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1 UvVOoD

V zivotnim prostfedi se vyskytuje tada latek, které maji negativni vliv na Zivé
organismy. Jednou ze skupin téchto latek jsou rizikové prvky, mezi néz fadime vétSinu kova
a polokovt. Kadmium je jednim z prvki s nejvétsimi riziky, ktery se do zivotniho prostredi
dostava zejména antropogenni ¢innosti.

Kontaminace pudy rizikovymi prvky je zavaznym problémem mnoha zemi, véetné
nékterych oblasti Ceské republiky. Pro odstranéni rizikovych prvki z pidy je odzkousena
fada remediacnich metod. V soucasnosti s ohledem na stav zivotniho prostfedi je vyuzivana
skupina tzv. fytoremediaCnich metod, které vyuzivaji pro odstranéni nebo transformaci
kontaminantl zelenych rostlin a s nimi asociovanych mikroorganismd.

Skupina rostlin, ktera se pro tyto Ucely nejCastéji vyuZziva, je oznacovéana jako
hyperakumulatory, které akumuluji ve vysokych koncentracich rizikové prvky do kotenil
a nadzemni biomasy bez projevt fytotoxicity. Nejvice druhti s touto schopnosti se vyskytuje
v Celedi Brassicaceae. Zastupci této Celedi, zejména Noccaea caerulescens a Arabidopsis
halleri, se vyuzivaji jako modelové rostliny pii vyzkumu aspekti schopnosti hyperakumulace.

Proto, aby se mohla s maximalni moznou mirou vyuzit schopnost hyperakumulace,
je zapotiebi znat zptisob pfijmu, vazby a mechanismy kumulace rizikovych prvkl v rostling
a také metabolické procesy, které probihaji po pfijmu rizikovych prvkd rostlinou.
Tyto metabolické procesy jsou stresovou reakci rostlin na pfitomnost rizikového prvku.
Pro zvyseni ochrany proti rizikovym prvkiim - koviim vyvinuly rostlinné bunky mechanismy,
pomoci nichZz jsou ionty kovi, které se dostanou do cytosolu, ithned komplexovany
a inaktivovany. Slouceniny, které se ucastni komplexace kovili, zahrnuji organické kyseliny,
volné aminokyseliny, glutathion, fytochelatiny, metalothioneiny, metalochaperony a proteiny
teplotniho Soku. Pres rozsahly vyzkum téchto metabolickych procesti a schopnosti tolerance

u hyperakumulatorti, nejsou dodnes znamy vSechny mechanismy a aspekty téchto reakci.



2 LITERARNI PREHLED

2.1 Kadmium

Kadmium (Cd) se v Zivotnim prostiedi vyskytuje s valenci Cd** (Traina, 1999).
Kadmium je neesencialnim rizikovym prvkem, ktery ma negativni vliv na zivé organismy,
piredevSim svou schopnosti bioakumulace do potravinového fetézce (Sanita di Toppi
a Gabbrielli, 1999; Kabata-Pendias a Mukherjee, 2007; Lovy et al., 2013), do kterého dle
Avezeda et al. (2012) Cd vstupuje v disledku jeho vysoké mobility v systému rostlina-pida.

Pro svou vysokou toxicitu a dobrou rozpustnost jeho sloucenin ve vodé je Cd velmi
vyznamnym polutantem prostiedi, kde se chova jako kumulativni jed s doprovodnymi
karcinogennimi a teratogennimi Géinky (Pinto et al., 2004; Deckert, 2005). Anjum et al.
(2014) uvadeji, ze bylo Cd zafazeno jako sedmy toxin ztop dvaceti. Kadmium bylo
Mezinarodni agenturou pro vyzkum rakoviny klasifikovano jako lidsky karcinogen (Deckert,
2005). V lidském téle se jeho polocas rozpadu odhaduje na 15 az 20 let, jedna se tedy
o chronickou toxicitu Cd (Meyer a Verbruggen, 2012).

V zivotnim prostiedi je Cd pfitomno v pidé, vodé a atmosféie (Gallego et al., 2012;
Mihali¢ova MalCova et al., 2014), kde je jeho obsah ovlivnén zejména antropogenni ¢innosti.
Touto cestou se do atmosféry dostavd 3 - 10 krat vice Cd nez z pfirodnich zdroji -
vulkanickou ¢innosti, lesnimi pozary a prachovymi ¢asticemi (Meyer a Verbruggen, 2012).
Kadmium je hlavnim pramyslovym polutantem, zejména v oblastech souvisejicich s tavenim
Zn a nadmérnou silni¢ni dopravou, kde kontaminuje prostiedi atmosférickou depozici
(Clemens 2006; Hasan et al., 2009). ZvySeny obsah Cd v pidach byl zplsoben také hnojenim
Cistirenskymi kaly a fosfore€nymi hnojivy s vy$§im obsahem Cd (Kirkham, 2006; DalCorso
et al., 2008; Lovy et al., 2013). Podle Allowaye (1995) ptetrvava Cd v pudé vice jak 1 000 let.

2.1.1 Kadmium v pidé

V piirozeném prostfedi se Cd v pud¢é nevyskytuje izolované, ale jako komponent
Pb:Zn mineralti (Adriano, 2001) nebo je sorbovano na pidni koloidy, dale v organickych
slouceninach a jako soucast pudniho roztoku (Alloway, 1999; Kabata-Pendias a Mukherjee,
2007). V oblastech s nizkym antropogennim vlivem muze dochazet k jeho uvolfiovani béhem
mineralizacniho procesu (Sanita di Toppi a Gabbrielli, 1999). Za nekontaminovanou pudu je
povazovana takova, ktera obsahuje mén¢ nez 0,5 mg Cd/kg. Obsah Cd vsak mize dosahovat
vy$$ich hodnot v zavislosti na typu matecni horniny (Zadeh et al., 2008). Magmatické

a metamorfované horniny maji niz§i obsah Cd vrozmezi 0,02 az 0,2 mg/kg. Naopak



sedimenty dosahuji vyssich obsahti Cd, hodnoty se pohybuji od 0,1 mg/kg do 25 mg/kg (Cook
a Morrow, 1995). Obecné je Cd v pudé¢ a sedimentech piitomno v koncentracich, které jsou
men$i nez 1 mg/kg (Das et al.,, 1997; Kabata-Pendias a Pendias, 2001; Clemens 2006).
Tato hodnota je 1 maximalni pfipustné mnozstvi Cd v pudach spadajicich do zemédélského
ptdniho fondu CR (Vyhlaska MZP 13/1994).

Kadmium nepodléha mikrobialni nebo chemické degradaci a pietrvava v padeé
dlouhou dobu (Bolan et al., 2003). Miize se v pudé vazat na organickou hmotu, jilové
mineraly a hydroxidy Fe, Mn a Al (Das et al., 1997). V pudnim profilu se obvykle nachazi
v oblasti s nejvyssim obsahem organickych latek (Alloway, 1999).

Mobilita a dostupnost Cd pro rostliny v pudé zavisi na mnoha pudnich a rostlinnych
faktorech. Sorpce, respektive adsorpce a desorpce Cd v pudé je hlavnim faktorem, ktery
ovliviiuje mobilitu Cd v pidé a jeho osud v prostiedi (Fontes a dos Santos, 2010). Sorpce
kovi je konkurencni proces mezi ionty dané¢ho kovu v roztoku a ionty vazanymi na povrchu
pudy (Echeverria et al., 1998). Na sorp¢ni kapacitu piady ma vliv fada ptidnich vlastnosti:
hodnota pH, kationtova vyménna kapacita (KVK), obsah uhli¢itant a fosfati, pidni organicka
hmota, obsah kfemicitanli, oxidy a hydroxidy. U mineralni slozky pld je to také obsah
jilovych castic a (hydr)oxida Fe a Al (Vidal et al., 2009). Fontes a dos Santos (2010) uvadeé;ji
jako hlavni faktory majici vliv na sorpci Cd v pad¢ tyto dva parametry - hodnotu pH a KVK.
Vliv na sorpci Cd v pudé ma také piitomnost dalSich kovi, jako je Cu, Cr, Pb a Zn.
Markiewicz-Patkowska et al. (2005) zjistili v modelovém pokusu, ze adsorpce kovu
je vyznamngj$i z jednoprvkového roztoku nez z viceprvkového roztoku, kde dochazi
ke konkurenci pfitomnych kovi. Tyto vysledky potvrdili Zemanova et al. (2014b) v sorpénim
modelovém pokusu s Cd, Cu, Pb a Zn (obr. 1).

Obr. 1 Sorpéni isotermy Cd ve viceprvkovém roztoku (Zemanova et al., 2014b).
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Pouze cast celkového obsahu Cd v pudé je dostupna pro rostliny (Clemens, 2006).
Biologicka dostupnost Cd pro rostliny je ovlivnéna rozsahem vazeb s organickymi
a anorganickymi ligandy v pudnim roztoku. Silné¢ vézané kovy jsou méné toxické
pro organismy, nez slab&ji vdzané formy a nejvice toxické jsou tedy volné ionty (Adriano,
2001). Kadmium je pro svou vétsi mobilitu v pidé€ oproti jinym t€zkym koviim vice dostupné
rostlinam (Das et al., 1997; Zhao a Masaihiko, 2007). Nejvyznamnéjsi vliv na dostupnost Cd
maji z padnich faktord hodnota pH a obsah organické hmoty (Clemens, 2006). Vysledky
pokusu prokazaly linearni trend mezi hodnotou pH pidy a piijmem Cd. Snizenim hodnoty pH
dochazi ke zvyseni obsahu Cd v rostlinach v dusledku jeho zvysené rozpustnosti a mobility
(Kirkham, 2006). Vliv hodnoty pH a obsahu organické hmoty ve své praci prokazali
Benavides et al. (2005), ktefi zjistili, Ze pfijem Cd u kukufice byl niz§i na kyselych ptdach
s vysokym obsahem organické hmoty. Vliv pfitomnosti dal$ich prvka na absorpci Cd
potvrdili Cosio et al. (2004), ktefi ve své praci piidavkem Ca snizili piijem Cd rostlinou.
Antagonisticky vztah Zn a Cd zjistili u salatu Costa a Morel (1994).

Piijjem Cd a jeho biologickou dostupnost pro rostliny ovliviiuje vyznamny faktor -
rhizosféra (oblast v bezprostifedni blizkosti kofentl) (Benavides et al., 2005). V rhizosféte
dochazi k chelataci kovi karboxylovymi kyselinami vylu¢ovanymi rostlinou, zvysuje
se difusni gradient a urychluje piijem kovu (Fuksova et al., 2007; Maestri et al., 2010). Dle
Lina a Aartse (2012) mohou pfitomné exudaty v rhizosféte také inhibovat pfijem kovl kofeny
rostlin a takto ovliviiovat toleranci rostlin a akumulaci kovil v rostliné. Napiiklad odrtida
jeCmene ,,Sahara* akumuluje vice Zn nez odrida ,,Clipper* Vv disledku vys$si kotfenové
exsudace organickych kyselin a aminokyselin (Rasouli-Sadaghiani et al., 2011). Lux et al.
(2011) uvadéji inhibici piijmu a akumulace Cd kofeny v rhizosféfe vlivem rozpusténych ionti
La*, Ca®*, Cu®™, Fe**, Zn®* a Mn?*,

V rhizosféfe maji dale vliv pfitomné mikroorganismy, které mohou ovliviiovat piijem
Cd zménou jeho rozpustnosti, mobility, specifity a zménou hodnoty pH v disledku srazeni
(Lin a Aarts, 2012). Vyznamny vliv ma zejména ptitomnost arbuskuldrnich mykorhiznich
(AM) hub, které jsou symbionty Siroké fady cévnatych rostlin (Shahabivand et al., 2012).
Gohre a Paszkowski (2006) prokézali u rostlin rostoucich na kontaminovanych piidach vliv
AM hub na zmirméni stresu pusobeného piitomnymi kovy. Asociace mykorhizy
a hostitelskych rostlin rostoucich v prostfedi kontaminovaném Cd vede ke zlepSeni nutricniho
stavu a sniZzeni nebo zméné piijmu Cd (Andrade et al., 2008). Dle Janouskové a Pavlikové
(2010) souvisi nizsi toxicita Cd v mykorhizosfére Nicotiana tabacum (L.) s pfitomnosti

mimokofenového mycelia a alkalizaci substratu vyvolanou jeho pfitomnosti. ZvySenou
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toleranci rostlin ke Cd a Zn v dasledku ockovani mykorhiznimi houbami a hnojenim P
uvadéni Shen et al. (2006). Pies fadu studii vSak nejsou dosud mechanismy ptisobeni AM hub
na zmirnéni stresu u hostitelskych rostlin zcela objasnény. Vysledky pokusii jsou variabilni

a zavisi na konkrétni rostlin€, houbé a kovu (Shahabivand et al., 2012).

2.1.2 Kadmium v rostlinach

2.1.2.1 Prijem Cd rostlinou

Kadmium je rostlinami pfijimano pfevazné¢ kofenem - V zdvislosti na dostupnosti
a jeho koncentraci v pidé nebo ve vodé (DalCorso et al., 2008), v mensi mife povrchem listi
- kutikulou listl z atmosféry (Hovmand et al., 1983). Pfijem Cd z plidy rostlinou probiha
pasivng difuzi (Das et al., 1997), pravd&podobng pomoci Fe?*, Ca®" a Zn?** transportéri/kanali
s nizkou specifitou (Clemens, 2006). Kadmium vstupujici do rostlin je v konkurenénim
vztahu o transmembranové nosie s ostatnimi prvky, jako jsou K, Mg, Cu, Ni a Zn
(Benavides et al., 2005).

Kadmium snadno vstupuje do kofent ptes kortikalni pletiva (DalCorso et al., 2008),
kde je jeho absorpce fizena rozdilnym elektrochemickym potencialem mezi aktivitou Cd**
iontd v cytosolu a v apoplastu kofenti (Hasan et al., 2009). U ovsa (Avena sativa L.) byl
Vv kotenech prokazan pienos Cd zcytosolu do vakuoly pies tonoplast pomoci Cd*/H*
antiportu (Salt a Wagner, 1993). Do xylému se Cd dostava apoplastickou a/nebo
symplastickou cestou (Salt et al., 1995) v komplexu s organickymi kyselinami nebo
fytochelatiny (Li et al., 2011). Vyznam pfi tomto transportu maji i dalsi S, N a O ligandy,
napt. aminokyseliny a metalothioneny (Hasan et al., 2009). Cataldo et al. (1983) zjistili
v xylému s6ji komplexaci Cd** predevsim s komponenty aminokyselin/peptidovych frakei.
Clemens et al. (2013) oznacuji translokaci pfes xylém jako kliCovy faktor variability
akumulace Cd v obilninach. Pfijaté Cd je pfeneseno do prytu rostliny pomoci cévnich svazkd,
které reguluji také jeho pohyb rostlinou (Kuppelwieser a Feller, 1991). Nasledné je Cd
ulozeno/akumulovéano do rostlinnych pletiv a bunéénych kompartmentii (Prasad, 1995).

Tyto molekuldrni mechanismy zprostiedkovavajici prechod Cd a dalSich kova

do rostlin popsali ve své praci Clemens et al. (2002) (obr. 2).



Obr. 2 Ptechod kovu z pidy do rostliny (upraveno dle Clemens et al., 2002).
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transportéry a metalochaperony. (CW=bunécna sténa; M=kov).



Obsah Cd v rostlinnych pletivech je v pfimé zavislosti na koncentraci Cd dostupného
Vv zivotnim prosttedi, délce expozice (Cibulka, 1991) a stafi rostliny (Pal et al., 2006).
Kadmium ma vétsi tendenci hromadit se v pletivech nadzemni ¢asti rostliny nez kofenech
(Clemens, 2006). Rada autort (Cibulka, 1991; Benavides et al., 2005; Hasan et al., 2009)
vSak uvadi, ze nejvice Cd se v rostliné¢ nachdzi v pletivech kofend, dale listech, stoncich,

Cv v

vysledky u fazole. Tito autoii dale uvadéji opacny jev v obsahu Cd u Spenatu a fedkvicky
(obr. 3).

Obr. 3 Obsah Cd ve (a) Spenatu, (b) fedkviéce a (c) fazoli (upraveno dle Vangk et al., 2012).
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Vyssi ptitomnost Cd v kotfenech rostlin nez v jinych orgénech byla pozorovéana u sdji,
fazole, vojtésky, kukufice a rajcat (Alloway, 1999). Obdobné¢ vysledky potvrdili Tlustos et al.
(2007) ve svych nadobovych pokusech s rychle rostoucimi dievinami rodu Salix sp.. Obsah
Cd v riznych ¢astech rostlin se 1isil v zavislosti na urovni kontaminace dané pidy. Rostliny
péstované na nekontaminované (obsah Cd byl 0,42 mg/kg) a mirn¢ kontaminované pidé
(obsah Cd byl 4,73 mg/kg) prokazaly vyssi akumulaci Cd v listech oproti kofenim. Opacény

efekt vakumulaci Cd pozorovali vySe zminéni autofi pii péstovani rostlin na silné



kontaminované ptdé (obsah Cd byl 30,5 mg/kg). Z téchto vysledkl je ziejmé, ze obsah Cd
Vv rtiznych ¢astech rostlin je variabilni dle druhu rostliny.

Koncentrace Cd v nekontaminovanych rostlinach se pohybuje v rozmezi 0,05 az 2
mg/kg (Zadeh et al., 2008). ZvySené koncentrace Cd piijatého rostlinou ptredstavuji
pro rostlinu stres. Pro citlivé rostliny jsou toxické hodnoty 5-10 mg/kg (White a Brown,
2010), mén¢ citlivym nevadi ani hodnoty nad 150 mg/kg Cd (Kabata-Pendias a Pendias,
2001). Dle Hasana et al. (2009) vsak jiz relativné nizké koncentrace Cd méni metabolismus

rostlin.

2.1.2.2 Toxicita Cd

Ackoli toxické ucinky Cd na biologické systémy byly popsany fadou autorti, napi. Das
et al. (1997); Sanita di Toppi a Gabrielli (1999); Deckert (2005); Kabata-Pendias a Mukherjee
(2007); Hasan et al. (2009), mechanismy toxicity Cd nejsou dosud zcela objasnény.
Dle Schiitzendiibele a Polla (2002) muze toxicita Cd vyplyvat zjeho vysoké afinity
pro thiolové skupiny. Vazba Cd na thiolové skupiny strukturnich bilkovin a enzymu vede
k inhibici aktivity a/ nebo interferenci redox-enzymové regulace (Hall, 2002). Vyznamna
skupina enzymu, které jsou dle Prasada (1995) inhibovany Cd souvisi s asimilaci uhliku
v rostlinach, jednd se napfiklad o enzym Rubisco. Vzhledem ke svym chemickym
vlastnostem Cd snadno reaguje s celou fadou biologicky aktivnich molekul, v¢etné proteint,
fosfolipidd, purint, porfyr, nukleovych kyselin a enzymu (Deckert, 2005). Kadmium muize
snadno v nékterych enzymech nahrazovat Zn. Tato zaména kovl zpusobi snizenou nebo
zvySenou aktivitu takového enzymu. VSechny tyto zmény a jiné vlastnosti biologicky
aktivnich molekul obsahujicich Cd jsou dilezitou podstatou nebezpecnosti Cd pro zivé
systémy (Cibulka, 1991).

U vysSich rostlin Cd vyvolava zakrnélost az tthyn rostliny vlivem jeho negativniho
pusobeni na rast a vyvoj (DalCorso et al., 2008). Cd inhibuje proces kliceni a vyvoj kli¢nich
rostlin (Pal et al., 2006). Chaffei et al. (2004) zjistili peroxisomovou senescenci v listech
vlivem Cd. Pii expozici Cd dochazi také k inhibici rlstu a tvorbé boc¢nich kotenid (DalCorso
et al., 2008). Cytotoxické ptisobeni Cd u riiznych rostlinnych druhli pozorovali Benavides
et al. (2005), kteti prokéazali chromozomalni aberace a inhibici mitotickych procesti vedoucich
ke zméné bunécného cyklu a dé€leni.

V ptudé Cd ovliviiuje dostupnost a pifijem mineralnich latek pro rostliny a také
ovlivituje populace pidnich mikroorganismii (Moreno et al., 1999). Tento kov snizuje vodni

potencial buiiky (Barcel6 a Poschenrieder, 1990), inhibuje piijem a akumulaci esencialnich
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minerdlnich latek (Kummerova a Brandejsova, 1994), snizuje vodivost pruduchii (Barcelo
a Poschenrieder, 1990) a vyznamné& poskozuje fotosynteticky aparat rostlin inhibici aktivity
obou fotosystému (Siedlecka a Krupa, 1996; Khan et al., 2006). Dle Padmaje et al. (1990) je
negativni vliv Cd na fotosyntézu zpusoben inhibici biosyntézy chlorofylu. Inhibici
fotosyntézy vlivem kratkodobého i dlouhodobého ptisobeni Cd prokazali Kiipper et al. (2007)
u Thlaspi caerulescens a Popova et al. (2008) u kukutice, hrachu a je¢mene. Parmar et al.
(2013) zjistili, ze Cd muaze zpusobit destrukci chlorofylu v disledku substituce Mg
v chlorofylu a i b. Biosyntéza chlorofylu mize byt ovlivnéna Cd v dasledku inhibice
aminolevulatu (Mysliwa-Kurdziel a Strzalka, 2002). Naopak pfi zvySené akumulaci
aminolevulatu vlivem Cd dochézi k tvorbé reaktivnich forem kysliku a ovlivnéni redoxniho
stavu a homeostazy rostlin (Noriega et al., 2007; Goncalves et al., 2009). Kadmium snizuje
absorpci dusi¢nant a jejich transport z kofent do nadzemnich ¢asti tim, Ze omezuje aktivitu
nitratreduktazy ve vyhoncich rostlin (Hernandez et al., 1996). Dle Chaffeiho et al. (2004)
dochazi také ke snizeni aktivity nitritreduktazy. Podle téchto autori Cd negativné ovliviiuje
aktivitu glutaminu a glutamatsyntetazy a zarovenn zvySuje aktivitu glutamatdehydrogenazy
(obr. 4). Vlivem Cd dochazi ke zménam permeability bunéénych membran, kdy se
pritomnosti Cd v rostlin¢ zvysSuje osmoticky potencial, a tim se zvySuje propustnost membran
pro ionty a vodu. Obecné¢ lze fici, ze Cd narusuje ptijem, pohyb, vyuziti zivin (Ca, Mg, P a K)
a vody rostlinami (Das et al., 1997; Kirkham, 2006). Pro rast rostlin s agronomickym
vyuZitim je zejména vyznamny antagonisticky vztah Cd a P. Piijjem P rostlinami
v piitomnosti Cd byl redukovan vice jak o 40 % oproti kontrolni varianté (Kabata-Pendias
a Pendias, 2001). Metwally et al. (2005) zjistili vyznamnou inhibici pfijmu P, K, S, Ca, Zn,
Mn a B v rostlinach hrachu po expozici Cd. Snizeny piijem Ca a K potvrdili také Nedjimi
a Daoud (2009) u hyperakumulatoru Cd Atriplex halimus subsp. schweinfurthii.

Dle Asgher et al. (2015) je signalizace pfi stresu vlivem Cd tésn€ vazéna na obsah
endogennich a exogennich reguldtorti ristu rostlin. Tito autofi uvadéji jako hlavni skupinu
regulatort rastu rostlinné hormony (napf. auxiny, cytokininy, kyselinu abscisovou atd.), které
maji vyznamnou roli ve vyvoji rostlin. Hsu a Kao (2003) prokézali ochranny efekt kyseliny
abscisové (ABA) proti toxicit¢ Cd u sazenic ryze. Exogenni aplikace ABA redukovala
rychlost transpirace, snizila obsah Cd a zvysila toleranci rostlin vii¢i Cd. Dle Ghorbanli et al.
(2000) omezuji negativni vliv Cd také fytohormony gibereliny. Tito autofi pozorovali vliv
giberelint u rostlin so6ji, u kterych ptidavek giberelinti zptisobil ¢astecnou eliminaci vlivu Cd
na kofeny a nadzemni biomasu a zvétsil listovou plochu a délku stonku. Hu et al. (2013)

zjistili naruSeni homeostazy auxini v semenech rostlin Arabidopsis vlivem Cd. Cd snizilo
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obsah kyseliny indoloctové (IAA) a zvysilo aktivitu IAA oxidaz. Piotrowska-Niczyporuk et
al. (2012) uvadeji obnovujici vliv cytokininti (CK) na fotosyntézu pfi stresu vlivem Cd.
Vlivem CK byla zvySena kapacita fotosyntézy a obsah primarnich metabolitd. Stézejni
signalni molekulou v metabolismu rostlin pii stresu vlivem Cd je ethylén (Asgher et al.
(2015). Nicméné o jeho mechanismech, které se podileji na zvySeni tolerance rostlin vici Cd,

je znamo dosud velmi mélo.

Obr. 4 Vliv Cd na rostlinné bunky (upraveni dle DalCorso et al., 2008).
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Uvolnéni vedy a uzavieni prdduchl

Po vstupu do bunky Cd inhibuje metabolismus siry - (a) fotosyntézu a (b) biosyntézu
chlorofylu; (¢) zaménou za Ca® ionty Cd vstupuje do priduchi a aktivuje otvirani aniotil
plasmatické membrany a K kanali, které zptisobuje uzavieni priduchi (aktivné je tento
proces fizen kyselinou abscisovou - ABA); (d) Cd zplsobuje v kofenech inhibici enzymu
podilejicich se na asimilaci dusiku — aktivita obou reduktaz je inhibovédna, Cd ovliviiuje
aktivitu GS (glutaminsyntetaza) a GOGAT (glutamatsyntetaza) enzymi pii asimilaci
amonného iontu. ROS-reaktivni formy kysliku; PLP-proteinfosfolipaza, podilejici se na DAG
(diacylglycerol) a IP3 (inositol-3-fosfat) signalizaci; PSI-fotosystém I; LHCII-svétlo sbérny

systém II.
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Ptiznaky toxicity Cd na rostlindch jsou snadno identifikovatelné, jejich piiklady uvadi
obr. 5. Jednim z prvnich efektd ptisobeni Cd na rostliny je omezeni ristu (Costa a Spitz, 1997;
Tlustos et al., 2006), jehoz pfic¢inou je dle Hasana et al. (2009) inhibice syntézy bilkovin.
Rascio et al. (2008) pozorovali u kli¢nich rostlin ryze vystavenych Cd stresu inhibici ristu
kofend a zmény v jejich morfogenezi. Dalsimi symptomy jsou zakrnélost a chlordza listu,
hnédnuti kofenti a cervenohnédé nekrozy na mladych listech. Chlordzy listii jsou zptisobeny
inhibici biosyntézy chlorofylu v dasledku potlaceni pfijmu Fe rostlinami vlivem vysokého
obsahu Cd v pudé (Das et al., 1997; Alloway, 1999). Pokles obsahu chlorofylu a karotenoidt
v Brassica napus vlivem Cd zjistili Larsen et al. (1998). Pfi¢inou vyskytu ¢ervenohnédych
skvrn jsou pravdépodobné zmény v metabolismu fenolli a fenolickych latek (Barcelo et al.,
1986). Pokud neni Cd dostate¢né rychle detoxikovano, mize zpusobit poruchy oxidaéné -
redukéniho fizeni bunky, poSkozeni ristovych reakci, lignifikaci a nakonec smrt bunky.
Clemens et al. (2006) uvadéji, ze se Cd piimo nepodili na téchto redox reakcich, protoze Cd
ionty neméni oxidaéni stav a nelcastni se Fentonovy ani Haber-Weissovy reakce.
Kadmium pii oxida¢nim stresu zvysuje tvorbu volnych radikali a reaktivnich forem kysliku
(Zengin a Munzuroglu, 2005) nebo snizuje koncentraci enzymovych a neenzymovych

antioxidanti (Hasan et al., 2009).

Obr. 5 Ptiznaky toxicity Cd na rostlinach: a) Inu (Linum usitatissimum L.), b) $penatu setého
(Spinacia oleracea L.) a c¢) ¢iroku cukrového (Sorghum saccharatum Pers.)

(www.web2.mendelu.cz; foto pokus KAVR; APS Digital Image Collections, 2000).

b)

11



2.1.2.3 Hyperakumulatory kadmia

Rostliny Ize podle piistupu ke zvySenému obsahu rizikovych prvkia v prostiedi rozdélit
do tfi skupin: na exkludory (omezujici pfijem), indikatory (bez obrannych mechanismu)
a akumulatory (se schopnosti akumulace) (Callahan et al., 2006). Rostliny, které jsou schopny
redukovat pfijem, pouzivaji mechanismy (,,bariéry”) omezujici absorpci iontii do pletiv.
V porovnani s exkludory nedisponuji indikatory zadnymi ochrannymi mechanismy a citlivé
reaguji na zvySené koncentrace rizikovych prvki. Obsahy rizikovych prvkil v biomase téchto
rostlin jsou umérné koncentraci v prostfedi, pfedevSim v pid€. Rostliny se schopnosti
akumulace (hromadéni prvkll) maji v pletivech zabudovan mechanismus detoxikace, ktery
jim umoziuje akumulovat ve své nadzemni biomase vysoké obsahy rizikovych prvka,
dokonce i pfi jejich nizké koncentraci v ptidé (Fischerova et al., 2006; Fuksova et al., 2007).
Rozd¢leni rostlin dle Lina a Aartse (2012) podle chovani vii¢i Zn a Cd je uvedeno na obr. 6.
Dle Pala et al. (2006) zahrnuje mechanismus tolerance rostlin vici Cd jeho hromadéni
a ulozeni ve formé komplexu s aminokyselinami, proteiny a peptidy.

Hyperakumulatory jsou rostliny svyznamnou schopnosti akumulovat prvky
v biomase, které prezivaji pomoci mechanismti hypertolerance a hyperakumulace i na silné
kontaminovanych pudach (Baker et al., 2000; Kabata-Pendias a Pendias, 2001; Sarma, 2011).
Hyperakumulujici rostliny nevykazuji ptes vysoky obsah rizikovych prvkd v biomase zadné
projevy toxicity (Sarma, 2011). Obecné tyto rostliny rostou pomalu a produkuji malé
mnozstvi biomasy, a tim je limitovano jejich vyuziti pro odstranéni daného kovu z prostiedi
(Lou et al., 2013). Pro metabolismus hyperakumulatori jsou dulezité organické ligandy,

zejména glutation, metalothioneiny, histidin, citrat a malat (Lovy et al., 2013).
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Obr. 6 Rozdéleni rostlin do skupin podle chovani vi¢i Zn a Cd a jejich molekularni

mechanismy (upraveno dle Lin a Aarts, 2012).
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(@) citlivé rostliny — nemohou blokovat pfijem kovu kofeny nebo transport kovu do prytu
rostliny a projevi se u nich toxicky vliv v kofenech a prytu; (b) exkludory — odolné rostliny,
které zabrani piijmu kovu kofeny nebo rychle odstrani kov po vstupu do kotfenovych bungk;
(c) tolerantni nehyperakamulujici rostliny — po vstupu do kotenli je kov sekvestrovan
do vakuol, a tim je inhibovana translokace kovu do prytu rostliny; (d) hypertolerantni
hyperakumulujici rostliny — aktivni pfijem kovu kofenem a nasledny transport xylémem

do prytu rostliny, kde je kov uloZen do vakuol.

Baker et al. (2000) definovali jako hyperakumulatory Cd rostliny schopné hromadit
tento prvek v nadzemnich ¢astech v koncentracich ptekracujicich hladiny 100 mg/kg. Dosud
bylo identifikovano n¢kolik druhli schopnych akumulovat Cd v tak vysokych koncentracich,
jedna se zejména o zastupce Celedi Brassicaceae. Schopnost hyperakumulace byla dokazana
u téchto druhti: Noccaea caerulescens (Maestri et al., 2010), Noccaea goesingense, Noccaea
praecox (Lombi et al., 2000), Arabidopsis halleri (Yang et al., 2004), Sedum alfredii (Deng
et al., 2007) a Rubia tinctorum (Baker et al., 2000).

Z hlediska fytoremediace je zapottebi pfedevSim vénovat pozornost translokaci Cd
Vv rostliné (rozdé€leni akumulovaného Cd mezi kofeny a pryt rostliny) a bazalnim pochodiim
rostlinného metabolismu. Distribuce Cd neni v hyperakumulujicich rostlindch ovlivnéna
dobou plisobeni kovu, avSak mize zaviset na druhu rostliny, ekotypu, stafi rostliny

a koncentraci dané¢ho kovu (Huguet et al., 2012).
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Byla publikovana fada studii tykajicich se mechanismu pifijmu Cd v N. caerulescens
a jeho translokace v tomto druhu rostliny. Piijjem Cd u N. caerulescens je zprostfedkovan
vysokoafinitnimi pfenaSeCi pro Cd exprimovanymi v plazmatické membran¢ kotfenovych
bunék (Lombi et al., 2002). U A. halleri je pfijem Cd pravdépodobné zprostfedkovavan
kanaly, které slouzi pro vstup Zn do rostliny (Zhao et al.,, 2006). Akumulace Cd
u N. caerulescens je zavisla na metabolismu rostliny a neni inhibovéana jinymi dvojmocnymi
ionty ani La>* (Zhao et al., 2002). Vliv lokality na akumulaci Cd u N. caerulescens prokazali
Lombi et al. (2000) u dvou ekotypt N. caerulescens, Ganges (Francie) a Prayon (Belgie).
Cd je ptednostné¢ uklddano do vakuol epidermdlnich bunék, dale mohou jeho vyznamné
koncentrace obsahovat i buitky mezofylu (Vogel-Mikus et al., 2008) a bunééné stény kotenil
(Hu et al., 2009). Ueno et al. (2008) zjistili u A. halleri pokles obsahu Cd v xylému
v ptitomnosti Zn. U A. halleri je Cd pfevazné ukladano do bunék mezofylu (Zhao et al.,
2000).

Hyperakumulujici druhy jsou charakterizovany vysokou schopnosti translokace Cd
Z kofenli do nadzemnich casti (Zhao et al., 2006), zatimco u nehyperakumulujicich druh
je zfejmé pouze cast Cd translokovana do nadzemni ¢asti prostfednictvim apoplastu (Chan
a Hale, 2004). Pfesun Cd z kofend do prytu rostliny se pravdépodobné déje prostrednictvim
xylému a hnaci silou je transpirace listi (Hart et al., 1998), ktera miize byt pti dlouhodobé

expozici Cd negativné ovlivnéna.

2.2 Oxidacdni stres u rostlin

Abiotické i biotické stresové faktory mohou vyvolat u rostlin oxidaéni stres,
charakteristicky prudkou pfechodnou tvorbou velkého mnoZstvi reaktivni formy kysliku
(ROS) (Gill a Tuteja, 2010). Rostlinné bunky produkuji ROS nepietrzité jako vedlejsi produkt
aerobniho metabolismu, zejména peroxid vodiku (H20,), superoxid (O;), hydroxylovy
radikal (OH") a singletovy kyslik (102), jejich zdroje a ucinky shrnuje tabulka 1 (Meller
a Sweetlove, 2010). ROS vznikaji redoxnimi reakcemi v chloroplastech, mitochondriich
a cytoplasmatu pomoci mimobunécnych enzyml nebo enzymil vazanych na membranu.
Reaktivni formy kysliku mohou inaktivovat enzymy, oxidovat proteiny a poskozovat DNA
a RNA. V dtsledku uvedenych reakci nastava buné¢na smrt.

Presto, ze se Cd neucastni pfimo redoxnich reakci (Stohs a Bagchi, 1995), muze
nepiimo aktivovat NADPHoxiddzy v membrandch, a tim zvysit tvorbu superoxidového
radikalu a peroxidu vodiku (Gallego et al., 2012). Nadprodukci ROS a naslednou peroxidaci

membranovych lipidi v kofenech kukufice (Zea mays) vlivem Cd zjistili ve své praci
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Mihalicovd Malcova et al. (2014). Dle Cuyperse et al. (2010) zptsobuje Cd v rostlinach
oxidacni stres tim, Ze blokuje esencidlni funkcéni skupiny v biomolekuldch a dal§imi
nepfimymi mechanismy, jako je naruSeni elektronového transportniho fetézce.
Romero-Puertas et al. (2002) zjistili oxida¢ni modifikace proteini vlivem Cd?* v rostlinach
hrachu, jejichz disledkem byly oxidované proteiny ucinngji degradovany, coz dle téchto

autorl korelovalo se zvysenou proteolytickou aktivitou.

Tabulka 1: Piehled zdrojti a biologickych uc¢inki ROS (Piterkova et al., 2005).

Forma kysliku Zdroj Biologicky efekt

inhibice fotosyntézy (preference

oxygenasové reakce ribulosa-1,5-

bisfosfatkarboxylazy/oxygenazy),
nahodna produkce volnych radikalt

atmosfericky kyslik, PSII, rtizné
0, enzymy (superoxiddismutaza,
katalaza)

osvétlené chloroplasty, PSII a PSI,

mitochondrie v pfitomnosti NADH,
Fe-S proteiny, cytochrom P450,
elektronovy transportni fetézec

Oy v endoplasmatickém retikulu,
herbicidy (paraquat a nitrofen),

enzymové reakce: xanthinoxidaza,

NAD(P)Hoxidaza, aldehydoxidaza,

urikaza

peroxidace lipidd, inaktivace
enzymu, depolymerizace
polysacharidu, reakce s H,0,
za tvorby OH', schopnost oxidovat
siru, askorbat a NADPH, redukovat
cytochrom c a ionty kovua

glykolatoxidaza v glyoxysomech,
osvétlené chloroplasty - PSIl,
mitochondrie v pfitomnosti NADH,
H,0, B-oxidace mastnych kyselin, Fe-S
proteiny a enzymové reakce (SOD,
glykolatoxidaza, aminoxidaza,
oxalatoxidaza, peroxidazy)

inhibice fixace CO,, inaktivace
enzymi Calvinova cyklu, oxidace
sulfhydrylu a flavonolt, substrat
oxidac¢ni reakce

velmi silné oxida¢ni ¢inidlo,
poskozeni DNA, peroxidace lipidd,
degradace proteind, produkce C,H,

Haberova-Weissova reakce,

OH Fentonova reakce

excitované chlorofylové molekuly
0, V tripletovém stavu, znecisténi
vzduchu (NO,, O3, atd.)

mutageneze, peroxidace lipidd,
fotooxidace aminokyselin

Zvysena koncentrace ROS je diilezitym jevem pro vznik hypersensitivni reakce rostlin
a naslednou programovanou bunécnou smrt (Piterkova et al., 2005). Nastup a intenzita
pfechodné masivni produkce ROS jsou obvykle velmi rychlé, ale jsou riizné v zéavislosti
na studované rostliné a na pouzitych podnétech stimulujicich tento jev (Wojtaszek, 1997).

ROS hraji tedy v biologickych systémech dvoji roli: (i) slouzi jako signdlni molekuly
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pro expresi gent a (ii) jako toxické meziprodukty aerobniho metabolismu zpUsobuji
poskozeni ¢i zanik bunky (Meller a Sweetlove, 2010).

Reaktivni formy kysliku napomahaji vzniku nekréz rostlinného pletiva nejen jako
obranné latky, ale také poSkozuji proteiny a DNA a iniciuji peroxidaci mastnych kyselin
membranovych lipidd, ¢imz narusuji integritu a funkénost membran (Bhattacharjee, 2005).
Dle Grataa et al. (2005) je prave peroxidace lipidi indikatorem oxida¢niho stresu. Peroxidacni
poskozeni plazmalemy vede k uniku buné¢ného obsahu a k bunécné smrti. Intracelularni
poskozeni membrany ovliviiuje respiracni aktivitu mitochondric a zpusobuje také ztratu
schopnosti chloroplastu fixovat CO, (Piterkova et al., 2005). V rostlinach funguje H,O,
predevsim jako signalni molekula a Gcastni se regulace v expresi gent pti abiotickém stresu
(Neill et al., 2002). H,O, muze také difundovat z mista produkce do celé rostliny, kde
v nizkych koncentracich fidi napt. oxida¢ni zesitovani (glyko)proteini bunéénych stén, ¢imz
prispiva k jejich zesileni a snizuje tak jejich nachylnost k enzymové degradaci (Wojtaszek,
1997).

Ochranu pied oxida¢nim poSkozenim rostlin pisobenim ROS =zajistuje fada
antioxidac¢nich obrannych systéma lokalizovanych v riznych buné&nych strukturach.
Antioxidacni obranné mechanismy zahrnuji neenzymové a enzymové systémy.
Schiitzendiibel a Polle (2002), Martins et al. (2011) a Gratao et al. (2012) fadi mezi enzymové
antioxidacni systémy superoxiddismutdzu (SOD), katalazy (KAT), askorbatperoxidazu
(APX), guajakolperoxidiazu (GPOX) a glutationreduktazu (GR). Enzym SOD pieménuje O™
na H,0O,, ktery mtize byt detoxifikovan APX a dalSimi enzymy na H,O (Gratao et al., 2012).
Aktivace a inhibice antioxida¢nich enzymu nezavisi jen na intenzité stresového faktoru,
ale také na typu pletiva a véku rostliny (Benavides et al., 2005). ZvySenou aktivitu
antioxidacnich enzymi (napt. KAT a SOD) vlivem Cd stresu uvadéji Lin a Aarts (2012)
u hyperakumulujicich druhti N. caerulescens, Brassica juncea a Sedum alfredii. Obdobny jev
zjistili Wojcik et al. (2005) u N. caerulescens, kdy vysoka koncentrace Cd zpusobila zvySeni
APX aktivity, ale zaroven doslo ke sniZeni aktivity enzymu SOD.

Mezi nejvyznamnéjs$i neenzymové antioxidacni systémy podle vySe zminénych autorii
patii aminokyseliny, glutation, askorbova kyselina a thioly. Vyznam aminokyselin, konkrétné
prolinu v antioxida¢ni ochrané potvrdili ve své praci Sharma a Dietz (2006). Dale Huguet
et al. (2012) zddraznuji dulezitou roli fytochelatini a jejich prekurzoru glutationu

Vv antioxida¢nim systému hyperakumulujicich rostlin.
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2.3 Aminokyseliny

Pti dlouhodobé expozici koviim rostliny Casto syntetizuji a akumuluji v nadmérnych
koncentracich latky, které rostliné pomahaji ptekonavat plisobeny stres. Mezi tyto rostlinné
metabolity patii peptidy, fytochelatiny, aminy, organické kyseliny a specifické
aminokyseliny. Dle Sharmy a Dietze (2006) maji ptfedevSim aminokyseliny a organické
kyseliny vyznam pii hyperakumulaci a toleranci kovt v rostlinach, ackoli dosud nejsou zcela
jasné mechanismy jejich ptisobeni. Héusler et al. (2014) uvadé¢ji vyznam aminokyselin jako
soucasti proteind, prekurzoru pro anabolismus a v n¢kterych ptipadech jako signalni molekulu
V rostlinéch.

V podminkéach, kdy neni rostlina ovlivnéna pfitomnosti Zzadného stresoru, mayji
aminokyseliny stézejni vyznam pfi interakci mezi C a N metabolismem. Pfi této interakci jsou
aminokyseliny metabolity obsahujicimi N a umoznuji vyuziti C pro rust rostlin (Fritz et al.,
2006). Biosyntéza proteinogennich aminokyselin v rostlindich probiha biochemickymi
reakcemi, znichz vzniklé aminokyseliny patii do glutamat-, aspartat-, pyruvat-, serin-
a shikimat-biogenetické rodiny (Singh, 1999). Celé spektrum téchto aminokyselin jsou
rostliny schopné syntetizovat z anorganickych zdroji N (Fritz et al., 2006). V kone¢né fazi
biosyntézy je Casto amino skupina pfenesena pomoci enzymil aminotransferdz (transamindaz)
na 2-oxokarboxylovou kyselinu (Briickner a Westhauser, 2003). Syntéza jedné aminokyseliny
Casto vyzaduje degradaci aminokyseliny jiné. Aminotransferazy katalyzuji ptenos
aminoskupiny z druhého uhliku pfislusné aminokyseliny na druhy uhlik pfisluSné oxokyseliny
(obr. 7). Takto vznikd nova aminokyselina a nova oxokyselina. Aminokyseliny mohou byt
v urcitych piipadech nahrazeny aminy, které poskytuji piisluSné aminoskupiny. Jako
akceptorové molekuly aminoskupin mohou slouzit také aldehydy. Koenzym pyridoxal-5'-
fosfat je pfeménén na pyridoxamin-fosfat prostfednictvim pfenosu aminoskupiny ze substratu.
Tato aminokyselina se tedy stdva oxokyselinou a nasledn¢ je uvolnéna. Pyridoxamin-fosfat
pfenasi nov¢ ziskanou aminoskupinu na oxokyselinu a dava tak vzniknout nové

aminokyselin€ (Singh, 1999).
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Obr. 7 Schéma transaminace (upraveno dle Singh, 1999).

Rl R2 1 R2

R
HCNH, + C=0 <«——> C=0 + HCNH,

COOH COOH COOH COOH

Aminokyselina A Oxokyselina B Oxokyselina A Aminokyselina B

Aminokyseliny se vrostlinach mohou hromadit v pomérné vysokém obsahu
ve vyvinutych listech a kofenech. Jejich transport do tzv. ,,sink® pletiv, ve kterych jsou
vyuzity pro rust nebo skladovany, zprosttedkovava xylém a floém. Na rozdil
od mikroorganismli jsou rostliny schopné vyuzit syntetizované aminokyseliny jako
prekurzory pro sekundarni metabolismus (Fritz et al., 2006).

Abiotické stresy mohou ménit formy a koncentrace transportovanych aminokyselin
v rostlinach (Miiller Queiroz et al., 2012). Tito autofi zjistili pokles koncentrace aminokyselin
v kofenech u Glycine max, ktery pravdépodobné souvisi se snizenym piijmem dusi¢nand
koteny a vede ke snizeni asimilace dusiku a nasledné syntézy aminokyselin. Podle Amaranta
a Sodeka (2006) zmény ve slozeni aminokyselin v xylému jsou dobrym indikatorem zmén
v metabolismu dusiku v kofenech. V rostlindich miize dochézet k oxidaci proteind
a aminokyselin, kterd je zplGsobena ROS nebo vedlej§imi produkty oxida¢niho stresu.
Proteinové aminokyseliny, zejména arginin, histidin, lysin, prolin, treonin a tryptofan,
uvoliuji pfi oxidaci karbonylové skupiny, které ndsledné inhibuji nebo méni svou aktivitu
a zvysuji citlivost k proteolytickému ttoku (Gill a Tuteja, 2010).

Costa a Spitz (1997) ve svém experimentu prokazali vliv Cd na obsah aminokyselin
v Lupinus albus. Pfitomnost Cd v médiu vyvolala zmény ve slozeni aminokyselin. Vysledny
vliv na aminokyseliny 1ze rozd¢lit do tii skupin. Prvni skupinu reprezentuji aminokyseliny
prolin, hydroxylysin a asparagin, u kterych doSlo k zvySeni obsahu vlivem Cd. U druhé
skupiny aminokyselin (glutamat, cystein, glycin) doslo k poklesu obsahu v ptitomnosti Cd.
Do tfeti skupiny patii zbylé aminokyseliny, u kterych nebyl prokazan vliv Cd na jejich obsah.
Dle Deckerta (2005) ma Cd vysokou afinitu ke glutamatu, aspartatu, cysteinu a histidinu.
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2.3.1 Kyselina glutamova a glutamin

Amoniak je v rostlinich asimilovan do organické formy jako kyselina glutamova
(Glu) a glutamin (GlIn), které jsou nasledn¢ donory dusiku v biosyntéze vSech esencidlnich
aminokyselin, nukleovych kyselin a dalSich komponent s obsahem dusiku, napf. chlorofylu
(Lea, 1993). Kyselina glutamova a glutamin mohou byt nasledné vyuzity pro tvorbu kyseliny
asparagové (Asp) a asparaginu (Asn). Tyto aminokyseliny a aminy rostlina pouziva
pro translokaci organického dusiku ze zdroje do pletiv (Coruzzi, 2003). Mezi enzymy
vyvolavajici primarni asimilaci amoniaku do téchto N-transportnich aminokyselin Glu/Gln
a Asp/Asn patii glutaminsyntetaza (GS), glutamatsyntaza (GOGAT),
aspartataminotransferaza (AAT) a asparaginsyntaza (AS) (obr. 8). Analyzou HPLC prokazali
Lam et al. (1995), ze Glu a GIn spolu s Asn a Asp dosahuji 60 - 64 % z celkového obsahu
volnych aminokyselin v listech rostlin Arabidopsis, kde jsou dale transportovany do cévnich

svazku.

Obr. 8 Asimilace dusiku v rostliné Arabidopsis (upraveno dle Coruzzi 2003).
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Kyselina glutamovd mtze byt prekurzorem nebo vedlej§im produktem degradace
specifickych aminokyselin, jako je arginin, prolin a histidin (Glevarec et al., 2004). Podle
Pavlika et al. (2012) jsou kyseliny glutamovd a asparagovd klicové aminokyseliny
pro biosyntézu nukleovych kyselin, ATP, cytokininti a chlorofylu. Obé aminokyseliny hraji
dualezitou roli v rtstu, obran¢ a reproduk¢nich procesech rostlin. Tuto skutecnost uvadé;i také
Bhatia et al. (2005). Kyselina glutamova byla dle téchto autort hlavni aminokyselinou

v pletivech rostlin Stackhousia tryonii (Bailey), které byly osetieny ptidavkem niklu. Dulezity
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vyznam Glu pro rostliny zjistili také Fritz et al. (2006), kteti pozorovali relativné konstantni
obsah Glu v listech tabaku (Nicotiana tabacum L., cv. Petit Havana SR1) pfi rustu rostlin

s rozdilnym obsahem N v substratu a variabilnim terminem odbéru vzorki.

2.3.2 Kyselina asparagova a asparagin

Kyselina asparagova jako ,,majoritni“ aminokyselina je syntetizovdna piesunem amino
skupiny z Glu na oxalacetat a pyruvat. Asparagin je syntetizovan z kyseliny asparagové
v zavislosti na Gln transaminaci (Fritz et al., 2006). Asp je prekurzorem pro syntézu
esencidlnich aminokyselin lysinu, methioninu, threoninu a rozvétvenych aminokyselin
isoleucinu, leucinu a valinu (Karchi et al., 1993; Curien et al., 2008). Lea et al. (2007) uvadé;ji
asparagin jako hlavni transportni slouceninu v xylému pfi transportu z kofenli do listd
a ve floému pfi transportu z listdh do semen v fad¢é rostlin. Obdobné také podle Parsons
a Baker (1996) je Asn hlavni aminokyselina v xylému a floému Lupinus albus (L.).
Tito autofi zjistili vysoké koncentrace asparaginu zejména v hlizkach kotent, kde byl Asn
uloZen jako budouci zdroj N pro rostlinu. Dle Zhanga et al. (2013) je asparagin hlavni formou

N v pletivech rostlin Arabidopsis.

2.3.3 Prolin

Iminokyselina prolin (Pro) obsahuje sekundarni aminoskupinu a je tedy unikatni mezi
proteinogennimi aminokyselinami. V bunééném metabolismu ma Pro dileZitou roli jako
soucast proteint a také jako volna aminokyselina. Vzhledem k jeho cyklické struktuie ma Pro
omezenou konformacni flexibilitu, kterd wudava uspofadani peptidového fetézce,
a tim zpisobuje stabilizaci nebo destabilizaci sekundarni struktury konformace proteint
(Lehmann et al., 2010).

V rostlindch je Pro syntetizovan z glutamatu pres pyrrolin-5-kaboxylat pomoci dvou
po sob¢ jdoucich redukci, které katalyzuji P5Csyntetdza a PSCreduktaza (Hare et al., 1999)
(obr. 9). Prvnim enzymem, ktery se na biosyntéze Pro z glutamatu podili, je glutamatkinaza,
ktera pfeménuje kyselinu glutamovou na y-glutamylfosfat (Seddon et al., 1989; Pavlikova
et al., 2007). Tato konverze je pravdépodobné dle Taborského a Vasakové (1994) odpoveédi
na pusobeni abiotickych stresorti. Dle Pavlikové et al. (2008) by stanoveni aktivity tohoto
enzymu mohlo byt vhodnym nastrojem pro sledovani metabolickych zmén vyvolanych
pusobenim stresorti ve vegetaénim obdobi rostlin. Tito autofi sledovali zmény v aktivité
glutamatkinazy (GKA) u Spenatu setého (Spinacia oleracea L., odrida Matador)
V podminkach chronického stresu vlivem Cd a Zn. V téchto pokusech zjistili autofi regulacni
ulohu glutamdtkinazy pfi stresu vlivem rizikovych prvki a jeji potencionalni vyuZiti jako
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biomarkru stresu. GKA je v rostlinach regulovana zp&tnou vazbou podle obsahu prolinu (Stefl
a VaSakova, 1984). Alosterickd regulace GKA volnym Pro umoziiuje v rostlinach zvysit
obsah glutamatu, ktery je dulezity pro vytvoieni peptidové vazby mezi y-karboxylovou
skupinou glutamatu a a-amino skupinou cysteinu a nasledné vyuziti pfi syntéze glutationu
a nasledné fytochelatint (Pavlikova et al., 2008). Rada autord, napt. Hall (2002), Lima et al.
(2006), Meyer et al. (2011), uvadéji syntézu fytochelatini jako dulezity mechanismus
pii detoxifikaci kovti, avSak pokud je vyrazné snizen obsah glutationu dochéazi k oxida¢nimu
stresu rostlin (Mishra et al., 2006).

Alternativnim substratem, ze kterého muze byt Pro v rostlinach syntetizovan,
je ornitin. Této metabolické cesty se ucCastni enzym ornitin-6-aminotransferaza, ktery
podporuje ptredevSim degradaci argininu, a tim z néj mobilizuje dusik (Funck et al., 2008).
Degradace Pro probihd v mitochondriich a je katalyzovana prolindehydrogenazou

a P5Cdehydrogenazou (Hare et al., 1999 - obr. 9).

Obr. 9 Model metabolismu a transportu prolinu v buikach Arabidopsisu (Lehmann et al.,
2010).
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Substraty jsou znaceny Cern¢: Pro - prolin, Glu - glutamova kyselina, Orn - ornitin, P5C -
pyrrolin-5-karboxylat, GSA - glutamin-y-semialdehyd, KG - a-ketoglutarat. Enzymy jsou
svétlé ovaly: P5CS - P5Csyntetaza, PSCR - P5Creduktaza, PDH - prolindehydrogenaza,
P5CDH - P5Cdehydrogenaza, SOAT - ornitin-3-aminotransferaza. Transportéry jsou tmavé
kruhy: AAP - aminokyseliny permeaza, ProT - prolintransportér, LHT - lysin-histidin
transportér. Transportéry, které byly popsany pouze =z fyziologického hlediska, jsou

zobrazeny v tmavych kruzich s otaznikem.
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Zvysené mnozstvi Pro v rostlinach je zplsobeno fadou stresovych faktorl, napf.
zasolenim, rizikovymi prvky, suchem, vysokymi a nizkymi teplotami (Verbruggen
a Hermans, 2008). Rada autorti, napt. Alia et al. (2001), Kishor et al. (2005) a Pal et al.
(2006), popsala ruzné funkce prolinu v rostlinich. Prolin ma v rostlinaich vyznam pfi
zmiriiovani osmotického stresu, je zdrojem C a N (zasoba pro obdobi po ukonceni piisobeni
stresortil), stabilizuje syntézu bilkovin a funguje jako antioxidant a pH regulétor. Gill a Tuteja
(2010) oznacuji Pro za potencidlni inhibitor programované bunécéné smrti. Szabados a
Savouré¢ (2010) uvadéji jako jednu z funkci Pro ochranu enzymu nitratreduktazy pfti
osmotickém stresu a stresu rizikovymi prvky. Alia et al. (2001) prokazali efektivni reakci
mezi volnym prolinem a 'O,, jehoZ obsah byl prolinem sniZovan. Prolin m tedy antioxida¢ni
vlastnost, v dasledku vlivu na aktivitu ROS a pii kumulaci a deaktivaci superoxidu (Matysik
et al., 2002). Podobné vysledky prokazali Islam et al. (2009) u tabaku (Nicotiana tabacum L.)
vystaveného Cd stresu. Dle téchto autorti bunky tabaku akumulovaly vysoké obsahy Pro,
a tim zmirnily inhibi¢ni efekt Cd na jejich rust.

Pfi chelataci Cd iontd v rostlinach je tvofen netoxicky komplex Cd-Pro (Sharma et al.,
1998; Sun et al., 2007; Pavlikova et al., 2008). Costa a Spitz (1997) uvadéji jako jeden
z projevu Cd stresu redukci vyvoje rostlin v disledku degradace proteinti pres katabolismus
aminokyselin a s tim souvisejici narist obsahu prolinu a polyaminii v burikach rostlin.

U nestresovanych rostlin mohou exogenni davky prolinu pusobit toxicky. Pfiznakem
intoxikace Pro jsou zmény v chloroplastech a ultrastrukturach mitochondrii (Hare et al.,
2002).

2.4 Mastné kyseliny

Mastné kyseliny (MK) jsou esencialni komponenty vSech rostlinnych bunék, jejichz
biosyntéza je primarni metabolickou cestou a je nezbytna pro bunétné dé€leni, rlst a vyvoj
rostlinnych bunék, zejména pfi kliceni semen (Graham, 2008; Rogalski a Carrer, 2011).
V rostlinnych bunikach jsou tyto latky dilezitou slozkou bunéénych membran, suberinu
a kutinu, které tvori strukturalni bariéru pro prosttedi (Beisson et al., 2007). Mastné kyseliny
pusobi jako skladovaci rezervy, které mohou byt metabolizovany za ticelem vyroby energie;
jsou stavebnimi kameny membranovych lipidt a pusobi jako signalizaéni molekuly (Baker et
al., 2006). Tyto slouceniny pfispivaji k odolnosti viici stresu remodelaci membranové fluidity
(Iba, 2002), kdy dochazi k uvolnéni a-linolenové kyseliny pomoci lipaz (Grechkin, 1998).
Upchurch (2008) a Los et al. (2013) uvad¢ji tento jev jako vlastnost pfizptisobeni se rostlin

stresu, pii které je zména obsahu nenasycenych mastnych kyselin regulovana desaturazami

22



mastnych kyselin. Desaturazy MK jsou enzymy, které zabudovavaji dvojné vazby
do mastnych acyl fetézct a hraji kli¢ovou roli pfi udrzovani spravné struktury a fungovani
biologickych membran (Los a Murata, 1998). Dle Bléea (2002) je volna a-linolenova kyselina
sama o sobé stresovym signalem a prekurzorem pro fyto-oxylipin biosyntézu. Dale mohou
MK ptisobit jako modulatory obrany rostlin pii expresi genti (Kachroo et al., 2001).

Mastné kyseliny jsou dulezitou soucasti procesu senescence listi (Yang a Ohlrogge,
2009). Dle Yanga a Ohlrogge (2009) dochézi pii senescenci listh ke snizeni obsahu MK.
Tento jev potvrdili Koiwai et al. (1981) u listd tabaku (Nicotiana tabacum). Mastné kyseliny
uvolnéné hydrolyzou lipidli mohou byt pfi senescenci listi dale metabolizovany B-oxidaci
v peroxizomech listl a kli¢icich semen (Graham, 2008).

Pti plsobeni stresortt dochazi ke zménam v zastoupeni jednotlivych mastnych kyselin.
Toto potvrdili Hernandez a Cooke (1997) v rostlinach hrachu (Pisum sativum cv. Argona)
pti oSetfeni rostlin 50 uM roztokem Cd. Tato koncentrace Cd zvysila v rostlindch hrachu
relativni obsah nenasycenych mastnych kyselin (zejména 18:1 a 16:1) a naopak snizila obsah
nasycenych mastnych kyselin (zejména 16:0). Obdobné vysledky pozorovali Nouairi et al.
(2006) v listech Brassica juncea pii pusobeni stresu vlivem Cd. Podle Thompsona et al.
(1998) a Skorzynska-Polit a Krupa (2006) Cd zvySuje aktivitu lipoxygenaz, které jsou
odpovédné za katalyzu pii peroxidaci lipidi a jako substrat vyuzivaji komponentl
membranovych lipidli, zejména polynenasycené mastné kyseliny. Nenasycené mastné
kyseliny (18:2 a 18:3) v membranovych lipidech mohou podlehnout peroxidaci v dusledku
zvySené akumulace ROS a zvySené aktivité peroxiddz vyvolanych pfitomnosti Cd, ktera
ma za nasledek poskozeni a ztratu integrity membran. Verdoni et al. (2001) zjistili vyznamny
pokles nenasycené mastné kyseliny 18:3 a zvySeni obsahu nenasycenych mastnych kyselin
18:1 a 18:2 v primarnich listech rostlin raj¢at. Dle Le Guédard et al. (2012) je nenasycend MK
18:3 vétSinou spojena s galaktolipidy, které tvoti vice nez 85 % thylakoidnich lipida a jsou
dilezité pro fotosyntetické aktivity. Pro rostliny rostouci pii oxida¢nim stresu je nenasycena
MK 18:3 substratem, ktery je rychle degradovan na metabolity, jenz jsou vyuzity dale
na syntézu kyseliny jasmonové a oxylipinli pro regulaci vyvoje a rustu rostlin (Savchenko
etal., 2014).

Mastné kyseliny jsou nerozpustné ve vod¢ a maji velmi rozmanitou strukturu zavislou
na typu membrany, které¢ jsou soucasti (Rogalski a Carrer, 2011). Mastné kyseliny se
v buiikdch témét nikdy nevyskytuji volnég, ale vdzané v membranach pfevazné ve formé estert
glycerolu (glycerolipidy) (Murray et al., 2003). VSechny atomy uhliku, které se nachézeji
v MK, jsou odvozeny od acetyl-koenzymu A (acetyl-CoA) piitomného v plastidech.
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Koncentrace acetyl-CoA v chloroplastech je asi 30 — 50 pmol, coz je dostacujici pro syntézu
MK jen na né€kolik vtefin. Nicmén¢ asociace acetyl-CoA zstava relativné konstantni, jak pfi
svételné fazi, tak 1 pii fazi temné (Ohlroggeav a Browseb, 1995). Acetyl-CoA muze byt
tvofen v plastidech riznymi reakcemi, ale pfesny podil acetyl-CoA z kazdé reakce je stale
neznamy. Predpokladad se, ze velka Cast z acetyl-CoA je odvozena od glukozy-6-fosfatu
a z pyruvatu (respektive fosfoenolpyruvatu), ktery je transportovan z cytoplasmy do plastidi.

Biosyntéza MK probiha pfedevSim ve dvou subceluldrnich komponentech -
chloroplastech a endoplazmatickém retikulu. Dle Sidorova a Tsydendambaeva (2014) probiha
de novo syntéza MK jako palmitova nebo stearova kyselina z acetyl-CoA v plastidech,
zatimco pfeména olejové kyseliny v linolovou a linolenovou kyselinu probiha
v endoplazmatickém retikulu. Ddle tito autofi uvadéji, ze v plastidech také probihéd desaturace
stearové Kyseliny na kyselinu olejovou. Prvni reakci biosyntézy MK je tvorba malonyl-CoA
z acetyl-CoA a CO; za katalyzy acetyl-CoAkarboxylazy. Tato reakce probihda ve dvou
krocich, které jsou katalyzované jedinym enzymovym komplexem. Acetyl-CoAkarboxylaza
obsahuje dvé podjednotky, na kazdou z nich je kovalentné k lysinovym zbytkim proteinu
pfes e-aminokyselinu navdzan biotin, ktery ma v tomto ptipad¢ funkci nosice CO,. Tento
enzym urCuje rychlost biosyntézy MK a jeho aktivita je regulovana. Aktivovany CO;
je transportovan biotinem k acetyl-CoA, a tim je syntetizovan malonyl-CoA (Ohlroggeav
a Browseb, 1995).

K degradaci mastnych kyselin ve vét§in€é organismi dochédzi predevSim
prostfednictvim B-oxidace. U rostlin jsou hlavnim mistem B-oxidace mastnych kyselin
peroxisomy, kde jsou snadno oxidovany mastné kyseliny s dlouhym fetézcem (Poirier et al.,
2006). Peroxisomy jsou sférické organely specializované na oxidacni reakce. Rovnéz

se podileji na metabolismu tuki a Gcastni se ¢asti fotorespiracniho cyklu.
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3 CILE A HYPOTEZY PRACE
Disertacni prace je zaméfena na studium vlivu stupfiovanych davek Cd
na metabolismus vybranych druhti rostlin, pfedevS§im hyperakumulatori. Pro hodnoceni vlivu

Cd na rostlinu byly stanoveny nésledujici hypotézy:

1. Pii pfijmu a akumulaci Cd v rostlindich dochazi k fyziologickym a metabolickym
zménam. Vyznamné jsou zmeny zejména v obsahu a slozeni volnych aminokyselin

a mastnych kyselin.
2. Zmény v obsahu a slozeni volnych aminokyselin a mastnych kyselin se lisi
V hyperakumuluyjicich a nehyperakumulujicich rostlindch i mezi jednotlivymi zastupci

hyperakumulujicich druhti rostlin.

3. Pfi plsobeni stupniovanych koncentraci Cd dochazi k odlisnym zménam v obsahu

volnych aminokyselin v nadzemnich ¢astech rostliny a v kotfenech.

K potvrzeni uvedenych hypotéz byly stanoveny nasledujici cile:

1. Stanoveni vlivu stupfiované koncentrace Cd v pudé na obsah tohoto prvku

ve vybranych rostlinach.
2. Posouzeni vlivu pfijmu stupiiovanych davek Cd na zmény v metabolismu
hyperakumulujicich a nehyperakumulujicich rostlin, pfedev§im hodnoceni zmén

obsahu volnych aminokyselin a mastnych kyselin.

3. Hodnoceni zmén v obsahu makro- a mikroelementd v rostlinach, ke kterym doslo

V souvislosti se stupiiovanou kontaminaci Cd.
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4 MATERIAL A METODY

Pro sledovéani vlivu Cd na metabolismus rostlin byly zaloZzeny vegeta¢ni nadobové

pokusy v pokusném skleniku Katedry agroenvironmentalni chemie a vyzivy rostlin.

Jako pokusné rostliny byly pouzity:

a) penizek modravy (Noccaea caerulescens FK Mey, diive Thlaspi caerulescens

J. & C. Presl) - ekotyp Ganges a Redlschlag

b) penizek ¢asny (Noccaea praecox Wulfen, FK Mey)
c) husenic¢ek Hallerav (Arabidopsis halleri O Kane a Al-Shehbaz)

d) Spenat sety (Spinacia oleracea L., odrida Matador)

Pro péstovani rostlin byla pouzita ¢ernozem (CE modalni) - lokalita Suchdol (pHkci =
7,2 £ 0,3; Corg. (%) = 3,1+ 0,7, KVK (mmolsykg) = 225 + 19,5; Cd (mg/kg) = 0,42 + 0,05),
ktera byla hnojena N (ve formé NH4NOjz p. a.), P a K (ve formé¢ K,HPO, p. a.)

a kontaminovana Cd ve formé¢ Cd(NO3),'4H,0 (p. a.) dle schématu uvedeného v tabulce 2.

Rostliny hyperakumulatorii byly péstovany ve skleniku pii téchto parametrech: teplota

den/noc 24 °C/ 18 °C, pudni vlhkost 60 % maximalni vodni kapacity, svételny rezim den/noc

16 h/ 8 h, intenzita osvétleni 375 W/m. Rostliny $penatu setého byly p&stovany ve vegetadni

hale pfi téchto parametrech: teplota den/noc 20 + 5 °C/ 15 + 2 °C, pudni vlhkost 60 %

maximalni vodni kapacity, svételny rezim den/noc 14 =2 h/ 8 £ 2 h.

Tabulka 2: Schéma nadobovych pokust.

Navazka Hnojeni NPK Ptidavek
Varianta | zeminy | Davka N Davka P Davka K Cd
(kg) (g/nadoba) | (g/nddoba) | (g/nadoba) | (mg/kg)
Noccaea sp. | Kontrola 0
a Cd1 30
Arabidopsis Cd2 3 0.3 0.1 0.24 60
halleri Cd3 90
Kontrola 0
“o , Cd1 30
Spenat sety Cdo 5 0,5 0,16 0,4 60
Cd3 90

V réamci pokust byly provedeny nasledujici analyzy:

1. Meéreni parametrii fotosyntézy

Rychlost Cisté fotosyntézy (Pn), rychlost transpirace (E), stomatalni vodivost (gs)

a intracelularni koncentrace CO, (Cj) byly méfeny v listech in situ pomoci ptfenosného
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infracervené¢ho analyzatoru plyni LCpro+ (ADC BioScientific Ltd., Hoddesdon, Velka
Britanie).
2. Analyza obsahu prvkui V rostlinach
Obsah Cd, vybranych makro- a mikroelementtu byl stanoven metodou optické emisni
spektrometrie s induk¢éné vazanym plazmatem (ICP-OES, VarianVistaPro, Australie) a obsah
K, Ca a Mg metodou plamenové atomové absorpéni spektrometrie (FAAS, Varian
SpectrAA-280, Varian, Australie) po rozkladu na suché cesté (Miholova et al., 1993).
3. Analyza volnych aminokyselin
Po homogenizaci Cerstvé biomasy (~0,5 g) v kapalném N byly volné¢ aminokyseliny
extrahovany 10 ml roztoku metanolu a redestilované vody (7:3, v/v). Derivatizace byla
provedena sadou EZ:faast firmy Phenomenex (Pavlik et al., 2010) a obsah byl méfen metodou
GC-MS, na piistroji Hewlett-Packard 6890N/5975 MSD (Agilent Technologies, USA)
s kolonou Zebron ZB-PAA-MS 10 m x 0,25 mm.
4. Analyza mastnych kyselin
Celkovy obsah mastnych kyselin (volnych a odvozenych od lipidii) byl stanoven po
jejich pievedeni na ptislusné methylestery - transesterifikace dle Stranského a Jursika (1996 a,
b). Vzorky suché rostlinné biomasy (~0,2 g) byly extrahovany 2 ml roztoku metanolu
a chloroformu (3:2, v/v). Obsah mastnych kyselin byl méfen metodou GC-MS, na pfistroji
Thermo Scientific DSQ 11 Single Quadrupole GS-MS (Thermo Fisher Scientific) s nepolarni
kolonou Zebron ZB-5 30 m x 0,25 mm % 0,25 pm.
5. Statisticka analyza
Statistické analyzy byly provedeny pomoci jednofaktorové a vicefaktorové analyzy
rozptylu (ANOVA a MANOVA). Nasledné byl pouzit Tukeyho post-hoc test na hlading
vyznamnosti o < 0,05 a linearni korelace a/nebo korelace s pouzitim funkce polynomu 3.
stupné (R?). Pro hodnoceni byl pouZit program Statistica 9.0 a 12.0 (StatSoft, USA). U
vybranych vysledki byla pouzita analyza hlavnich komponent (PCA) v programu CANOCO
4.5 (ter Braak a Smilauer, 2002).
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ABSTRACT

Changes of free amino acid (AA) contents (glutamic acid, glutamine, aspartic acid, asparagines, proline, hydroxy-
proline) in Noccaea caerulescens and Arabidopsis halleri under cadmium soil contamination (Cdl = 30, Cd2 = &0,
Cd3 = 90 mg/kg soil) are reported. Results of the pot experiment confirmed different effect of Cd on M. caerulescens
in contrast to A. halleri and the higher stress adaptation of A. halleri. Total free AA contents in both plant species
were not significantly modified by Cd contamination. The glutamic acid and glutamate contents in plant biomass
were decreased under Cd2 and Cd3 stress. The declines of contents of both AA can be caused by intensive synthe-
ses of plant defense elicitors, but declines in A. halleri were significantly lower in contrast to N. caerulescens. The
content of aspartic acid was increased in N. caerulescens under Cd stress, but in A. halleri its changes were not ob-
served. The different pathways of nitrogen utilization of tested plants were confirmed: the major AA forms used for
nitrogen transport are glutamate for N. caerulescens and asparagine for A. halleri. The increase of proline content

was determined only in N. caerilescens growing under Cd stress in the beginning of growing period.

Keywords: heavy metals; nitrogen-transport amino acids; Thiaspi caernlescens

Hyperaccumulators of heavy metals are plants
which actively take up exceedingly large amounts
of heavy metals from secil. Heavy metals are not
retained in the roots but they are translocated
to the shoots and accumulated in aboveground
organs, especially in leaves, at concentrations
100-1000-fold higher than those found in non-
hyperaccumulating species. After the uptake of
heavy metals by plant roots, their translocation to
shoots and detoxification within the storage sites
are two critical steps. This is achieved by chelation,
transport, trafficking, and sequestration by organo-
ligands at a subcellular level (Clemens et al. 2002).
The potential ligands are grouped into three major

classes: oxygen donor ligands (e.g. carboxylates),
sulphur donor ligands (e.g. metallothioneins and
phytochelatins), and nitrogen donor ligands (e.g.
amino acids) (Bhatia et al, 2005).

Two Brassicaceae species, Arabidopsis halleri
(AH) and Noccaea caerulescens (NC) (formerly
Thlaspi caerulescens), have become popular models
for the study of heavy metal hyperaccumulation
(Hanikenne and Nouet 2011). In AH, Cd is mostly
accumulated in mesophyll cells (Zhao et al. 2000)
and high metal concentrations were also observed
in the trichomes (Sarret et al. 2009). In the leaves of
NC, Cd is more concentrated in the epidermis, but
the mesophyll is still the major storage compart-
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ment due to its larger volume (Vogel- Mikus et al.
2008). In leaf cells of hyperaccumulators, metals
are generally sequestered in vacuoles (Huguet et
al. 2012). This vacuolar compartmentalization
is considered as the major metal detoxification
pathway, limiting possible interferences between
toxic elements and cell metabolism (Verbruggen
et al. 2009).

Amino acids (AA) are the precursors to pro-
teins and also their constituents and they play an
important role in metabolism and development
(Teiek et al. 2011). Plants that were exposed to
toxic metals have also been shown to accumulate
specific AA, which may have beneficial functions.
The AA which are accumulated under heavy metal
stress, play various roles in plants, including acting
as signaling molecules, and osmolytes, regulat-
ing ion transport and facilitating detoxification
(Xu et al. 2012). Reports of the role of AA in the
hyperaccumulation of metals (including Cd) by
plants are limited; therefore the present investi-
gation aims to determine the changes and differ-
ences in accumulation of selected free AA in NC
and AH associated with Cd soil contamination.
Asparagine and glutamic acid as well aspartic
acid and glutamine are involved in N-assimilation,
transport and transamination processes of vascular
plants, therefore the changes of these amino acids
were investigated in detail. Accumulation of Cd
and content of selected free AA were measured
to test the ability of these plants to tolerate Cd
contamination.

MATERIAL AND METHODS

The effect of Cd concentration on the levels of
free amino acids was investigated in the pot ex-
periment. Two species of Brassicaceae family were
selected: Noccaea caerulescens (formely Thiaspi
caerilescens . & C. Presl, FK Mey) ecotype ‘Ganges’
(southern France) and Arabidopsis halleri (O'Kane
and AL Shehbaz) (northern France). The plants
were planted into plastic pots (two plants per pot)
containing 3 kg of soil (Table 1). Soil was thoroughly

mixed with 0.3 g N, 0.10g P, and 0.24 g K applied
in the form of ammonium nitrate and potassium
hydrogen phosphate for control treatment and
with the same amount of nutrients plus Cd in
the form Dde[N03}1-4‘ H,0 in concentrations: 0
(control), 30 (Cd1), 60 (Cd2) and 90 (Cd3) mg/kg,
for treated variants. The plants were cultivated
under natural light and temperature conditions
at the experimental hall. Plants were harvested 30
and 90 days after Cd application. Samples were
kept frozen in liguid nitrogen for transport and
then at —30°C until extraction procedure.

For determination of Cd, plant samples were de-
composed using the dry ashing procedure (Miholova
et al. 1993). The concentrations of Cd were deter-
mined by ICP-OES with axial plasma configuration
{VarianVistaPro, Varian, Mulgrave, Australia).

Total free AA compounds were determined usingan
EZ-faast amino acid analysis procedure (Phenomenex,
Santa Clara, USA). Samples were analyzed for AA
contents by the gas chromatography coupled with
mass spectrometry detection using a HP 6890N /5975
instrument {Agilent Technologies, Torrance, USA;
as described by Pavlik et al. (2012)).

The statistical analyses were performed using
hierarchic analyses of variance (ANOVA) with
inteactions at 95% (P < 0.05) significance level with
subsequent Tukey's H5D test and linear correla-
tion (R?). All analyses were performed by using
Statistica 9.1 software (StatSoft, Tulsa, USA).

RESULTS AND DISCUSSION

Results of the pot experiment revealed the differ-
ent effect of Cd on NC and AH. Aboveground bio-
mass of NC decreased with increasing Cd2 and Cd3
rates (Table 2). The higher Cd rates significantly
reduced aboveground biomass in both sampling
periods (41% and 64% decrease of yield for Cd3
treatments compared to the control). The lowest
Cd rate stimulated the dry aboveground biomass
vield of AH (42% and 52% increase compared to
control). On the other hand, the Cd3 rate reduced
the yield (33% and 22% decrease compared to

Table 1. Basic characteristics and total element contents in experimental soil

Soil type pH

Corg (%)

CEC (mmol, /kg) Cd (mg/kg)

Modal Chernozem 72101

L83 £ 0.01

258201 0.42 + 0.05

CEC - cation exchange capacity
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Table 2. Effect of Cd on aboveground biomass yield and Cd content of Noccaea caerulescens (NC) and Arabi-
dopsis halleri (AH). 1. — 30 days; 1. — 120 days from planting

sampling Control Cdl Cdz2 Cds3
period NC AH NC AH NC AH NC AH
Yield of aboveground biomass (g dry matter per pot)
L 063 +0.03 0.67+0.11 053+010 0.95+007 041+002 085+013 037003 045+ 0.10
1. 250+0.21 230+ 009 254:021 350+025 210018 220+020 090 +012 1.80+0.16
Cd content (mg/kg)
L 41 = 0.2%% 121 +0.3*% 1656 + 1.8°% 990 + 0.4°% 2860 + 0.6°C 1447 +0.9°C 3773 £ 1.2°0214]1 + 047
1. 26+ 04 66+ 0.3 726 + 1.2°% 452 1+ 0.4°F 1639 + 06°C 1194 +3°C 2629 + 0.5 1022 + 0.5

Data are means + S.E. (n = 3). Different letters (a) indicate significantly different values (P < 0.05) between sam-
ples of plant species. Different letters {A) indicate significantly different values (P < 0.05) between treatments of
plant species. Control — 0 mg Cd/kg soil; Cd1 - 30, Cd2 - 60 and Cd3 - 90 mg Cd/kg soil

control). Visual toxicity symptoms with necrosis
were observed on neither of plant species. This
finding corresponded with the results of Rascio
and MNavari-lzzo (2011).

In comparison to NC, Cd contents in aboveg-
round biomass of AH were lower at all Cd treat-
ments ( Table 3), but they were above the 100 mg/kg
Cd threshold that defined Cd hyperaccumulation
in the natural environment (Cosio et al. 2005).
The opposite effects were observed in control
variants — higher Cd contents in AH in contrast to
NC were determined. Significant negative linear
correlation between contents of Cd in the aboveg-
round biomass and biomass yield was calculated
(R? = 0.99-1 for NC; R = 0.92-1 for AH).

Our data correspond with those by Pavlikovi et
al. (2002, 2008) and Prochdzkova et al. (2012) who
reported that excessive amounts of toxic elements
in contaminated soil inhibited plant growth and
development due to their phytotoxicity. Reduced
growth observed at contaminated treatments may
be partly due to lower net photosynthetic rate, but
not exclusively, since it was argued that the reduced
growth might be also due to increased tissue perme-
ability. It might also result from inhibition of cell
division (Redondo-Gémez et al. 2011). Reduction
in growth can be linked to the high trace elements
accumulation, as in this case plants have to spend
extra energy to cope with the high trace element
concentrations in the tissues (Israr et al. 2006).

The Cd soil contamination did not significant-
ly modify the total contents of free AA in the
aboveground biomass of both species (Figure 1).
Nevertheless, contents of total free AA were de-

creased in the aboveground biomass of NC at Cd
treatments in comparison with control. The total
contents of free AA in aboveground biomass of
NC were two times higher in contrast to AH.

The major free AA determined in NC and AH
were glutamic acid (Glu), glutamine (Gln), aspara-
gine (Asn) and aspartic acid (Asp) (Table 3). In all
higher plants, inorganic N is at first reduced to
ammaonia prior to its incorporation into organic
form. Ammonia is assimilated into organic form
as Glu and Gln, which serve as the N donors in
the biosynthesis of essentially all amino acids and
other nitrogen-containing compounds (Sdnchez-
Pardo et al. 2012). The free Glu content in the
aboveground biomass of NC was stimulated under
Cd1 treatment (24% increase compared to the
control), but Cd2 and Cd3 treatments decreased
its content. The significant changes of free Glu
were observed for Cd3 treatment (66% decrease
compared with control). Cur findings indicated
the decrease of Glu concentration under Cd2 and
Cd3 treatments also for AH, but declines of Glu
concentrations were significantly lower compared
to NC. Sharma and Dietz (2006) and Pavlik et al.
(2010) published opposite results for plants grown
under trace elements stress — increase of Glu con-
centration in stressed plants. The Glu decline in
AH and NC biomass can be caused by intensive
syntheses of plant defence elicitors. The significant
relationships between Glu concentrations in both
plants and biomass yield, and also between Glu
concentrations and Cd content in biomass were
confirmed using linear regression (R* = 0.99 for
both sampling periods).
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Table 3. The concentrations of selected free amino acids in aboveground biomass during growth of Noccaea cae-
rufescens and Arabidopsis halleri (pmol/kg fresh weight + 5.E.; n = 3). L. — 30 days; IL. — 120 days from planting

Control Cd1 Cdz2 Cda

L L. L 1L 1 1L 1 1l
Noccaea caerulescens
Glu 244 + 824 2228 + 474 303 + 9% 1476+ 13°% 182+ 8% 1237 +41°¢ Bl &30 233+ 11°0
Gln 9520 + 8*% 14 356 + 5% G715 + 24°* 18970+ 13¥* 6641 = 8°C 4042 + 20°C 5940 + 1220 23243 + 1950
Pro 6944 + 834 G480 £ 44 16919 + 1328 8566 + 25bF 16 449 + 9% 5707 £ 86C 10360+ 17%C 7216 + 1260
Hyp NI 23+ 34 N.D. 55+ 128 N.D. 12 + 1¢ N.D. 6+ 1P
Asp 2632+ 6%%  TO71 £6PA 3274 & 1298 5816 + 136F 2708 & 924 3460 = 1BC 2990 + 393C 470 + 126D
Asn 2840 = 6% 3306 £ 5P% 2533+ 8B 1748 £ 138 1781 £ 9°C 1372 + 20°C 1459 = 1470 2478 = 1280
Arabidopsis halleri
Glu 723 +4** 1535 £ 974 736 + 15** 3150 = 19%F 1265 + 27°F 1767 + 31°% 985 + 5*C 1447 + 4°0
Gln 5917 +5*% 5033 £+5° 3226+ @B 1172 + 26¥% 1596 + 25°C 1403 £ 5PC 2089 £ 5°P 1357 + 145C
Pro 258 + 4924 420 & 3bA 224 + 228 J7F 1 1B 389 + 123 237 4 IBC 196 + 1= 360 + 980
Hyp N.D N.D. N.D. N.D. NI N.D. N.D. N.D.
Asp 915+ 63 173221004 1122+ 4B G082 = 9bF 1225+ 8aC 617 = 9BC 1593 & 420 1308 + 680
Asn 3155+ 1234 6364+ 1454 2324 + 148 18 170+ 908 3468 + 12°C 2582 + 96C 3985 + 1030 5440 + 156D

Different letters (a) indicate significantly different values (P < 0.05) between samples of plant species. Differ-
ent letters (A) indicate significantly different values (P < 0.05) between treatments of plant species. N.I). — not
detected. Glu - glutamic acid; Gln - glutamine; Pro - proline; Hyp — hydroxyproline; Asp - aspartic acid; Asn
- asparagine (Asn). Control - 0 mg Cd/kg soil; Cd1 - 30, Cd2 - 60 and Cd3 - 90 mg Cd/kg soil

Gln is dominant free AA in biomass of NC. Gln
concentrations in AH were significantly lower
in contrast to NC. These results showed a dif-
ferent pathway of nitrogen utilization of both
plants. Cd treatments resulted in a decrease of
Gln contents compared with contrel (for Cd3
treatment — by 85% for NC and by 73% for AH).
Results confirmed the significant relationship
between contents of Gln, biomass yield and Cd

50 000 N. caecrulescens
40 000
30000
> 20000

10 000

Concentration of free AA
(pumal/kg FW)

]

Cdl

a0 30

content in biomass (R? = 0.99 for both sampling
periods). Gln is not only the major AA used for
N transport in NC, but also a key metabolite that
acts as an amino donor to other free amino acids,
primarily catalyzed by glutamate synthase. This
pathway interacts with carbohydrate metabolism
or the energy status of the plant leaves (Hodges
et al. 2003). Gln and Glu can be used to form Asp
and Asn, and these four AA are used to translocate

50 000 _ A, halleri

40 000 4
30 000 4
20 000 4
10 000 4 ﬂ
0

01000

days | days | days | days | days | days | days | days

Control Cdl Cd2 Cd3

Figure 1. Total contents of free amino acids in aboveground biomass of Noccaea caerulescens and Arabidopsis
halleri exposed to increasing rates of Cd in soil. Values are the means (+ S.E.} of 3 replicates. AA — amino acid;
Control — 0 mg Cd/kg soil; Cd1 - 30, Cd2 - 60 and Cd3 - 90 mg Cd/kg soil
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organic M from sources to sinks (Mokhele et al.
2012). Our results indicated the increase of free
Asp concentrations under Cd stressin NC. All Cd
treatments increased accumulation of free Asp
contents (24%, 29% and 11% increase compared
to the control) in the aboveground biomass. The
changes of Asp in AH were not significant. The
strong linear relationship between Asp and Glu
was calculated: for AH (R? = 0.90), and for NC
{R? = 0.68). Aspartate amino-transferase plays
a central role in both Asp synthesis and catabo-
lism. According to Pandey et al. (2004), aspartate
amino-transferase activity decreased considerably
during stress, and the reduction was greater with
increased stress.

Asparagine is an AA used to store and transport N
from sources to sinks. Our determinations showed
a decrease of Asn concentration in biomass of NC
only in the 2" sampling period (by 25-59% in
contrast to control). AH did not shown significant
changes under Cd stress. This could be associated
with the remobilization of assimilated nitrogen as
proteins and other substance. According to Zhang
etal. (2013) Asn is a major form of N transported
to sink tissues in Arabidopsis mutant. Our results
confirmed their findings: free Asn was the domi-
nant free AA in AH. Substantial changes in xylem
Asn level can occur under certain stress conditions
often associated with reciprocal changes in Asp
levels (Antunes et al. 2008).

Proline accumulation was reported in tissues/or-
gans of plants subjected to various abiotic stresses
including risk element toxicity for many plants
{Zengin and Munzuroglu 2005, Mistra and Dubey
2006 etc.). Our results did not confirm this trend.
The significant increase of free Pro contents in Cd
treatments of NC in contrast to control was deter-
mined in the 1% sampling period. Pro increases in
the 27 sampling period were lesser compared to
the 1 sampling period. The free Pro accumulation
in aboveground biomass was affected not only by
Cd s0il contamination, but also by process of plant
adaptation to chronic stress and plant growing
period (Pavlikova et al. 2008). AH showed similar
Pro content in biomass in both sampling periods
{Table 3). The content of free Pro in aboveground
biomass of AH was about 15-75 times less in
comparison to NC. According to Garcia-Rios et
al. (1997), Pro inhibition depends on Glu con-
centration. This finding confirms the ability of
plant chronically stressed by toxic elements to
obtain adequate Glu concentration for synthesis

of phytochelatins. The relationship between free
Pro and Cd contents in biomass was confirmed
using linear correlation and the most significant
relationship was calculated for the 2 sampling
period (R? = 0.65-1).

Hydroxyproline (Hyp) is a major AA in plant cell
wall hydrolysates (Deepak et al. 2010). Considerably
more hydroxyproline is found in the protein of rap-
idly proliferating tissue than in proteins of slowly
proliferating tissue. The free Hyp was found only
in aboveground biomass of NC during the 2" sam-
pling period (Table 3). The lowest concentration
of Cd increased the content of free Hyp. Opposite
effect — decrease of free Hyp content was found
for Cd2 and Cd3 treatments. These results showed
linear relationship between contents of free Pro
and contents of free Hyp (R? = 0.33-1) in NC. The
Hyp content was associated with the beginning of
plant senescence. Hyp in AH biomass was below
detection limit of gas chromatography (GC).
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ABSTRACT

Noccaea caernfescens (NC) and Arabidopsis halleri (AH) were studied to compare cadmiunm (Cd) accumulation
and resistance. After 30, 60 and 90 days of plant cultivation in Cd contaminated soil {Cdl = 30, Cd2 = 60 and Cd3 =
90 mg Cd/kg soil) amino acids were determined in plants. The comparison between both species showed that Cd
stress resulted in different changes of amino acids levels playing a significant role in plant adaptation to Cd stress.
Our analyses indicated higher accumulations of amine acids in the roots of NC compared to AH. Contrasting re-
sponses of plants to Cd contamination were confirmed in methionine metabolism. Methionine was determined
only in roots of AH after 30 and 60 days of plant cultivation. Free methionine content decreased with increasing Cd
contamination (Cd3 treatment — 40% decrease compared to the control treatment). Our results also showed that
NC contains more than 10-fold higher content of histidine than AH. These observations indicated that this amino
acid may be involved in Cd resistance and accumulation by reducing oxidative damage. Tryptophan plays a major
role in the regulation of plant development and in defense responses. Its significant increase for NC treatments in

contrast to AH treatments was determined.

Keywords: abiotic stress; amino acids; heavy metals; Thlaspi caerulescens

Cadmium (Cd) can have detrimental effects on
plant growth and development even at very low con-
centrations. Leaf concentrations greater than 5-10 pg
Cd/g dry matter (DM) are toxic to most plants
{(White and Brown 2010). Mevertheless, a few plant
species have evolved the ability to accumulate and
tolerate Cd concentrations that exceed 0.1% dry
shoot mass without showing stunted growth and/
or other toxicity symptoms (Koren et al. 2013). The
term ‘hyperaccumulator’ was coined for plants that
actively take up exceedingly large amounts of one
or more heavy metals from the soil. Moreover, the
heavy metals are not retained in the roots but are
translocated to the shoot and accumulated in the
aboveground organs, especially leaves, at concen-
trations 100—1000-fold higher than those found in

non-hyperaccumulating species (Rascio and Navari-
lzzo 2011, Pollard et al. 2014). Hyperaccumulators
are tolerant to metals, but hyperaccumulation and
tolerance are genetically independent traits.
According to Leitenmaier and Kipper (2011)
hyperaccumulator plants have to store the taken
up metal in a way that it does not harm important
enzymes and especially not photosynthesis. It was
shown that high amounts of metals are stored
specifically in the vacuoles of large epidermal cells
(Kiipper et al. 1999, 2001}, where no chloroplasts
are located, and therefore, photosynthesis cannot
be inhibited. According to Cappa and Pilon-Smits
(2014} hyperaccumulators have enhanced levels of
transporters (as a result of gene duplication) for
uptake into the root and translocation within the

Supported by the Ministry of Education, Youth and Sports of the Czech Republic, § grant.

426

37



Plant Soil Environ.

Vol. 60, 2014, No, 9: 426—432

plant. Hypertolerance and resistance mechanisms
that were identified include enhanced levels of
chelators or of enzymes that convert the element
to less toxic forms.

Noccaea caerulescens and Noccae praecox are
considered to be the most Cd-tolerant plant spe-
cies, and they show the highest Cd hyperaccumu-
lation capacities (Cosio et al. 2004, Vogel-Mikui
et al. 2005). In addition, Arabidopsis halleri can
accumulate significant amounts of Cd without
detrimental effects on plant growth and devel-
opment (Zhao et al. 2006). According to Meyer
et al. (2011) concentrations of phytochelatins in
Cd-treated roots were the highest in A. thali-
ana, intermediate in A. halleri and the lowest in
N. caerulescens. The comparison between hyper-
accumulator with non-accumulator sister species
le.g. A. halleri with A. thaliana) suggests that hy-
peraccumulating features could reside in sequence
mutations, gene copy number and/or in different
expression levels of the proteins that contribute to
metal tolerance (Gallego et al. 2012). According
to Maestri et al. (2010} the two plant species
N. caerulescens and A. halleri have evolved dif-
ferent mechanisms to control hyperaccumulation.
The impact of trace elements on plant metabolism
means that hyperaccumulator species must possess
mechanisms for more efficient protein turnover.
Proteomic analysis revealed the modulation or
specific induction of several proteins involved in
protein metabolism (DalCorso et al. 2013). The
changes of amino acid levels can play a significant
role in the physiological mechanism; therefore
objectives of this study were to evaluate the dif-
ferences of amino acid metabolism as expression
of resistance to Cd soil contamination.

MATERIAL AND METHODS

The effect of Cd concentration on the levels of
free amino acids was investigated in the pot experi-
ment (Zemanovi et al. 2013). Two species Noccaea
caerulescens (formely Thlaspi caerulescens ]. &
C. Presl, FK Mey) ecotype cv. Ganges (southern
France) (NC) and Arabidopsis halleri (O'Kane and
AL Shehbaz) (northern France) (AH) were planted
into pots (two plants per pot) containing 3 kg
of soil (Chernozem modal, CEC 258 mmol /kg,
C,, 1-83%,pH -, 7.2 total Cd content 0.42 mg/kg).
Snﬁ was thnruughly mixed with 0.3 g N, 0.10g P,
and 0.24 g K applied in the form of ammonium

nitrate and potassium hydrogen phosphate for
control treatment and with the same amount of
nutrients plus Cd in the form of Cd(NO,) - 4 H,0O
in concentrations: 0 (control); 30 (Cd1); 60 (Cd2)
and 90 {Cd3) mg/kg, for treated variants. Plants
were harvested 30, 60 and 90 days after Cd ap-
plication.

The amino acids from methanol + H,O extracts
from mature leaves were determined using EZ-
faast amino acid analysis procedure (Phenomenex,
Santa Clara, USA). Samples were analyzed for
amino acid contents by GC-MS using the Hewlett
Packard 6890M/5975 MSD (Agilent Technologies,
Torrance, USA) (Pavlik et al. 2010).

Plant samples were decomposed using the dry ash-
ing procedure in a mixture of oxidizing gases (0, +
0, +NO ) ina Dry Mode Mineralizer Apion (Tessek,
Prague, Czech Republic). The ash was dissolved in
1.5% HNO,. Aliquots of the certified reference ma-
terial RM NCS DC 73350 poplar leaves (purchased
from Analytika, Czech Republic) were mineralized
under the same conditions for quality assurance.
The Cd concentrations were analyzed by ICP-OES
{Varian VistaPro, Varian, Mulgrave, Australia).

RESULTS AND DISCUSSION

Results of the pot experiment revealed the dif-
ferent effect of Cd on NC and AH. The yield of
the aboveground biomass of AH was higher for all
treatments in contrast to NC (Figure 1). Growing
Cd doses were associated with the inhibition of
above-ground and root biomass and with the en-
hancement of Cd content in leaves. The higher Cd
content was determined for all Cd treatments of
NC compared to Cd treatments of AH (Figure 2).
The opposite effects were observed in control
variants — higher Cd contents in AH in contrast
to NC were determined. Our data correspond with
those by Zemanovi et al. (2013) and Prochazkova
et al. (2012) who reported that excessive amounts
of toxic elements in contaminated soil inhibited
plant growth and development due to their phyto-
toxicity. The Cd content of roots was determined
without replication, because there was a lack of
biomass. The analyses showed values similar to Cd
contents in the aboveground biomass (data is not
shown here). Toxic Cd levels reduced incorpora-
tion of free amino acids into proteins. It caused
the decline in protein content and therefore the
decline of biomass accumulation (Solanki and
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Figure 1. Effect of Cd on the aboveground biomass and root yield (g dry matter per pot) of Noccaea caerulescens
and Arabidopsis halleri: 30, 60, 90 days from planting. Data are means + S.E. (# = 3). Control - 0 mg Cd/kg

soil; Cdl - 30, Cd2 — 60 and Cd3 - 90 mg Cd/kg soil

Dhankhar 2011). This finding confirmed our re-
sults — higher Cd content in plant biomass and
lower yield of NC in contrast to AH.

The changes of amino acid levels can play a
significant role in mechanism of plant adapta-
tion to Cd stress. Chaffei et al. (2004) suggested
that an increase in the proportion of high M:C
amino acids is a protective strategy in plants for
preserving roots as a nutritional safeguard or-
gan to ensure future recovery. Consistent with
this hypothesis, our analyses indicated the ac-
cumulation of a large amount of amino acids in
the roots of NC compared to AC (Figure 3). The
highest accumulation of amino acids (AA) was
determined on Cd2 treatment of NC after 90 days
of cultivation. The high content of AA in roots of
NCindicated high Cd accumulation and tolerance
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of this plant. The amino acid accumulation in
NC roots also suggested that these Cd-chelating
molecules are highly active in plant roots and that
upon binding Cd, they may form a complex that
can be translocated from the roots to the shoots
{Couturier et al. 2010).

Methionine (Met) is one from AA with differ-
ent content in AH in contrast to NC. Methionine
originates from three convergent pathways: the
carbon backbone deriving from aspartate, the
sulfur atom from cysteine, and the methyl group
from the B-carbon of serine. It is an amino acid
that supports additional roles than simply serving
as a building block for protein synthesis. This is
because methionine is the immediate precursor
of §-adenosylmethionine, which plays numerous
roles of being the major methyl-group donor in

gl gtdl gcd2 gcda

30 days 60 days

N. caerulescens

30 days | 60 days | 90 days
A, halleri

Figure 2. Total contents of Cd in the aboveground biomass of Noccaea caerulescens and Arabidopsis halleri
exposed to increasing rates of Cd in soil. Data are means £ S.E. (# = 3). DM - dry matter; control — 0 mg Cd/kg

soil; Cdl — 30, Cd2 — 60 and Cd3 — 90 mg Cd/kg soil
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Figure 3. Total contents of free amino acids (AA) in roots of Noccaea caerulescens and Arabidopsis halleri exposed
to increasing rates of Cd in soil. Data are means + S.E. (n = 3). Control - 0 mg Cd/kg soil; Cdl - 30, Cd2 - &0

and Cd3 - 90 mg Cd/kg soil; FM - fresh matter

transmethylation reactions and an intermediate in
the biosynthesis of polyamines and of the phyto-
hormone ethylene etc. (Ravanel et al. 1998). Met
was differentially regulated between the tested
plant species since its content was determined
only in roots of AH after 30 and 60 days of plant
cultivation (Figure 4), but it was not detected in
NC. The effect of Cd contamination was confirmed
after 60 days of plant cultivation, free Met content
decreased with increasing Cd contamination (Cd3
treatment — 40% decrease compared to control
treatment). Similar results were published for two
lines of tobacco by Pavlikovd et al. (2014). The re-
sults showed that NC regulated more effective Met
compared to AH. This AA is quickly transformed
into the required products or incorporated into a
protein without increased accumulation in plant.
The Met accumulation in AH plants in contrast
to NC can be related to the oxidation of Met to
methionine sulfoxide, which alters the activity

and conformation of various proteins, can be re-
versed by methionine sulfoxide reductase (MSE).
MSR participates in a protein repair system that is
one of the defensive mechanisms that diminishes
oxidative destruction (Li et al. 2012, Zagorchev
et al. 2013). According to Ingle et al. (2005) Met
biosynthesis is suppressed in Alyssum lesbiacum,
indicating that thiol groups are diverted toward
cysteine and glutathione biosynthesis. In contrast,
methionine synthase was induced after metal treat-
ment in Phytolacca americana (Zhao et al. 2011),
suggesting there are diverse strategies for metal
detoxification in hyperaccumulator species.

The observation of Holmes and Appling (2002)
shows the possibility of a metabolic link between
methionine and histidine (His) biosynthetic pathway
through accumulation of 5'-amino 4-carboxamide
ribonucleotide interfering with Met biosynthetic
pathway. His was found to play an important role in
regulation of biosynthesis of other A A, in chelation
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Figure 4. Total contents of free methionine (Met) in roots of Arabidopsis halleri exposed to increasing rates of
Cd in soil. Data are means + 5.E. (n = 3). Values of Met analyzed after 90 days of plant cultivation were below
detection limit of gas chromatography. Control — 0 mg Cd/kg soil; Cdl - 30, Cd2 - 60 and Cd3 - 90 mg Cd/kg

soil; FM - fresh matter
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Figure 5. Total contents of free histidine (His) in the aboveground biomass and roots of Neccaea caernlescens and
Arabidopsis halleri exposed to increasing rates of Cd in soil. Data are means £ 5.E. (n = 3). Control - 0 mg Cd/kg
soil; Cdl - 30, Cd2 — 60 and Cd3 - 90 mg Cd/kg soil; FM — fresh matter

and transport of metal ions, and in plant reproduc-
tion and growth (Stepansky and Leustek 2006). Our
result showed that content of His was accumulated
during NC growing period, while significant changes
were not observed in AC roots (Figure 5). The high-
est difference between NC and AH treatments was
determined on Cd2. Accumulation of free Hisin NC
roots of Cd2 treatment is more than 19-fold higher
in contrast to Cd2 treatment of AH. These obser-
vations indicated that His may be involved in Cd
resistance and accumulation by reducing oxidative
damage. According to Xu et al. (2012) the high ac-
cumulation of His in plant promoted Cd uptake and
improved root-to-shoot Cd transport, which thereby
increased leaf Cd accumulation. Compared to other
known low-molecular-weight metal chelators such
as phytochelatins and nicotianamine, histidine is of
relatively low metabolic cost. His biosynthesis does

100 -
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not involve the assimilation of sulfate as is required
for the biosynthesis of phytochelatins, and it contains
6 C and 3 N atoms compared with nicotinamine
(12 C and 3 N} or phytochelatins (approximately
18 or 36 C, 5 or 10 N, and 2 or 4 8) (Stepansky and
Leustek 2006).

The histidine biosynthesis pathway is integrated
with a number of other metabolic pathways includ-
ing tryptophan {Trp). Tryptophan plays a major role
in the regulation of plant development and defense
responses and it is the precursor for indeolacetic
acid, a plant hormone necessary for cell expansion.
Owr results showed the significant increase of this
AA for NC treatments (Figure 6). According to
Pavlik et al. (2012) Trp biosynthesis is induced by
stresses. However, the significant changes during
growing period of AH were not confirmed. Little
is known about Trp-mediated trace elements tol-

A. halleri

N. caerulescens

Root biomass

Figure &, Total contents of free tryptophan (Trp) in the aboveground biomass and roots of Noccaea caerulescens
and Arabidopsis halleri exposed to increasing rates of Cd in soil. Data are means £ S.E. (n = 3). Control - 0 mg
Cd/kg soil; Cdl - 30, Cd2 - 60 and Cd3 - 90 mg Cd/kg soil; FM — fresh matter
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erance (Sanjaya et al. 2008). Sanjaya et al. (2008)
reported that increased Trp levels make Cd less
available to the plant, decrease Cd transport and
thus reduce Cd accumulation. Metal ions and the
bivalent Trp side chain indole were found to interact
cooperatively (Li and Yang 2003).
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Changes in the fatty acid {FAs) composition in response to the extent of Cd contaminatien of soils (0,
30, 60 and 90 mgCd kg ') differed between ecotypes of Noccaea caerulescens originating from France —
Ganges, Slovenia- MeZica and Austria - Redlschlag. MeFica ecotype accumulated more Cd inaboveground
biomass compared to Ganges and Redlschlag ecotypes, Hyperaccumulators contained saturated fatty
acids (SFAs) rarely occurring in plants, as are cerotic (26:0), montanic (28:0), melissic (30:0] acids, and
unusual unsaturated fatty acids (USFAs), as are 16;2, 16:3, 20;2 and 20:3. Typical USFAS OCCUITINg in
the family Brassicaceae, such as erucic, oleic and arachidonic acids, were missing in tested plants, Our
results clearly indicate a relationship between Cd accumulation and the FAs composition. The content
of SFAs decreased and the content of USFAs increased in aboveground biomass of Ganges and Mefica
ecotypes with increasing Cd concentration, Opposite trend of FAs content was determined in Redlschlag
ecotype. Linoleic { 18:2n—6), c-linolenic ( 18:3n-3) and palmitic { 16:0) acids were found in all ecotypes,
The results observed in N. caerulescens ecotypes, showed that mainly MeFica ecotype has an efficient
defense strategies which can be related on changes in FAs composition, mainly in VLCFAs synthesis,
The most significant effect of ecotype on FAs composition was confirmed using multivariate analysis of
variance.

Keyweords:

Heavy metals stress

Thizspt coerulescens []. & C. Pres])
9,12-Octadecadienaic acid
9,12,15-Octadecatrienoic acid
Very-long-chain fatty acids

@ 2015 Elsevier GmbH, All rights reserved.

Introduction

Plant membrane structure maybe regarded as the first living
structure that is a target for heavy metal toxicity (Hall, 2002). In
plants, Cd can lead to many morphological, physiological, biochem-
ical and structural alterations (Shah and Dubey, 1998) via at least
five specific mechanisms. These include: (i) inactivation of proteins
by binding to sulfhydryl groups; (ii) displacement of metals from
metabolites or metalloenzymes; (iii) induction of detoxification of
metabolites; (iv) induction of senescence and proteolysis of pro-
teins; and (v) increasing formation of reactive oxygen species. Fatty
acids (FAs) and fatty acid-derived molecules have multiple roles in

Abbreviations: FAs, fatty acids; FAMEs, methyl esters of fatty acids; Ga, eco-
type from Ganges, France: Me, ecotype from Mefica, Slovenia; 5FAs, saturated fatty
acids; Re, ecotype from Redlschlag, Austria; SWLCFAs, saturated very-long-chain
fatty acids; USFAs, unsaturated fatty acids.

+ Cormesponding author. Tel.: 420 224382736,

E-mal address: pavikova@alczwez (D, Pavilkova),

hetp:f/ dx.doi.org 10,1016/ jplph 2015.02.012
0176- 1617/ 2015 Elsevier GmbH, All rights reserved,

cells. FAs act as storage reserves that can be metabolized to produce
energy; they are the building blocks of membrane lipids and act as
signaling molecules (Baker et al., 2006). FAs are crucial components
of cellular membranes. According to Ben Ammar et al. (2007), the
decrease in the membrane lipids and FAs content may be correlated
with an inhibition of lipid-biosynthesis pathways and/or a stimu-
lation of lipolytic and peroxidative activities. Skorzynska-Polit and
Krupa (2006) assume that when lipid peroxidation occurs via free
radicals, the FAs react with other cell compounds and numerous
reactions are initiated in a “"cascade”, causing degradation of free
and membrane-bound FAs and finally degradation of the biological
membranes. Maksymiec (1997 ) showed that membrane unsatu-
ration was closely related to heavy metal tolerance in a number
of higher plants. The biosynthesis of FAs occurs predominantly in
the two subcellular compartments - chloroplasts and endoplas-
mic reticulum. De novo synthesis from acetyl-CoA of FAs such as
palmitic or stearic and also desaturation of stearic acid to oleic
one occur in plastids, whereas the further conversion of oleic acid
in linoleic and further linolenic acid occurs in the endoplasmic
reticulum (Sidorov and Tsydendambaev, 2014). FAs contribute to
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inducible stress resistance through the remodeling of membrane
fluidity, the release, through lipase activity, of a-linolenic acid, and
as modulators of plant defense gene expression (Upchurch, 2008).
The ability to adjust membrane lipid fluidity by changing levels
of unsaturated fatty acids (USFAs) is a feature of stress acclimating
plants provided mainly by the regulated activity of fatty acid desat-
urases (Upchurch, 2008; Los et al., 2013). Fatty acid desaturases
are enzymes that introduce double bonds into fatty acyl chains
and play a key role in the maintenance of the proper structure and
functioning of biological membranes (Los and Murata, 1998).

A limited number of plant species, called hyperaccumulators,
accumulate heavy metals to extremely high, normally severely
toxic concentrations in their shoots. In comparison with normal
plants, hyperaccumulators are characterized by strongly enhanced
rates of uptake, tolerance and root-to-shoot transport of the metals
in question { Assuncdo et al., 2001; Krimer, 2010). These plants are
highly attractive model organisms for experiments because they
have overcome major physiological problems that limit metal accu-
mulation in biomass, and have toxic element tolerance [Verbrugzen
et al., 2009; Ueno et al., 2011). Selective pressure of contam-
inated sites, where the ecotypes of hyperaccumulator Noccaea
caerulescens originate from, affected their metabolism (metabolism
of amino acids, gas-exchange plant parameters, accumulations of
macro- and microelements, etc.). Cadmium is chemically similar
to certain metal elements, including Fe, Zn and Ca, and, therefore,
could displace these elements from metalloproteins [Verbrugzen
et al., 2008). The elements, such as Fe, Zn, Cu, Mn, Ni, are cofactors of
metalloenzymes and their contents related to plant defense against
oxidative stress (Cakmak, 2000; Mustafiz et al., 2014). Candan and
Tarhan (2005 ) found that the peroxidation of polyunsaturated fatty
arids in membranes increased with decreasing Ca®* concentrations
during plant growing period.

Changes in metabolisms of ecotypes of N. caerulescens were
detected in our previous experiments therefore we can assume
significant changes of FAs profiles. We hypothesized that selec-
tive pressure of geographically distinct contaminated places, from
which N. caerulescens ecotypes originated, reflect in different
changes of FAs profiles. The aim of the present work was to exam-
ine the changes in accumulation of saturated fatty acids (SFAs)
and unsaturated fatty acids (USFAs) in aboveground biomass of N.
caerulescens ecotypes upon exposure to Cd stress.

Material and methods
Piant material and cultivation conditions

In the pot experiments, Noccaea caerulescens (formerly Thiospi
caerulescens J. & C. Presl, FK Mey ) ecotypes originating from MezZica,
Slovenia (Me], Ganges, France (Ga) and Redlschlag, Austria (Re)
were used. The MeZica mining district source area is character-
ized by the presence of ore minerals of geogenic/technogenic origin
(cerussite, sphalerite, smithsonite and galena). The environs of
MeZica are strongly polluted with Pb and Zn. Because Cd is found
as a trace element in sphalerite and smithsonite, its content cor-
relates with that of Zn. Maximum Cd content in soil was about
2656 mgkg! (Cosar and Miler, 2011). The mining district of Les
Malines in the vicinity of Ganges (France) is very rich in Zn and
Pb, associated with Fe-5 (pyrite) components and according to
Escarré et al. (2011) soil Cd content was 35.2-225mgkg-1. The
bedrock of Redlschlag is composed of serpentinge, which contains
high levels of Ni and Cr and some Zn and Co. Because the soil pH
is neutral (approx. pH 6.55), the main problems for plants are low
concentrations and availability of micronutrients, although Mg is
abundant (46,400 mg Mg kg-'; Puschenreiter et al., 2005). Accord-
ing to Wenzel and Jockwer (1998) Cd content was 3.7 mgkg! in
soils of Redlschlag.

For the cultivation of Noccaen plants, 3kg of soil (from
the non-polluted site Prague-Suchdol, Chernozem - pH=7.2,
CEC=258 molis kg ', Corg = 1.8%, Cdr=042mgkg ') was thor-
oughly mixed with nutrients (0.3 g M, 0.10g P, and 0.24 gK applied
in the form of NH4NO5 and K;HPO,4) as the control treatment and
with the same amount of nutrients plus Cd (Cd{NO3);-4H;0) in
concentrations: 30, 60, 90 (Cd1, Cd2, Cd3) mg Cd.kg-!, for treated
variants. The water regime was controlled and the soil moisture
was kept at 60% MWHC (maximum water-holding capacity). Each
treatment was performed in five replications. Plants were har-
vested 90 and 120 days after Cd application.

Analyses

Determination of fatty acids

Overall content of fatty acids [free and derived from various
lipids) was determined after their conversion to respective methyl
esters (FAMEs). Samples of dry biomass (~0.2 g) were extracted
2ml of methanel + chloroform (3:2, v/v) on a shaker for 24 hours.
Transesterification of FAs according to method of Stransky and
Jursik [1996a b) was carried out. The content of FAMEs was mea-
sured by GC-MS (Thermo Scientific DSQ I Single Quadrupole
G5-MS, Thermo Fisher Scientific) with a nonpolar column Zebron
ZB-5 30 m » 0.25 mm = 0.25 pm. The injection volume was 1 pl of
sample in a splitless mode. The carrier gas was helium (He, purity
5.0) with a constant flow rate of 1 mlmin-'. The temperature pro-
gram of oven: initial temperature 50C (for 2 min), 8*C min~' ramp
to a temperature of 320*C (for 10min); inlet temperature 250°C
and transfer line temperature 260+C.

As a complementary tool, analysis on specially designed column
for FAMEs analysis (BPX70: 30 m = 0.22 mm = 0.25 mm from SGE)
for double bond position confirmation with authentic standards —
Supelco 37 Component FAME Mix (methyl esters of: linoleic acid
18:2n-6, c-linolenic acid 18:3n-3, cis-11,14-eicosadiencic acid
20:2n—6 and cis-11,14,17- eicosadienoic acid 20:3n-3), was per-
formed on selected samples. Oven temperature program was set
from 120°C to 260°C at arate of 10°Cmin~', injector temperature
280=C with split mode.

Analyses of cadmium in plant biomass

Plant samples were decomposed using the dry ashing proce-
dure. The ash was dissolved in 20 mL of 1.5% HNO; (v/v)(electronic
grade purity, Analytika Ltd., Czech Republic) and kept in glass tubes
until analysis. Aliguots of the certified reference material RM NC5
DC 73350 poplar leaves (purchased from Analytika, CZ) were min-
eralized under the same conditions for quality assurance. The Cd
concentrations were determined by [CP-0ES with axial plasma con-
figuration (Varian VistaPro, Varian, Australia).

The statistical analyses were performed using multivariate anal-
ysis of variance (MANOWVA) with multivariate F value (Wilks'
lambda). A MAMOVA was applied to identify the effect of
treatments, sampling period, ecotypes and their interactions as
independent variables, and contents of saturated and USFAs as
dependent variables. A MANOVA was followed by post hoc compar-
ison Tukey test (P< 0.05) and linear correlation and/or correlation
using function of the polynomial 3rd degree (B2 ). All analyses were
performed with Statistica 12.0 software (StatSoft, Tulsa, USA)

Results
Biomass yield and Cd accumulation

Cd accumulation in aboveground biomass of ecotypes of N.
caerulescens grown under Cd stress for 90 and 120 days are shown

in Fig. 1. Cd contents of biomass showed significant differences
among tested ecotypes of Noccaea sp. and among treatments. The
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Fig. 1. Cadmium accumulation in leaves of ecotypes of N. coerulescens exposed to various Cd concentrations in soil for 90 days and 120 days.

highest Cd content was found in the biomass of Me plants in con-
trast to Ga and Re plants. The toxic effect of Cd on plant growth
was confirmed only for treatment Cd3 and significant decrease of
yield was found after 120 days of plant cultivation (Table 1). The
highest yields of aboveground biomass were determined on Cd1
treatment of all ecotypes (30 mg Cd kg~ soil) and the significantly
highest yield of Me ecotype in comparison with Ga and Re was
shown.

Changes in the amounts of SFAs and USFAs of aboveground
biomass

Changes in the total amounts of SFAs and USFAs of above-
ground biomass of all ecotypes of N. casrulescens under Cd stress
are shown in Fig. 2. After 120days of plant cultivation, the SFAs con-
tent in Me and Ga ecotypes declined significantly with increasing
of soil Cd contamination (F?=0.94-1). The higher Cd contamina-
tion reduced the content of 5FAs of both ecotypes (45% and 30%
decrease compared to control, respectively) compared to control.
The opposite trends of the USFAs content of these plants were
confirmed (R?=0.94-0.97 ). The higher Cd rate stimulated the con-
tent of USFAs of both ecotypes (42% and 18% increase compared
to control, respectively). Our findings indicated an opposite effect
of Cd concentration on total SFAs and USFAs contents in ecotype
Re (28% increase, R2=0.99, and 29% decrease, R?=0.99-1 com-
pared to control, respectively). The changes of total FAs contents
after 90 days of plant cultivation were similar as presented
results.

Major 5FAs contained in plants of Braossicoceae sp., such as
lauric {12:0)., myristic (14:0), palmitic (16:0), stearic (18:0),
arachidic (20:0), behenic (22:0) and lignoceric (24:0) acids, were

Table 1

detected in all tested ecotypes (Table Z). Composition of SFAs
of Re ecotype differed from Me and Ga ecotypes by higher con-
tent of 24:0 FA (average of values B.OBwi¥ versus 3.36wi%,
Table 2).

Apart from these usual SFAs saturated very-long-chain fatty
arids (SVLCFAs) — cerotic (26:0) and montanic (28:0) acids
- have been found in all ecotypes. Melissic acid (30:0) was
determined only in Me ecotype (Table 3; MS spectrum of
SVLCFAs—supplementary material 51-53). Biosynthesis of detected
SFAs iz described on Fig. 3. These SVLCFAs (26:0, 28:0, 30:0)
were mainly presented in Me ecotype [(after 90 days of
cultivation—control treatment Me 4.81, Ga 1.38 and Re 190 wit% of
total FAs contents). After 120 days, percentage of 28:0 on all control
treatments increased and Cd treatments confirmed strong effect of
Cd contamination on this FA level. [ts decrease was determined in
contrast to control treatment. 30:0 FA was measured only in eco-
type MeZica. Percentage of 30:0 FA decreased with the extent of Cd
contamination.

Analyses of USFAs have confirmed 7,10-hexadecadienoic
(16:2n-6), 7.10,13-hexadecatrienoic (16:3n-3), 9,12-
octadecadienoic  (18:2n-6) and  9.12,15-octadecatrienoic
(18:3n-3) acids in all ecotypes (Table 4) (Fellenberg et al.,
1987). 11,14-eicosadienoic (20:2Zn—6) and 11,14,17-eicosatrienoic
(20:3n—3] acids were detected only in Cd treatments of Me and Ga
ecotypes [MS spectrum of USFAs — supplementary material 54-59).

The content of 18:3n—3 FA was higher in Me and Ga ecotypes
(both averages of values 35.0 wt¥ of total FAs content) than in Re
(29.8 wt% of total FAs; Table 3). After 90 days of plant cultivation,
the level of 18:3n—3 and 18:2n—6 FAs increased in Me and Ga eco-
types, while level of 16:0 FA decreased. The significant relationship
between contents of 18:3n—3 and 18:2n—6 FAs and Cd content of

Aboveground biomass yield (g dry matter per pot) of ecotypes of N, cearulescens grown under varying Cd concentrations (0, 30, 60, 90 mgCd kg '),

Ecotypes of N. cearulescens Treatment, mgCd kg~ Days after Cd application
an 120
0 1.6 2 0.01bc 29 £ 0.05f¢
n 2.2 £ 0.12cdefg 30+ 0.11F
Redlschlag &0 1.6 £ 0.07hed 1.0 & 0.37cdeg
90 1.5 2 0.03bc 1.5 + 0.02bcde
0 1620.11cd 215 + DAlefg
0 20£021f 24 & 0.37defg
Ganges &0 25 £ 0.15efg 2.1 4 0.18cde
a0 1.0 = 0.07ab 1.1 + 0.053b
0 1.2 2 0.01ab 14 + 0.02hc
) Nl 2.2 £ 0.06cdefz 514 014h
MeZica &0 1.1 £ 0.04ab 44 £ 004
a0 1.0 20012 1.2 + 0.03ab

Plants were harvested 90 and 120 days after Cd application.

Data represent mean 4 5.E of three replicates. Different letters in tables indicate significantly different values (< 0.05, in column) between FAs and treatment » sampling

period = ecotype calculated by MANDWVA
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Fig. 2. Total 5FAs and USFAs contents (% d.m.] of ecotypes of N. ceerulescens grown under varying Cd concentrations for 120 days.

Me and Re ecotypes was confirmed using linear regression (Me
R?=0.84; Re R*=0.61-1 for both FAs). This relationship is not sig-
nificant for Ga ecotype (R?=0.38-1 for both FAs). After 120 days of
Cd plant stress, the levels of 18:3n—3 and 18:2n—6 FAs increased in
Me and Ga ecotypes. The contents of 18:3n-3, 18:2n—6 and 16:0
confirmed strong linear correlations with Cd contents of Me and Ca
ecotypes (Me R2= 0.95 for both USFAs and R2=0.67-1 for 16:0; Ga
R2=0.98 for both USFAs and R? =0.94-1 for 16:0). Results showed
opposite trend for Re ecotype - decrease of 18:3n-3 and 18:2n-6
levels and increase of 16:0 level. The negative correlations of con-
tent of 18:3n-3 and 18:2n-6 (RZ=0.98-1 for both FAs), as well as
the positive correlation of 16:0 (R?=0.70) were calculated for Re
ecotype.

Fig. 3 has shown that hyperaccumulators synthesized essential
FAs with maximum efficiency with using only three desaturases.

Relationzhips among FAs composition and Cd contamination

Correlation coefficients (supplementary material 510-512) con-
firmed relationships among different FAs and also relationships
among FAs and Cd contamination. Correlations among different
SFAs and VLCFAs related to their feedback regulation. From cal-
culated correlation 12:0-14:0 and 5FAs with higher number of C
atoms in the aliphatic chain we can see the best adaptation of 5FAs
metabolism for Me ecotype. The maximum number of correlations
amaong 5FAs found for Me ecotype (511) showed the possibility of
close cooperation of SFAs metabolisms located in chloroplasts and
endoplasmic reticulum.

Correlation among SFAs and USFAs (Fig. 3) showed as regulation
of anabolic processes from 12:0 to 16:0, as regulation of catabolic
processes contributing to the optimal quantity of free USFAs for

Table 2
Profile SFAs of ecotypes of N. coerulescens treated with different Cd concentrations (0, 30, 60, @0 mg Cd kg ).
Treatment mgCdkg-! SFA
12:0 14:0 16:0 18:0 20:0 20 24:0
0 158 + 0.56abcd 079 £ 0.15ab 2564 + 0094bcde  1.20 4+ 0732 040 £ 0.01a 071+ 0.16abede 720 + 0.93efg
90 days 30 104 + 0153k 062+ 007ab 2273+ 010bcde 1654 004ab 028 £ 0001a 0.50 + D6cde 5091 + 0.09%hi
60 118+ 033abc 075+ 011ab 2135+ 033bcde 216+ 005b 051 +004a 114+ 00Fabcd  11.00 + 0.39def
He 90 124 £ 025abc 068 +£0.13ab 2276+ 1.0Gabede 170+ 047ab 033+ 0002 083+ 010e 10,17 £ 0.44i
i} 1.12 £ 050abc 057 £ 028Bab 2184 + 024bcde  1.56 4 0702 025+ 0002 052 + 022abed T.32 + 0. 2%efg
120 days 30 3132 038cd 138 £ 025ab 2853 £ 035bcde 1382 000ab 031 £004a 060+ 0.1 1bade 541 + 0.53fgh
60 255+ 096bcd 134 £ 08B3b 2627 + 07 2cde 1B5+ 001ab 031 +001a 076+ 00labede  B0B + 0.43ghi
90 206 + 0.61d 165+ 043ab 2700 £ 1.30e .66 + 0.12a 034+ 0123 073+ 024abede 047 £ 1.07cde
0 020 + 0.04a 046 +025ab 1854 + 1.00abc 237+ 050abc 028 £025a 018 + 0.005ab 370 + 0.20bcd
90 davs 30 029 + 0.07a 050 +006a 2248 + 202bcde 3342 03%bc 031 £003a 021+ 0Mab 372 + 0.30bcd
¥ 60 031 + 0.02a 055+ 003ab 19,00 + 0.58ab 352+ 07dabc  035+£003a 022+ 003ab 371 + 0.6bed
Ca 90 0326 + 0.1ab 044 £ 014ab 18561 £0.17ab 373+ 028abc 031 £031a 020+ 0.03abc 378 + 0.5abc
0 101 + 0.44abc 068+ 02ab 2701 + 16de 322+ 073abc 044 £018a2 027+ 011abc 4.14 + 0.53bcd
120 davs 30 058 + 0.26a 066 +014a 2237+ 205bcde 2972 063ab 026+ 001a 020+ 005 305 + 0.28hc
¥ 60 0322+ 0008ab 048 £ 0023b 2253 + 08Shodeb 2304 007abc 026 £006a 017 + 0Wlab 352 + 0.35%bcd
90 026 + 0.01a 044 + 001a 1908 £ 0.31ab 2481+ 038ab 029 £ 00052 016+ 00a 334 £ 021bc
0 1.7+ 025abcd 133 £ 010ab 2706 + 0.05cde 455+ 020bc 1316 +£002c 075+ 0.10de 320 + 0.005abc
90 days 30 081 £ 003abc  0BE £001ab 2437 + 260bcde 218+ 008ab 055+ 0082 040+ 07abed 218 + 0.2kab
60 032+ 007ab 045+ 0001ab 2249+ 315hcde 104+ 037ab 027 £001a 013 & 0a 201 + 0.25ab
90 045+ 005ab 067 £0053b 1326+ 035 5.06 + 0.30c 039 + 0053 022 + 0.1abcde 3.56 + 0.20abcd
Me i} 106+ 020abc 073 +£020a 2265+ 055hcde 247 +£ 005abc 3B £ 020b 1.05+ 0U10e 830 + 0.20ghi
120 davs 30 045+ 025ab 065+ 0052 2380+ 1.00abed 243+ 055b 027 £023a 023 + 0W5ab 200+ 021a
¥ 60 021 + 0.05a 039+ 001ab 2216 £ 0B8bcde 221+ 09%bc 026 £ 00053 0.12 + 00052 1LE1 £ 0.16ab
90 023 +004ab 042 £ 004ab 2120+ 04Tbode 158 4 0B0abc 027 £ 002a 012 + 0u5abc 084 + 0.13ab

Flants were harvested 90 and 120 days after Cd application. Results are expressed in percentage of total fatty acid (%). Method of SFAs identification - MS/KI (M5, mass

spectrum; KL Kovats retention index).

Data represent mean £ S.E. of three replicates. Different letters in tables indicate significantly different values (P<0.05, in column) between FAs and treatment = sampling

period x ecotype calculated by MANOVA,
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Table 3
Profile SVLCFAs of ecotypes of N. coerulescens treated with different Cd concentrations (0, 30, 60, 90 mg Cdkg '),
Treatment mg Cd kg ! SWLCFA
26:0 28:0 300
] 1.40 + 0.39abcd 050 £ 0.16abe nd”
204 30 1.98 + 0.01de 0,69 £ 0.02abod nd”
A5 Bl 3.55 + 0.41bcd 0.82 + 0.14abod nd”
e an 216 4 0.09f 1.49 £ 0.03abodef nd.”
] 407 4 0568 1.95 £ 0.36def nd”
120 days 30 206 4 0.14F 1.08 £ 0.02bcdef n.d
G0 196 4 0.16a 165 £ 0.17ef nd,
o 422107 cd 234 £ 0.17abode nd”
] 08T + 0.25ahc 051 £ 0.05abc nd”
90 days ElI] 1.01 4 0.14abcd 0.50 £ 0.08ab n.d
60 077 4 0.18ahe 054 £ 0.14ab nd.
ai 090 + 0.0%bcd 0.59 £ 0.10abed nd”
Ga ] 1.07 + 0.43abcd 0.80 £ 0.45abed nd.”
1204 30 0,72 + 0.09%b 035 £ 0.06a nd”
s Bl 063 + 0.08abc 033 £ 005 nd”
an 061 + 0052 033 £ 0.04a nd”
] 1.73 4+ 0.30abcd 2324 £ 0.35F 08440052
90 days 30 1.01 4+ 0.2%abcd 1.54 £ 0.40bcdef 067+0.11d
=] 0,50 + 0.04ah 0.46 £ 0.0Rabe .18 £0.068
" o 1.17 + 0.05abcd 1.53 £ 0.20cdef 0.36+002c
e ] 100 + 0.52ef 292 £ 0.40F 0.53+0,03d
120 days 0 083 + 0.15ahc 1.09 £ 0.10abod 0.30-£0.02bc
60 052 4 0.005ah 051 £ 0.07abe 0.26+£0001a
ai 043 4 0.08abcd 063 £ 0.0%abode 021 £0.04bc

Results are expressed in percentage of total fatty acid (%). Method of SVLCFAs identification - MS/KIL
Diata represent mean + 5.E. of three replicates. Different letters in tables indicate significantly different values (P< 0,05, in column) between FAs and treatment = sampling
period « ecotype calculated by MANDVA

" nd. - not detected.
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Fig. 3. Scheme of metabolic pathways of detected FAs.
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Table 4
Profile USFAs of ecotypes of N. coerulescens treated with different Cd concentrations (0, 30, 60, 30 mgCd kg 1),
Treatment mgCdkg ™' USFA
16:2 16:3 18:2 18:3 0K
1] 117 £ 0.02g 1.49 £ 0.07ef 26.35 + 0.05fg 3235 £+ 0062 nd.”
00 da 30 1.04 + 0.05fg 1.19 £ 0.14bcde I7.84 + 02 1hi 3377 £ 001F nd.”
¥ &0 1.13 + 0.01fg 1.42 £ 0.06ef 1377 £023e 2867 £ 007 cd nd.”
e a0 068 + 0.03bc 0.90 £ 0.03b 21304 & 005 2958 £ 0384 n.d.::
1] 079 + 0.005cd 0.97 £ 0.01bc 26,00 + 0.08fg 31.99 £ 0.008e nd.
120 days 30 098 + 0.01defg 1.20 £ 0.02bcde 2334 + 0.13de 2867 £ 032cd nd.”
&0 087 + 0.02cde 1.06 £ 0.03bcd 2241 £ 0.04cd I7.54 £ 0.15bc nd.”
20 047 + 0.02ab 0.56 £ 0.02a 2177 + 024 2643 £ 012 nd.”
1] 150 + 0.0Thi 2137 £ 0.0Zhi 3076 + 0.02h I7T6 £ 025k nd.”
00 days 30 204 + 0.03K 2185 £ 0.07j 1772 £ 0.1hi 33.30 £ 00O7F 0.34+003b
&0 218 + 0.081 3.02 £ 0.03j 2807 + 0.05k 3541 £ 0.1gh 0.18 + 0.008ab
90 1.85 + 0.0djk 246 £ 0.04i 2933 + 0.01dm 35.84 £ 0.03hi 0.62 +005cd
Gea 1] 146 + 0.03h 2.01 £ 0.008gh 1508 + 0.03F 3176 £ 008 nd.”
120 davs 30 154 £ 0.4k 214 007h 28.19 + 0.0%j 3451 £ 0.09fg 061+ 004 cd
¥ &0 156 + 0.03h 216+ 004h 2806 + 0.04jkl 35.40 + 0.01gh 0.53+003c
90 1.77 + 00045 246 £ 0.02i 30.22 + 0.02mn 36.96 £ 0.03ij 0.65+ 004 cd
1] 026 + 0.07a 0.39 £ 0.008a 17.19 + 0.07a 1336+ 03Ta nd.™
00 da 30 087 + 0.03cde 1.06 £ 0.04bcd 1562 + 052F 36.97 £ 0.B6ij 0.31+001b
¥s &0 080 + 0.07cdef 1.19 £ D.01bcde 28.36 + 035ijk 3937 £ 021Im 0.16+ 00052k
Me 90 152 + 0.4k 1.74 £ 0.07fg 28.55 + 04Tijk 38.63 £ 0.2kl 221+017e
1] 034 + 0.03a 048 £ 0.01a .22 £ 015 1976 £ 0244 nd.”
120 days 30 096 + 0.02defg 1.09 £ 0.06bcd I7.00 + 0.02gh 37.29 £ 0.004j 0.31+001b
&0 117 £ 0 g 1.37 £ 0.05de 28.52 + 0.03ijk 3961 £ 022 077 +0.03d
90 1.04 + 0.02efg 129 £ 0.01cde 20.86 + 0.14lmn 41.05 £ 001 m 0.27 £ 0.01b

Results are expressed in percentage of total fatty acid (%), Method of USFAs identification - 16:2, 16:3 - MS; 18:2, 18:3, 20:X - M5/EL
Data represent mean £ 5.E. of three replicates, Different letters in tables indicate significantly different values (P<0.05, in column) between FAs and treatment » sampling

period = ecotype calculated by MANOVA,
" Data represent E unsaturated C 20= C 20:2 +C 20:3 {unsaparatad peak],
" nd.- not detected.

lipid biosynthesis. Lipids are degraded by peroxidation of double
bonds under oxidative stress. The highest number of correlations
was found for Me ecotype in contrast to Ga and Re. During catabolic
process B-oxidation of VLCFAs to palmitic acid (16:0)is induced and
USFAs are formed from this FA (Fig. 3). These regulation processes
create the conditions for adaptation of FAs metabolism to Cd stress.

The content of USFAs is regulated by feedback. Plant synthe-
se5 USFAs from 5FAs (12:0, 14:0, 16:0) contained in chloroplasts
or USFAs are obtained by catabolic process of VLCFAs from endo-
plasmic reticulum or from 18:0 FA supplied from chloroplasts.
Correlation between USFAs (16:2n—6 and 16:3n—3) and 5FAs (12:0,
14:0, 16:0) were calculated for all ecotypes. 16:2n—6 and 16:3n-3
USFAs are the products of desaturases from 16:0 and they are used
as substrates for biosynthesis of different USFAs (S10-12].

Both ecotypes Me and Ga contained higher percentage of
16:2n—6 and 16:3n—3 in Cd treatments in contrast to control and
20:3n—3 was detected only in their Cd treatments. This finding was
not confirmed for Re ecotypes. For acclimation to oxidative stress
plants mainly need USFAs (18:2n—6, 18:3n—3). The percentage of
these USFAs increased in Me ecotype with Cd contamination. For
Ga ecotype this result was confirmed only for 120 days of plant
cultivation. For syntheses of 18:2n—6 and 18:3n-3, 16:2n—6 and
16:3n—3 were elongated in chloroplasts or 20:2n—6 and 20:3n-3
are oxidized in endoplasmic reticulum.

Relationships among FAs composition and treatment = sampling
period = ecotype

As it was calculated using multivariate analysis of variance
MAMOVA, contents of saturated and USFAs were significantly
affected by treatment (Wilks’ lambda 0.0000, F=57.8, P=0.0000),
sampling period (Wilks' lambda 0.0171, F=67.2, P=0.0000),
ecotype (Wilks' lambda 0.0000, F=645.5, P=0.0000) and treat-
ment x sampling period = ecotype (Wilks™ lambda 0.0000, F=25.1,
P=0.0000). Results showed the most significant effect of ecotype.

Discussion
Biomass vield and Cd accumulation

According to Lombi et al. (2000) and Roosen et al. (2003) dif-
ferent populations of N. caerulescens possess different levels of
Cd hyperaccumulation ability. Results of our pot experiment con-
firmed this finding. Accumulation of Cd in ecotypes decreased
in the order Me>Ga>Re. All ecotypes of N. caerulescens have
been identified as a Cd hyperaccumulators, which are defined by
Baker et al. (2000} as plants being able to accumulate more than
100 mg Cdkg—' (0.01%) in the shoot dry weight. The highest yields
of biomass were determined on Cd1 treatments. Our results are
consistent with the findings of other authors, According to Whiting
et al. (2000) in some of the Ganges populations, local adaptation
of mine ecotypes to soils highly contaminated with Zn, Pb and Cd
zeems to have occurred to such a degree that moderate concentra-
tions of Cd are actually required for optimal growth, a response that
may involve increased root allocation into Cd-enriched patches of
soil. Roosens et al. (2003) speculated that the growth stimulation
by Cd is specific to plants from the Ganges and according to these
authors it is possible that Cd has acquired a biological role in some
populations of N. caerulescens. The yields of tested ecotypes were
reduced only by Cd3 contamination (90 mgCdkg ') Our results
are consistent with our previous findings (Zemanova et al,, 2013,
2014) and correspond with those by Hasan et al. (2009), Pavlikova
et al. (2002, 2008) and Prochazkova et al. { 201 2) who reported that
excessive amounts of toxic elements in contaminated soil inhibited
plant growth and development due to their phytotoxicity. All plants
grew without chlorosis, leaf rolls and stunting, which are according
to Benavides et al. (2005) the main and easily visible symptoms of
Cd toxicity in plants.

Analysis of our results clearly showed that the degree of Cd
contamination affected the tested plants. We noticed not only
a quantitative biomass reduction, but also detected qualitative
changes in the fatty acid composition of leaves.
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Changes in the amounts of 5FAs and USFAs of aboveground
biomass

Under stress conditions, homeostatic regulation of the phys-
iological fluidity of membrane lipids is regulated by a balance
between the desaturation of FAs and the synthesis of membrane
lipids. Oxidative stress accelerates the desaturation of membrane
lipids and a result is increase in the level of unsaturation of FAs in
membrane lipids. An increase in the unsaturation of FAs depends on
the synthesis de novo of FA desaturases via the expression of genes
for these enzymes (Mikami and Murata, 2003; Los et al, 2013).
Plant tolerance under stress increases with the increased activities
of desaturases {Demin et al., 2008).

The main differences between FAs composition of N
caerulescens ecotypes Me and Ga from control and Cd treated
plants were shown by a dramatic decrease in the percentage of
5FAs, and an increase in the percentage of USFAs. Our findings
indicated opposite effect for Re ecotype. The percentage of differ-
ent FAs was remarkably dependent on Cd rates and plant ecotypes.
The results of Mouairi et al. (2006) indicated similar changes of FAs
in leaves of Brassica juncea grown under Cd stress. According to
Thompson et al. (1998) Cd enhanced lipoxygenase activity, which
responsible for catalyzing lipid peroxidation by using membrane
lipid components as substrates, particularly USFAs.

SFAs (12:0, 14:0) are precursors of different SFAs, mainly for
16:0. Efficient strategy of these SFAs regulation provides the ability
to overcome oxidative damage.

As a consequence of Cd-induced accumulation of ROS and
induced enzymatic peroxidase activities, USFAs (18:2, 18:3) in
plant membrane lipids may undergo peroxidation resulting in dam-
age and loss of membrane integrity. Verdoni et al. (2001 published
significant decrease of 18:3 FA and increase of 18:1 and 18:2 FAs
in primary leaves of tomato. Upchurch (2008) reviewed that in
stress tolerant plants the degree of membrane lipid unsaturation,
principally FA 18:3 content decreases in response to heavy metal
stresses. Our results supported this finding only for Re ecotype,
but they showed opposite trend mainly for Me ecotype. The per-
centage of FA 18:3 in Me ecotype was increased with degree of
Cd contamination. FA 18:3 is mostly associated with galactolipids
which account for more than 85% of thylakoid lipids and that these
lipids are crucial for photosynthetic activities (Le Guédard et al,,
2012). For plant growing under oxidative stress FA 18:3 is substrate
rapidly degraded into metabolites, which lead to the production of
jasmonic acid and oxylipins regulating growth and plant develop-
ment (Savchenko et al., 2014). FA 18:1 determined in tested plants
below detection limit showed higher tolerance of all ecotypes to
oxidative damage. Source of three double bonds (18:3) in contrast
to one double bond (16:1 and 18:1) is more effective in plant stress
defense. Reduction of FA 18:1 percentage allows use of assimilated
C into compounds which can be catabolized.

In plants, VLCFAs (from 26:0 to 30:0) are synthesized by succes-
sive addition of two carbon units to 16 or 18 fatty acid substrates
by an elongation system (Fig. 3). The elongating enzymes are
membrane-associated and organized in a complex referred to as
the elongase (Moon et al., 2004). Genes of these VLCFAs have been
identified in different plants, although VLCFAs were not detected.
These genes known as sleeping genes were induced in tested eco-
types by phylogenetic development under selective pressure of
contaminated sites. VLCFAs allow accumulation of energy supply
in compounds which are rapidly catabolized into acyl-CoA. Accord-
ingto Xiao and Chye (2011}, an acyl-CoA pool in the membrane and
their recombinant proteins could bind various acyl-CoA esters such
as 16:0-CoA, 18:1-CoA or 20:4-CoAin vitro. 18:2-CoA and 18:3-CoA
are the precursors in phospholipid membrane repair.

Biosynthesis of VLCFAs decreases amount of energy necessary
for plant growth and development. Catabolic processes of these

FAs decrease plant sensitivity to environmental stress. Our results
showed that Cd inhibited the elongation step from 28:0 to 30:0
in Re plants. This finding reflects different sensitivities of tested
ecotypes to Cd stress.

The results observed in tested ecotypes, showed that mainly Me
ecotype has an efficient defense strategies which can be related on
changes in FAs composition, mainly in VLCFAs synthesis.

In conclusion, our hypothesis was supported by results of the
pot experiment which confirmed that ecotypes of M. caerulescens
growing under selective pressure of geographically distinct con-
taminated places differed in physiological performance. Our
hypothesis was confirmed using multivariate analysis of variance.
The results of analysis showed the most significant effect of ecotype
on composition of FAs. The comparison between hyperaccumu-
lator ecotypes showed significant differences of FA composition
related to Cd chronic stress. Hyperaccumulators contained 5FAs
little occurring in plants, as are 26:0, 28:0, 30:0 acids, and USFAs,
as are 16:2, 16:3, 20:2 and 20:3. The results showed that mainly
Mezica ecotype has an efficient defense strategies which can be
related to changes in FAs composition, mainly in VLCFAs synthesis.
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Erratum

Erratum to “Fatty acid profiles of ecotypes of hyperaccumulator @ sk
Noccaea caerulescens growing under cadmium stress”
[J. Plant Physiol. 180 (2015) 27-34]

Veronika Zemanova?, Milan Pavlik®, Pavlina Kyjakova©, Daniela Pavlikova®*

2 Department of Agro-Environmental Chemistry and Plant Nutrition, Faculty of Agrobiology, Food and Notural Resources, Czech University of Life Sciences
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" |entope Laboratory, Institute of Experimental Botany, Acodemy of Sciences of the Czach Republic, Videfiskd 1083, 14220 Prague, Crech Republic

¢ Institute of Orgonic Chemistry and Biochemistry, Acodemy of Sciences of the Czech Republic, Flemingowo 2, 166 10 Prague, Czech Republic

The authors regret the following error: An incorrect classification of plant Noccaea caerulescens from Mezica has been used in the above
mentioned publication.

The correct classification is Noccaea prascox Wulfen.

Our incorrect classification was based on a botanical taxonomy and the finding of Peer et al. (2006) in paper Assessment of plants
from the Brassicaceae family as genetic models for the study of nickel and zinc hyperaccumulation (New Phytologist (2006) 172: 248-260)
defined Noccaea from MeZica as N. coerulescens. Likar et al. (2010) have shown that N. praecox is a closely related species to N. caerulescens
and two N. caerulescens seeds obtained from material collected in Mezica in northern Slovenia (Peer et al., 2006) were classified using
molecular analyses as N. praecox.
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Changes in the contents of amino acids and the profile
of fatty acids in response to cadmium contamination in spinach
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ABSTRACT

Changes of amino acid (AAs) contents (glutamic acid — Glu, aspartic acid — Asp) and fatty acids profile (FAs) in
spinach under cadmium (Cd) soil contamination (Cdl = 30, Cd2 = 60, Cd3 = 90 mg/kg soil) are reported here.
Spinach plants were sampled 25, 40, 55 and 75 days after sowing. Growing Cd soil contamination was associated
with the strong inhibition of above-ground biomass (23.5-6.3 g dry matter per pot) and with the enhancement of
Cd content (0.60-72.38 mg/'kg dry matter) in leaves. During 55 days of plant growing the increase of Glu and Asp
content was associated with the enhancement of Cd content. The highest accumulation of AAs was determined on
Cd3 treatment after 55 days of cultivation. Strong decreases of both AAs were confirmed in the last sampling peri-
od for Cd treatments (reduction of Glu content of Cd3 treatment to ca. 64% and Asp content to ca. 72% in contrast
to control). The content of saturated fatty acids increased (mainly palmitic acid) and the content of unsaturated
fatty acids decreased in spinach aboveground biomass with increasing Cd concentration. Results of multivariate
analysis of variance MANOVA showed the significant effect of Cd contamination for FAs metabolism, but the most
significant effect was confirmed for plant growing period.

Keywords: abiotic stress; heavy metals; peroxidation of lipids; Spinacia oleracea L.

Cadmium (Cd) is a heavy metal released into the
environment by thermal power and heating plants,
metal industries, urban traffic, sewage sludge
and phosphate fertilizers (Pavlikova et al. 2002a,
Vollmann et al. 2015). Plants have no metabolic
requirement for Cd, however it is relatively easy
available to plants. A frequent outcome following
exposure to Cd is the overproduction of reactive
oxygen species, potentially causing oxidative dam-
age in plant cells and thus requiring the interven-
tion of antioxidant defense systems (Sandalio et
al. 2001). Cadmium induces oxidative stress in
plants by blocking essential functional groups in
biomolecules and by indirect mechanisms such as

interaction with the antioxidant defense system,
disruption of the electron transport chain or in-
duction of lipid peroxidation (Cuypers et al. 2010).
It decreases water stress tolerance of plants. The
accumulation of Cd in plant tissues caused dam-
ages to the photosynthetic apparatus; it inhibited
photosynthesis by increasing stomatal and meso-
phyll resistance to carbon dioxine uptake (Gallego
etal. 2012). The reduction in photosynthetic rate
led to a limited supply of metabolic energy and
therefore to nitrogen (M) assimilation restriction.
MNitrogen flow through amino acids can change in
response to Cd stress. Plants that were exposed
to toxic elements have also been shown to ac-
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cumulate specific amino acid {AAs), which may
have beneficial functions and play various roles
in plants (Xu et al. 2012b, Pavlikova et al. 2014a).

The visual symptoms of Cd toxicity in plants
are chlorosis and necrosis of leaves, browning of
roots and cell apoptosis. The chlorosis may be due
to Fe deficiency, because Fe binding in spinach
is affected by Cd accumulation (Pavlikova et al.
2002b, Martin et al. 2012). Cadmium is chemically
similar to certain metal elements, including Fe,
Zn, Mn, Mg and Ca, and, therefore, can displace
these elements from metalloproteins (Verbruggen
et al. 2009, Lux et al. 2010). The elements, such as
Fe, Zn and Mn are cofactors of metalloenzymes
(for example superoxide dismutase, cytochrome
P450) and their contents related to plant defense
against oxidative stress (Cakmak 2000).

Cadmium stress induced leaf senescence. During
senescence activity of the plant hormones are
changed and chlorophyll and proteins are degraded.
Declining photosynthesis and continued active ex-
port of sugars combine to make senescing tissues
increasingly carbon-starved. Amino acids derived
from proteolysis are an important source of carbon
skeletons. Glucogenic AAs give acetyl-CoA to stress
metabolism. Simultaneously lipids are degraded
into glycogen and free fatty acids (FAs), from which
acetyl-CoA arises by B-oxidation. Acetyl-CoA is
the initial substrate for synthesis of FAs and several
AAs. For this reason the aim of this study was to
characterize changes in metabolism of transfer AAs
and FAs composition in spinach in relationship to
plant growing period and to Cd stress.

MATERIAL AND METHODS

Adaptation of spinach (Spinacia oleracea L. cv.
Matador) plants to excessive Cd levels in soil was
investigated in pot experiment repeated for two
years. For this experiment, 20 spinach seeds were
sown into plastic pods containing soil mixture as
specified below. The plants (10 plants per pot) were
cultivated from April to June under natural light
and temperature conditions at the experimental
hall of the Czech University of Life Sciences Prague,
Czech Republic. The water regime was controlled
and the soil moisture was kept at 60% MWHC
(maximum water-holding capacity).

For cultivation of spinach plants, 5 kg of
Chernozem soil (pH . = 7.2, C__ = 1.83%, CEC

156

(cation exchange capacity) = 258 mmol  /kg) was
thoroughly mixed with0.5g N, 0.16 gP,and 0.4 g
K applied in the form of ammonium nitrate and
potassium hydrogen phosphate for control treat-
ment and with the same amount of nutrients plus
cadmium (applied in Cd{NO,},-4 H,0) for treated
variants. Three concentrations of Cd (Cd1 = 30,
Cd2 = 60, Cd3 = 90 mg/kg) were applied. Each
treatment was performed in three replications
every year. The presented data are the average
of both experimental years. Spinach plants were
sampled 25, 40, 55 and 75 days after sowing.

The free amino acids from methanol + H,O extracts
from mature leaves were determined using EZ-faast
amino acid analysis procedure (Phenomenex, Santa
Clara, USA). Samples were analyzed for A As contents
by GC-MS using the Hewlett Packard 6890M/5975
MSD (Agilent Technologies, Torrance, USA). Samples
were separated on a ZB-AAA 10 m x 0.25 mm
AA analysis GC column using the constant carrier
gas (He) flow (1.1 mL/min) {Pavlik et al. 2012).

For analyses of Cd contents plant samples were
decomposed using the dry ashing procedure. The
ash was dissolved in 1.5% HNO,. Aliquots of the
certified reference material RM NCS DC 73350
poplar leaves (purchased from Analytika, Czech
Republic) were mineralized under the same condi-
tions for quality assurance. The Cd concentrations
were analyzed by ICP-OES ( Varian VistaPro, Varian,
Mulgrave, Australia).

Overall content of fatty acids (free and derived from
various lipids) was determined after their conver-
sion to respective methylesters (FAMEs). Samples
of fresh biomass {~0.2 g} were extracted by 2 mL
of CH,OH + CHCI, (3:2, v/v) on a shaker for 24 h.
Acid catalysed transesterification of FAs with ace-
tylchloride according to the method of Stransky and
Jursik (1996) was carried out. The content of FAMEs
was measured by GC-MS (Thermo Scientific DSQ) 11
Single QuadrupoleGS-MS, Thermo Fisher Scientific,
Waltham, USA) with a nonpolar column Zebron
ZB-530m = 0.25 mm x 0.25 pm (Zemanovi et al.
2015). FAs were determined in biomass sampled
after 25 and 55 days of plant growing. For the lack
of biomass it was not possible to determine FAs in
Cd3 treatment. Individual FAMEs were identified
by their mass spectra fragmentation as well as their
coelution with synthetic standards (Supelco 37).
The percentage of saturated fatty acids (SFAs) and
unsaturated fatty acids (USFAs) was compared for
control and treated plants.
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The statistical analyses were performed using
multivariate analysis of variance (MANOVA) with
multivariate F-value (Wilks' lambda). A MANOVA
was applied to identify the effect of treatments
and growing period and their interactions as in-
dependent variables, and contents of Cd, yield of
biomass, free AAs and FAs as dependent variables.
A MANOWVA was followed by the post-hoc com-
parison Tukey's test (P < 0.05). All analyses were
performed with Statistica 12.0 software (StatSoft,
Tulsa, USA).

RESULTS AND DISCUSSION

The results of the pot experiment revealed the
toxic effect of Cd on spinach plants. Plant response
to excessive Cd content in soil was assessed on
the basis of a decreased spinach dry matter and
increased concentrations of this elements in the
aboveground biomass (Figures 1 and 2). Growing
Cd doses (from 30-90 mg Cd/kg soil) were asso-
ciated with strong inhibition of the aboveground
biomass (23.5-6.3 g per pot after 75 days) and with
enhancement of Cd content (0.60-72.38 mg/kg
after 75 days) in leaves. Compared to the untreated
control, the biomass yield of Cd3 treatment was
reduced to ca. 27% while the Cd content in aboveg-
round biomass was enhanced up to 120-fold. No

E
meoontrol [Cdl god? gods
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Yield of biomass

b

]

(days)

Figure 1. Aboveground biomass yield (g dry matter
per pot) of spinach aboveground biomass. Explanation
for Figures 1-4: Spinach was grown under varying Cd
concentrations (0, 30, &0, 90 mg Cd/kg). Plants were
harvested after 25, 40, 55 and 75 days of spinach culti-
vation. Data represent means + standard error of three
replicates every year (n = 6). Different letters indicate
significantly different values (P < 0.05) between treat-
ment * growing period calculated by MANOWVA
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Figure 2. Cadmium {Cd) accumulations in aboveground
biomass of spinach (mg/kg dry matter)

significant differences in the biomass yields and
Cd contents in plants were observed between in-
dividual experimental years. Our data correspond
with those by Pavlik et al. (2010}, Pavlikovi et al.
(2014a) who reported that excessive amounts of
toxic elements in contaminated soil inhibited plant
growth and development due to their phytotoxicity.
The damage caused by Cd led to senescence and
to the bleaching of chlorophylls at Cd3 treatment.
Magnesium in chlorophyll is replaced with Cd
(Kupper et al. 1998). The visual symptoms of Cd
toxicity — chlorosis and necrosis of leaves were
confirmed for example by Pavlikova et al. (2008)
and Martin et al. (2012).

Plants exposed to toxic metals accumulated spe-
cific AAs, which may have beneficial functions and
play various roles (Xu et al. 2012a, 2012b, Pavlikova
et al. 2014a,b). Chaffei et al. (2004} suggested that
an increase in the proportion of high N:C by A As,
is a protective strategy in plants. Consistent with
this hypothesis, our analyses indicated the accu-
mulation of a large amount of glutamic acid (Glu)
and aspartic acid (Asp) in Cd treatments in 55
day of plant cultivation (Figures 3a,b). The high-
est accumulations of both AAs were determined
on Cd3 treatment after 55 days of cultivation.
Glu and Asp are used to transfer N from source
organs to sink tissues and to build up reserves
during periods of N availability for subsequent use
in growth, defense, and reproductive processes.
Strong decrease of both AAs were confirmed in
the last sampling period for Cd treatments (after
75 days of plant growing). Glu content of Cd3
treatment was reduced to ca. 64% of the control
treatment. Asp content was decreased to ca. 72%.
This decrease related to the interaction of onto-
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Figure 3. The concentrations
of (a) free glutamic acid (GLU)
and (b} free aspartic acid (ASP)
in the aboveground biomass of
spinach {(mmol/kg fresh mat-
ter (FM))
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genetic period and effect of Cd stress. Changes of
Asp contents were less significant in contrast to
Glu, because Glu is used in the synthesis of gluta-
thione and phytochelatins in plant cells (Vitdria et
al. 2001). According to Zemanovi et al. (2013) the
declines of contents of both AAs can be caused by
intensive syntheses of plant defense elicitors. Pavlik
etal. (2012) confirmed that contamination of heavy
metals caused depletion in the pools of free Gluand
Asp in lettuce plants growing for 75 days.

As it was calculated using the multivariate analy-
sis of variance MANOVA, contents of Cd, Asp,
Glu and yield of biomass were significantly affect-
ed by treatments (Wilks' lambda 0.003, F = 226.2,
P = 0.00%), growing period (Wilks' lambda 0.33,
F=77.6,P=0.00") and treatments « growing period
(Wilks' lambda 0.044, F= 17.33, P = 0.00%). The results
showed the most significant effect of treatments.

The comparison between treatments showed
significant differences of FAs composition related
to Cd stress only in 25% day of plant cultivation
(Figure 4). The Cd contamination the increased
the content of saturated fatty acids (by 44% for
Cdl and 94% for Cd2) compared to control. Our
results from the 55t day of plant cultivation con-
firmed increase only by 16% for both Cd treat-
ments. SFA contained in plants — palmitic acid
(16:0) was detected in all treatments and in both
sampling periods. Arachidic acid (20:0) was only

188

detected in control treatment in day 25 of plant
cultivation (Figure 5).

Analyses of unsaturated fatty acids have con-
firmed 7,10,13-hexadecatrienoic (16:3n-3),
9,12-octadecadienoic (linoleic acid, 18:2n-6) and
9,12,15-octadecatrienoic (a-linolenic acid, 18:3n-3)

100 _ |:|SI-'A5 B V5FAs
b
a
= 804
=
E
= &0
E.
40
=4
3
0
o
contral | Cdl Cd2 contraol | Cdl | Cdz2
5 {dn} 5) 55 (days)

Figure 4. Total saturated fatty acids (SFAs) and unsatu-
rated fatty acids (USFAs) contents of spinach. Expla-
nation for Figures 4 and 5: Spinach was grown under
varying Cd concentrations (0, 30, 60, 90 mg Cd/kg).
Plants were harvested after 25 and 55 days of spinach
cultivation. Data represent means * standard error of
three replicates every year (n = 6). Different letters in-
dicate significantly different values (P < 0.05) between
treatment = growing period calculated by MANOVA

59



Plant Soil Environ.

Vol. 61, 2015, No. 6: 285-290

BD Oled gles gle2 pglea |:|2I}IZI

[
ad

Caontent (% d.an, FM)

1

doi: 10.17221/274/2015-PSE

Figure 5. Profile saturated
fatty acids and unsaturat-
ed fatty acids contents of
spinach
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acids in all treatments. Decreases of USFAs per-
centage were detected for 16:3n-3 and 18:3n-3
FAs in both Cd treatments. 16:3n-3 USFA is the
product of desaturases from 16:0 and it is used
as substrate for biosynthesis of different USFAs
(Zemanova et al. 2015). For acclimation to oxida-
tive stress plants mainly need USFAs — 18:2n-6,
18:3n-3. The percentage of 18:2n-6 FA increased
in plants with Cd contamination. In accordance
with our results Verdoni et al. (2001) published
a significant decrease of linolenic acid (18:3) and
increase of 18:1 and 18:2 FAs in primary leaves of
tomato. Upchurch (2008) reviewed that in stress
tolerant plants the degree of membrane lipid un-
saturation, principally linclenic acid decreases
in response to heavy metal stresses. Our results
supported this finding. For plant growing under
oxidative stress linolenic acid is substrate rap-
idly degraded into metabolites, which lead to the
production of oxylipins, for example jasmonic
acid regulating growth and plant development
(Savchenko et al. 2014).

As it was calculated using the multivariate
analysis of variance MANOVA, contents of SFAs
and USFAs were significantly affected by variants
(Wilks' lambda 0.067, F = 35.53, P = 0.00%), growing
period (Wilks’ lambda 0.201, F = 49.2, P = 0.00%)
and variants » growing period (Wilks" lambda
0.119, F = 23.60, P = 0.00%). The most significant
effect was confirmed for plant growing period.

Zemanovi et al. (2015) clearly showed impor-
tance of a relationship between Cd accumulation
and the FAs composition in Cd hyperaccumulator
Noccaea caerulescens. According to these results
SFAs decrease and USFAs increase in biomass of
N. caerulescens with increasing Cd concentration
is a typical feature of plants resistant to Cd stress.

control

|

An opposite trend of FAs content was determined
in spinach biomass — non hyperaccumulating
plant. The results of Nouairi et al. (2006) indi-
cated similar changes of FAs in leaves of Brassica
juncea grown under Cd stress. The comparison
between hyperaccumulator and spinach showed
significant differences of FAs composition related
to Cd chronic stress. The number of identified FAs
in spinach biomass was very low compared to the
hyperaccumulator. Saturated very-long-chain fatty
acids (VLCFAs) were found only in hyperaccumu-
lating plants. Biosynthesis of VLCFAs decrease
the amount of energy necessary for plant growth
and development. Catabolic processes of these
FAs decreased plant sensitivity to environmental
stress. This finding reflects that hyperaccumula-
tor in contrast to spinach has an efficient defense
strategy relating to changes in FAs composition.

The results of our experiment showed changes in
transfer A As contents (the highest accumulation of
AAson Cd3 treatment after 55 days of cultivation)
and in FAs composition (significant increase of

55 (da}'s]

palmitic acid) in spinach in relationship to grow-
ing Cd soil contamination. Multivariate analysis of
variance confirmed a significant effect of growing
period of plants to these changes. For this reason
investigation of changes in the plant metabolism
is necessary to test in long-term conditions.
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The higher Re plant ability to take in some cations is a result of selective pressure due
to contamination. Different ion uptake by plants affected the activities of
metalloenzymes. Significant increases in the glutamic acid/proline ratio resulted from
higher adapficn of the Me in contrast to the Re plants.

Reviewer #3:

The aim and hypotheses were formulated:

The aim of this study was to characterize changes in nitrogen metabolism, elements
content, fatty acids and gas-exchange parameters of two Noccaea species - Noccaea
prascox and Noccaea caernulescens (from serpentine group) - growing under strong Cd
stress. Our objectives are: (1) to confirm differences among tested parameters for
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Abstract

The two Noccaea species - Noccaea praecox originating from MezZica, Slovenia (Me) ( Pb, Zn, Cd pollution) and
Noceaea caerulescens from Redlschlag, Austna (Fe) (hugh levels of Ni, Cr, Mg) were studied to compare Cd
accumulation and tolerance. After 120 days of plant cultivation in Cd-contaminated soil (90 mg Cdkg? soil),
gas-exchange parameters (e.g.. net photosynthetic rate, transpiration rate, stomatal conductance, and intercellular
CO: concentration), fatty acids, and selected macro- and microelements were determined in addifion to N
utilization by plants. The comparison between ecotypes showed that Cd stress resulted in similar changes in gas-
exchange parameters. Contrasting responses of plants to Cd contamination were confirmed by the macro- and
microelement contents and fatty acid and amino acid metabolism. Significantly higher accumulations of Cd and
strong decreases in the levels of K, Ca, Na and Fe were observed in the Me plants in contrast to the Fe plants.
The higher Be plant ability to take In some cations is a result of selective pressure due to contamination.
Different 1on uptake by plants affected the activities of metalloenzymes. Significant increases in the glutamic

acid/proline ratio resulted from higher adaption of the Me in contrast to the Fe plants.

Eeywords: Adaption to Cd stress; Amine acids; Heavy metal; Lipids; Nutrient metabolism;
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Introduction

Cadmimum 15 a heavy metal that 1s released mto the environment by thermal power and heating plants, metal
industries, cement factories, urban traffic. sewage sludge and phosphate fertilizers (Gratiio et al. 2003). High
concentrations of Cd in the soil can be toxic to plants. In leaves, concentrations of Cd that are higher than 5-10

pg.—g! DW are toxic to most plants (White and Brown 2010; Lux et al. 2011). However, some species can

hyperaccumulate Cd to concentrations in excess of 100 pug g' DW in their leaves without showing any negative
symptoms (Baker et al. 2000).

Cadmium can enter the plant through nonspecific cation channels as well as through different divalent cation
transporters, competing with essential mineral nutrients for absorption (Verbruggen et al. 2009; Lux et al. 2011).
Therefore, the uptake and dismbution of essential mineral nuinents, such as Fe, Ca, Mg and K, can be seversly
disturbed in the presence of high levels of cadmium (Martin et al. 2012).

Cadmium induces oxidative stress in plants by blecking essential fimctional groups in biomolecules and by
indirect mechamisms such as interaction with the antioxidant defense system, disruption of the electron transport
chain or induction of lipid peroxidation {Cuypers et al. 2010). Plants exposed to Cd had elevated levels of
mitochondrial ROS production, indicating that this organelle had become dysfunctional (Heyno et al. 2008). This
element has been shown to be one of the most effective mhubitors of photosynthetic activity (Gallego et al
2012). It can enter chloroplasts and distarb chloroplast function by inhibiting the enzymatic activities mvolved in
chlorophyll biosynthesis, pizgment—protein complexes, the Oz-evolving reactions of photosystem II electron flow
around photosystem I and chloreplast structure (Ying et al. 2010; Molins et al. 2013 etc.). Cd reduced the
photochemical processes more in older leaf segments than in younger cnes, but the functional status of the dark
phase of photosynthesis was more strongly diminished in younger ones (Drazkiewicz and Baszyaski 2003).
According to Perfus-Barbeoch et al. (2002), stomatal closure, damage to the photosynthetic machmery and
interference with pigment synthesis cause a general depression of photosymthefic efficiency, lowenng the
effective quantum yield. Moreover, by inlibiting enzymes involved in CO, fixation, Cd decreases carbon

assinulation. Cadoium at low concentrations induced net photosynthetic rate {Py). content of chlorophyll and

carotenolds in hyperaccumulator Lonicera japonica (Jia et al. 2013). The results of Dias et al. (2013) indicated

(E) and stomatal conductance (g;). According to Deglinmocent: et al. (2014} the reduction m Py observed in Cd-

reated plants Lycopersicon esculenfum was not linked to stomatal limitation as it was also indicated by the

unchanged COs intracellular concentration (C;). Nwugo and Huerta (2008) found high Ci value for nce seedlings
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also due to an imhibition of Calvin cycle enzymes and/or an mmhibition of the photosynthetic electron transport

chain. The increase of C; may be explamed by modifications of FuBisCO activities of plant (Redondo-Gomez et

al.. 2011). According to Leitenmaier and Kipper (2011}, hyperaccummlator plants have to store the excess metal
in such a way that it does not harm important enzymes and especially not photosynthesis. It has been shown that
high amounts of metals are stored specifically in the vacucles of large epidermal cells (Kiipper et al. 1999; Frey
et al. 2000; Kiipper et al. 2001}, where no chloroplasts are located so that photosynthesis cannot be inhibited.

The comparison between hyperaccumulators and non hvpeaccumulating plants showed sismficant differences of

fatty acids (FAs) composition related to Cd chromic stress. Lipid changes in Brassica juncea. the well known

Cd-hyperaccummlator specie. revealed a more stability of its cellular membranes to cadminm-stress as compared

declimed in B. napus (Nouain et al. 2006).The number of identified FAs in spinach biomass was verv low

compared to hyperaccumulator MNoccaea casrulescens. Saturated very-long-chain fatty acids (VILCFAs) have

been found only in hyperaccummlating plants. Biosynthesis of VLCFAs decreases amount of energy necessary

for plant orowth and development. Catabelic processes of these FAs decrease plant sensitivity to environmental

stress {Femanova et al. 2015a 2015b]).

Several studies have focused attention on the role of the amino acids in metal tolerance of plants. The amino

that histidine accummlation is responsible for mickel hyperaccummlation in 4lyssum. Salt et al. (1999) observed

the presence of a Ni-histidine complex in the xylem sap of N, casrulescens. Proline (Pro) plaved a role i the
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s Hyperaccumulators of toxic
elements are highly attractive model orgamsms because they have overcome major physiological problems that
limit metal accumulation in biomass and have toxic element tolerance (Verbmggen et al. 2009; Ueno et al.

2011). In the presented studv. two Neccoea species - N caerulescens and N praecox were cultivated to

imvestigate the effect of strong Cd-polluted soil on plant metabolism. Intemal transcribed spacer (ITS) tDINA

sequences from N proecox populations from Slovema showed 99% simulantv and formed a sister smoup to N

cagrulescens. Evolutionary development of extracrdinary Cd hyperaccumulation abilities in particular N

raecox populations mav be closely related to the levels of this element in the soil (Tikar et al. 20100, Sinularly

studies of N. caerulescens, which showed that ecofypes srowing naturally in low Cd-containing soils have much
lower hyperaccumulation capacity compared to the ecotypes growing in high Cd-containing soils (Gonneau et al.
2014)

s

under strong Cd stress.

Material and methods

Plant material and cultivation conditions

In the pot expeniments. Noccasa prascox (formerly Thlaspi prascox Wulfen) from MeZica, Slovenia (Me) and
Nececaea caerulescens (formerly Thlaspi caerulescens J. & C. Presl, FK Mey) from Fedlschlag, Anstria (Be)
were used. The MeZica mining district source area is characterized by the presence of ore mimerals of
geogenic/technogenic origin (cerussite, sphalerite, smithsonite and galena). The environs of MeZica are strongly
polluted with Pb and Zn. Because Cd is found as a trace element in sphalerite and smithsonite, its content

correlates with that of Zn (Gosar and Miler 2011}). The bedrock of Redlschlag is composed of serpentine, which
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contains kegh levels larse amouts of Ni and Cr and some Zn and Co. Because the soil pH 1s neutral (approx. pH
6.53), the main problems for plants are low concentrations and availability of micronuirients, although Mg is
abundant (46,400 mg Mg=kg'— Puschenreiter et al. 2005).

For the cultivation of Noceaea plants (2 plants per pot), 3 kg of soil (from the non-polluted site Prague-Suchdol,
Chemozem — pH=7.2, CEC=238 mmolpsmkg, Cop=1.8%, Cdr =042 mg-kg™’} was thoroughly mixed with
muirients (0.3 g N, 0,10 g P, and 0.24 g K applied m the form of NH4NO; and E;HPO4) as the control freatment
and with the same amount of nutrients plus Cd (CA(NO:), 4H.0) at 90 {C4 mg Cd--kg! for treated vaniants. The
water regime was controlled, and the soil moisture was kept at 60% MWHC (maximum water-holding capacity).
Each treatment was performed in five replications. Plants were harvested 120 days after Cd application. Samples
were kept frozen mn liquid nitrogen for transport and then at —30 °C until extraction.

Analyses

Determination of gas-exchange parameters

The net photosynthetic rate (Py), transpiration rate (E), stomatal conductance (g,), and mtercellular CO,
conceniration (C;) were measured in the leaves in sitw using the portable gas-exchange system LCpro+ (ADC
BioScientific Ltd.., Hoddesdon, Great Bntan) from 10:00 to 11:30 Cenfral European summer fime. The
iradiance was 395 pmol-m-57! photosynthetically active radiation, the temperature in the measurement
chamber was 22.7 °C, and the duration of the measurement of each sample was 13 mun after the establishment of
steady-state conditions inside the measurement chamber (Pavlikova et al. 2014).

Analysis of free amino acids in plant biomass

The amino acids in methanel+H>0 extracts were determined using the EZ-faast amine acid analysis procedure
(Phenomenex, U.5 A). Amine acid content was analyzed by GC-MS using a Hewlett Packard 6890N/3075 MSD
(Agilent Technologies, USA). Samples were separated on a ZB-AAA 10 m x (.25 mm amine acid analysis GC
column using constant carrier gas (He) flow (1.1 ml--min?). The oven temperature program was as follows:
initial temperature 110 °C, 30 °C min™ ramp to 320 °C. The temperature of the injection port was 280 °C. A total
of 1.5-2 ul sample was injected in split mode (1:15, v/v). The MS conditions were as follows: MS source 240 °C,
MS quad 180 °C, auxiliary 310 °C, electron energy 70 eV, scan m/'z range 43-4350 and sampling rate 3.5 scane-s!
{Pavlik et al. 2012).

Determination of fatty acids

Samples of fresh biomass (~0.2 g) are extracted in 2 ml of methanol + chloroform (3:2, v/v) on a shaker for 24

hours. Transesterification of fatty acids was performed in the supematant according to method of Stransky and
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Jursik (1996a.b). The content of methyl esters of fatty acids was measured by GC-MS (Thermo Scientific DSQ
II Smgle Quadrupole G5-MS, Thermo Fisher Scientific) with a nonpolar column Zebron ZB-3 30 m x 0.25 mm
x 025 pm. The injection volume was 1 pl of sample in a splitless mode. The carmer gas was helium (He, purity
5.0y with a constant flow rate of 1 ml/min. The temperature program of oven: inifial temperature 30 °C (for 2
min), & °C mun' ramp fo a temperature of 320 °C (for 10 min); inlet temperature 250 °C and transferline
temperature 260 °C.

Analyses of cadmium and additional elements i plani biomass

Plant samples were decomposed using the dry ashing procedure as follows: an aliquet (~1 g} of the drned and
powderad biomass was weighed in a boresilicate glass test tube and decomposed in a mixture of oxidizing gases
(0:+05+NO,) at 400 °C for 10 hours in a Dry Mode Mineralizer Apion (Tessek, Czech Republic). The ash was
dissolved in 20 mL of 1.5% HNO; (v/v) (electronic grade purity, Analytika Ltd., Czech Eepublic) and kept in
glass tubes until amalysis. Aliquots of the certified reference material EM NCS DC 73350, poplar leaves,
(purchased from Analytika, CZ) were mineralized under the same conditions for quality assurance. The Cd and
macre- and mictoelement concentrations were determined by ICP-OES with axial plasma configuration (Varnan
VistaPro. Vanan, Australia).

Water extractable-Cd contents in leaves were measured in 0.2 g dried biomass suspended in 30 mL deionized
water and shaken for 2 h at 20 °C. The suspension was filtered at 0.2 pm poresity with a cellulose nitrate filter
and then acidified with HNO;. Cd concenfrations were measured by [CP-OES with axial plasma configuration
(Wanan VistaPro, Varan, Australia) (Perronnet et al. 2000).

Statistical analyses were performed wsing hierarchic analyses of variance (ANOWVA) considering interactions at

the 3% (P = 0.035) sigmificance level with subsequent Tukey's HSD test and correlation (R). All analyses were

performed with Statistica 9.1 software (StatSoft, USA).

mmits were analysed together. The PCA was used to make visible comelations between all the analvsed data and
similanify of the different treatments. Obtained results were visualised in the form of a bi-plot ordination diagram
srsated by CanoDraw program,

Eesults

Yield of aboveground biomass and Cd content
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The yield of aboveground biomass, although similar in both vaneties under Cd stress, indicated greater reduction
of Re-Cd (50 %% reduction in contrast to control) than Me-Cd (39 % reduction compared to control —Figure 1).
The biomass Cd contents showed significant differences between Noccaea sp. The highest Cd content was found
m the biomass of Me-Cd plants (257-fold greater Cd content in Me-Cd than Me). The Cd contents of Fe were
significantly lower than in Me, and increase in Cd content under Cd stress was only 63.3 fold (Table 1). Similar
differences in water-extractable Cd were determined between treatments (Table 1). The highest proportion of
water-extractable Cd was measured for Me and Me-Cd There was a close pegative relationship between the
vield of the aboveground biomass of all tested plants and plant Cd content (F? = -0.71). There was no
relationship between vield and water-extractable Cd (R® = -0.29). This result is cansed by the different Cd
accumulation in proteins or pectins 1solated after hydrolyses of the plant cytoskeleton.

Flant gas-exchange parameters

To compare the Cd adaptation of the two species, the effect of soil contamination (90 mg Cdkg™) on gas-
exchange parameters was analyzed As shown in Table 2, Cd treatment inhibited the photosynthetic rate (Py),
but sigmficant differences between species were not observed. The Py was also simular i the both control
treatments. Cd soll contanunation preduesd—caused only & - 12 % Py reduction. There was a close negative
relationship between Py and Cd content in plant biomass (R* = -0.69). Both the transpiration rate (E) and
stomatal conductance (g.) increased under Cd stress (Table 2). Both eestmes—species had 3.5-fold greater E in
Cd treatment in confrast to controls. Similar but non-significant frends were found for g and infracellular CO2
concentration (C;). The water-use efficiency (WUE) was estimated from Py and E. The WUE of Me-Cd and Fe-
Cd compared to the controls declined by 25.3-26.4 %,

Flant element contents

The element contents of Me and e were different; however, the trends of the changes were similar (Table 1).
The content of the tested elements in the aboveground biomass was affected by Cd supply. The Mg contents of
Cd treatments were not affected by Cd contamination. Reductions in K. Ca and Na contents were observed in
both Cd treatments. The highest reductions in these elements were determined for Me-Cd (45 % K, 36 % Ca and
64 % Na reduction). The most significant relationship was between Ca and Cd contents (and water-soluble Cd)
(B*=0.77 and 0.86,_respectivelv). Beductions m K, Ca and Na affected WUE (B*=0.52- 0.58). Cd reduced Fe
in both treatments. There was a close relationship between C; and the Fe contents (R = 0.69 — 0.93).

Free amino acids
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Table 3 includes amino acids related to assimilation transport and accumulation of nitrogen in plants (Asn. Asp.
Glu and Gln). Minor changes m Asp and Glu contents as a result of Cd contamination were observed in both
species. Identical changes in Asn (decrease by 58 % in Me-Cd and 30 % m Re-Cd) were found for all Cd-treated
plants. The opposite trend was ohserved for Glon, primanly for Me-Cd (increase by 90 %:). These AA showed a
close correlation with WUE (R*=0.20). and an effect of Fe content on amine acids (AA) formation was observed

(R2=0.93).

The contents of proline (Pro) and serine (Ser) increased i both species grown under Cd stress, but the content of
free Pro was significantly higher in both the control and Cd treated Re than in Me. The regulation of Pro
biosynthesis from Glu is dependent on Glu:Pro ratic (Table 4). The results confirmed a higher Glu:Pro ratio in

both Me freatments than in Re. Plants with a lnigher Ghu:Pro ratio are better adapted to Cd siress. becanse Glu

can be used for the formation of 3 peptide bond between the y-carboxyl sroup of slutamate and the o-aming

A significant
correlation between these AA (Pro and Ser) and Asn, Asp, Glu and Gln was found (B! = 0.76=esp— and 0.93,
respectively). The comelation between Ssese—iei=Pro or Ser and water-soluble Cd (R* = 0.88) confirmed the
direct effect of Cd on their contents.

Increased Cd contents of plants increased the content of Hyp, a major AA in plant cell wall hydrolysates (Hyp
mcrease of 11 % in Me-Cd and 38 % in Re-Cd). The correlation between Cd and Hyp (R* = 0.75) confirmed the
direct effect of Cd on this AA

Fatty acids

Increased peroxidation of fatty acids 1s associated with Cd soil contamination and Cd detoxification processes in
the plant cell (Figure 2). The content of saturated and unsaturated fatty acids in comfrol plants did not
significantly differ (saturated fatty acids = 42.7-48.3 % of total fatty acids; unsaturated fatty acids 31.7-57.3 %)
A significant decline in saturated fatty acids (36 %) and increase in unsaturated fatty acids (33 %) was observed
for Me-Cd. Linear correlations confirmed close relationships between saturated and unsaturated fatty acid
contents and Cd content in Me-Cd biomass (R*= 0.99). Cd soil contamination did not significantly modify the
total contents of saturated and unsaturated fatty acids in Re biomass.

In the PCA performed on all the plant parameters. the first axis of the PCA analysis explained 47%. the first two

axes 79% and the first four axes together. 96% of the vanability of all analysed data (Figure 3). The first

ordination axis divided individual pots into the N cagrulescens group on the left side and N prascox on the right
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of elements. concentrations of selected free AA and plant gas-exchanse parameters. For both plant species

marks for treatments (control. Cd) were located in the different parts of the diagram. which indicates a lugh

effect of reatments on all the recorded data_The lensth and direction of the vectors of the studied parameters

mdicate links among themselves with respect to the treatments and plant species. The concentrations of free AA

Asn, Pro. Gln. Glu. Ser. Hyp). total concentrations of Ca and Fe were accumulated more in N cagrulescens. On

the other hand concentrations of Asp_total concentrations of K_Mg_and Cdy as well as concentrations of water

extractable-Cd (Cd,) were accumulated more i N prascox. The concentrations of Ser and Hwvp were

accumulated more in N casrulescens in Cd treatment. The concentrations of Asp were accumulated more in N,

raecox_in control treatment. The vield was positivelv comelated with WUE as indicated bv an angle between

the vectors for them of less than 80° and was negatively comelated with Cdr as the angle between vectors for

yvield"WUE and Cdy was greater than 90°. Two vectors did not positively comelated. if the angle between them is

larger than 90°. A long vector for particular parameters indicates a strong effect on the results of the analvsis,

and vice versa.

Discussion

The yields of both Noccaea species were reduced by Cd contamination (90 mg Cd kg?), but greater reductions
of Fe-Cd than Me-Cd were found. We previously published similar results for N casrulescens (ecotype
“Ganges”) (Zemanova et al 2013, 2014). Our data agree with those of Pavlikova et al. (2002, 2008) and
Prochazkova et al. (2012), who reported that excessive amounts of toxic elements in contaminated soil inhibited
plant growth and development due to their phytotoxicity. Selective pressure of contaminated soil has affected
gquantitative characteristics of plants (Soustad and Simmons 2009). This pressure resulted in higher adaptation of
plants from MeZica (Me).

The accummlation of Cd in plant tissues damaged the photosynthetic apparatus, which is generally protected
from Cd contamination by reduction of free heavy-metal ion concentration in the cytoplasm by complexation
with 5- and O-ligands and sequestration in the vacuoles (Wajcik et al. 2005). Ueno et al. (2003) showed that Cd
15 complexed with malate and stored m wvacucles in N caerulescens leaves. In our expenment, Cd

supplementation inhibited Py in plants and increased Ci, E and g.. %

wers—obearvedThe significant difference between species was observed only for E. An excess of Cd may

decrease the activity of enzymes invelved in C fixation; thus, the increase of intercellular CO: concentration

found in plants exposed to Cd may be explained by alterations in RuBisCO activity. According fg Shi and Cai

10
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(2008), the increase mn C; suggests that the enzymatic dark reactions of photosynthesis were affected. The
imcrease in Ci/C, determined by Dias et al. (2013) suggests that non-stomatal limitation strongly contributes to
the reduction of Px. The increase in g; may be related to an alteration in the K:Ca ratic in gnard cells and/or
alterations in the concenfration of abscisic acid, which controls stomatal movement. The decreased leaf
photosynthetic rate resulting from the highest decreases in K and Na supply (mainly in the Me-seatpe)-waedus

& was due to high C; C; indicated that the mhibition

of photosvnthesis was due to an inhibition of Calvin cyele enzvmes and/or an inlibition of the photosymthetic

electron fransport chain. The increase of C; may be explained by modifications of RuBisCO activities of plant

(Fedondo-Gomez et al.. 2011}, Potassium supply may also affect photosynthesis through changes m leaf

morphology and anatonry because the specific leaf area as well as leaf thickness and density may depend on K
content (Zhang et al. 2006; Battie-Laclan et al. 2014). Eker and Uysal (2013) found that enhanced K supply
played a crucial role in the protection of spinach against Cd-induced oxidative stress by decreasing lipid
peroxidation and enhancing the antioxidant defense system.

One of the crucial factors affecting the influence of Cd on plant metabolism and physiological processes is its
relationship with other mineral nutnents (Lux et al. 2011; Duas et al. 2013). In thus study. plant exposure to Cd
decreased the plant content of several elements such as Ca, K, Na, Fe. Differences in element reduction i the
tested Noccaea plants were observed. The ability of plants to take in elements was affected by the selective
pressure of the differently contaminated sites. Cadmium can enter the plant through nonspecific cation channels
as well as through different divalent cation tramsporters, competing for absorption with mineral nutrients
(Verbruggen et al. 2009; Lux et al. 2011). Therefore, the uptake and distribution of mineral nutrients, such as Fe,
Ca, Mg and K, can be severely disturbed (Martin et al. 2012). Cadmuum is chemically similar to certain metal
elements, including Fe, Zn and Ca, and, therefore, could displace these elements from metalloproteins
(Verbruggen et al. 2009). Mg in chlorophyll can alse be displaced by Cd. The Cd-Chl complex is highly unstable
and decays shortly after formation (Kiipper et al. 2007). Soil Cd contamination did not decrease the Mg contents
in plants in owr experiment. Our results showed no significant increase in Mg content in plants originating from

Bedlschlag, a place with high Mg content in seils. Lower decline of cation content in Be in contrast to Me 1sin

mdines X

with Mg excess has adapted to mutritionally poor envircnments by increasing their cation uptake and allocating

more energy to cation absorption. The energy cost of ion uptake 1z high: the supplementary uptake of cations

11
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Cd ion uptake occurs via the same transmembrane camiers used to uptake Ca®”, Fe?”, and Mg™ (Papoyan et al.
2007). Bivelli et al. (2012) found that Cd can compete with several essential nutments (e.g., Ca, K), altering their
concentration in tissues. The effect of Cd on osmotic potential could be ascribed to dysfimctions of membrane
mtegrity caused by displacement of Ca from the cell surface by Cd or, as suggested by Poschenrieder and
Barceld (2004), by the increase of solutes in cells, probably in the vacuoles, that store Cd-complexes. According
to Candan and Tarhan (2003), the peroxidation of pelyunsaturated fatty acids in membranes increased with
decreasing Ca®” concentrations during the plant growth period. Cur results of Me specie confirmed a decrease in
the content of saturated fatty acids not only in relation to icreasing Cd confent but also with declming Ca
content (correlation between Ca content and unsaturated fatty acids B! = 0.66). The increased content of
unsaturated fatty acids in plants growing under Cd stress is caused by increased desaturase activities (Wang
2004; Upchurch 2008).

Several studies have shown that Cd toxicity led to Fe deficiency in plants (Martin et al. 2012). Our results
confirmed the decrease in Fe content in the presence of high levels of Cd. Lower antioxidant defenses caused by
Cd-induced Fe and Ca deficiency can alse contribute to ROS production and lipid peroxidation in Cd-stressed

plants (Fodriguez-Serrano et al. 2009). There was a significant correlation between Fe and water-soluble Cd

content (B2=0.20).

pii=A coording to Gonneau et al. (2014) negative comelation

Fe transport pathway may play a major role.

The reduction in photosynthetic rate led to a limited supply of metabolic energy and therefore to N assinulation
restriction {Tlgure 41 Nitrogen flow through amino acids can change in response to Cd stress. The decline in the
free amino acid level may be a consequence of decreased nitrate reductase activity. This decrease in trace metal-
treated plants may also reflect a decrease in photosynthesis because sugars are essential for mtrate reductase
expression (Selssls—ssd Dbssldber 204 Combe]] 1090% Moreover, the decline in the activities of mitrate
reductase and nitrite reductase 1s likely to be a consequence of a direct interaction between the metal and —SH
groups at the active site of the enzymes. Inhibition of photosynthesis and mitrate or mitrite reductase 1s reflected
in the assimilation of C and N in the AA.

The Cd contents of tested plants increased the content of Hyp, a major AA n plant cell wall hydrolysates.
Hydroxyproline-rich glycoproteins secreted by plant cells are believed to have a broad range of fimctions,

ranging from providing stmuctural mtegrity to mediating cell-cell interactions and commumication (Wu et al.
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2001}, and are formed in oxidative stress conditions (De Graaf et al. 2001). Free amino acids are formed by the

catabolism of these compounds, and they are transported to developing leaves (Feller et al. 2008). The hishest

Hyp content was determuned in Ee-Cd plants and sigmificant differences between Me, Me Cd and Fe were not
confimmed. This finding highlishts the lower tolerance of Fe to Cd stress. Our results showed that semescence
was induced and destruction of proteins was higher in Re than Me. According to Schaller (2004), plant

senescence increases N mobilization

Glw, Gln, Asp and Asn are used to transfer nitrogen from source organs to sink tissues and to build up reserves
during pericds of nitrogen availability for subsequent use in growth, defemse, and reproductive processes.
According to Pi et al. (2014), an Asp decrease could affect K deficiency. Our finding confirmed a comelation

between Asp and K (B*=0.37).

te-Cd-eonisminaten-bybet-spestes—T he changes in Asp and Glu contents in tested plants showed effect of Cd

contamination to both species. A decrease in Asp and Glu contents as a result of Cd contamination was also

observed in our previous work (Zemanova et al. 2013)_In our experiment the sisnificant decrease of Asp was
confirmed only for Re-Cd which highlights the lower tolerance of Fe to Cd in confrast to Me.

Levels of Glu, which is required for the formation of a peptide bond between the y-carboxyl group of glutamate
and the c-amino group of cysteine and is used in the synthesis of glutathione and phytochelatins in plant cells
(Vitora et al. 2001), are related to the allostenic regulation of glutamate kinase activity by free Pro. Our results
showed significantly lower Pro accumulation in Me in comntrast to Be. Me plants are able to inhibit the formation
of Pro from Glu by feedback by a relatively lower level of accumulated Pro than Ee. According to Garcia-Fios
et al. (1997), the regulation of Pro biosynthesis from Glu is dependent on the Glu:Pro ratio and is determined by
genofype-environment mteraction. Plants with a mgher Gluw:Pro ratio are better adapted to Cd stress. Our results

confirmed this finding and different physiological behavior of Me was shown in conirast to e was shown.

A significant increase in Gln content was determined for both species. Zemanova et al. (2013) confirmed this
finding for the ecotype “Ganges”. Gln is not only the major amino acid used for nitrogen transport but is also a
key metabolite that acts as an amino donor for other free amino acids, a reaction that is primarily catalyzed by
glutamate synthase. This pathway interacts with carbohydrate metabolism and the energy status of the organ
(Hodges et al. 2003). A decrease in Gln is reflected in the biosynthesis of purine bases from which nucleic acids,

ATP and plant hormone cytokinins are formed (Pavlik et al. 2012),_Decrease of Gln content confirmed different

physiological behavior of no hyperacculumating plants in contrast to hyperaccumulators.
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Asnis an AA used to store and transport N from sources to sinks. According to Zhang et al. (2013), Asn is the
major form of N transported to sink tissues in Arabidopsis nutants. Our observations showed a decrease in Asn
concentration in the biomass of all plants treated with Cd. Pavlik et al. (2010) confirmed simular results for
spinach growing under arsenic stress. However, Lea et al. (2007) published opposite results; cadmmm induced
an almost 10-fold increase in the asparagine concentration of tomato roots but only a four-fold increase n the

leaves.

Conclusion

Companson of N. casrulescens and N, proecox showed that Cd sfress resulted m simular changes m gas-
exchange parameters. Contrasting responses of plants to Cd contamination were observed in element contents
and fatty acid and amino acid metabolism. Significantly higher accumulation of Cd and strong declines of K. Ca,
Na and Fe were determined in the Me plants in confrast to the Re plants. The increased ability of Re plants to
take In some cations is a result of the selective pressure of growth in a contaminated area. The significant
increase in the glutamic acid/proline ratio was determined for the hyperaccunmlating esesfpe—specie from

Slovenia.
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Figure 1 The yield of aboveground biomass (mg kg™). The values represent the means of data obtamed in the
experiment (n = 3, ie., five replications per each treatment). Cd concentration was either 0 or 90 mg Cd kg™ soil.

Letters refer to significantly different values that are sigmificant (P = 0.05) - A, B companson between both

ecefpespecies; a, b companson between treatments in each-scafmpe specie.

Figure 2 Total content of saturated and unsaturated fatty acids in besh—sessmpes—ai=N coerulescens and N
prascox leaves. The values represent the means of data obtained i the expeniment (n = 3. i.e., three replications
per each treatment). Cd concentration was either 0 or 90 mg Cd kg™ soil. Letters refer to significantly different

values that are significant (F = 0.05) - A, B companson between both ssstsmespecies; a, b companison between
treatments in each-ecetypespecie.

Figure 3 Ordination diagram showing the results of PCA analysis with selected parameters in N, casrulescens

and N prascox. Treatment abbreviations: Cd - treatment 90 me Cd kel Parameters abbreviations: vield - vield

of aboveground biomass. sat FA - total content of saturated fatty acids. unsat FA - total content of unsaturated

fatty acids. Py - net photosvothetic rate. C; - intercellular CO» concentration. E - transpiration rate. g, - stomatal

conductance, WUE - water-use efficiency, Cg - total content of Cd. Cy - water extractable-Cd. Ca - total content

of Ca. Fe - total content of Fe. K - total content of K. Mg - total content of Mg, Na - total content of Na._ Asp -

concentration of free aspartic acid. Asn - concentration of free asparagine. Pro - concentration of free proline.
Glu - concentration of free glutamic acid Gln - concenfration of free slutamine Ser - concentration of free

e Hip - T —

Figure 4 The effect of Cd stress on plant metabolism
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Table 1 The element contents in the aboveground biomass of plants. The values represent the means of data
obtained in the expenment (n = 5, 12, five replications per each treatment). Letters refer to significantly
different values that are significant (P = 0.05) - A, B comparison between both species; a, b comparison between

treatments in each specie.
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Table 2 The effect of Cd contamination on CO; infracellular concentration (C;), net photosynthetic rate (Pay).
stomatal conductance (g;) and transpiration rate (E) of Noceaea sp. (n=3). From these data, the water-use
efficiency was estimated (WUE = P /E). The values represent the means of data obtained in the experiment (n =

3,1.e., five replications per each treatment). Cd concentration was either 0 or 90 mg Cd kg zoil. Letters refer to
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significantly different values that are sigmificant (P = 0.053) - A, B comparison between both species; a, b

e

10 comparson between treatments in each specie.

14 Treatment Px E Z Ci WUE
(umol CO.m?. 5 (mmol H,0. m- {molm® s (vpm)

l) 1 g-l]

20 Me 8.68x0.0% 043320 .03 0.322+£0.015 33415 2005
= Me-Cd 707114 1.50520.11%4 0.989£0.026 360£214 5.30
N Re 85006 0.263+0.02° 0.361+0.021* 332217 3230
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Table 3 The concentrations of selected free amino acids m the aboveground biomass of plants. The values

represent the means of data obtained in the experiment (n = 3). Letters refer to significantly different values that

are significant (P = 0.03) - A, B comparison between both species; a, b companson between treatments in each

specie.

Free amino acid Me Me-Cd Ee Re-Cd
pmol kg™

glutamic acid (Ghu) o0110=100% 0037=65% 12205+08%F 13000=86%0

aspartic acid (Asp) 5248287 332374 33821154 42442038

glutamine (Glu) 133080024 25477x4004 1317628228 2754527948

asparagine (Asm) 7288205 3051101 30386284 15179296

proline (Pro) 0512623 12206004 3338=73% 52002655

serine (Ser) 2502£22 51023504 6168373 86642428

hydroxyproline (Hyp) 20738 320x10%4 300226 417+31%8
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Table 4 The Gha:Pro amino acid ratio, which affects the regulation of Pro biosynthesis.

Treatment

Me-Cd

Reld

GLUPROD

9.58

741

264
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Abstract

The objective of this study is to determine amino acid changes in Noccaea caerulescens
(Redlschlag, Austnia - Re) and Noccaea praecox (Mezica, Slovema - Me) ongimating from
differently contaminated sites associated with Cd stress. After 120 days of plant cultrvation in
Cd-contaminated soil (90 mg Cd kg soil ™). free amino acids and selected microelements (Cu.
Mn, Ni, Zn) were determined in addition to N utilization by plants. Cadmium contamination
reduced Zn and Ni contents in plants but did not significantly affect Cu and Mn 1 all

treatments. The Cd effect on plant stress metabolism resulted in changes in levels of selected
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free amino acids playing an important role 1n adaptation to stress and plant senescence. The
result of this study indicated that two groups of amino acids (phenylalanine_ tyrosine and
tryptophan - necessary for protein biosynthesis; branched-chain amino acids - valine_ leucine,
and 1soleucme - building blocks of proteins) were accumulated more 1n the leaves of control
Me treatment than in the leaves of control Re treatment. Under Cd stress our analyses
confirmed increase of the contents of these amino acids in both species, but the sigmficant
changes were determined omly for Re-Cd. Contrasting responses of species to Cd
contamination were confirmed for alanine_ phenylalanine, threonine and sarcosine. Significant
mcreases i the sarcosine comtent resulted from higher adaption of N praecox (Me) m
contrast to N. caerulescens (Re). The high Cd accumulation in Me plants 1s enabled by Cd

chelation by sarcosine.

Eeavwords: adaption to Cd stress; amuno acids; diversity of hyperaccumulators; heavy metal;

SArcosine; Zine

Introduction

Cadmium 1s considered as being one of the most toxic metals that exhibits adverse effect on
all biological processes of human, animals and plants. Although Cd is toxic for plant growth, it
is readily taken up by roots and translocated to the shoots. It can enter the plant through
nonspecific cation channels as well as through different divalent cation transporters,
competing with essential mineral nutrients for absorption (Lux et al. 2011; Verbruggen et al.
2009). Therefore, the uptake and distribution of essential mineral nutrients, such as Fe, Zn,

Mn, Ca, Mg, can be severely disturbed in the presence of high levels of Cd (Martin et al

(=]
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2012). The hyperaccumulating plants vsually have a greater capacity to translocate Cd from
root to aboveground part. Higher rate of xylem loading is probably the reason of enhanced
root-to-shoot translocation of Cd (Lu et al. 2008).

Cadmivm exposure alters guard cell function, induces leaf chlorosis, perturbs the cellular
redox balance and mhibits growth (Pavlikova et al. 2002; Verbruggen et al. 2009). It induces
oxidative stress mn plants by blocking essential functional groups in biomolecules and by
indirect mechanisms such as interaction with the antioxidant defense system, disruption of the
electron transport chain or mduction of hipid peroxidation (Cuvpers et al. 2010). Plants
exposed to Cd had elevated levels of mitochondrnial ROS production, indicating that thus
organelle had become dysfunctional (Heyno et al. 2008). This element has been shown to be
one of the most effective inhibitors of photosynthetic activity (Gallego et al. 2012). It can
enter chloroplasts and disturb chloroplast function by inhibiting the enzymatic activities
involved i chlorophyll biosynthesis, pigment-protein complexes. the O.-evolving reactions
of photosystem II, electron flow around photosystem I and chloroplast structure (Molins et al.
2013; Ymg et al. 2010; etc) According to Leitenmaier and Kupper (2011),
hyperaccumulating plants have to store the excess metal in such a way that 1t does not harm
important enzymes and especially not photosynthesis. It has been shown that high amounts of
metals are stored specifically in the vacuoles of large epidermal cells (Frey et al. 2000;
Kiipper et al. 1999; Kiipper et al. 2001). where no chloroplasts are located so that
photosynthesis cannot be inhibited. Zemanova et al. (2015) confirmed changes in the fatty
acids composition in response to the extent of Cd contamunation of soils differed between V.
caerulescens and N. praecox.

The adaptation of plants to toxic concentrations of elements depends upon wvarous
mechanisms operating at both intra and mntercellular levels. Amino acids (AA) metabolism

may play an mmportant role in plant stress resistance, by osmotic adjustment and the
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accumulation of compatible osmolytes; detoxification of active oxygen species and toxic
elements; and intracellular pH regulation (Singh 1999). Plants exposed to toxic metals have
been shown to accumulate specific AA. which may have beneficial functions and play various
roles (Pavlikova et al. 2014 ab; Xu et al. 2013). Xu et al. (2012) found that Cd also markedly
mcreased the production of several orgamic and AA m Solamum migrum. This findng
suggested that the compaction of heavy metals by metabolites, such as orgamic acids and AA,
15 crucial in metal detoxification, transport and accumulation. Xie et al. (2014) confirmed the
differential accumulation of AA - glycine (Gly), proline (Pro). serine (Ser), threonine (Thr)
and glutamic acid (Glu) could be associated with the differential Cd tolerance in two ecotypes
of bermudagrass. According to Pavlikova et al. (2014b) tolerance of tobacco plants to toxic
metals was associated with the mamntenance of accumulation of Pro, methiomine (Met) and y-
amunobutyrate (GABA). Solanki and Dhankhar (2011) reported that when trace element
toxicity crosses the threshold limit, the protein level decreases and this might be due to the
breakdown of protein synthesis mechanism at toxic concentration level of trace elements or
due to reduced incorporation of free AA into proteins, especially to proteins or glycoproteins
rich to Pro, hydroxyproline (Hyp). Gly. cysteme (Cvs ). Ser, alamine (Ala), histidine (His) etc.,
linked either with physiological processes (growth of cell wall, pollen tubes, pollen fertility),
and or stress (Cassab 1998; De Graaf et al. 2001; Showalter 1993).

Our study focuses on the mvestigattion of changes m the AA metabolism of
hyperaccumulating plants growing on an environmentally relevant substrate - soil - and
occurring under chronic stress caused by Cd. The amm of this study was to charactenize
changes in AA metabolism, that are associated with plant detoxification, and m contents of
selected mucroelements and to relate these changes to the adaption strategies of N

caerulescens and N. praecox growing under Cd stress.
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Material and methods

Plant material and cultivation conditions

Noccaea caerulescens (formerly Thlaspi caerulescens J. & C. Presl. FK Mey) and Noccaea
praecox (Thlaspi praecox Wulfen) are pseudo-metallophytes growing both on unpolluted and
trace metal enriched soils. These species are particularly known to accumulate some trace
metals in its aboveground parts. In the pot experiments, N praecox from Me#zica, Slovenia
(Me) and N. caerulescens from Redlschlag, Austnia (Ee) were used. The MeZica muining
district source area is strongly polluted with Pb and Zn. Because Cd is found as a trace
element 1n sphalerite and smithsonite, its content correlates with that of Zn (Gosar and Miler
2011). The bedrock of Redlschlag 1s composed of serpentine. which contains high levels of N1
and Cr and some Zn and Co. Because the soil pH is neutral (approx. pH 6.55), the main
problems for plants are low concentrations and availability of micronutrients, although Mg is
abundant (46,400 mg Mg kg - Puschenreiter et al. 2005).

For the cultivation of Noccaea plants, 3 kg of soil from the non-polluted site Prague-Suchdol
{Table 1) was thoroughly mixed with nutrients and Cd (Table 2). Plants were cultivated in a
greenhouse under controlled conditions: temperature day'might 24 °C/18 °C and light
mtensity: day/might 16 b/'8 h. The water regime was controlled. and the so1l moisture was kept
at 60 % MWHC (maximum water-holding capacity). Each treatment was performed in five
replications. Plants were harvested 120 days after Cd application. Samples were kept frozen in
liquid nitrogen for transport and then at —30 °C until extraction.

Analyses

Analysis of free amino acids in plant biomass

The content of free amino acids was determuned after their derivatization by EZ-faast set
{Phenomenex. U.S A). Samples of fresh biomass (~0.5 g) were extracted 10.5 ml of methanol

+ redestiled H2O (7:3, w/v) for 24 hours. Derivatization of free AA according to method of
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Neuberg et al. (2010) was carnied out. The content of free AA was measured by GC-MS using
a Hewlett Packard 6890MN/5975 MSD (Agilent Technologies, USA). Samples were separated
ona ZB-AAA 10m x 025 mm AA analysis GC column using constant carrier gas (He) flow
(1.1 mL min™). The oven temperature program was as follows: initial temperature 110 °C_ 30
®C min™ ramp to 320 °C. The temperature of the injection port was 280 °C. A total of 1.5 uL
sample was imected m split mode (1:15, v/v). The MS conditions were as follows: MS source
240 °C, MS quad 180 °C, auxiliary 310 °C, electron energy 70 eV, scan m/z range 45450
and sampling rate 3.5 scan s (Pavlik et al. 2012).

Analyses af cadmium and additional elements in plant biomass

Plant samples were decomposed using the dry ashing procedure. The ash was dissolved in 20
mL of 1.5 % HNO: (v/v) (electronic grade purity, Analytika Ltd., Czech Republic) and kept in
glass tubes until analysis. Aliquots of the certified reference matenial RM NCS DC 73350,
poplar leaves, (purchased from Analytika, CZ) were muneralized under the same conditions
for quality assurance. The Cd and macro- and microelement concentrations were determined
by ICP-OES with axial plasma configuration (Vanan VistaPro, Vanan, Australia).

Statistical analyses were performed usmg hierarchic analyses of vanance (ANOVA)
considering interactions at the 95% (P < 0.05) sigmificance level with subsequent Tukey's
HSD test and correlation (R*). All analyses were performed with Statistica 9.0 software

(StatSoft, USA).

Results
As 1t reported in our previous paper (Zemanova et al. 2015). the wield of aboveground
biomass. although similar i the species under Cd stress, indicated greater reduction of Re-Cd

than Me-Cd. The hiomass Cd contents showed significant differences between the Noccaea
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species. The highest Cd content was found in the biomass of Me-Cd plants (7040 mg ke™).
The Cd content of Re (134 mg kg™) was significantly lower than in Me (Table 3).

Plant microelement contents

The microelement contents of Me and Re were different; however, the trends of the changes
were similar (Table 3). The high cation contents in control treatment of serpentine population
of N. caerulescens (Re) were presented. Manganese and Ni contents of Re control treatment
were significantly higher in contrast to Me control treatment (by 58 % and by 46 % higher
content). The contents of the tested elements in the aboveground biomass were affected by Cd
supply. Cadmium reduced Zn and N1 contents but did not significantly affect Cu and Mn i all
treatments. Zn and Ni contents was hardly affected in Re-Cd (59 % Zn reduction; 91 % Ni
reduction). and Me-Cd showed only 1 % Zn reduction and 40 % Ni reduction. Our results
showed different physiological behavior of tested species.

Free amino acids

The result of this study indicated that two groups of amino acids (i)aromatic amino acids -
phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) - necessary for protein biosynthesis,
for biosynthesis of auxin from Trp and for antioxidant metabolites from Phe and Tvr; u)
branched-chain amino acids (BCAAs) - valine (Val). leucine (Leu). and 1soleucine (Ile) -
building blocks of proteins) were accumulated more in the leaves of control Me treatment
than in the leaves of control Re treatment (by & % and 16 %. respectively). Under Cd stress
our analyses revealed increase of the contents of these AA in both species. but the significant
change was confirmed only for Re-Cd (Table 4).

Phenylalamine 1s the AA for which significant difference between varieties was confirmed. Cd
contamination significantly affected its content only for Re-Cd (increase by 37 % for Re-Cd
i contrast to increase by 3 % for Me-Cd). The contents of Tyr and Trp were increased in Cd

treatments, but significant Trp increase was determined only for Re-Cd (by 27 %). The close
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correlations between Cd contents in plants and contents of these AA were calculated (B =
0.86 Phe, 0.77 Trp. 0.81 Tyr).

The mcreases m free Leu and Ile concentrations under Cd stress were determuned only for Re-
Cd (by 21 % Leu, by 40 % Ile). The significant changes of these AA were not confirmed for
Me treatments. A different trend was observed for Val in both Cd treatments, but the changes
were not significant. The correlations between Cd contents in plants and Leu and e contents
were calculated (R = 0.65-0.67). this relationship was not confirmed for Val (R = 0.17). As
both threonine (Thr) and methionine (Met) serve as substrates for Ile synthesis. their
syntheses and catabolism also affected isoleucine availability. A significant correlation
between Thr and Ile was found (R = 0.75). The Met concentrations were below detection
limit of GC. Both species tended to have higher concentrations of Thr mn the Cd treatments
and difference between Thr contents in species was sigmficant. Significant Thr increase was
determuned only in Re-Cd in contrast to control Re plants (increase by 63 %a).

These AA (except for Thr) also correlated with Sar (N-methylglycine) (R° = 0.52-0.70). Sar
(Figure 1) was found only in Me, Me-Cd and Ee. Its content in Re-Cd was below the
detection limit. Its physiclogical effect in plants 15 unknown. One of the major biosynthetic
pathways of plant stress metabolite glycine betaine leads via Sar. Sar accumulation is differed
for tested species. we can speculated. that Sar content 15 one of significant factors of
adaptability of these hyperaccumulators. Significance of Sar for microorganisms and its well-
described chelating properties mdicate its role 1 plants.

The difference of glycine (Gly) content between control treatments of both species was not
significant, but higher content (by 18 %) was determuned in Re. The sigmficant Gly decrease
was found only for Re-Cd. Gly 1s crucial AA for the biosynthesis of Sar, Cys via Ser. Gly 1s
mvolved i the biosynthesis of phytochelatines and also m the biosynthesis of antioxidant

metabolites, and 1t 15 part of Gly-nich proteins that affect the growth and function of cell walls.
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Therefore, the decline of Gly contents m both vaneties must be evaluated as activation of
adaption processes to the Cd toxic effect.

For ornithine (Orm) significant difference was deternuned between tested species and only
between Me and Me-Cd. Omithine 1s one of AA of urea cycle. These AA are metabolized in a
lack of energy for the biosynthesis of metabolites by ureases. Ni cofactor i1s typical for
ureases. Increase of Om 15 a response to Cd stress and 1t associated with nitrogen and carbon
metabolism through a transfer AA aspartate (Asp) and with the tricarboxylic acid cycle (TCA)
via fumarate.

The concentrations of alanine (Ala) were changed in relation to species and to Cd content 1n
plant. The Ala concentrations were decreased in plants growing on the Cd treatments (Me-Cd
by 15 % and Re-Cd by 19 % in contrast to control treatments). The significant difference of
Ala contents was determined between tested plants. Lower Ala content was confirmed for e
treatments (by 22 % for control and by 19 % for Cd treatment in contrast to Ee plants).

The amino acid y-aminobutyric acid (GABA) increases in response to different stresses. Our
results showed no significant differences i GABA content between controls and Cd
treatments and between species. GABA 1s an important stress metabolite onginating from
glutamic acid. Succinate (part of the TCA cycle) 15 formed by GABA catabolism via
succinate semialdehyde.

The relationship between contents of GABA and Ala in plant biomass was confirmed by our
results using hinear correlation and sigmificant relationship was calculated for both Me and Re
plants (R° = 0.94). This correlation is very important because GABA is increased with a
decrease of Ala content. As Ala, GABA 15 important as a chelating agent in cytosol. Increase
of GABA at the expense of Ala leads to an increase of pH in cytosol, which determies as the

activities of enzymes well as activity and transport of plant hormones.
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225  Discussion
226  Noccaea plants ornigmated from heavv metals contaminated soils are known as the
227 metallicolous (Visioli et al. 2014). Tested species are differed by their adaptation to different

228 soil contamination. N caerulescens from Redlschlag, Austria has adapted to grow on

LRI I PR T ERR U S I S

e

229  serpentinite, a soil naturally rich in Ni, Co, Cr in contrast to N praecox originated from

ot
[

230  Mezica, Slovinia which has adapted to growth on soil highly contaminated by Cd, Zn and Pb.

231 According to Gonneau et al (2014) NV caerulescens from serpentine soil with Mg excess has

| S S S T
e B = N Y O R T S I e

232 adapted to nutritionally poor environments by increasing their cation uptake and allocating
19233  more energy to cation absorption. For this reason Cu. Mn and Ni accumulation of Re control
o> 234 treatment was significantly higher in contrast to Me control treatment and differences mn
24 235  element reduction in the tested Noccaea plants were observed. Plant exposure to Cd decreased

236 the content of Zn and Ni. Reductions of both contents of these elements were significant for

28 237 Re-Cd in contrast to Me-Cd. The most significant Zn decline was determined in Re-Cd plants
30
ié 238 (Re-Cd by 59 % and Me-Cd 1 % in conirast to control treatment). These results confirmed
33

34 239 higher metal tolerance and accumulation in metallicolous Me in contrast to serpentine Re
2240  (Reeves etal 2001; Visioli et al. 2014).

3z 241 Cadmium can enter the plant through nonspecific cation channels as well as through different
ji 242 divalent cation transporters, competing for absorption with mineral nutrients (Lux et al. 2011;
22 243 Verbruggen et al.. 2009). Therefore. the uptake and distribution of muneral nutrients, such as
4¢ 244  Zn and Mn can be severely disturbed (Martin et al. 2012). Cadmium 1s chemically similar to
4'9 245 certain metal elements, including Fe, Zn and Ca. and. therefore, could displace these elements
:i 246  from metalloproteins (Verbruggen et al. 2009).

©% 247  Biogenic elements, Zn, Cu, Mn, Fe and Ni are metalloenzyme cofactors (for example for

4

55

tg 248 superoxide dismwtase). a broad class of important biomolecules forming biclogical metal
Eg 249  complexes that perform a wide range of important functions, for example defense against
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oxidative stress (Fernandez-Ocafia et al. 2011). Ni-urease affected the regulation of N and C
metabolism (Gerendas et al. 1999; Polacco et al. 2013) by linking urease cycle to TCA cycle.
The formation of binding between metal and enzyme is dependent on the metal concentration
as a cofactor in the cell (Egleston and Morel 2008). The decline of metal contents may be
resulted to a decrease in metalloenzyme activities. We propose that the increased ability of
uptake of these elements by Re control plants in contrast to Me 1s a result of selection pressure
from the serpentine area. The decrease of elements uptake by Re-Cd plants from Cd
contanmunated soil i contrast to Me-Cd is related to better use of these elements
metabolism.

The increased content of unsaturated fatty acids in plants growing under Cd stress is caused
by increased desaturase activities (Upchurch 2008; Wang 2004; Zemanova et al. 2015). Tt also
appears that the activities of plant desaturases can be affected by Ni content based indirectly
on a study by Cao et al. (2010). According to this study, bacterial desaturases have a Ni-
hinding site. Gerendas et al. (1999) described the effect of W1 on N plant metabolism, and our
results confirmed a significant effect of decreased N1 on the AA levels. High plant Ni content
15 linked to maximum efficiency of Ni incorporation into the active center of ureases and
glvoxalases. According to Gerendds et al (1999) and Thomalley (1998), ureases and
glyoxalases have a significant role in cell catabolism. and AA catabolism 1s associated with
plant senescence. Mustafiz et al (2010, 2014) showed a significant effect of the glyoxalase
pathway and the two enzymes glyoxalase I and glyoxalase II in plant stress metabolism.
Ureases are metalloenzymes that catalyze the hydrolysis of urea. an intermediate of plant
arginine catabolism involving in mitrogen remobilization from source tissues (Whitte 2011).
Arginine degradation in mitochondria leads to the formation of ornithine and urea via arginase
activity (urease-ornithine cycle). In tum. ornithine can be used in glutamate synthesis. and

urea 1s a source of nitrogen that can be sensed by plant cells and used for amino acid synthesis

11
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(Planchais et al. 2014). According to Planchais et al. (2014). when Ni 15 a hmating factor for
urease activity, urea and omithine can accumulate 1 drabidepsis. Our results showed an
increase in ornithine in both Me-Cd and Re-Cd treatments.

Urease and glyoxalase activity can be a source of emergy dunng stress metabolism in
hyperaccumulating plants (Mustafiz et al. 2010). For the above reasons, the use of Nias a
cofactor of urease and glyoxalases is important to the adaptation of hyperaccumulators to Cd
contamination. A higher Ni content of Me-Cd in contrast to Ee-Cd was found in our
experiment. This finding may explain the high ability of N. praecox from MeZica (Me) to use
metabolite catabolism for the formation of compounds invelved in the detoxification of toxic
elements.

Amuno acid homeostasis 1s essential for plant growth. development and defense (Liu et al.
2010). This homeostasis 1s regulated by de nove biosynthesis, uptake/translocation. and
protein synthesis/umover. End product inhubition at the branching points of the biosynthesis
of branched cham AAs (BCAAs) (1e., Leu, Ile and Val) 15 pivotal to balance the fluxes
between different AA pathways (He et al. 2013). According to Joshi et al (2010)
accumulation of free BCAAs may serve as a substrate for the synthesis of stress-induced
protemns and BCAAs may act as signaling molecules to regulate gene expression. Significant
mcreases of Leu and Ile contents were detected i our experiment only for Re-Cd. This
finding confirmed that Re plants are less adapted to Cd stress and showed that stress in Re
plants activated enzymes associated with degradation and with senescence.

Leu together with Zn is present in many enzymes - Leu amunopeptidases, which degrade
protemns (Tailor 1993). These enzymes are related to the defense roles against stress and are
connected with transport of auxin, formation of jasmonic acid and senescence of plants which
15 induced by stress for example by heavy metals. Higher content of Leu was determined in

Cd treatment of Re plants but which have no sigmificantly longer life span i contrast to Me
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plants. This result 1s not consistent with finding of Pavlikova et al. (2014b) that higher Leun
content was determined in tobacco plants with longer life span. Our finding can be connected
with significantly lower contents of Zn (cofactor of superoxide dismutase) in Re plants than
Me plants. Reduction of Zn content in Re plants in comparison with Me plants 15 one of the
reasons for reducing of the capacity of plant antioxidant system (Cakmak 2000; Femandez-
Ocaiia et al. 2011).

Xu et al. (2012) found accumulation of Tle and Val in Selanum nigrum (high Cd accumulation
and tolerance) under Cd stress. However, our result showed that under Cd stress. Ile content
mcreased for less Cd-tolerant Re plants but unchanged for more Cd-tolerant Me plants, which
suggests that two different stress defense pathway may exist in these two genotypes.

Pathways regulating Thr, Met and Ile metabolism are very efficiently intercomnected in plants.
As both Thr and Met serve as substrates for Ile synthesis, their synthesis and catabolism under
different developmental and environmental conditions also mfluence Ile availability (Joshi et
al. 2010).

Phenylalamine (Phe). Tyr and Trp are necessary not only for protein biosynthesis; Phe 1s also a
substrate for the phenylpropanoid pathway that produces numerous plant secondary products,
especially antioxidative metabolites - flavonoids, anthocyanins, lignins, phenylpropanoic
acids, mcluding salicylic acid. and phenolic compounds (Rice-Evans et al. 1996), some of
them are growth promoters. and growth mhibitors. Tryptophan 1s the precursor for indolacetic
acid. a plant hormone necessary for growth and development of plant cell. Trp plays a major
role m the regulation of plant development and defence responses. Charactenistically, Trp
biosynthesis 15 induced by stresses. Sangaya et al. (2008) reported that increased Trp levels
make Cd less accessible to the plant, decrease Cd transport and thus reduce Cd accumulation.

Metal 1ons and the bivalent Trp side chain indole were found to interact cooperatively (L1 and
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Yang 2003). This finding 15 corresponded with our results. The significant Trp increase was
determined only in Re-Cd plants, no mn more Cd tolerant Me plants.

The alamine 15 markedly accumulated in response to stress mn plants and it especially discussed
m relation to mtracellular pH regulation. Results presented here demonstrate opposite trend,
Ala contents 1 both species growing on Cd contanunated soil were decreased. Pavlik et al.
(2010) confirmed our results only for no hyperaccumulating plants growing on slightly As
contanminated soil. Strong As soil contamination led to mcreased Ala content in plants. Similar
results were reported for tobacco growing on Zn contanmnated soil (Pavlikova et al. 2014b).
According to Hjorth et al. (2006) the increased content of free Ala might be caused by a
reduction 1n the rate of protein syntheses and an increased synthesis of Ala due to disturbance
of the alanine aminotransferase reactions. Our results showed that hyperaccumulating plants
do not accumulate Ala in cytosol for pH regulation, but they can use 1t for biosynthesis of
proline/alanime-rich protemn kmase (Momn et al. 2013) or lustidine- and alanine-rich protein
{Komatsu et al. 2009). Both species accumulate GABA for pH regulation (Bor et al. 2009).
GABA plays different roles in plant metabolism including carbon-mitrogen metabolism,
energy balance, signaling and development, stress defense (Sawaki et al. 2009). The GABA
shunt plays a key role in carhon and nitrogen partitioning by linking amino acid metabolism
and the tricarboxylic acid cycle, which is essential for higher plant species (Seher et al. 2013).
This role 15 confirmed by our finding of a significant correlation between GABA content and
the total content of free amino acids (R = 0.99). Increases in GABA levels in response to
short exposures to different abiotic and biotic environmental stressors in several plants are
commeonly observed (Kinnersley and Turano 2000; Pavlikova et al. 2014b). Our results are
consistent with these findings. but GABA accumulation was not significant.

Sarcosine (N-methvlglycme) 1s an intermediate compound in trimethylglveme (glycine

betaine) metabolism (Figure 2). but its physiological effects in plants are unknown (Oda et al.
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2005). Glycine betaine 15 known as metabolite accumulating during oxidative stress (Kholova
et al. 2009). Therefore Sar decline (by methvlation of Gly via SAR to betame glycine (N et
al. 2014) or by lack of Gly caused by reaction of Gly and choline {Ashraf and Foolad 2007))
1s related with biosynthesis of glycine betaine and plant defense agamnst oxidative stress. Qur
results confirmed a correlation between Gly and Sar (R = 0.57), but no correlation between
Met and Sar was found because Met contents were below the detection limit. We propose that
Met participates in the N-methylation of Gly via S-adenosylmethiomine, which 15 a methyl
donor (Tbrahim et al. 1998; Roje 2006). Oxidative stress of Re-Cd i contrast to Me-Cd was
signmficantly higher as shown i a dramatic decrease of Sar content 1 Re-Cd. In the Cd
treatments, Sar was detected only in Me-Cd. Its content mn Re-Cd was below the detection
limit. The high Cd accumulation i Me-Cd may be due to chelation of Cd by Sar. According
to Knshnakumar et al. (1996) and (Tewari 2012), Sar can be complexed with Cd and other
metals. Low Sar decline 15 advantage for Me specie compared to Ee. The Sar role in
hyperaccumulating plants 15 analogous to the role of His forming metal chelates, mamly with

Ni (Krimer et al. 1996). and protecting nucleid acids against oxidative stress.

Conclusion

Our results emphasize that N caerulescens and N. praecox growing under the selective
pressure of differently contaminated places can differ in physiological performance. From
these results 1t 15 clearly to see complex changes in the regulation of stress metabolism of
plants exposed to selection pressure dunng their phylogenetic development at the specific
polluted areas. Contrasting responses of Noccaea species to Cd contanunation were observed
m microelement contents and AA metabolism. Manganese and Ni contents of Re control
treatment were significantly higher in contrast to Me control treatment. The increased ability

of Re plants to take in some cations is a result of the selective pressure of growth in a
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contaminated area. The contents of the tested elements in the aboveground biomass were
affected by Cd supply. Cadmium reduced Zn and Ni contents mainly in Re-Cd but did not
significantly affect Cu and Mn n all treatments. Contrasting responses of species to Cd
contamunation were confirmed for alanine, phenylalanine, threomine and sarcosme. Significant
mcreases m the sarcosine content resulted from lugher adaption of N praecox (Me) m
contrast to N. caerulescens (Re). The high Cd accumulation in Me plants 15 enabled by Cd

chelation by sarcosine. Plant growth 1s limited by these changes of stress metabolism.
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Fig. 1 The concentrations of sarcosine (Sar) m the aboveground biomass of plants. The values

represent the means of data obtained in the experiment (n = 5). Letters refer to significantly

different values that are significant (P = 0.05) - A, B comparison between both varieties; a. b

comparison between treatments in each variety.

Fig. 2 The effect of Cd on tnmethylglycine metabolism.
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Table
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Table 1 Characteristics and total initial Cd concentration in experimental soil

Soil type / subtype pHeci CEC* (mmole kg')  Core (%) Cdr (mg kg™)

Chernozem / modal  7.2+0.1 258+2 8 1.83=0.01 0.42+0.05

*CEC - cation exchange capacity

Table 2 Design of experiment and dose of elements.

N (g per pot) P (g per pot) K (g per pot) Cd (mg kg)
Treatment
NHsNO: K- -HPO, [:{:d{NO;)] 4H]0)
control 03 0.1 0.24 0
Cd 0.3 0.1 0.24 o0

Table 3 The microelement contents in the aboveground biomass of plants. The values
represent the means of data obtained in the experiment (n = 5, 1e five replications per each
treatment) Letters refer to significantly different values that are significant (P<005)- A B

comparison between both varieties: a. b comparison between treatments 1n each variety.

Treatment Me Me-Cd Re Re-Cd
Cd (mg kgt) 26.4+0. 72 7045662 2 4+0 054 13464
Zn (mg kg!) 543464 53938 49520004 201x16%4
Cu (mg kgt) 540,54 6.0+0.3%4 6.8+0.7°8 6.2=0.6*4
Mn (mg kg™ 70.1£11.0%* 76.2+9 234 110.8+8.5% 108 427 8%
Ni (mg kg?) 71.626.7%4 42 8+3 2B 104 5+6. 798 920 94
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Table 4 The concentrations of selected free amuno acids m the aboveground biomass of

plants. The values represent the means of data obtained in the experiment (n = 5). Letters refer

to significantly different values that are significant (P = 0.05) - A. B comparison between both

varieties; a. b comparison between treatments in each vanety.

Free amino acid Me Me-Cd Re Re-Cd
umol kg™
alanine (Ala) 772234 65265 994=39°%% 805+£59%
v-aminobutyric
3686 382+49%4 333239%4 39245474
acid (GABA)
ine (Gl 4714284 446354 578+41%8 4495834
glycine (Gly
ornithine (Om) 180+12* 31242304 287+25% 336+31%4
phenylalanine
609+31%8 625+38%4 5613934 770418
(Phe)
tryptophan (Trp) 714£56% 7474274 630=46%* 80057
tyrosine (Tyr) 625+71%4 643+68** 599+57%4 789+39"2
isoleucine (Ile) 13715 139+11%4 1201724 168£19%4
leucine (Leu) 560£34% 573384 537+31%4 65141
valine (Val) 808+75%8 728+5924 6015434 568+5004
threonine (Thr) §22+9%4 §75+35% 1440+50°8 2348+92°2

117



Author Confribution - Short Description

Author contribution statement

All co-authors have equal contribution to this articel.

118



6 SUMARNI DISKUZE

6.1 Vynos biomasy, obsah kadmia a vybranych prvki

Dle Mihali¢ové Malcové et al. (2014) neméa Cd v rostlindich zZadnou znamou funkci
jako zivina a je vice ¢i mén¢ pro rostliny toxické. Existuji vSak prace popisujici Cd jako
kofaktor ~metaloenzyma karbonanhydrazy (Lane et al., 2005) a 3-deoxy-D-
arabinoheptulosonat-7-fosfatsyntazy, ktery katalyzuje prvni reakci aromatické biosyntetické
cesty v bakteriich, houbach a rostlindch (Shumilin et al. 1996, 2004). Z téchto praci vyplyva,
ze metaloenzym s kofaktorem Cd je aktivnéjs$i nez s kofaktorem jiného kationtu. Proto je
zajimavé zjisténi, ze pokusy s hyperakumulatory ukazuji, ze nizka davka Cd (varianta Cdl
s 30 mg/kg) ma na rust N. caerulescens, N. praecox a A. halleri stimula¢ni G¢inky (Zemanova
et al., 2013, 2014a, 2015a). Varianty Cd2 (60 mg/kg) a Cd3 (90 mg/kg) vyznamné redukovaly
rust nadzemni biomasy oproti kontrolni varianté u vSech testovanych rostlin (v pruméru o =
50 %). Vynos nadzemni biomasy klesal v pofadi N. praecox >> A. halleri > N. caerulescens
ekotyp Redlschlag >> N. caerulescens ekotyp Ganges. Z hlediska dlouhodobého pusobeni
stresoru m¢l nejvetsi odolnost N. praecox ze Slovinska, ktery nevykazoval zadné viditelné
zmény zpusobené toxickou hladinou Cd v pude€. Fytotoxicky vliv Cd byl zfejmy u variant
Cd3 (90 mg Cd/kg) a Cd2 (60 mg Cd/kg) N. caerulescens ekotyp Redlschlag z Rakouska,
u kterého byly pozorovany nekréozy na okrajich listd. U Zadného zéastupce z celedi
Brassicaceae nebyl pozorovan vyskyt chloréz na listech. Podobné vysledky zjistili ve svém
pokusu s ekotypy N. caerulescens Cosio et al. (2005).

Z vysledki pokusu vyplyva schopnost N. caerulescens a N. praecox akumulovat vice
Cd v nadzemni biomase a kofenech nez A. halleri (Zemanova et al., 2013, 2014a). Bert et al.
(2003) zjistili u A. halleri vyssi obsah Cd v kotfenech oproti nadzemni biomase. Nase
vysledky vSak tuto skuteCnost nepotvrdily. U A. halleri, N. praecox a obou ekotypt
N. caerulescens byl zjistén vyssi obsah Cd v nadzemni biomase nez v kofenech. Dle Lovy
et al. (2013) maji tyto rostlinné druhy vysoky pfijem Cd kotfeny, nizkou sekvestraci
Vv kotenech a zvySenou translokaci Cd z kotenli do bun¢k nadzemni biomasy, kde dochézi
k ukladani a detoxifikaci Cd. Pti srovnani obsahu Cd v hyperakumulujicich rostlinach klesala
schopnost akumulace tohoto prvku v potadi N. praecox > N. caerulescens ekotyp Ganges >>
A. halleri > N. caerulescens ekotyp Redlschlag.

V porovnani s vysledky pokusii s hyperakumulujicimi rostlinami ma Cd negativni vliv
na rast a vyvoj rostlin Spenatu setého (Spinacia oleracea L.). Tento zastupce

nehyperakumulujicich rostlin patii mezi méné citlivé rostliny na kontaminaci vlivem Cd,

119



avsak jeho vynos klesal se zvySujici se davkou Cd v piid€. V porovnani s kontrolni variantou
doslo u varianty Cd3 (90 mg/kg) ke snizeni vynosu biomasy o 73 %. Obdobné vysledky
zjistili Pavlikova et al. (2008) a Salaskar et al. (2011) u Spenatu setého rostouciho v pudé
kontaminované Cd. U varianty Cd3 (90 mg/kg) byl vizudln¢ prokazan fytotoxicky vliv Cd
vyskytem chloroz listii. Salaskar et al. (2011) tento fytotoxicky vliv Cd u Spenatu nepotvrdili.
Akumulace Cd vrostlinaich Spenatu setého byla srovnatelna s akumulaci Cd
u N. caerulescens ekotyp Redlschlag, zejména u nejvyssi davky Cd (90 mg/kg). Obsahy vSak
nedosahovaly hranice pro zafazeni mezi hyperakumulujici rostliny, pfesto je dle Salaskara
et al. (2011) mozné vyuzit Spenat sety pro fytoremediaci. Dle téchto autorti se obsah Cd
v rostlinach zvySoval s dobou vegetace. Nase pokusy prokazaly opacny vliv délky vegetace.
Jednim z faktori majicich vliv na efekt Cd v metabolismu a fyziologickych procesech
rostlin je jeho vztah s dal§imi mineralnimi prvky (Lux et al. 2011; Dias et al. 2013). Nartst
obsahu Cd v nadzemni biomase testovanych rostlin penizku vedl k poklesu obsahu K, Ca, Na
a Fe. Porovnani obsahu téchto prvkia v N. praecox a N. caerulescens ukazalo jejich vyznamny
pokles v biomase N. praecox. Dle Rodriguez-Serrana et al. (2009) nedostatek Fe a Ca
zpusobeny Cd vede k snizeni antioxidaéni obrany a muze piispét k produkci ROS
a peroxidaci lipidii v kadmiem stresovanych rostlinach. Eker a Uysal (2013) zjistili u $penatu,
ze zvySeny obsah K ma kli¢ovou roli v ochrané proti oxidaénimu stresu indukovanému
kadmiem a sniZuje peroxidaci lipidi. Z mikroprvki byl pfedev§sim vyznamné sniZen obsah Zn
a Ni. Tyto biogenni prvky spolu s Cu, Mn a Fe jsou kofaktory metaloenzymi (napf.
pro superoxiddismutazu) a tvoii biologické komplexy s kovy, které maji fadu dilezitych

funkci, napf. obranu proti oxida¢nimu stresu (Fernandez-Ocafa et al. 2011).

6.2 Parametry fotosyntézy

Wojcik et al. (2005) uvadéji jako jeden z toxickych efektd akumulace Cd v rostlinnych
pletivech poSkozeni fotosyntetického aparatu. Dle Burzynski a Klobus (2004)
je fotosynteticky aparat zvlasté citlivy na stres vlivem Cd a spolecnou reakei rostlin na tento
stres je omezeni fotosyntézy. Vyznamnymi inhibitory fotosyntetické aktivity jsou ROS
(Gallego et al., 2012), jejichz produkce v rostliné se zvysuje pii expozici Cd (Heyno et al.,
2008). Vysledky méfeni parametrli rychlosti vymény plyni a fotosyntézy u N. praecox
a N. caerulescens prokazaly inhibici rychlosti Cisté fotosyntézy (Pn) a zvySenou rychlost
transpirace (E), stomatalni vodivost (gs) a intracelularni koncentraci CO, (C;). Kontaminace
Cd vsak neméla vyznamny vliv na fotosyntézu. Obdobné vysledky zjistili Zhang et al. (2014)

u hybridu dochanu klasnatého (Pennisetum americanum x Pennisetum purpureum) a vetiverie
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(Vetiveria zizanioides). Naopak Sandalio et al. (2001) stanovili v listech hrachu redukci
transpirace a rychlosti fotosyntézy. Dle Shia a Caia (2008) zvysend C; ukazuje na ovlivnéni
enzymu temnostni faze fotosyntézy. Zvyseni gs pravdépodobné souvisi se zménou v poméru
K:Ca ve svéracich buiikkach a/ nebo zménami v koncentraci kyseliny abscisové, ktera
kontroluje pohyb priducht. Zhang et al. (2006) uvadeji mozné ovlivnéni fotosyntézy
draslikem prostfednictvim zmén v morfologii a anatomii listd. Také nase vysledky potvrdily

pokles obsahu K v biomase rostlin a mozny vliv na rychlost fotosyntézy a vymény plynd.

6.3 Obsah volnych aminokyselin

Aminokyseliny maji v metabolismu a vyvoji rostlin dilezity vyznam, slouzi jako
prekurzory pro proteiny a jejich soucasti (Jezek et al., 2011). Xu et al. (2012) uvadé¢ji
mnohostrannou roli aminokyselin v rostlinach v pfitomnosti rizikovych prvkia. Dle Halla
(2002) muze fada aminokyselin v pletivech rostlin pusobit jako ligandy pro komplexaci kovt
a tim zvysit toleranci rostliny vic¢i tomuto kovu. Vysledky pokusu s hyperakumulatory
N. caerulescens ekotyp Ganges a A. halleri nevykazuji statisticky prukazny vliv Cd
na celkovy obsah volnych aminokyselin v nadzemni biomase. Vyznamné rozdily v celkovém
obsahu volnych aminokyselin byly pozorovany mezi rostlinnymi druhy, N. caerulescens
dosahoval 2-krat vétSich obsahti v nadzemni biomase nez A. halleri. Pii dlouhodobém
pusobeni Cd se obsah celkovych volnych aminokyselin u obou hyperakumuléatord snizil
V porovnani s kontrolni variantou (varianta Cd3 snizila obsah o ~ 50 wt% u N. caerulescens
a ~ 25 wt% u A. halleri). Obdobné vysledky pozorovali Pavlikova et al. (2014a,b) u rostlin
tabaku (Nicotiana tabacum L.) pfi stresu vlivem Zn. Vliv nejnizsi davky Cd (30 mg/kg) mél
vSak opacny efekt na celkovy obsah volnych aminokyselin v nadzemni biomase
N. caerulescens. Tato davka Cd zvysila akumulaci volnych aminokyselin v porovnani
s kontrolni variantou pii kratkodobé i1 dlouhodobé expozici rostlin tomuto prvku. Odlisny vliv
mélo Cd na obsah volnych aminokyselin v kofenech hyperakumulatori. U N. caerulescens
doslo pfi kratkodobém i dlouhodobém stresu vlivem Cd ke zvyseni celkového obsahu volnych
aminokyselin u kontaminovanych variant, zejména stiedni davky Cd (60 mg/kg) oproti
kontrolni varianté (= 150-200 wt%). Tato akumulace souvisi dle Couturiera et al. (2010)
s funkci aminokyselin jako chelata¢nich molekul, kdy po vytvofeni komplexu s Cd je tento
komplex translokovan z kofeni do nadzemni biomasy rostlin. Dle Chaffeiho et al. (2004) je
zvySeni obsahu N:C aminokyselin v kofenech ochrannd strategie zajisténi Zivin pro budouci

vyuziti. Rostliny A. halleri prokazaly tento trend pouze pii dlouhodobém puisobeni Cd (= 30
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wit%). U tohoto rostlinného druhu byl v kofenech pozorovan obdobny jev v celkovém obsahu
volnych aminokyselin jako v nadzemni biomase.

Rozdily mezi hyperakumulatory Cd byly pozorovany zejména v profilu volnych
aminokyselin.  Z celkového obsahu volnych aminokyselin v nadzemni biomase
N. caerulescens a A. halleri byly nejvice zastoupeny kyselina glutamova (Glu; v priméru ~ 5
wt% u N. caerulescens a =~ 8 wt% u A. halleri), glutamin (GIn; v priméru = 40 wt% u N.
caerulescens a ~ 20 wt% u A. halleri), kyselina aspragova (Asp; v pruméru =~ 20 wt% u N.
caerulescens a = 12 wt% u A. halleri) a asparagin (Asn; v priméru ~ 10 wt% u N.
caerulescens a ~ 50 wt% u A. halleri). Obdobné vysledky byly zjistény i pfi porovnavani
vybranych ekotypt N. caerulescens a N. praecox. Dle Sanchez-Parda et al. (2013) jsou Glu
a GIn organické formy preménéného amoniaku v rostlindich a jsou zdrojem dusiku
V biosyntéze esencidlnich aminokyselin a dalSich slouc¢enin obsahujicich dusik. Obsahy Glu
a GlIn dosahovaly nizSich hodnot v nadzemni biomase A. halleri nez v N. caerulescens a N.
praecox. Varianty s vyssi davkou Cd (60 mg/kg a 90 mg/kg) snizily obsah téchto volnych
mg/kg). U N. praecox doslo vlivem nejvyssi davky (90 mg/kg) k snizeni obsahu Glu a naopak
zvySeni akumulace GIn. Tyto vysledky jsou v rozporu spraci Sharmy a Dietze (2006)
a Pavlika et al. (2010), kteti pozorovali zvySeni obsahu Glu pfi stresu rostlin vlivem
ptitomnosti rizikovych prvkia. U ekotypu N. caerulescens z Rakouska byly pozorovany jen
nepatrné zmény v obsahu Glu. Mokhele et al. (2012) uvadéji moznost vyuziti Glu a Gln pro
syntézu Asp a Asn a jejich roli v translokaci organického dusiku ze zdroje do zésobnich
pletiv. Obsahy Asp a Asn v nadzemni biomase A. halleri byly bez vyznamnych zmén, naopak
u N. caerulescens a N. praecox doslo k akumulaci Asp vlivem zvySujici se kontaminace
kadmiem. V obsahu Asn doslo u ekotypi N. caerulescens a N. praecox k poklesu. Podobné
vysledky zjistili Pavlik et al. (2010) v listech $penatu rostoucim v prostiedi kontaminovaném
arsenem. Opacné vysledky publikovali Lea et al. (2007). Vysledky obsahu Asn v A. halleri
potvrdily zjiSténi Zhanga et al. (2013), podle kterych je Asn hlavni formou transportu dusiku
do zasobnich pletiv v rostlinach Arabidopsis.

Rada autori (Zengin a Munzuroglu, 2005; Mistra a Dubey, 2006 atd.) studovala
akumulaci iminokyseliny prolinu (Pro) v pletivech a organech rostlin vystavenych pusobeni
abiotickych stresord, vcetné rizikovych prvka. Vysledky pokusu s hyperakumulatory
A. halleri a N. caerulescens ekotyp Ganges tuto akumulaci Pro vlivem Cd potvrdily pouze
u N. caerulescens ekotyp Ganges, ktery dosahoval 15-75krat vyssich obsaht nez A. halleri.

Kontrolni varianta u A. halleri vykazovala vys$si obsah Pro v porovnani s kontaminovanymi
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variantami. Opacny efekt Cd byl pozorovan u N. praecox a N. caerulescens ekotyp
Redlschlag, u nichz doslo vlivem nejvyssi davky Cd (90 mg/kg) k zvySeni obsahu Pro.
Porovnani obsahu této aminokyseliny ukédzalo niz§i akumulaci Pro v N. praecox. Tento
hyperakumulator je pravdépodobné schopen inhibovat tvorbu Pro z Glu zpétnou vazbou.
Podle Garcia-Riosy et al. (1997) je inhibice Pro zavisla na koncentraci Glu a rostliny s vyS$im
pomérem Glu:Pro jsou 1épe pfizpisobeny Cd stresu. Akumulace volného Pro byla ovlivnéna
nejen davkou Cd, ale také adaptaci rostlin na chronicky stres a délkou vegetac¢ni doby. Tyto
vysledky jsou v souladu s publikaci Pavlikova et al. (2008).

Vyznamny rozdil mezi hyperakumulatory N. caerulescens ekotyp Ganges a A. halleri
byl pozorovan v obsahu hydxyprolinu (Hyp), ktery je hlavni aminokyselinou hydrolysata
bunéénych stén rostlin. Tyto slou€eniny jsou vytvareny v rostlinach pii oxidacnim stresu
(De Graaf et al., 2001). V ekotypech N. caerulescens a v N. praecox se obsah Hyp zvySoval
s davkou Cd v pude€, naopak v nadzemni biomase A. halleri byl obsah pod mezi detekce
stanoveni.

Pro rlst, vyvoj a obranu rostlin je nezbytnd rovnovéha (homeostaze) aminokyselin
(Liu et al., 2010). He et al. (2013) uvadéji jako stézejni prvek pro rovnovéhu tokil mezi
riznymi drahami aminokyselin kone¢ny produkt inhibice na vétvicich se mistech
v biosyntéze aminokyselin s rozvétvenym fetézcem (tj. leucin, isoleucin a wvalin).
U N. caerulescens ekotyp Redlschlag doslo k vyznamnému zvySeni obsahu leucinu (Leu)
a isoleucinu (lle), coz potvdilo, ze ekotyp je méné ptizpusobeny Cd stresu v porovnani
S ostatnimi testovanymi rostlinami. Tento ekotyp pfi stresu vlivem Cd aktivuje enzymy, které
jsou spojené¢ s degradaci a senescenci rostlin. Substratem pro syntézu Ile jsou threonin (Thr)
a methionin (Met), jejichZz syntéza a katabolismus v rliznych vyvojovych a piirodnich
podminkach ovliviiuje dostupnost Ile (Joshi et al. 2010). Vyznamny vztah v obsahu mezi Thr
a Ile byl prokazan u N. praecox a N. caerulescens ekotyp Redlchlag. Obsah Met byl u téchto
rostlin pod mezi detekce ptislusné metody stanoveni. Dal$i vyznamnou aminokyselinou, jejiz
biosyntézu vyvolavaji stresové podminky je tryptofan (Trp). Dle Sanjaya et al. (2008)
zvySend hladina Trp snizuje piistupnost Cd pro rostliny, jeho transport a akumulaci
Vv rostlinach. K zvyseni obsahu Trp doslo pouze u rostlin N. caerulescens ekotyp Redlschlag.

Porovnéani obsahil jednotlivych volnych aminokyselin mezi rostlinami N. praecox
a N. caerulescens ekotyp Redlschalg prokazalo snizeni obsahu alaninu (Ala) se zvySujici
se davkou Cd vpadé. Tato aminokyselina je akumulovana zejména v odezv€ na stres
ve vztahu K regulaci intracelularniho pH. Podle Hjhortha et al. (2006) je zvySeny obsah

volného Ala zplsoben snizenim rychlosti syntézy proteini a zvySenim syntézy Ala
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v disledku  naruSeni reakce  alaninaminotransféraz. NaSe  vysledky  ukazuji,
ze hyperakumulatory Cd neakumuluji Ala v cytosolu pro regulaci pH. Tyto rostliny mohou
Ala pouzit pro biosyntézu proteinkinaz obsahujicich Pro/ Ala (Mori et al., 2013) nebo
biosyntézu bilkovin bohatych na His a Ala (Komatsu et al., 2009). Pro regulaci pH akumuluji
tyto druhy y-aminomaselnou kyselinu (GABA) (Bor et al., 2009). Tato aminokyselina ma
Vv metabolismu rostlin riznou roli, je souc¢asti C-N metabolismu, energetické bilance, vyvoje
rostlin, obrany proti stresu a slouzi jako signalni molekula (Sawaki et al. 2009). NaSe
vysledky neprokéazaly vyznamny vliv Cd na obsah GABA v testovanych rostlinach.

Vyznamnou aminokyselinou, u niz vSak neni znam fyziologicky uc¢inek na rostliny
je sarkosin (Sar). Sar (N-methylglycin) je meziprodukt v metabolismu trimethylglycinu
(glycin betain) (Oda et al., 2005), ktery je zndm jako metabolit akumulujici se pfi oxida¢nim
stresu (Kholova et al. 2009). Ztohoto divodu je pokles Sar spojovan s biosyntézou
glycinbetainu a obranou rostlin proti oxida¢nimu stresu. Tento pokles je zptisoben methylaci
glycinu via Sar na glycin betain (Niu et al., 2014) nebo nedostatkem glycinu vyvolaném
reakci glycinu a cholinem (Ashraf a Foolad, 2007). Obsah Sar u N. praecox a N. caerulescens
ekotyp Redlschlag znaci vyznamnéjsi vliv Cd na oxidac¢ni stres ekotypu Redlschlag, u kterého
doslo k vyraznému poklesu obsahu Sar v kontaminované varianté (pokles pod mez detekce).
Podle Krishnakumar et al. (1996) a Tewari (2012) mlZe Sar vytvaret komplexy s Cd a dalSimi
kovy. Toto mutze byt duvod vysoké akumulace Cd v rostlinach N. praecox, kde dochazi
pravdépodobné k chelataci Cd se Sar.

V rostlinach Spenatu setého byl prokdzan vyznamny vliv kontaminace Cd na celkovy
obsah volnych aminokyselin. V porovnani s vysledky v nadzemni biomase N. caerulescens,
N. praecox a A. halleri (Zemanova et al., 2014a ; Zemanova et al., nepublikovano) byl
pozorovan opacny trend v reakci na zvySujici se davku Cd v pideé pii dlouhodobém plisobeni.
Akumulace volnych aminokyselin klesala se stupniujici se davkou Cd v prvni poloviné
vegetacni doby, avSak v druhé poloviné vegeta¢niho cyklu doslo k nartstu celkovych obsahii
volnych aminokyselin vlivem davky Cd. Dle Hirnera et al. (2006) jsou aminokyseliny
dilezitou soucasti ve vyzivé dusiku pfi ristu rostlin v rozmanitych podminkach, kdy slouzi
jako zdroj organického dusiku. V profilu volnych aminokyselin byly nejvice zastoupeny
kyselina glutamova (Glu; = 30 wt%) a kyselina asparagova (Asp; = 20 wt%). Podobné zjisténi
uvadi Coruzzi (2003) v rostlinach Arabidopsis a Di Martino et al. (2003) v listech $penatu pti
stresu zasolenim. Zmény v obsahu Asp byly v porovnani s Glu méné vyznamné, coz je
pravdépodobné zptisobeno vyuzitim Glu pro syntézu glutathionu a fytochelatind v rostlinnych

bunkach (Vitoria et al.,, 2001). Na vyznamné rozdily v metabolismu aminokyselin mezi
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nehyperakumulujicimi a hyperakumulujicimi rostlinami poukazuje absence Sar v listech

Spenatu setého.

6.4 Obsah mastnych kyselin

Vliv dlouhodobého plsobeni Cd na obsah mastnych kyselin byl zjisStovan u vybranych
ekotypt N. caerulescens a N. praecox po 90 a 120 dnech vegetace. Statisticky vyznamné
rozdily byly zjistény zejména po 120 dnech vegetace u vSech pokusnych rostlin. Obsah
nasycenych mastnych kyselin u N. praecox a N. caerulescens ekotyp Ganges klesal
se zvySujici se davkou Cd v pudé. Opacny efekt varianty Cd3 byl pozorovan
u N. caerulescens ekotyp Redlschlag. Vysledky jsou v souladu s praci Nouairia et al. (2006),
ktefi zjistili podobné zmény v obsahu nasycenych mastnych kyselin v listech Brassica juncea
pii stresu vlivem Cd. Celkovy obsah nenasycenych mastnych kyselin vykazuje opacné trendy
u jednotlivych pokusnych rostlin. U N. praecox a N. caerulescens ekotyp Ganges doslo
ke statisticky prikaznému zvySeni tohoto obsahu u varianty Cd3 v porovnani s kontrolni
variantou. Pokles celkového obsahu nenasycenych mastnych kyselin se projevil
u N. caerulescens ckotyp Redlschlag. Dle Thompsona et al. (1998) zvysSuje Cd aktivitu
lipoxygenasy a tim ovliviiuje obsah nenasycenych mastnych kyselin v membranach, které
slouzi jako substrat pti peroxidaci lipidu.

U vSech pokusnych jedinct byly stanoveny tyto nasycené mastné kyseliny: laurova
(12:0), myristova (14:0), palmitova (16:0), stearova (18:0), arachidova (20:0), behenova
(22:0) a lignocerova (24:0). NejvysSich obsahli z téchto nasycenych mastnych kyselin
dosahovala v obou odbérech u N. praecox a ekotypu N. caerulescens kyselina palmitova
(16:0, = 50% z celkového obsahu nasycenych mastnych kyselin). Dale byl pozorovan vyssi
obsah kyseliny lignocerové (24:0) u N. caerulescens ekotyp Redlschlag v porovnani
s N. caerulescens ekotyp Ganges a N. praecox.

Pti analyzach byly stanoveny obsahy nasycenych mastnych kyselin s ultra dlouhym
fetézcem (poCet C > 26), které nejsou bézné pfitomny v pletivech nehyperakumulujicich
rostlin. Jedna se o kyselinu cerotovou (26:0), montanovou (28:0) a melissovou (30:0).
Kyselina melissova byla stanovena pouze u N. praecoX, v jehoZz nadzemni biomase doslo
ke zvySeni obsahu kyseliny se zvysujici se davkou Cd v pudé. Tyto nasycené mastné kyseliny
slouzi jako zdroj energie na opravu bunécnych membran pii oxidacnim stresu vyvolaném
pfitomnosti Cd v prostredi.

Cd zptisobuje akumulaci ROS a ovliviiuje enzymatickou aktivitu peroxidaz, pti¢emz

dochazi k peroxidaci nenasycenych mastnych kyselin a zméné jejich zastoupeni
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v membranach. Tento jev potvrdili Verdoni et al. (2001) v primarnich listech rajcat, kde Cd
vyvolal vyznamny pokles 18:3 kyseliny a zvySeni obsahu 18:1 a 18:2 kyseliny. Pokles mastné
kyseliny 18:3 jako odpovéd’ na stres vlivem rizikovych prvka zjistil také Upchurch (2008) pii
studiu stupné nenasycenosti membranovych lipida ve stresu tolerantnich rostlin. Nenasycené
mastné kyseliny, které byly stanoveny v N. praecox a v ekotypech N. caerulescens jsou
7,10-hexadekadienova (16:2n-6), 7,10,13-hexadekatrienova (16:3n-3), 9,12-oktadekadienova
(18:2n-6) a 9,12,15-oktadekatrienova (18:3n-3) kyselina. U N. praecox a N. caerulescens
ekotyp Ganges byly stanoveny také nenasycené mastné kyseliny s 20 uhliky v fetézci,
a to kyselina 11,14-cikosadienova (20:2n-6) a kyselina 11,14,17-eikosatrienova (20:3n-3).
Nejvice zastoupena byla kyselina 9,12,15-oktadekatrienova (18:3n-3), jejiz obsah byl vyssi
v N. praecox a N. caerulescens ekotyp Ganges (oba = 35 wt% z celkového obsahu mastnych
kyselin) nez v N. caerulescens ekotyp Redlschlag (= 30 wt% z celkového obsahu mastnych
kyselin). Pomoci linearni regrese byl zjistén signifikantni vztah mezi obsahem kyseliny
9,12-oktadekadienova (18:2n-6), kyseliny 9,12,15-oktadekatrienova (18:3n-3) a obsahem Cd
v nadzemni biomase N. praecox a N. caerulescens ekotyp Redlschlag. Tento vztah nebyl
vyznamny U N. caerulescens ekotyp Ganges.

Pro zjisténi rozdili v metabolismu mastnych kyselin v odezvé na puasobeni Cd
u nehyperakumulujicich rostlin byl stanoven obsah mastnych kyselin v rostlinach $penatu
set¢ho. Vysledky ukazuji odliSny trend v obsahu nasycenych a nenasycenych mastnych
kyselin. Obsah nasycenych mastnych kyselin se v rostlinach Spenatu zvySoval se stupniujici
se davkou Cd v pudé a naopak obsah nenasycenych mastnych kyselin klesal. Podobné
vysledky byly zjistény u N. caerulescens ckotyp Redschlag (Zemanova et al., 2015a)
a v listech pepie (Capsicum annuum) pii stresu vlivem Cd (Jemal et al., 2000). Pti porovnani
nasich vysledku s hyperakumulatory N. praecox a N. caerulescens dochazi u rostlin $penatu
seté¢ho k signifikantnim zménadm v profilu mastnych kyselin. V listech $penatu setého byly
stanoveny tyto mastné Kkyseliny: palmitova (16:0), 7,10,13-hexadekatrienova (16:3n-3),
9,12-oktadekadienova (18:2n-6), 9,12,15-oktadekatrienova (18:3n-3) a arachidova (20:0).
Nejvice zastoupenou mastnou kyselinou je kyselina 9,12,15-oktadekatrienova (18:3n-3) (=70
wt% z celkového obsahu mastnych kyselin), jejiz obsah klesd se zvysujici se davkou Cd
v pudé. Tento efekt Cd potvrdil Verdoni et al. (2001) v listech rajc¢at. Dle Upchurche (2008)
ma skupina nenasycenych mastnych kyselin s 18 C specifickou roli v udrzovani funkce
membran. Semipermeabilita, fluidita a integrita membrdn umoziuje rostlindm efektivné

prekonavat oxidacni stres.
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7 ZAVER

Vsechny pokusné rostliny z ¢eledi Brassicaceae akumulovaly vice jak 100 mg Cd/kg
susiny a splnily tedy kritérium pro zafazeni mezi hyperakumulatory tohoto prvku. Z vysledkt
vyplyva, ze nejvyssi davka Cd (90 mg/kg) ma vyrazny negativni vliv na metabolismus
(30 mg/kg) méla na vSechny testované rostliny stimulaéni efekt. Za nejtolerantnéjsi k vlivu
Cd lze na zadklad¢ vynosu nadzemni biomasy, obsahu Cd, vysledkli parametri fotosyntézy
a nepiitomnosti viditelnych projevii kontaminace Cd povazovat N. praecox ze Slovinska.

Zmény obsahti volnych aminokyselin mohou hrat vyznamnou roli v mechanismu
adaptace rostlin na stres vlivem Cd. Celkovy obsah volnych aminokyselin nevykazoval
vyznamné rozdily mezi N. praecox, ekotypy N. caerulescens a A. halleri. Rozdily
v metabolismu aminokyselin v testovanych rostlinach je ziejmy z profilu volnych
aminokyselin. Dominantni volnou aminokyselinou byl v nadzemni biomase N. praecox
a N. caerulescens glutamin, v nadzemni biomase A. halleri byl touto volnou aminokyselinou
asparagin. Tyto vysledky ukazuji na odliSnou cestu vyuziti dusiku u Noccaea sp.
a Arabidopsis sp.. Obsah volného prolinu v testovanych rostlinach znaéi rtiznou odolnost
jednotlivych hyperakumulatorti a jejich ekotypti vuci ptisobeni Cd. Vyznamny rozdil mezi
testovanymi hyperakumulatory byl v obsahu volného sarkosinu, ktery vytvaii pravdépodobné
chelaty s Cd. Dle vysledkd stanoveni volnych aminokyselin je nejlépe adaptovan na stres
vlivem Cd N. praecox ze Slovinska.

Obsahy nasycenych a nenasycenych mastnych kyselin a jejich zmény byly obdobné
u N. praecox a N. caerulescens ekotyp Ganges, opacné reagoval N. caerulescens ekotyp
Redlschlag. U vSech testovanych zastupct byla hlavni nasycenou mastnou kyselinou kyselina
palmitova (16:0). Z nenasycenych mastnych kyselin byla u vSech pokusnych rostlin nejvice
zastoupena kyselina 9,12-oktadekadienova (18:2n-6) a 9,12,15-oktadekatrienova (18:3n-3).
Na odliSny metabolismus mastnych kyselin hyperakumulujicich rostlin proti béZnym
nehyperakumulujicim rostlindm poukazuje stanoveni pfitomnosti nasycenych mastnych
kyselin s ultra dlouhym fetézcem (pocet C > 26), které pravdépodobné slouzi
hyperakumulujicim rostlindm jako zdroj energie pii dlouhodobém plisobeni stresoru.

Z vysledkl pokust jsou zfejmé komplexni zmény v regulaci stresového metabolismu
u hyperakumulujicich rostlin, které jsou vysledkem selekéniho tlaku béhem jejich
fylogenetického vyvoje v konkrétnich oblastech znecisténi.

Pokus se Spenatem setym (Spinacia oleracea L.) prokazal fytotoxicky efekt Cd,
zejména u variant s vyssi davkou Cd (60 mg/kg a 90 mg/kg). Rostliny Spenatu setého ptes
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negativni vliv Cd na vynos biomasy akumulovaly v pletivech vysoké obsahy Cd.
V metabolismu volnych aminokyselin se u tohoto nehyperakumulujiciho druhu projevilo
nékolik spole¢nych znakt s hyperakumulatory rodu Noccaea - celkovy obsah volnych
aminokyselin a dominantni volnd aminokyselina glutamin. Rozdil byl zejména patrny
v akumulaci volného prolinu. Vysledky v obsahu mastnych kyselin ukazuji odlisné chovani
Spenatu setého oproti hyperakumulujicim rostlindm. Vlivem Cd doslo k zvyseni celkového
obsahu nasycenych mastnych kyselin a sniZzeni celkového obsahu nenasycenych mastnych
kyselin. V porovnani s testovanymi rostlinami rodu Noccaea mély rostliny Spenatu setého
rozdilny profil mastnych kyselin, v némz hlavni mastnou kyselinou byla kyselina 9,12,15-
oktadekatrienova (18:3n-3).

Pritomnost Cd v ptadé vyvolala u pokusnych rostlin rozmanitou reakci na jim
zpusobeny stres. V obecné roviné byla u hyperakumulujicich a nehyperakumulujicich rostlin
prokazana tada spole¢nych znakii chovani v metabolismu volnych aminokyselin a mastnych
kyselin, avSak pii zaméfeni se na jednotlivé ¢asti v téchto metabolickych reakcich jsou patrné
rozdily u testovanych zéstupct téchto dvou skupin rostlin. Zdkladni rozdil spatiujeme
predev§im v poméru Glu:Pro a tvorbé sarkosinu a mastnych kyselin s velmi dlouhymi fetézci

V hyperakumulujicich rostlinach.
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Piiloha 1 Hmotnostni spektra nenasycené mastné kyseliny: (a) 7,10-hexadekadienova

kyselina (16:2n-6) a (b) 7,10,13-hexadekatrienova (16:3n-3).
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Rialative Abundance

b)

Relative Abundance

Pfiloha 2 Hmotnostni spektra nenasycené mastné kyseliny: (a) 9,12-oktadekadienova kyselina

(18:2n-6) a (b) 9,12,15-oktadekatrienova kyselina (18:3n-3).
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Priloha 3 Hmotnostni spektra nenasycené mastné kyseliny: (a) 11,14-eikosadienova kyselina
(20:2n-6) a (b) 11,14,17-eikosatrienova kyselina (20:3n-3).
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Ptiloha 4 Hmotnostni spektra nasycené mastné kyseliny Svelmi dlouhym fetézcem:
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(a) cerotova kyselina (26:0), (b) montanova kyselina (28:0) a (c) melisova kyselina (30:0).
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e

Priloha 5 Rostliny Noccaea sp.: (a), (b) pfedpéstovani ze semen a (c) po 30 dnech vegetace

v kontaminovaném prostiedi.
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b)

RAKOUSKO

15 mg/ke S

Pfiloha 6 Rostliny Noccaea sp. po 90 dnech vegetace v kontaminovaném prostiedi:

(@) N. praecox, (b) N. caerulescens ekotyp Ganges, (c) N. caerulescens ekotyp Redlschlag.

154



b)

Ptiloha 7 Rostliny $penatu setého: (a) 25 dni vegetace a (b) 55 dni vegetace.
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