy, jako tomu bylo pozorovano
i umutanta Irtl. Reédlna vzdalenost pohybu sondy se vSak neliSila od jinych pouZitych
stresortl neovliviiujici tak markantné kotfenova pletiva, avSak zfejmé¢ diky tlust§im kofenlim se

sonda nedostala tak hluboko do kotfenu.

4.6 Problémy s detekci exodermalnich Casparyho prouzka v hypoxické

kultivaci

V kultivacich s nedostatkem kysliku jsme ¢asto pozorovali silné suberinové lamely
v exodermis hlavniho a zejména pak postrannich kofend, avSak bez soucasné detekce
Casparyho prouzkt. Vysledky ziskané z histochemické detekce ligninu pomoci berberin
hemisulfatu a floroglucinolu jsme doplnili metodou transmisni elektronové mikroskopie
(TEM). Tato metoda byla pouZzita v jiné praci u stejneho rostlinného materialu, 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 plazmatické membrany Kk bunééné sténé v misté Casparyho prouzkd. Bohuzel
ve srovnani s endodermis, u exodermis jsme nevidéli zadnou paskovou plazmolyzu, ziejmé
diky rychlému uloZeni suberinové lamely, ktera rusi toto pevné spojeni v radialnich sténach
(Enstone and Peterson 1997). Nebyli jsme ani schopni jasn¢ detekovat typické elektrondenzni
prouzky v oblasti modifikované radialni bunééné stény, a to ani na stejnych fezech, kde byly
jasné viditelné endodermalni Casparyho prouzky a dokonce ani v kofenech, kde byly tyto
struktury v exodermis jasné barvitelné berberinem, jako napf. v Kultivacich v pevnych
substratech. Tato metoda se pro vyzkum exodermalnich Casparyho prouzkt nezda pftilis
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
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nepozorovali ve stagnantni kultivaci po histochemicke detekci Casparyho prouzky, avsak pii
stejnych podminkach doplnénych o organické kyseliny jsme mohli tyto struktury do uréité
miry pozorovat? Ze by dochazelo za riiznych podminek do jisté miry k nezavislé regulaci
vytvareni Casparyho prouzkl a suberinovych lamel? Problémy s detekci Casparyho prouzki
mohou také souviset se zménou obsahu, popi. i zpusobu depozice ligninu a suberinu
v prouzcich. Tuto mySlenku zminili jiz autofi Ranathunge et al. (2005), ktefi si vSimli
neobvykle vysoke propustnosti exodermalnich Casparyho prouzki u hydroponicky péstované
ryze (Oryza sativa). Polemizuji, Ze to mize byt zapfi¢inéno rozdilnym chemickym slozenim
oproti jinym druhtim rostlin. Jiné prace ukazaly, Ze pii ruznych druzich stresi se nemusi
meénit jen celkové mnozstvi alifatickych a aromatickych monomera, nybrz i jejich podil
(Schreiber et al. 1999; Zeier et al. 1999). Tato problematika nebyla dosud zcela vyteSena.
Ackoliv né€které prace na endodermis huseni¢ku (Arabidopsis thaliana) ukazuji, Ze zakladni
jednotkou Casparyho prouzku je vyhradné lignin, a suberin se do nich uklada aZ pozdéji
(Naseer et al. 2012), jine tvrdi, Ze umnoha druhti detekovali v exodermalnich prouZzcich
pouze suberin, k detekci vSak pouZili pouze histochemické barveni (Perumalla et al. 1990).
Jiné prace po chemické kvantifikaci ukazuji, Ze u ruznych druhi rostlin endodermalni

I exodermalni prouzky obsahuji ob¢ tyto slozky (Schreiber et al. 1999; Zeier et al. 1999).

4.7 Testy propustnosti

V ptedchozich kapitolach dizertani 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 prostiedi 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 odliSnym 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
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jsme zaznamenali pfi prichodu exodermalni bariérou, pii pohybu Vv primarni kife a také

Vv riizné starych castech kotene.
4.8 Propustnost exodermalni bariéry

Ackoliv nazev bariéra evokuje neprostupnou vrstvu branici vstupu vsSech latek,
apoplastickou bariéru je nutné brat spiSe jako selektivni vrstvu propoustéjici jen urcité
molekuly s ohledem na jejich charakter, zejména velikost a naboj (Hose et al. 2001). Na tuto
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. Zajimavou situaci jsme pozorovali u kyseliny jodisté, ktera u kukufice
(Z. mays) i ryZe (O. sativa) péstované v provzdusiované hydroponii prosla skrz bariéru, aviak
neprosla pres silnéjsi exodermalni bariéru vytvofenou u kukufice (Z. mays) jiného genotypu
péstovaného mezi vlhéenymi listy filtraéniho papiru (viz kap. 4.2). U této sondy jsme zjistili
také velkou variabilitu v chovani pfi uziti rizné koncentrace a délky aplikace v kofenech
riznych druhti. Jelikoz po nékolika hodinach dokazala sonda projit skrz cely kofen ryze
(O. sativa) apovahou je to silné oxidac¢ni Ccinidlo, za uvahu stoji jeji toxicky vliv
na membrany bunék. Pfi pétinasobné slabsi koncentraci se u kukufice (Z. mays) nedostala
dale nez dopokozky, a to i vmladych castech kofene bez vytvoifené exodermis
(viz kap. 3.2.2), ziejmé z diivodu vycerpani jeji koncentrace uz na pokraji kofene. Nicmén¢ se
zda, ze jde o druhové specifickou zélezitost, nebot’ tato sonda prosla ve vyssi koncentraci bud’
jen do rhizodermis (u rakosu, P. australis) nebo jen Caste¢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 dtvodu mozného
negativniho vlivu na membrany je nutné byt pti formulovani zavéru o rychlosti priachodu
pletivy velmi opatrny. Nicméné pro posouzeni propustnosti povrchovych pletiv je tento
nastroj dostate¢ny a Vv mnoha ohledech spolehlivéjsi nez ,,méné toxické™ alternativy. Proto
jsme jej pouZzili pro testovani propustnosti v prvni a druhé ¢asti této prace. PTS se ukazalo
velmi nevhodné pro detekci na fezech, bez jejichz vyuziti vSak nelze zpracovavat silngjsi

kotfeny. Nese silny negativni naboj, diky némuz ma velmi nizkou afinitu k bunéénym st€nam.
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To ztejm& zplsobuje jeho rychlé vymyvani pii pripravé fezli ze starSich Casti kotene, kde
buniky maji mezi sebou velké mezibunétné prostory. Jeho nasledna detekce je diky silné
autofluorescenci s piekryvajicim se emisnim spektrem bunéénych stén trav také obtizna.
To jsou ziejmé davody, proé¢ v literature mizeme nalézt vysledky z fezi, Které prezentuji

pronikani sondy do hlubsich pletiv kofene, jen velmi ojedinéle (Peterson et al. 1981).
4.9 Porovnani pohybu jednotlivych apoplastickych sond v primarni kafe

U kukufice (Zea mays) prodly Fe®*, kyselina jodista i berberin do vnitfnich pletiv
kofene, coZ ndm umoznilo vzajemné porovnat rychlost jejich pohybu. Hloubka penetrace
zavisela na délce pusobeni expozice, avsak rozdil mezi sondami (zejmeéna kyselinou jodistou
a berberinem) byl po 30, popf. 60 minutach obdobny. Dokonce kyselina jodista se pohybovala
mezi jednotlivymi typy a fady postrannich kofent podobnou rychlosti (viz kap. 4.5). Pti
bliz$im zkoumani se zdé, Ze Fe?* dosahly za stejnou dobu o n&co hlubsich vrstev. Tato sonda
je v porovnani s ostatnimi nejmensi, 1ze tedy pfedpokladat, Ze by se méla pohybovat rychleji.
Nicméné je mozné, ze pusobi v ur€ité mife negativné na buné¢né membrany. MoZny toxicky
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 (Enstone and Peterson 1992). Vysrazeny berberin byl detekovany nejhloubg&ji
Vv pletivech kukufice (Z.mays), kratSi vzdalenost od rhizodermis urazil u cibule (Allium cepa)
a slunec¢nice (Helianthus annuus). U dvoudélozného hrachu (Pisum sativum) a bobu (Vicia
faba) se nedostal dokonce hloubé&ji nez par vrstev od povrchu, ackoliv tyto druhy vibec
exodermis netvoii. Autofi toto chovani vysvétluji pritomnosti fenolickych latek v bunéénych
sténach primarni kary, které na sebe navazuji berberin a omezuji jeho nasledny pohyb
(Enstone and Peterson 1992; Wilson and Peterson 1983). Rozdil v pronikéni této sondy mezi
jednodéloznymi a dvoudéloznymi rostlinami byl také popsan u Aloni et al. (1998). Muzeme
spekulovat o jiném charakteru bunéénych stén a velikosti mezibunécnych prostor. Ackoliv byl
pro lepsi detekci berberin srazen, ¢imz mélo byt dosazeno vytvofeni sraZzenin 1épe
udrZitelnych v mezibuné¢énych prostorach, na fezech jsme jich piili§ mnoho nepozorovali.
Dochézelo ziejmé K jejich vymyti pii manipulaci s fezy, diky ¢emuz jsou zavéry dosazené
pomoci této sondy méné presné. Obcas jsme pozorovali berberin i v nékterych buiilkach

primarni kary kukufice (Z. mays) a byl popsén i v bunkach rakosu (Phragmites australis),
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(Soukup et al. 2002). Nemusi vSak jit o 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 Ize 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 Spickach hlavnich korent

Apoplastické bariéry vznikaji v urcité vzdalenosti od meristému, vétSinou nejdiive
endodermis a v urc¢ité vzdalenosti od ni exodermis. Tato vzdalenost je druhové specificka
a méni se v zavislosti na podminkach prostiedi a rychlosti ristu kotene (Enstone and Peterson
1992; Enstone and Peterson 1997; Ranathunge et al. 2003). Zdna kofenové $picky, ktera tuto
bariéru zatim neobsahuje, vSak neni propustna pro apoplastické sondy. Autofi spekuluji
0 vlivu kompaktnéjsiho 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 $pickach hlavnich kofenii 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
pletiv. Vzhledem k tomu, Ze kukufice (Z. mays) sekretuje velké mnozstvi mucigelu bunikami
kofenové Cepitky, miZe vazba Fe?* znesnadnit jejich vstup do apexu. To bylo
zdokumentovano pro nékteré dalsi kationty, napt. Cu®* (Morel et al. 1986). Ackoliv 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). Je otazkou, zdali to bylo zptisobené tim, ze sonda do pletiv apexu
viibec nepronikla, nebo se pohybovala v téchto mistech velmi pomalu, popt. doslo k jejimu
rychlému vymyti. Naopak u agave (Agave deserti) barvilo PTS celé $pi¢ky (North and Nobel
1995). Bohuzel tato pozorovani nemizeme doplnit vysledky znami sledovanych druhd,
nebot jak u apexu kukufice (Z. mays), tak i ryZe (O. sativa) jsme po piipravé fezu pozorovali
velmi silné vymyvani této sondy z pletiv a bylo velmi t€Zké rozeznat detekovana mista
od siln¢ autofluorescentniho pozadi. Navic jsme pozorovali akumulaci této barvi¢ky
v protoplastu né€kterych bunék mladych postrannich kofenti kukufice (Z. mays). Moznost
vlivu nespecifické endocytosy je ukazana v praci Cholewa and Peterson (2001), kde byla tato

sonda také endocytovdna v nehomogenné distribuovanych kortikalnich buikach mladych
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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 kukufice (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). Duvodem, pro¢ zde srazeniny
byly zachovany, mohou byt mensi buiiky s mens$imi mezibunéénymi prostory, ze kterych

se hiife 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 dosahlo 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, hloub¢ji se vyskytujici primordia lze
Z naSich pozorovani tézko zodpovédét. Jelikoz tato cast zaméfend na postranni kofeny neni
piili§ Castym tématem v publikacich, nemame 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 prekryti a nedostate¢né prostorové rozliseni signalu
zejména v hlubsich vrstvach. Zda se, Ze barveni pomoci Fe?* zavisi na tloustce postrannich
kofend. U tencich kofentt druhého tadu kukufice (Z. mays) a prvniho i druhého tadu u ryze
(O. sativa), ktera vytvaii obecné ten&i postranni kofeny, byly Fe** pozorované v celém
objemu kotent. Co vsak bylo velmi zajimavé, u tlustich kotfenti kukufice (Z. mays) nebyly
zbarvené kofenové Gepicky. Ze by se tlustdi kofeny svym charakterem, napi. produkci

mucigelu, pfiblizovaly hlavnim kofenim? Kyselina jodista barvila ten¢i kofeny obou fada
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kukufice (Z. mays) i ryZze (O. sativa) celé. Na pti¢nych fezech jsme vid¢li, ze tato sonda
pronikla u tenkych kofent k endodermis, v nékterych piipadech barvila i cely stiedni valec,
naopak u dlouhych vétvenych kotent kukufice (Z. mays) se dostala jen do né€kolika vrchnich
vrstev. Dulezitou roli zde hraje tloustka kofene, nebot' bylo zjisténo, ze roztok urazil
podobnou realnou vzdalenost (viz kap. 3.2.2). Zajimavé vysledky ukézaly berberin a PTS.
Silngjsi koteny kukufice (Z. mays) se zdaji byt berberinem zbarveneé celé, coz bylo potvrzeno
na pii¢nych fezech (Aloni et al. 1998). Oproti tomu v tenéich postrannich kotfenech kukufice
(Z. mays) prvniho i druhého tadu se sonda nachazela zejména v apexu a v mistech napojeni
na hlavni koten (totéz i u PTS). Naopak za Spickou barveni nebylo pftili§ znatelné. Toto
nerovnomeérné barveni muze byt zpusobeno rychlej$im vymytim z oblasti s vétSimi buiikami,
popt. rychlej$im rozpusténim srazenin V pfipadé berberinu. To naznacuji i naSe pozorovani
z detekce tenkych kotent kukufice (Z. mays) barvenych pouhych 10 minut pomoci berberinu,
kdy barvicka byla viditelnd pouze ve Spi¢ce a na bazi postrannich kotfenl. Nicméné
Vv postrannich kofenech slunecnice (Helianthus annuus) byly krystaly viditelné v cele
primarni kife jiz po péti minutach (Aloni et al. 1998). U ryze (O. sativa) jsme nerovnomérné
rozlozZeni berberinu také nezaznamenali - barvil se cely postranni kofen, vzdy bez kofenové
¢epicky. Podobné jako v hlavnich kotenech i zde jsme obc¢as detekovali PTS uvnitit nékterych
bunék ziejmé disledkem endocytdozy zminéné v predchozi kapitole a bylo velmi obtizné
odlisit barveni od pozadi. To mize byt duvod, pro¢ jsme oproti vysledkim Faiyue et al.

(2010) nepozorovali zadny PTS signal ve stiednim valci.
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5. ZAVERY

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

>
>

Mutace ovliviiuje celkovy habitus rostlin

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

Struktura primordii (vCetné apikalniho meristému), jejich zplsob vynoteni 1 pozdéjsi
vyvoj postrannich kofent Irtl jsou silné¢ narusené

Hlavni kofeny vykazuji poruchy v organizaci povrchovych a podpovrchovych vrstev
pletiv

V mistech s disorganizaci pletiv dochazi kindukovanym lignifikacim, depozici
polyfenolickych latek, zvySené aktivité peroxidazy a ke zménam v pruniku

apoplastické sondy

Il. Dokumentace struktury a funkce apoplastickych bariér v ramci celého korenového

systému kukuftice (Z. mays) za riiznych podminek prostiedi

>

>

>

>

Mezi jednotlivymi typy kofenli nejsou vyznamné zmény v utvareni endodermis;
naopak kultiva¢ni podminky pusobi dosti vyrazné odliSnosti, které ovliviuji nejvice
kratké nevétvené postranni kofeny

Exodermis se tvoii ve vSech typech kotfentl a velice citlivé reaguje na rizné podminky
prostiedi; nejpodobnéji hlavnim kofentim reaguji dlouhé vétvené postranni koteny
Mezi jednotlivymi typy kofend nebyly nalezeny velké rozdily v propustnosti; pii
srovnani jednotlivych podminek prostfedi byly zjistény jen nepatrné rozdily

Riizné podminky prostfedi mély silny vliv na celou architekturu kotfenového systému

Porovnani nejéastéji vyuZivanych apoplastickych sond a jejich otestovani

na intaktnich kofenech kukufice (Z. mays) a ryZe (Oryza sativa)

>

A\

Byly vybrani étyfi zastupci apoplastickych sond s riznymi vlastnostmi a otestovani na
dvou rostlinnych druzich s riznymi charakteristikami propustnosti povrchovych pletiv
Vysledky byly porovnany s daty z literatury a pfipadné rozdily byly diskutovany

Byly zhodnoceny rozdily ve vysledcich z riznych typt sond

Byl zjistén vyrazny vliv vlastnosti pouzité sondy, jeji koncentrace, vliv rostlinného

druhu, stafi materialu a typu kofene
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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 way of emergence
and subsequent development of Irtl lateral roots is strongly affected

» The main roots show disturbances in organization of surface layers and layers 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 are 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 creates 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 high 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
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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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