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1 UVOD

Problematika rizikovych prvkd a jejich pusobeni v zivotnim prostiedi je Siroce
zkoumané téma, které bylo popsano jiz v mnoha publikacich, napt. Adriano (2001),
Kabata-Pendias et Pendias (2001), Kabata-Pendias et Mukherjee (2007), Hooda (2010) aj.
Béhem poslednich desetileti bylo zejména diky technickému pokroku vyvinuto mnoho
novych metod stanoveni rizikovych prvki v nejriznéjSich matricich a Vv Sirokém rozpéti
koncentraci, Casto pifesahujicich nékolik fada. Proto se i samotny vyzkum mohl posunout
ke studiu velice nizkych (az ultrastopovych) koncentraci ve vzorcich, ve kterych by diive
koncentrace né&kterych prvkd byly pod detekénimi limity analytickych technik.
Navic se nemusime omezovat pouze na celkové obsahy, jejichz vypovidaci hodnota ¢asto
neni dostacujici, ale je mozné vyuZzit i speciaéni techniky, které stanovi, jaké slouc¢eniny
daného prvku jsou ve vzorku ptitomny (Meers et al., 2005; Buffle et Tercier-Waeber, 2005;
Citak et al. 2010).

I pfesto, Ze jsou na emise polutanti do zivotniho prostiedi kladeny ptisné legislativni
limity, ani tak nelze zcela zamezit jejich vstupu do biosféry a interakce s zivymi organismy.
At uz proto, Ze jsou soucasti starych ekologickych zatézi nebo proto, ze rizikové prvky,
na rozdil od mnoha organickych polutantti, které jsou ¢asto schopny degradace, se v zivotnim
prostfedi kumuluji a mohou tak dale vstupovat do potravnich fetézct (Peralta-Videa et al.,
2009). Zavaznost problému kontaminace Zivotniho prostfedi arsenem dokladaji i oficialni
dokumenty mést jako napf. Kutna Hora (viz kapitola 9.2), ktera se snazi svymi doporuc¢enimi
napt. o tom jaké plodiny péstovat nebo jak se chovat v okoli hald, snizit $kodlivé ptsobeni
tohoto prvku na své obcany.

Na druhé strané jsou zde prvky jako selen, molybden, bor aj., které jsou v padach
na naSem Uzemi deficitni (Polakova, 2010), at’ uz to je z divodu nizkého obsahu v mate¢ni
horning, intenzivniho hospodafeni na orné pidé bez piihnojovani mikroprvky, nebo diky
mistnim padné-klimatickym podminkam (Bell et Dell, 2008). Tato skute¢nost mize mit
za nasledek nedostatek nékterych prvkd v potravé na raznych trofickych drovnich
(Singh, 2009; Chenery et al., 2012).

Vyznamnym ptechodem mezi pidou a vy$$imi trofickymi Grovnémi jsou rostlinna
spoleCenstva, ktera tak tvoii zaklad pro tok mikroprvki, makroprvkl a soucasné i pro tok
rizikovych prvka (Chenery et al., 2012; Ehrenfeld, 2013). Podle vysledka diivéjsich studii
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(Jung, 2008; Song et al., 2009; Polakova et al., 2013) pifedpokladame, ze fyzikalné-chemické
vlastnosti pud budou i v nasem piipadé jednim z hlavnich faktord ur€ujicich celkové obsahy
a specie arsenu respektive selenu v biomase rostlin.

Schopnost pfijmu a akumulace prvkii z pid rostlinami miize byt vyuZzivana
bud’ k zadoucimu obohaceni (zejména plodin a picnin) o esencidlni prvky, nebo naopak
k akumulaci rizikovych prvkia v biomase rostlin tzv. fytoremediaci, a tim odstranéni
Skodlivého pusobeni prvka nachézejicich se v pudé (Cameselle, 2013). Schopnost piijmu,
akumulace a transformace na jednotlivé slou¢eniny se mezi rostlinnymi druhy vyznamné 1isi
(Kuehnelt et al., 2000; Schmidt et al., 2001; Jana et al., 2012). Piedpokladame, Ze budeme
schopni tento fakt také potvrdit a najit rostlinné druhy bézné se vyskytujici na vybranych
stanovistich v ramci Ceské republiky, které jsou schopné vyznamné akumulace jak arsenu
a jeho nejbézngjsich sloucenin, tak druhy, schopné akumulace selenu. Podobné studie
zabyvajici se obsahem arsenu v rostlinnych spolecenstvech volné rostoucich rostlin byly
provedeny napi. na Gzemi Spanélska (Larios et al., 2012) a Polska (Jedynak et al., 2009).
Zatim nam viak nejsou znamy zadné, které by se zabyvaly Gzemim Ceské republiky.

Studie hodnotici obsah selenu v rostlinnych spoleéenstvech volné rostoucich rostlin
jsou pak celosvétové velmi ojedinélé (Miladinovi¢ et al., 1998; Sasmaz et al. 2015),
a podobné jako u arsenu, studie zabyvajici se obsahem selenu v rostlinnych spoleenstvech
volné rostoucich rostlin na naSem uzemi zatim nebyly provedeny. Zajimave je také sledovat
to, v jakych slouceninach se arsen ¢i selen vrostlinich vyskytuje a jsou-li rostliny
Z vybranych stanoviSt schopné transformace anorganickych sloucenin, které se Vv pidé
vyskytuji nejcastéji, do sloucenin organickych. Zjisténi vyskytu a rozloZeni jednotlivych
specii v raznych ¢astech rostlin by mohlo pomoci k pochopeni biochemickych procest
probihajicich v rostlinach a mechanismu piijmu téchto prvki kofenovym systémem.
Déle by tato data mohla napomoci k odhadu mozného toxického vlivu zvySenych obsaht
arsenu/selenu v rostlinné biomase, protoze ne vSechny slouceniny arsenu a selenu vykazuji
pro ¢lovéka stejnou miru toxicity. Naopak vyskyt nékterych sloucenin selenu, zejména téch
s protirakovinovym ucinkem, by byl pozitivnim zji§ténim, které by se dalo dale vyuzit

k ochrané lidského zdravi.



2 LITERARNI PREHLED

2.1 ARSEN

2.1.1 Zakladni charakteristika arsenu

Arsen spolu s antimonem, bismutem, dusikem a fosforem tvoii v periodické tabulce
skupinu 15 a jeho relativni atomova hmotnost je 74,92 g mol™. Je to polokov vyskytujici se
ve tfech alotropickych modifikacich: ¢erna, Zlutd a Seda neboli kovova, kterd se vyskytuje
nejéastéji (Greenwood et Earnshaw, 1993). Chemicky je velmi podobny fosforu a muze ho
v n¢kterych biochemickych reakcich i nahrazovat (Kabata-Pendias et Pendias, 2001,
Dani, 2011). Ve slouceninach je arsen staly v oxida¢nich stavech -3, +3, +5 (Wang et
Mulligan, 2006; Charlet et al., 2011). VétSina jeho sloucenin je bez barvy a bez zapachu,
snadno rozpustna ve vodé, coz zvysuje jeho potencidlni riziko pusobeni v zivotnim prostiedi

(Wang et Mulligan, 2006).

2.1.2 Vyskyt arsenu v Zivotnim prostiedi

Arsen je prvek, ktery se v zivotnim prostiedi vyskytuje zcela bézné. Je soucasti hornin,
pud, pfirodnich vod a ve stopovych mnozstvich se vyskytuje ve vSech Zivych organismech
(Wang et Mulligan, 2006). Arsen je piirozenou soucasti n¢kolika stovek riznych minerald,
v 60 % z nich se pak vyskytuje jako arseni¢nan (Kabata-Pendias et Pendias, 2001). Takovymi
ptiklady jsou farmakosiderit, pitticit, skorodit a jiné (Filippi et al., 2004), nejznamé&jSim
minerdlem obsahujicim arsen je vSak arsenopyrit (FeAsS) (Jiang et al., 2008).
Primé&rné obsahy arsenu v horninach se pohybuji od 0,5 do 2,5 mg As kg™, v sedimentéarnich
horninach mohou dosahovat az 13 mg As kg™.

V nekontaminovanych ptidach mohou obsahy arsenu v zavislosti na typu pud, podlozi
a mistnich podminkach dosahovat az 93 mg As kg™ susiny (U.S.) (Kabata-Pendias et Pendias,
2001). Ackoliv mineraly a slouceniny arsenu jsou snadno rozpustné ve vode¢, jeho mobilita
Vv pudé a pidnim roztoku je z velké Casti limitovana jeho silnou sorpci na hydratovane oxidy
zeleza, kde miZe koncentrace arsenu dosdhnout az né€kolika hmotnostnich procent (Manning
et Goldberg, 1996), dale na hydratované oxidy hliniku a manganu, jilové mineraly i organickou

hmotu. Jeho mobilita v pidé je tak ve srovnéni s jinymi prvky jako je napi. kadmium nebo zinek
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pomémé nizsi (Kabata-Pendias et Pendias, 2001; De Brouwere et al., 2003). Al-Abed et al.
pii pH 5 a nejvyssi pii pH 11, pricemz celkové obsahy arsenu v rozmezi pH 3-11 kopiruji tvar
kiivky V, ktera odrazi chovani rtznych sloucenin arsenu a precipitaci arsenu na oxidy
a hydroxidy Zeleza pii rizném pH. Nejcastéji vyskytujici se formy arsenu v zavislosti na pH a Eh
pudy ukazuje obrézek ¢. 1. Za béznych podminek v orné pidé (pH mezi 4-8, Eh okolo 500 mV)
se nejéastdji vyskytuje As™, vmensi mife pak As™. Smérem k anoxickym & anaerobnim
podminkdm v pudé se tento pomér obraci. Tento pomér je dilezity zejména proto, Ze arsenitan je

vvvvvv

snadngji pfistupny. (Smedley et Kinniburgh, 2002)

Obréazek ¢.1: Eh-pH diagram pro vodorozpustné specie arsenu v pudé v zavislosti na pH
a Eh pfi teploté 25 °C, za bézného atmosférického tlaku (Smedley a Kinniburgh, 2002)
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Z pudy, ale i z hornin, mtize arsen diky piasobeni sorpénich a desorpénich sil piechazet
Zpevné faze do faze kapalné a tim zplsobovat kontaminaci povrchové i1 podzemni vody
(Welch et al., 2000; Li et al.?, 2013; Sorg et al., 2014). Je zaznamenano n&kolik piipadii otravy
nékolika desitek az nckolika tisic lidi v disledku kontaminace pitné vody arsenem, jehoz
koncentrace vyznamné piesahovala doporuceny limit WHO (2012) pro pitné vody, ktery je

stanoven



na 10 pg As 1. Nejznaméjsi pripady takovychto otrav jsou z okoli Bengélské zéatoky v Indii,
v Bangladési (Chakraborty et al., 2010; McArthur et al., 2012; Freikowski et al., 2013), a v Jizni
Americe napt. v Chile, Argentiné a Mexiku (Bundschuh et al., 2012; Alarcon-Herrera et al.,
2013).

Zvysené obsahy arsenu se vyskytuji jak v dasledku geogennich, tak antropogennich
vliva (Villaescusa et Bollinger, 2008; Bundschuh et al., 2012) (obrazek ¢. 2). Autofi uvadéji
zvySeni koncentrace arsenu V zivotnim prostfedi diky pfirodnim vlivim jako je zvétravani
hornin bohatych na arsenové minerdly, biologicka aktivita, vulkanickd cinnost aj.
Z antropogennich vlivlh zvySuje obsahy arsenu v prostfedi zejména dilni cinnost,
kde vyznamné zvySené koncentrace arsenu se vyskytuji nejéastéji v blizkosti zlatych dola
a spaloven uhli (Villaescusa et Bollinger, 2008), a pouzivani nékterych zvifecich
kokcidiostatik, herbicidt, fungicidi a pesticidi obsahujici v u¢inné latce atom arsenu
(Smedley et Kinniburgh, 2002). Mezi nejznaméjsi patii napt. kokcidiostatikum Roxarsone, tj.
kyselina 3-nitro-4-hydroxyfenylarsonova (Bednar et al., 2003), pesticid a fungicid arseni¢nan
méd’naty (CCA) pouzivany k ochrané dieva (Nico et al., 2006), nebo natrium methylarsonat
(MSMA), herbicid ktery se pouziva k oSetieni travnikd na golfovych hiistich (Pichler et al.,
2008) nebo k osetieni plantazi baviny a ryze (Hua et al., 2013).

vvvvvv
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Na Uzemi Ceské republiky je znamo né&kolik mist, kterd se vyznaduji zvySenymi
obsahy arsenu v pud¢é (obrazek ¢. 3). Jde zejména o mista v okoli byvalych zlatych
a stiibrnych dolt, kde arsen a jeho mineraly pfirozené doprovazi zlatou a stéibrnou rudu.
NalZzovské Hory (Tremlova et al., 2011), Kutna Hora, Mokrsko, Roudny, Kasperské hory jsou
vybranymi piiklady mist s byvalou tézbou rud, kde se nyni vyskytuje vysoky obsah arsenu
v pudé (Filippi, 2004), ktery mize dosahovat i vice nez 1000 mg As kg™ susiny (Mokrsko)
(Filippi et al., 2007).

Obrazek ¢. 3: Celkové obsahy arsenu v zemédélskych pidach vyjadiené jako procenta
maximalni piipustné hodnoty dle Vyhlasky & 13/1994 Sb (tj. 30 mg As kg™). Prevzato
a upraveno z UKZUZ [onling].

Obsahy rizikovych prvki v zemédélskych pidach Ceské republiky

Arsen (As) 2M HNO,, mg. kg’ AS

Praméene 2SN STvera pofie Lalnddncd Gee T
PrEnts mare ing pACEnITe (lmini SocRcty ComL L 11T SR )




2.1.3 Vliv arsenu na organismy

Arsen je prvek toxicky jak pro ¢lovéka, tak pro rostliny i zvitata. Zda se, ze pro zvifata
je tento prvek v uréitych velmi nizkych koncentracich prvkem esencidlnim, i kdyZ jeho
biochemicka role ve fyziologii zvifat je$té neni objasnéna, proto je tfeba uvazovat spise
0 hormeznim efektu arsenu (Pergantis et al., 1997; Li et Chen, 2005). Toxicky efekt arsenu
na rostliny je popsan v mnoha publikacich jako napf. Kabata-Pendias et Pendias (2001),
Caporale et al. (2013), i kdyz napf. Gulz et al. (2005) se zminuji, ze jeho velice nizké
koncentrace v pudnim roztoku mohou podporovat kliceni a rist rostlin. To autofi vysvétluji
tim, ze i) to mize byt zpisobeno podobnym mechanismem jako pii stimulaci rostliného ristu
subletalnimi davkami nékterych pesticidi, ii) nahrazenim fosfatovych iontd v ptdé
arseni¢nanovymi a tim nasledné lepsi dostupnosti fosforu rostlinam. Mezi ptiznaky toxického
pusobeni arsenu na rostliny patii snizeni proliferace kotenovych bunek, celkové snizeni ristu,
ztrata fertility a vynosu, a pii vysokych koncetracich nebo dlouhodobém pisobeni
az odumieni celé rostliny (Garg et Singla, 2011). Kabata-Pendias et Pendias (2001) navic
uvadeji zloutnuti listl, fialové skvrny na listech, vybéleni kofend a na bunécné trovni pak
plasmolyzu bun¢k. Arsen muze také negativné ovliviiovat fotochemickou ¢ast fotosyntézy,
kde zasahuje do elektrotransportniho fetézce. Vysledkem miize byt zména ve formovani
redukujiciho NADPH a ATP, zvyseni fluorescence, ¢i podpofeni uvoliiovéani energie ve form¢e
tepla (Gusman et al. 2013).

Arsen se fadi mezi potencionalni karcinogeny a chronickd expozice ¢lovéka tomuto
prvku muze zpusobovat zhoubné kozni léze, rakovinu mocového méchyie a plic, dychaci,
zazivaci a nervové potize, poruchy funkce jater, krvetvorby a imunitniho systému. Muze se
také podilet na vzniku cukrovky a kardiovaskularnich onemocnéni (Santra et al., 2013;
Hu et al., 2013). Diive pouzivany limit PTWI (provisional tolerable weekly intake = do¢asné
tolerovatelny tydenni ptijem), ktery byl stanoven na 15 pug As kg'1 télesné hmotnosti jiz neni
nadale povazovan za dostateny a doSlo k jeho uplnému zruseni (JECFA, 2011). Zejména
proto, Ze 1 vyznamné niZz8i hodnoty pfijatého arsenu mohou mit na ¢lovéka negativni dopad.

Arsen vSak nemusi byt pro ¢lovéka jen Skodlivy. Je soucasti napf. nékterych 1éku
pouzivanych pii 1é¢bé vzacnych typu leukémie (Yang et al., 2013) a nékteré vyzkumy
poukazuji 1 na jeho imunosupresivni ucinky (Srivastava et al., 2013). V urcitych okrajovych
ptipadech a v pfesném farmakologickém davkovani muze tedy mit i pozitivni vliv na lidske
zdravi. Toto vyuziti je vSak velice specifické, proto se arsen bézné uvadi jako prvek

pro ¢lovéka toxicky a podle toho se s nim také zachazi.
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2.1.4 Arsen arostliny

2.1.4.1 Prijem arsenu rostlinami

Rostliny pfijimaji arsen Vv nejvétsi mife z pudniho roztoku (Ma et al., 2010),
ale mohou ho pfijimat i pfes kutikulu listd (Schreck et al., 2012). Pfijem prvki
suchozemskymi rostlinami je obecné ovlivnén koncentraci prvku v pudé, jeho dostupnymi
slou¢eninami, fyzikalné-chemickymi vlastnostmi pud, rostlinnym druhem a celkovym
vyzivovym stavem rostliny (Jedynak et al., 2009; Vithanage et al., 2012). V této souvislosti je
to zejména fosfor, ktery vyznamné ovliviiuje piijem a transformaci arsenu rostlinou, protoze
arsen vyuziva velice podobné biochemické drahy jako fosfor (Vela et al., 2001; Quaghebeur
et Rengel 2003). Dalsim prvkem, ktery mize ovliviiovat piijem a pfeménu arsenu v rostliné je
vapnik. Experimenty s tkanovymi kulturami brukve sitinovité (Brassica juncea L.) ukazuji,
ze pridani vapniku miize mit za nasledek nejen zvyseni celkového obsahu arsenu v rostling,
ale také podil anorganického arsenu, zejména arsenitanu (Rai et al., 2012). Autofi si to
vysvétluji signélni funkei vapniku a v€asnym vnimanim signdlu stresu, ktery mize ovlivnit
dalsi obranné mechanismy V rostlin¢. Poslednim prvkem, ktery se zminuje v souvislosti
s ovlivnénim pfijmu arsenu rostlinou, je zelezo, vtomto piipadé jeho nedostatek.
U trav nedostatek Zeleza zplsobuje tvorbu a sekreci specifickych chelatori fytosiredofori
(Vangk et al., 2007), které nasledné¢ mohou zvySovat moznost piijmu téZkych kovi z pudy
(Tlustos et al., 20006).

Arsen vstupuje do rostliny pies kofenovy apoplast. Bravin et al. (2008) uvadéji,
Ze obsah arsenu v apoplastu mize byt az tak vyznamny, ze napf. u ryze (Oryza sativa L.)
pestované v redukcénich podminkdch mize tvofit az 60 % celkového obsahu arsenu v kotfeni.
Dle Chen et al. (2005) u Pteris vittata L. se mtze az 1/6 z celkového obsahu arsenu Vv rostling
nachazet pravé v apoplastu. Z apopalstu muze arsen piestupovat do rostlinného cytosolu.
Meharg et Jardine (2003) uvadéji, ze arseni¢nan k prostupu ptes bunéénou membranu pouziva
transportéry fosforu, arsenitan, dimethylarsenitan (DMA) a methylarseni¢cnan (MA) pak

aquaroporiny (obréazek ¢. 4).

Obrazek ¢. 4: Piijem, detoxifikace a transport arsenu buitkou kofene a cevnim
svazkem. As"' = arsenitan, As = arseni¢nan. Cystein je syntetizovan z pfijatych sirant
a nasledn¢ je transformovdn na glutathion pomoci glutathion syntetazy (GS).
Fytochelatinsyntetaiza (PCS) vytvaii z glutathionu fytochealtiny. Arsenitan se vaze

na fytochelatiny (As"' —PC,) a je transportovan do vakuol nebo déle do cévniho svazku.
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Dalsi moznosti je, ze je arsenitan z buiiky odstranén pry¢ pomoci NIP aquaporinti. Arseni¢nan
reduktasa (AS) za pfitomnosti glutathionu a redukéniho Ccinidla redukuje arseni¢nany

na arsenitany. Pievzato a upraveno z Tripathi et al. (2007).

Cévni
NIP
svazek
Buiika KOREN SO/
Glutathione

As™ P >
Asl

Aquaporin o

A - »> Glutathione
\\ {5

As i - \s!

Fosfatovy
tramspeortér

Vakuola

Kontaminace pid arsenem obecné ovlivituje nakladani s n€kterymi makroprvky
a mikroprvky v rostlinném organismu. Dokl&daji to napt. Liu et al. (2008), ktefi uvadéji,
ze prijem arsenu snizuje v rostliné koncentraci prvki jako je draslik, Zelezo, méd’, zinek,
dusik a ¢asteéné i fosfor, vapnik a hot¢ik. Lu et al. (2010) uvadgji, Ze toxicky Géinek arsenu
na rostliny ryze (Oryza sativa L.) Ize Uspé$n¢ eliminovat pravé ptidavanim fosforu do pidy,
kde pak tento prvek diky podobnym drahdm piijmu plsobi jako kompetitor arsenu.

Ackoliv je arsen rostlinam malo dostupny (Pickering et al., 2000), jeho dostupnost
mohou rostliny zvysit prostfednictvim kofenovych exudatl. Jsou to kofenové vymeésky
rizného chemického sloZeni, nejcastéji na bazi slabych organickych kyselin (citrénova,
jantarova, Stavelova,...), sacharidii, mastnych kyselin, enzyma apod., které¢ vyrazné pomahaji
a urychluji pfestupu prvki vazanych v pidé do padniho roztoku (Moreno-Jimenéz, 2012;
Bergqvist et al., 2014). Silva-Gonzaga et al. (2012) tento mechanismus mobilizace arsenu
z pudy sledovali napt. u kapradin Pteris vittata L. a Pteris biaurita L..

Dalsim dalezitym faktorem, ktery ovliviiuje dostupnost arsenu rostlindm je

mikrobidlni ¢innost Vv pidé. Mikroorganismy svymi biochemickymi pochody vyznamné
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pusobi na zvétravani hornin, ze kterych ziskavaji ziviny jako napt. zelezo, sira, molybden,
méd’ nebo zinek. Spoleéné¢ s nimi vSak do prostfedi uvoliuji 1 dal§i prvky, které jsou
V horninach pfitomny, Casto tedy i rizikové prvky vcetné arsenu (Drewniak et Sklodowska,
2013). Svymi procesy se také podileji na tvorbé té€kavych sloucenin arsenu (arsanu,
methylarsanu, dimethylarsanu a trimethylarsanu), které pak mohou unikat do ovzdusi
(Michalke et al., 2000). Mohou se podilet i na celkové zméné dostupnosti arsenu v padé,
pfeménou jeho sloucenin ve sloufeniny jiné sodliSnymi fyzikalné-chemickymi
a biologickymi vlastnostmi. Bylo prokazano, Ze vlivem mikrobialni aktivity dochazi k tvorbé
methylovanych sloudenin MA a DMA, a ke zmén& poméru As'"' a As” (Dopp et al., 2004;
Jiaetal. 2013; Xu et al., 2016).

2.1.4.2 Hyperakumulace arsenu a ochranné mechanismy rostlin

Nékteré rostliny jsou bez problému schopny pfijimat a akumulovat vyssi koncentrace
arsenu z pudniho roztoku nez jiné. Tato variabilita v piijmu se vyskytuje nejen u volné
rostoucich rostlin, ale i u zemé&d&lskych plodin (Kabata-Pendias et Pendias, 2001).
Kromé toho nékteré druhy rostlin mizeme oznacit jako hyperakumulatory arsenu, coz jsou
rostliny schopné akumulovat ve své biomase vice neZ 1000 mg As kg ™ susiny (Jedynak et al.,
2009). Mezi hyperakumulatory arsenu patii napi. kapradiny Pteris vittata L., Pteris cretica,
L., Adiantum capillus-veneris L. a Nephrolepis exaltata L. (Wan et al., 2013; Singh et al.,
2010).

Jednim z detoxifikaénich mechanismi u suchozemskych rostlin, ktery je chréni
pted poskozenim, je sniZzovani toxicity tim, ze rostliny vytvaii s toxickymi prvky komplexni
sloueniny. Nejznaméjsi je tvorba chelatovych komplext s glutathiony, fytochelatiny
nebo metalothioneiny. Glutathiony jsou neenzymatické antioxidanty, které maji nizkou
molekulovou hmotnost. Fytochelatiny jsou derivaty peptidi (oligomery glutathiont),
které jsou schopny vazat atomy toxického prvku a tim snizovat jeho toxicitu pro rostliny
(Hall, 2002; Vatamaniuk et al., 2001; Jedynak et al., 2009; Gupta et al., 2011). N&ktefi autofi
(Schmoger et al., 2000) uvadéji, ze jejich stabilita, zvlasté jsou-li vazany s arsenem je velmi
nizk4d. Metalothioneiny jsou peptidy s nizkou molekulovou hmotnosti bohaté na obsah
aminokyseliny cysteinu. Stejné¢ jako fytochelatiny, metalothioneiny také vytvareji vazby
s nékterymi rizikovymi prvky a tim pomdhaji ke sniZzeni jejich toxického pilisobeni
v rostlinném organismu. Navazujicim mechanismem muze byt uloZeni do nevitalnich
struktur, jako jsou napft. vakuoly (Vatamaniuk et al., 2001; Zhao et al., 2010). Kromé tvorby

vyse uvedenych sloucenin mize dochazet k detoxifikaci pomoci enzymatickych reakci se
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superoxid dismutdsou, kataldsou, glutathion reduktasou, peroxidasou, dale pomoci
neenzymatickych reakci s kyselinou askorbovou, o-tokoferolem, flavonoidy, anthokyany,
karotenoidy, organickymi kyselinami jako je kyselina citrénova, $tavelova nebo jablecnd a
také s jiz vySe zminénymi glutathiony. Tyto reakce pomahaji snizovat vliv volnych
kyslikovych radikald, které jsou v organismu v piitomnosti toxickych prvkt produkovany
(Sytar et al., 2013).

2.1.4.3 Slouceniny arsenu

Pro celkové hodnoceni toxického plisobeni arsenu na organismus vsak neni dulezity
jen celkovy obsah arsenu, ale i slou¢enina (tzv. specie), ve které se arsen vyskytuje. Zakladni
déleni arsenovych specii je na aniontové (anorganické napf. arsenitan — As', arseni¢nan —
As”, organické napt. methylarseni¢nan — MAY, dimethylarsenitan — DMA") a kationtové
slou¢eniny (napf. arsenobetain — AB, arsenocholin — AC, tetramethylarsoniovy ion — TETRA,
trimethylarsenoxid — TMAOQ) (Fattorini et al., 2006) (obrazek ¢. 5).

Obrazek ¢. 5: Strukturni vzorce nejbéznéjSich sloucenin arsenu vyskytujicich se

v pudé a suchozemskych rostlinach. Pfevzato a upraveno z Caumette et al. (2012).
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Kazd4d ztéchto sloufenin vykazuje jinou miru toxicity pro rizné organismy.
Ruiz-Chancho et al. (2008) a daldi autofi jako Geiszinger et al.* (2002), Dembitsky

et Rezanka (2003), Kuehnelt et Goessler (2003), Fattorini et al. (2006) shrnuli nejéast&ji se
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v rostlinach vyskytujici slouceniny arsenu a jejich toxicitu pro ¢lovéka nasledovné:
As"' » AsY > DMA ~ MA ~ TETRA ~ TMAO > AB ~ AC ~ AsS (arsenocukry), pfi¢emz
posledné zminované slou¢eniny (AB, AC, AsS) jsou povazovany za vice méné netoxicke.
Vyskyt jednotlivych sloucenin arsenu ve vysSich rostlinach a jejich distribuce
do nadzemnich ¢asti téchto rostlin je jednozna¢né ovlivnén druhem rostliny (Kuehnelt et al.,
2000; Schmidt et al., 2004). Kuehnelt et al. (2000) stanovili ve 12 druzich rostlin rostoucich
v oblasti kontaminované arsenem §iroké spektrum sloudenin arsenu, které sestavalo z As',
As’, DMA, MA, TMAO, TETRA a jednoho typu oxidu dimetyl- ribosyl arseni¢ného.
Vliv druhu rostliny na vyskyt sloucenin arsenu a jejich koncentraci demonstrovali
i Geiszinger et al.* (2002). Zatimco v extraktech nadzemni biomasy srhy lalo¢naté (Dactylis
glomerata L.) a jitrocelu kopinatého (Plantago lanceolata L.) rostoucich v oblasti
kontaminované arsenem byly stanoveny pievdzné anorganické slouceniny arsenu,
Vv extraktech nadzemni biomasy jetele lu¢niho (Trifolium pratense L.) rostouciho na téze
lokalité byly stanoveny ptevazné organické slouceniny arsenu, kdy dominantni slou¢eninou
byla MA. Sledovani metylace arsenu v rostlinach psinecku tenkého (Agrostis tenuis Sibth.)
ukazalo, 7e As’, ktery byl pfidan do kultivaéniho média, byl pfijat kofeny rostlin, peménén

na As", a pozdéji doslo k jeho metylaci v listech, kde byla zaznamenana zvySena aktivita

enzymu metyltransferasy (Wu et al., 2002). Tlustos et al. (2002) nalezli v kofenech fedkvicky

" zatimco AsY byl vice zastoupen

(Raphanus sativus L.) jako dominantni slou¢eninu As
v listech. Vysoké podily DMA v rostlinach (17 % v kotenech a 18 % v listech) ve srovnani
s ptidou, kde bylo vice nez 90 % arsenu piitomno ve formé As’, rovnéz nazna&uji schopnost
rostlin fedkvicky metylovat slouceniny arsenu. Obdobné vysledky byly zaznamenany
i vrostlinach paprik (Capsicum annum L.) péstovanych v substratu kontaminovanem
slou¢eninami arsenu (Szakova et al. 2007).

Vyskyt komplexnich arsenovych sloucenin jako je napf. AB, AC nebo rizné AsS je
zcela bézny u moiskych rostlin a zivocichu (Ruiz-Chancho, 2008), piesto Mattusch et al.
(2000) dokladaji, ze se tyto slou¢eniny mohou VvV menSich mnozstvich vyskytovat

i u suchozemskych rostlin, coz bylo dale potvrzeno i v této diserta¢ni praci.
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2.2 SELEN

2.2.1 Zakladni charakteristika selenu

Selen spolu s kyslikem, sirou, tellurem a poloniem tvoii v periodické tabulce skupinu
16 a vyznaduje se relativni atomovou hmotnosti 78,96 g mol™. Je to polokov vyskytujici se
v n¢kolika alotropickych modifikacich, z nichz nejbéZnéjsi je Seda hexagonalni forma.
Dalsi, Casto se vyskytujici, je forma Cervena (monoklinicka) a amorfni, ktera se vyskytuje
v ¢erné nebo Cervené formé. Selen ma podobné chemické vlastnosti a chovani jako sira,
proto se velice Casto vyskytuje v podobnych formach a slouceninach. Stejné jako sira patii
mezi chalkogeny (Hoffmann et King, 1997) a casto se vyskytuje jako doprovodny prvek
Vv nejriznéjsich rudach (Zhang et al., 2014).

Selen se nejcastéji vyskytuje v oxida¢nich stavech +6, +4, 0 a -2, ve kterych je stabilni
(Barceloux, 1999). Podle dalsich autoru se vSak muze vyskytovat i v dalSich oxida¢nich
stavech jako napft. -1 (Ashworth et Shaw, 2006) nebo +2 (Kabata-Pendias et Pendias, 2001).
Toxicita, rozpustnost a biodostupnost sloucenin tohoto prvku silné zavisi pravé na oxidacnim

stavu, ve kterém se prvek nachazi (Puranen et al., 2010).

2.2.2 Vyskyt selenu v Zivotnim prostiedi

Selen se vyskytuje ve vSech slozkach zivotniho prostfedi (Lemly, 2004; Zhang et al.,
2014), i kdyz jeho ptirozené obsahy v pedosféfe se napii¢ svétadily velice lisi. Plant et al.
(2004) uvéadgji v zemské kife primérny obsah selenu 0,05 mg Se kg™, dle Lemly (2004) je to
0,2 mg kg™. Jeho obsah v horninach zavisi na typu horniny, jejich vlastnostech a zejména
geologickém pivodu. Selen je jednou z nejtékavéjSich slozek magmatu, proto jeho obsah
v horninach zalezi na tom, zda se jedna o horniny vyvielé ¢i vylevné. U sedimentarnich
a preménénych pak zalezi na tom, z jakych ptivodnich hornin vznikly (Sharma et al., 2015).

N&které oblasti jako napt. Finsko, Cina, Novy Zéland jsou na obsah selenu v pidach
velice chudé (Cuvardic, 2003; Li et al., 2007). Naopak nékteré regiony v USA, zvlasté pak ty
saridnim klimatem jako je Kalifornie, v Evropé pak oblasti Francie a Némecka jsou
na obsahy selenu bohaté (Kabata-Pendias et Pendias, 2001), a tento prvek zde muze
dosahovat az koncentraci, které mohou byt toxické pro rostliny i zivocichy (Bafiuelos et al.,
2013). Za nizkeé obsahy v ptidach Sigrist et al. (2012) povazuji obsahy mensi nez 5 mg Se kg
!, za vysoké pak pokladaji koncentrace vétsi nez 5 mg Se kg™. Obsah selenu v piidach se
bézné pohybuje v rozmezi 0,01 — 2 mg Se kg, avsak existuji 1 pudy s extrémné nizkym
obsahem selenu, které vznikly napt. zvétravanim piskovcl nebo vapenci. Na druhé strané ale
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existuji i paidy s extrémné vysokym obsahem selenu piesahujicim 1200 mg kg™, které vznikly
zvétravanim ¢ernych biidlic (Plant et al., 2004). Obsahy celkového selenu v ornici na Gzemi

Ceské republiky ukazuje obrazek &. 6.

Obrazek €. 6: Celkové obsahy selenu ve vzorcich ornice Bazalniho monitoringu ptad

(obsahy uvedené v mg Se kg*). Prevzato a upraveno z Polakova (2010).
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Krejéova et al. (2013) sledovali koncentrace selenu v pidach a horninach v obci
Suchomasty v chranéné krajinné oblasti Cesky Kras ve Stiedoceském kraji a zjistili,
Ze hodnoty selenu v horninéch, jmenovité bioklastickém vapenci, vapenitém jilovci a diabasu
byly nadprimérné oproti obsahim selenu v obdobnych typech hornin ve svéte.
V bioklastickém vapenci pochéazejicich ze Stredoceského kraje byla koncentrace selenu
4,61 mg kg™ (celosvétove < 0,05 mg kg™), ve vépenitém jilovci 2,90 mg kg™ (celosvétove
0,1 — 1500 mg Se kg™), v diabasu 0,3 mg kg™ (celosvétove 0,05 mg Se kg™. Pramérné obsahy
selenu v pidé dosahovaly koncentraci 0,02 — 9,83 mg kg? (celosvétové 0,23 mg kgb),
pficemz vyssi koncentrace byly snejvétsi pravdépodobnosti ovlivnény kontaminaci pid
ze staré skladky v blizkosti odbérovych mist, kde byly provadény sondaze. Tito autofi také
poukazuji na to, jak velikost ¢astic, pH a obsah ptidniho vzduchu mohou ovliviiovat celkové

obsahy selenu v jednotlivych vrstvach. Vysoky obsah pudniho vzduchu ve vrchnich vrstvach
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pudniho profilu pravdépodobné zplisobuje oxidaci Se" na Se"!, ktery se vyznacuje vetsi
mobilitou a tim paddem i migraci do nizSich vrstev pudniho profilu popf. infiltraci
do povrchovych a podzemnich vod. Vliv velikosti pudnich castic vysvétluji autofi tak,
ze ¢im jemng&jSi jsou Castice, tim vétsi je specificky povrch Céstic a schopnost adsorpce,
tudiz jsou i vyssi obsahy selenu v téchto jemnych frakcich. Tuto teorii podporuji i vysledky
studie Chan et al. (2009). V této studii byla provedena zkouska vyluhovatelnosti pfi riznych
hodnotach pHu.0, jmenovité pii pH roztoku 5, 7, 11. Zde se ukazalo, Ze selen byl
nejmobilnéjsi pii neutralnim pH, coz pravdépodobné souvisi s povrchovym nédbojem pud.
Podobnou zavislost mobility a biodostupnosti selenu na pH uvadi i Johnsson (1991),
ktery péstoval fepku (Brassica napus L., var. Emil) a psenici (Triticum aestivum L., var.
Drabant) v nddobovych pokusech v pidach o pHp.0 5 a 7. Vedle téchto faktord ovliviiujicich
mobilitu a biopfistupnost selenu pro rostliny nékteii autofi (Chang et Randle, 2006; Spadoni
et al., 2007) uvadéji jesté teplotu, jakozto pedo-klimaticky faktor, ktery spolu se srazkami
muze ménit koncentraci pudniho roztoku, obsah organické hmoty a redoxni podminky,
které mohou dostupnost selenu také ovlivnit. Zavislost vyskytu jednotlivych specii selenu v padé

na pH a Eh ukazuje obrazek ¢. 7.

Obrazek ¢. 7: Eh-pH diagram pro vodorozpustné specie selenu v pidée v zavislosti na pH

a Eh pri teploté 25 °C, za bézného atmosférického tlaku (Drever, 1997)
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Pfirodnim zdrojem selenu V zivotnim prostiedi (obrazek ¢. 8) jsou zejména sulfidické
minerdly, vulkanickd cinnost, uhli, vypafovani sloucenin selenu zpud, sedimentl
a bioevaporace selenu mikrorganismy (Sposito, 2008; Stolz et Oremland, 1999).
Mezi nejvyznamngéjsi zdroje antropogenni kontaminace prostiedi selenem (obrazek ¢. 8) patii
hlavné tézba, zpracovani a spalovani fosilnich paliv (uhli, ropa a jejich vedlejsi produkty),
tézba rud (zlato, stfibro, nikl) a zpracovani kovi, skla a keramiky. Nezanedbatelnym
antropogennim zdrojem selenu Vv zivotnim prostiedi jsou také skladky elektrozatizeni
a nespravné nakladani s nimi, zejména pak s fotokopirkami, expozimetry a fotoelektrickymi
Clanky, které selen obsahuji z divodu jeho fotovoltaickych vlastnosti. Selen se muze
do prostiedi dostavat také jako ptimés ve fosforeénych hnojivech, z elektrarenského popilku,
nebo v mensich mnozstvich z cigaret (at’ uz z tabaku, ale i z cigaretového papiru) a riznych
kosmetickych ptipravkid jako jsou napf. Sampony proti luptim, kde je soucasti jejich ucinné
latky (Greenwood et Earnshaw, 1993; Wang et al., 2007; Anonym, 2009; Berra et Rizzo,
2009; Eich-Greatorex et al., 2010).

vvvvvv

Vv zivotnim prostiedi. Pfevzato a upraveno z Sharma et al. (2015).
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2.2.3 Vliv selenu na organismy

Selen je pro ¢lovéka i ostatni savee esencialnim prvkem s Sirokou $kalou biologickych
funkci (Rayman, 2000; Maseko et al., 2013). Nejdilezitéjsi a nejvice prozkoumana je funkce
nckterych selenoproteinii jako antioxidantli chranicich télo ptfed oxidativnim stresem
(Navarro-Alarcon et Lopez-Martinez, 2000). Lobanov et al. (2009) konstatuji, ze se v téle
savcu vyskytuje az 30 ruznych selenoproteind, jejichz hlavni funkci je mimo jiné
i antioxidac¢ni pusobeni. Jednim z piikladi antioxida¢né pusobici selenové slouceniny je
selenocystein, ktery tvofi aktivni centrum v glutathion peroxidazoveého enzymu a poméahéa
eliminovat vliv pisobeni volnych radikalovych ionti v téle (Copeland, 2003). Selen je
soucasti dalSich enzymatickych procestt a mimo jiné se podili i na tvorbé hormonii Stitné
zlazy, zlepSuje plodnost a mobilitu spermii, podporuje funkci imunitniho systému a poméha
organismu bojovat proti zdvaznym chorobam a ¢aste¢né pomaha zlepSovat stav pacientt
s HIV nebo rakovinou (Rayman, 2000; Kellen et al., 2006). Denni doporu¢ena davka selenu
pro dospé&lého &loveéka &ini dle Natizeni EU & 100/2008 Sb. [online] 0,55 pg den™
a maximalni davka, kterd neznamena pro dosp&lého &lovéka riziko je 300 pg den™
Dlouhodoby nedostatek selenu v potravé muize piispivat k rozvoji chronickych onemocnéni,
jako je hypertenze, srde¢né-cévni onemocnéni, rakovina, astma, diabetes mellitus a k dalsim
patologickym symptomim (Brown et Arthur, 2001; Faure, 2003; Khadadah et Dashti, 2005;
Rayman, 2005; Kellen et al., 2006). Velice zndmym onemocnénim z nedostatku selenu,
zejména v Cing a Severni Korei, kde lidé v né&kterych oblastech trpi dlouhodobym
nedostatkem jeho ptijmu, je tzv. Keshanskd nemoc (typ détské kardiomyopatie — defekty
srde¢niho svalu) (Li et al.?, 2013) nebo Kashin-Beckova nemoc (typ chronické osteoartritidy —
degenerativni onemocnéni kloubu) (Yao et al., 2011).

Selen je, jak jiz bylo feceno, prvek esencialni pro ¢lovéka i ostatni savce, na druhou
stranu je to ale prvek svelice tzkou hranici mezi koncentracemi, pii kterych pusobi
na organismus esencialné a pfi kterych jiz toxicky. Nejen celkova davka, ale i sloucenina,
ve které se selen vyskytuje, urcuje jeho biodostupnost, toxicitu a funkci v organismu
(Qin et al., 2013). Lze shrnout, Ze anorganické slou¢eniny tohoto prvku jsou toxictéjsi nez ty
organické (Uglietta et al., 2008). Toxické pusobeni selenu v organismu se muze projevit
ztratou vlast, nehtd, tvorbou 1ézi na kuzi, nervovymi poruchami nebo dokonce paralyzou
az smrti (Qin et al., 2013; Lemire et al., 2012). Toxické plisobeni selenu se za¢ina projevovat

od davky 6300 pg selenu den (Anonym, 2000).
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vvvvvv

jeho toxicity. Proto se mnoho studii zabyva tim, jak timto prvkem obohatit zeméedélské
plodiny jako napt. ¢o¢ku (Rahman et al., 2013), zeli, salat, mangold, petrzel (Funes-Collado
et al., 2013), nebo kukutici (Chilimba et al., 2012). Zatim asi nejkomplexné&jsi vyzkum napii¢
plodinami provedli De Temmerman et al. (2014), ktefi studovali piechod selenu do celkem
36 druhti rGznych plodin vcetné pSenice, brambor, mrkve, riznych druht listové zeleniny,
paprik, rajcat, zelenych fazoli, cibule, ¢esneku atd. Ptitom zjistili, Ze plodiny obsahujici hodné
sirnych sloucenin, jako jsou plodiny z rodu Allium nebo Brassica, jsou schopné zvySeného
piijmu selenu oproti ostatnim plodinam. Autofi tuto skute¢nost vysvétluji moznosti nahrazeni
atomu siry v proteinovych slou¢eninach naakumulovanym selenem.

Nema-li rostlinny organismus dostatek uc¢innych mechanismi k omezeni toxického
pusobeni selenu, miize se to projevit redukci ristu az odumienim rostliny (Fu et al., 2002).
Vétsina volné zijicich rostlin je schopna se se zvySenymi obsahy selenu v pidé bez vétSich
potizi vyrovnat, toxické G¢inky se vSak nékdy objevi u zemédélskych plodin, jak dokladaji
Fiskesjo et al. (1979) ktefi prokazali toxické pisobeni selenu na kofeny cibule kuchynské
(Allium cepa L.). Kofeny prokazovaly vys$s§i procento deformaci a snizeni rlstu
od obsahu 1 mg Se L™ v médiu, ale pfi snizeni koncentrace na 0,5 mg Se L™ se jiz neprojevily

zadné znamky toxicity.
2.2.4 Selen a rostliny

2.2.4.1 Prijem selenu rostlinami

Tak jako u ostatnich prvku je nejvyznamnéj$im vstupem selenu do rostliny piijem
tohoto prvku z ptdniho roztoku. Transportni mechanismus selenu je Uzce spojen
s transportnim mechanismem siry a je zajistovan stejnymi transportéry, které zajist'uji ptijem
siry do rostliny (Severi, 2001; White et al., 2007). To dokladaji i Sors et al.* (2005),
ktefi prokézali stejny princip pienosu selenant i sirani pomoci ATPazy pies rhizodermalni
buriky proti biochemickému gradientu tj. cestou symplastickou. Gen kodujici schopnost
ptenosu siranti byl poprvé objeven u kvasinek rodu Saccharomyces (Smith et al., 1995)
pozdéji pak i u vyssich rostlin napf. rodu Arabidopsis (Shibagaki et al., 2002). Uplatnéni
sulfat transportniho genu zavisi na aktudlni koncentraci siry a glutathionu v rostlin¢ a ne vzdy
se proto jeho vliv projevi (Hirai et al., 2003). Naproti tomu seleniCitany vyuZivaji pro svij
vstup do rostliny vyhradné pasivni piechod pomoci diftize po sméru biochemického

gradientu, tedy cestu apoplastickou.
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Li et al. (2016) se ve své studii zamétuji na to, jaké prvky mohou ovliviiovat piijem
a distribuci selenu v rostlinach ryze (Oryza sativa L.). Statistické analyzy jejich dat ukazuiji,
ze vyznamny vliv ma draslik, jehoz pfitomnost muze potlacovat pfijem selenu kofeny;
pfitomnost boru, médi a molybdenu Vv kofenech mize branit distribuci selenu z kofene
do stonku; a sira, chrom, fosfor a hoi¢ik nachazejici se ve stonku mohou mit negativni vliv
na akumulaci selenu v obilkach.

Mikrobialni aktivita v ptidé hraje i u selenu dulezitou roli v biopfistupnosti tohoto
prvku rostlindm. Ovliviiuje oxidaéné — redukéni procesy a je zodpovédna zejména
za volatilizaci anorganického selenu v pidé. Bylo zdokumentovano, ze fakultativné anaerobni
bakterie Enterobacter cloacae SLD1-al, ktera je schopné redukovat selenany na seleni¢itany
a dale na elementarni selen, je zodpovédna za jeho volatilizaci v podobé dimethyselenu

do ovzdusi (Losi et Frankenberger, 1997).

2.2.4.2 Hyperakumulace selenu a ochranné mechanismy rostlin

U selen hyperakumulujicich rostlin néktéti autofi jako napf. White et al. (2004)
poukazuji na to, ze rostliny schopné hyperakumulace selenu uptfednostiiuji pfijem selenu
nad pfijmem siry. Dal§im specifikem selenovych hyperakumulatort je to, Ze oproti ostatnim
rostlinam netransformuji selen jen do Se-methyl-methioninu, ale i do Se-methyl-cysteinu
(Frankenberger et Engberg 1998; Freeman et al., 2006), ktery jak se zda hraje dulezitou
metabolickou roli pfi akumulaci tohoto prvku. Dal§im obrannym mechanismem,
ktery rostliny vyuzivaji, mize byt zapojeni ATP sulfurylazy a APS reduktazy, které poméahaji
transformovat toxické anorganické slouc¢eniny selenu na slouceniny organické a méné toxické
(Raspor et al., 2003; Sors et al.”, 2005). Jako ptiklady hyperakumulator selenu mohou byt
uvedeny rostliny z rodi Astragalus ¢i Stanleya (Freeman et al., 2006; Lindblom et al., 2013),
které jsou v této souvislosti ¢asto zkoumany, nebo rostlinny akumulator Brassica juncea L.,
ktery je schopny akumulovat 100 — 1000 mg Se kg™ susiny (Prins et al., 2011).

Vysoké obsahy selenu pfijimané pldnim roztokem ovliviiuji rostlinny organismus
nepiimo také tim, ze potlacuji akumulaci dusiku, fosforu, siry a nékterych aminokyselin
v rostlinnych pletivech. Na druhou stranu zvySené obsahy selenu inhibuji pfijem nékterych
tézkych kovi, zejména manganu, zinku, médi, Zeleza a kadmia. Tato funkce vSak zavisi
na vzajemnych pomérech jednotlivych prvki a dalSich faktorech. Pro sniZeni toxického vlivu
selenu na rostliny se casto pouziva aplikace hnojiv na bazi dusiku, fosforu a siry,
kde pravdépodobné dochazi k inhibici ptfijmu selenu kofeny, nebo k potlaceni toxickeho

vlivu selenu diky lepsimu vyzivovému stavu rostliny (Kabata-Penidas et Pendias, 2001).
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V praxi je pak aplikace siry vyznamnym remedia¢nim opatfenim pii kontaminaci selenem
(Stroud et al., 2010), i kdyz Johnson (1975) uvadi, ze je efektivni pouze na pudach

s nizkym pozad’ovym obsahem siry. Piijem a transformaci selenu ve vyssich rostlinach shrnuje
obrazek €. 9.

Obrazek ¢. 9: Prehled hlavnich transportnich a transformacnich mechanismi
v systému ptida — rostlina — atmosféra. Se0,* — selenan; SeOs” — selenititan; organo-Se —
organicky vazany selen; SeMet — selenomethionin; SeCys — selenocystein; methyl-SeMet —
methylselenomethionin; methyl-SeCys — methylselenocystein; DMSe — dimethylselenid,;
DMDSe - dimethyldiselenid; slouceniny oznacené hvézdickou se vyskytuji pouze
u hyperakumulatorti. Pfevzato a upraveno z Winkel et al. (2015).
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2.2.4.3 Slouceniny selenu

Za nejbéznéji se vyskytujici slouceniny selenu v suchozemskych rostlinach se povazuji
anorganicky selenan (Se"") a selenicitan (Se'"), dale pak organické slouceniny selenocystein
(SeCys), Se-methylselenocystein (Se-MeSeCys) a selenomethionin (SeMet) (Thosaikham
et al., 2014), jejich vzorce prezentuje obrazek ¢. 10. Aureli et al. (2012) zminili v rostlinach
také vyskyt n€kterych selenovych mono- a di-sacharidu, které se velice ¢asto nachazeji jako
detoxifika¢ni produkty v moci savci (Juresa et al., 2007; Jackson et al., 2013), ale jejichz
vyskyt v rostlinich do této doby zatim nebyl zminén. Dalsi, méné Casté slouceniny selenu,
ve své studii zminil Whanger (2002), ktery uvadi v obilkach pSenice (Triticum aestivum L.)
vyskyt selenohomocysteinu, v-glutamyl-selenocystathioninu, v-glutamyl-Se-
methyselenocysteinu, selenocysteinselenové kyseliny, Se methylselenomethioninu a dalSich.
Tyto slouceniny se vSak podle tohoto autora vyskytuji jen v nepatrnych mnozstvich,
a az 56 — 83 % z celkového obsahu selenovych slouéenin tvoii pravé SeMet, nasledovany
SeV! (12— 19 %), SeCys (4 — 12 %), Se-metylselenocysteinem (1 — 4 %). Podobné zastoupenf
sloucenin selenu uvadi i1 u ryze, sojovych bobi, kukufice a potravinaiskych kvasnic. Funes-
Collado et al. (2013) ve své studii uvadéji, ze péstovali-li vybrané plodiny (zeli, saléat,
mangold a petrzel) v médiu s pridavkem Se' a Se", rostliny jej naslednd metabolizovaly
vyhradné na organicky SeMet. Zda se tedy, ze SeMet je jednim z nejvyznamngjSich
metabolitt selenu u suchozemskych rostlin.

Obrazek ¢. 10: Strukturalni vzorce nejbéznéjsich selenovych sloucenin vyskytujicich se

Vv pidé a suchozemskych rostlindch. Pievzato a upraveno z Jaeger et al. (2013).
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2.3 ANALYTICKE METODY STANOVENI ARSENU A SELENU

2.3.1 Uvod do analytickych metod

Arsen i selen jsou z pohledu analytického stanoveni prvky pomérmné problematickymi.
At uz diky pottebé vysoké citlivosti pristroje (zejména kviili nizkym koncentracim selenu
v biologickych vzorcich) nebo diky mnoZstvi interferenci, které se pifi méfeni téchto prvka
objevuji a které mohou vyznamné zkreslovat vysledky méfeni (Tanner et al., 2002).
Béhem poslednich desetileti v§ak bylo vyvinuto a zdokonaleno mnoZzstvi analytickych metod,
které chyby méfeni redukuji a piinasi zptesnéni vysledkd a sniZzeni detek¢nich limith
(Yinetal., 2013).

V pribéhu vyvoje instrumentalnich analytickych technik samoziejmé vzniklo mnoho
modifikaci jednotlivych pfistroji, které se mohou v nékterych soucastech lisit. Zakladni
principy, na kterych jednotlivé techniky pracuji, vSak zlstavaji stejné. V nasledujicim vyctu
bude uvedeno n¢kolik zdkladnich analytickych technik a jejich uspofadéni, kterymi se daji

celkové obsahy arsenu, selenu a jejich specie kvantitativné i kvalitativné stanovit.

2.3.2 Stanoveni celkovych obsahi arsenu a selenu

Mezi nejbéznéjsi a nejpouzivanéjsi techniky, kterymi se celkové obsahy arsenu
a selenu stanovuji, se fadi atomova absorpéni spektrometrie s generovanim tékavych
slou¢enin (HG-AAS), atomova fluorescenéni spektrometrie S generovanim tékavych
slou¢enin (HG-AFS), instrumentalni neutronova aktivac¢ni analyza (INAA), opticka emisni
spektrometrie s indukéné vazanym plasmatem (ICP-OES) a nami pouzivana hmotnostni
spektrometrie s induk¢éné vazanym plasmatem (ICP-MS) (Xiong et al., 2008; Tyburska et al.,
2011; Srivastava et al., 2011).

2.3.2.1 Hmotnostni spektrometrie s indukcéné vazanym plazmatem

ICP-MS (obrazek €. 11) je vysoce citliva a selektivni metoda, kterou je mozno pouzit
pro méfeni vétSiny prvku periodické tabulky s vyjimkou prvki obsazenych v pracovnich
plynech jako jsou napt. argon, helium, vodik, kyslik a prvki s vy$si ionizaéni energii
nez kterou je argonové plasma schopné poskytnout. Ptikladem takového prvku mize byt fluér
nebo chlor, jejichZ prvni ionizaéni potencial je blizky (v pfipadé chloru 12,97 eV) nebo vyssi
(v ptipad¢ fludru 17,42 eV) neZ prvni ionizacni potencial argonu (15,76 eV).

Argonové plazma o teplot¢ 6000 - 10000 Kje indukovano stiidavym

vysokofrekvenénim  magnetickym polem vcivce. Do tohoto plazmatu pfichazi
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ze zmlzovaée vzorek ve formé aerosolu, z néj se v plazmatu odpaii veskeré rozpoustédlo,
zaniknou chemické vazby a diky energii plazmatu vzniknou volné ionty, které pies soustavu
konust a iontové optiky, které maji za cil centralizovat paprsek ionti a odstranit nenabité
Castice, pokracuji do hmotnostniho separatoru (nejcastéji kvadrupdlu). To je soustava Ctyf
kovovych ty¢i o délce 30 — 40 cm a priméru asi 10 mm, na které je postupné vkladano
stejnomérné, vysokofrekvencni elektrické napéti tak, aby dvé protilehlé tyce mély vzdy
stejnou polaritu. Plsobenim takto vytvofeného -elektromagnetického pole se ionty,
které vstupuji do kvadrup6lu rozkmitaji a docili se toho, ze kvadrup8lem proleti pouze ¢astice
o0 definovanén poméru m/z (hmota/naboj) a ty poté dopadnou na detektor (Thomas, 2001).

V nékterych piistrojich mtize kvadrup6lu predchazet kolizni/reakéni cela s multipolem
(nejCastéji hexa- ¢i oktapolem), kterd slouzi ke snizeni nebo odstranéni piipadnych
interferenci. V zavislosti na pouzitém plynu hovoiime bud’ o kolizni cele (v pfipadg,
ze pouzijeme k odstranéni interferenci inertni plyny jako helium, xenon, argon, neon),
nebo reakéni cele (tehdy, kdyZz pouzijeme K odstranéni interferenci napt. vodik). Rozdil je
v reakcich probihajicich v pfitomnosti téchto plynd. Pti pouziti internich plynt jako je napf.
helium, dochazi pouze ke srazkam nabitych ¢astic s molekulami helia a tim snizeni jejich
energie na mez, kdy jiz nejsou schopny vstoupit do detektoru, nebo dochazi k rozpadu
polyatomickych &astic (napt. ArNa®, ArO") na jednotlivé &asti, které pro dal§i stanoveni jiz
nepfedstavuji problém. Pii pouziti reakéniho plynu dochédzi k chemickym reakcim mezi
interferovanymi ¢asticemi a molekulami vodiku kdy se nejcastéji uplatituji pienos néboje,
ptenos protonu, ¢i prenos vodikového atomu (Feldmann et al., 1999; Sloth et Larsen, 2000;
Tanner et al., 2002).

Samotny detektor ICP-MS je tvoten vicekanalovym elektronasobic¢em, jehoz princip
spoc¢ivd v mnohondsobném zesileni elektrického signélu, ktery vznikne po dopadu méfeného
iontu na plochu detektoru, az na urovent méftitelného elektrického proudu.

Pfi méfeni arsenu a selenu pomoci ICP-MS je vyhodné mefit ty izotopy téchto prvku,
které maji nejvétsi zastoupeni v ptirodé a zaroven malo interferenci, popf. interference takové,
které jdou pouzitim reak¢ni/kolizni cely snadno odstranit. U arsenu se nejcastéji pouziva
izotop As”®, ktery vsak muZe byt zatizen napt. polyatomickou interferenci ArCl’,
proto je nutné pii jeho méfeni pouzit reakéni/kolizni cely, aby doslo k jejimu potlaceni.
U selenu se nejéastéji pouziva izotop Se” popt. Se®, u kterych je viak také nutné pouzit
reakéni/kolizni celu z diivodu interferenéniho piekryvu, ktery tvoii napt. ArAr® (Darrouzes
etal., 2007).
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Montaser et Golightly (1992) wuvadéji dva rizné druhy interferenci:
1) interference spektralni vyvolané piekryvem izobarickych ionta ve spektru, jejich zéastupci
mohou byt vySe uvedené interference u selenu a arsenu, a 2) interference nespektralni,
které jsou zplisobené zejména slozenim matrice. Mihaljevic¢ et al. (2004) dopliuji, ze tyto
nespektralni interference zptsobuji matricni prvky tim, ze ovliviiuji energetické poméry
v plazmatu a tak zptsobuji potladeni signalu. Dale uvadéji, ze tento typ interferenci se da
potla¢it pouzitim metody pfidavku standardu, zafazenim interniho standardu nebo vyuzitim
metody izotopového fedéni.

ICP-MS je analyticka technika vhodna i pro pouziti pti ultrastopové analyze, protoze
jeji detekéni limity jsou velice nizké. Darrouzes et al. (2007) uvadéji detekéni limity
standardd arsenu a selenu v 1g NaCl L™ matrici 25 ng L™ pro As”® a 35 ng L™ pro Se®,
respektive 45 ng L™ pro Se’® pii pouziti reakéni/kolizni cely a plynné smési 3,8 mL H, min™
$0,5mL He min™.

Obrazek ¢. 11: Zakladni schéma ICP-MS (Mihaljevi¢ et al., 2004).
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2.3.3 Stanoveni sloucenin arsenu a selenu

S postupnym vyvojem metod a poznani Vv oblasti pusobeni a toxickych u¢inku
nejruznéjsich elementt se objevil nazor, Ze neni duleZity jen celkovy obsah daného prvku,
ale také sloucenina, ve které se prvek nachazi (Jones-Lepp et Momplaisir, 2005). Tyké se to
zejména prvku jako je kadmium, rtut, olovo, antimon, cin, germanium, ale i arsen a selen,
jejichz jednotlivé specie vykazuji riznou miru toxicity pro rizné druhy organismu
(Jain et Ali, 2000; Maher et al., 2012; Chakraborty et al., 2012).

Jednotlivé specie mohou tvofit: i) riizné oxidaéni stavy prvku (Se'’, Se¥'; As"', As:
cr' ¢Vl mn" MnV“), ii) organokovové slouceniny charakterizované silnou kovalentni
vazbou kov—uhlik, kdy vazba nepodléhd disociaci a zajiStuje piijatelnou stabilitu béhem
Upravy  vzorku  (selenoaminokyseliny;  organoslouceniny  arsenu;  arsenocukry),
iii) komplexy kovu charakterizované koordina¢ni vazbou prvku a ligandu — a) malé organické
ligandy (citrat, vinan, $tavelan, aminokyseliny, oligopeptidy), b) makrocyklické chelata¢ni
molekuly a makromolekuly (proteiny, DNA fragmenty, polysacharidy, metalopeptidy
jako fytochelatiny, metalothioneiny) (Cornelis, 2005; Rychlovsky, 2008).

Ke kvantitativnimu a kvalitativnimu meéfeni téchto sloucenin je tfeba konvencni
techniky pouzivané pro stanoveni celkovych obsahti prvki doplnit jesté o separacni krok,
ktery je schopen jednotlivé slou¢eniny ptfed vlastnim stanovenim obsahu prvku od sebe
oddélit. Tato uspofadani, kdy se spojuji dva a vice pfistrojii, se nazyvaji sprazené techniky.

V néasledujicim vyctu je uvedeno nekolik technik a zakladnich principtd, které se
pro meéteni specii arsenu a selenu pouzivaji nejCastéji, ale literatura jich uvadi samoziejmé
mnohem vice. V tomto piehledu je zaméfena pozornost pouze na metody spektrometrické.
Prikladem miZe byt HG-AAS s pouZitim L-cysteinu jako redukéniho €inidla (Wieteska et al.,
2003), kapilarni elektroforéza (Lopez-Sanchez et al., 1994), kapilarni elektroforéza ve spojeni
s ICP-MS (CE-ICP-MS) (Liu et al., 2013), nebo vymrazovaci kolekce ve spojeni s ICP-MS
(CT-ICP-MS) (Geng et al., 2009). Mezi nejcastéji pouzivané se fadi spojeni vysokoucinné
kapalinové chromatografie (HPLC) s AAS, ICP-OES nebo ICP-MS a spojeni plynové
chromatografie (GC) s AAS, ICP-OES nebo ICP-MS.

Postup specia¢ni analyzy lze obecné rozdélit do nasledujicich krokii:
o pfiprava vzorku;
o separace jednotlivych sloucenin prvku nebo alespon frakci obsahujicich skupinu specii

pomoci vybrané separacni techniky;
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o detekce a stanoveni hledaného prvku v izolované frakci pomoci vybrané prvkové
selektivni detek¢ni techniky;

o identifikace struktury vazebného partnera prvku pomoci vhodné molekulové
specifické detek¢ni techniky (hmotnostni spektrometrie, nuklearni magneticka

resonance, aj.) (Rychlovsky, 2008).

2.3.3.1Spojeni spektrometrickych a chromatografickych metod

Chromatografické metody nabizeji Siroké moznosti pro separaci vSech znamych
arsenovych a selenovych specii. Spojeni ICP-MS s HPLC (obrazek ¢&. 12) je pravdépodobné
nejrozsifenéjsi metodou speciaci a ma Siroké uplatnéni. Zakladnimi soucastmi systému HPLC
je vysokotlaké cerpadlo, které umoziluje prutok mobilni faze ptes kolonu, kde diky
specifickym vlastnostem sorbentu dochazi k separci a nasledné eluci slou¢enin v riznych
retenCnich Casech. Tyto slouceniny, postupné dle svych reten¢nich ¢asd, pokracuji spolu
s mobilni fazi do vlastniho analyzatoru, kde jsou stanovovany (Kupiec, 2004).

Pro potieby speciaéni analyzy se ztechnik kapalinové chromatografie vyuziva
zejména iontové vyménna chromatografie (IEC) a chromatografie s reverznimi fazemi
(RP-HPLC). Iontové vyménna chromatografie je zalozena na interakci mezi kationty analytu
v mobilni fazi s negativné¢ nabitymi funk¢énimi skupinami stacionarni faze (katex)
nebo anionty analytu s pozitivné nabitymi funkénimi skupinami stacionarni faze (anex).
Katexy i anexy, jsou $iroce uzivané pro separaci specii kovi a polokovi. Kolony se silnym
anexem jsou napf. pouZivany pii speciacnich analyzach sloucenin arsenu a selenu. Daéle je
technika IEC aplikovatelna napf. na analyzu metalothioneintl. Separace musi vzdy probihat
za pouziti vodnych mobilnich fazi s pufry s pfesné¢ danymi hodnotami pH a s pomérné
vysokymi koncentracemi soli, coz mulze pusobit problémy jako je ucpavani zmlzovaci
a konust, je-li pro naslednou detekci pouzita technika ICP-MS.

V piipad€ chromatografie s reverznimi fdzemi je analyt davkovan do polarni mobilni
faze (nejcastéji smes voda-methanol, voda-acetonitril) a je separovan na nepolarni stacionarni
fazi (napt. silikagel s chemicky navazanym uhlikatym fetézcem, zpravidla o délce C4-C18).
Vyhodou této techniky, oproti IEC, je fakt, Ze plnici materidl kolony neobsahuje Zzadné
ligandy umoziujici konkurenéni vazbu kovi. Typickymi predstaviteli latek, které l1ze touto

metodou separovat jsou polarni slouceniny bez naboje s molarni hmotnosti mensi nez 3 000

-1
g mol . Jednou z negativnich stranek pouzivani této techniky ve spojeni s ICP-MS je zvySené

usazovani uhliku na plazmové hlavici a kénusech. To je mozno ¢astecné potlacit ptidanim
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velmi malého mnozstvi kysliku do proudu argonu pro G¢innéjsi rozloZeni organické faze

(Cornelis, 2003; Cornelis, 2005; Rychlovsky, 2008).

Obrazek ¢. 12: Zéakladni schéma spfazeni HPLC s ICP-MS. Ptevzato a upraveno

z Anonym ° [online].
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Plynova chromatografie tvoii alternativu ke kapalinové a mize byt pouzita
pro separaci derivatizovanych sloucenin pied vstupem do vlastniho analyzatoru. Vzorky jsou
nejcastéji derivatizovany pomoci tetraethylboritanu sodného a nasledné plynnou mobilni fazi
vedeny do kolony a po separaci nasledné do analyzatoru (Maher et al., 2012). Toto spojeni
s plynovou chromatografii vSak neni tak ¢asté, jako spojeni s HPLC, zejména kvuli

problematické derivatizaci a eluci vzorka v systému GC (McSheeny et al., 2013).
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3 HYPOTEZA A CILE PRACE

Pfijjem, akumulace a pfeména arsenu a selenu rostlinami jsou zavislé
na riznych biotickych a abiotickych faktorech. Vyznamny vliv na pfijem, akumulaci
a pfeménu téchto prvki ma rostlinny druh. Dalsim dulezitym faktorem jsou fyzikalné-
chemické charakteristiky pud, zejména celkové obsahy téchto prvka v pudach, na kterych
rostliny rostou.

Mezi vybranymi zemédélskymi plodinami a spoleCenstvy rostlin volné rostoucich
na uzemi CR se vyskytuji rostlinné druhy schopné zvySené akumulace
arsenu/ selenu a transformace téchto sloucenin do sloucenin pro ¢lovéka netoxickych

(v piipad¢ arsenu) nebo dokonce zdravi prospésnych (v piipadé selenu).
K potvrzeni vyse uvedenych hypotéz byly stanoveny nésledujici cile:
Cile prace:

e Posoudit maji-li vybrané fyzikalné-chemické vlastnosti pud, zejména rozdilny
celkovy obsah arsenu/ selenu, vliv na piijem arsenu/ selenu rostlinami, a jaka je
mira tohoto vlivu ve srovnani s dal$imi faktory.

e Posoudit zda a do jaké miry ma rostlinny druh vliv na ptijem arsenu/ selenu
rostlinami.

e Sledovat a zhodnotit pfijem, akumulaci a pfemény arsenu/selenu a jejich
sloucenin ve vzorcich volné rostoucich rostlinnych spolecenstev Vv ramci
vybranych lokalit na Gzemi CR sohledem na moznost vstupu téchto prvki
do organismu volné¢ zijicich zivoc¢icht.

e Sledovani a zhodnoceni piijmu, akumulace a premény arsenu/ selenu
ve vybranych zemédélskych plodindch péstovanych za rlznych koncentraci

arsenu/ selenu v prostiedi s cilem posoudit jejich mozny dopad na zdravi ¢lovéka.
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4 MATERIAL A METODY

V této kapitole jsou uvedeny zékladni informace Kk pouzitym materialim, jejich odbéru
a ptipravé k méteni. Déle jsou zde uvedeny zé&kladni informace k pouZitym analytickym

metodam a statistickému zpracovani vysledkt. Podrobnéjsi informace 1ze najit v jednotlivych

publikovanych vystupech uvedenych v podkapitolach 5.1 az 5.6.

4.1 Materidl
4.1.1 Vzorkovaniv terénu

4.1.1.1 Volné rostouci rostlinnd spolecenstva |

Odebirani vzorkt v terénu ma za cil zmapovat zastoupeni slou¢enin arsenu a selenu
v Siroké Skale rostlinnych druhti rostoucich na lokalitach s riznymi fyzikalné chemickymi
vlastnostmi pud, v¢etné riznych trovni celkového obsahu zkoumanych prvka. Je zndmo,
7e fyzikalné-chemické vlastnosti ptid maji vliv na vyskyt jednotlivych slouéenin prvka v padé
(Kabata-Pendias et Pendias, 2001).

Mezi lokality, ve kterych byly rostliny sbirany za tc¢elem stanoveni arsenu,
patii Roudny, Kutna Hora a Nalzovské Hory. Tyto lokality jsou misty byvalé tézby drahych
kovi, kterd je Casto doprovdzena kontaminaci arsenem a dalSimi prvky. Nakazdé lokalité
bylo vybrano nékolik jednotlivych stanovist’ (do 5 stanoviSt na lokalitu), kterd byla svymi
vlastnostmi a polohou vhodna pro tento typ vyzkumu. Na téchto vyty¢enych stanoviStich
o rozmérech 1 x 1 m byly odebrany vzorky nadzemni biomasy vsech rostlinnych druhd,

které na dané parcelce rostly.

4.1.1.2 Volné rostouci rostlinnd spolecenstva Il

V ptipadé selenu byla vybréana lokalita Nalzovské Hory, kde byla sledovana ptedevsim
pfipadna interakce mobility a piijmu selenu rostlinami s mobilitou a ptijmem rizikovych
prvki, zejména kadmiem, olovem a arsenem. Jako druhd lokalita byl zvolen Humpolec.
Pudy v okoli Humpolce jsou na rozdil od pud v Nalzovskych Horach mirné kyselé, mizeme
se tedy domnivat, ze selen je zde pfitomen spiSe v mén¢ dostupnych formach.
Pokus na nekultivovanych loukach probihal tak, ze na kazdé lokalit¢ bylo vytyCeno 6
vzorkovacich stanovist' (1 x 1 m) a ztéchto stanovist byly odebrany vzorky nadzemni

biomasy jednotlivych rostlinnych druht, které se na daném stanovisti nachazely.
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4.1.1.3 Volné rostouci rostlinnd spolecenstva Il

Pii poslednim vzorkovani vterénu byly na nekultivovanych loukéach lokality
Humpolec vyty&eny plochy o rozmérech 25 m? které byly ofetieny postiikem roztoku
selenanu sodného (Na,SeO,4) o koncentraci odpovidajici: i) kontrolni varianta Se0 — 0 g Se
ha; ii) Se25 — 25 g Se ha™; iii) Se50 — 50 g Se ha™. Cca po 4 tydnech byly odebrany vzorky
nadzemni biomasy jednotlivych druhi rostlin.

Ve vsech ptipadech sbéru voln¢ rostoucich rostlin slouzilo nékolik rostlin od kazdého
druhu Kk pfesnému uréeni rostlinného druhu. Zbyvajici rostliny byly suseny v susarné Venticell

(BMT, a.s., CR) pii teploté 60 °C, nasledné rozemlety, zhomogenizovany a piipraveny k méfeni.
4.1.2 Nadobové pokusy

4.1.2.1 Nadobové pokusy |

V zastupcich ¢eledi jitrocelovité (Plantaginaceae) a Sachorovité (Cyperaceae) jsme
dle nasich piedchozich vysledkd, a vysledkd, které publikovali Geiszinger et al.’ (2002)
o¢ekavali zvySend mnozstvi organickych kationtovych sloucenin, zejména arsenobetainu.
Z toho divodu byly vybrany nasledujici druhy rostlin: jitrocel kopinaty (Plantago lanceolata
L.), ostfice ¢asna (Carex praecox L.), ostfice méchytkata (Carex vesicaria L.) a skiipina lesni
(Scirpus sylvaticus L.) pochézejici z lokalit Roudny, Mokrsko, Malin a Kutna Hora. Ty byly
nasledné péstovany v modelovych nadobovych pokusech scilem popsat pfijem, pfeménu

a akumulaci arsenu v téchto rostlinach v pribéhu vegeta¢niho obdobi.

Postup vlastniho nadobového pokusu byl takovy, Zze do jednotlivych nadob bylo
navazeno 5 kg kontaminované zeminy odebrané v arsenem kontaminované oblasti Mokrsko.
Tato zemina byla pfedem zhomogenizovana, vysusena a byly z ni odstranény hrubé necistoty.
Po navazeni bylo do zeminy ptidano NPK hnojivo ve fromé vodnych roztokit NH4sNO;
a K;HPO, a to v davkach 0,5 g N, 0,16 g P, 0,4 g K. Poté bylo hnojivo se zeminou fadné
promichano. Nasledné byly do nadob vysazeny vzrostlé rostliny odebrané ptedeslé léto
z kontaminovanych lokalit, které pfezimovaly v nadobach s nekontaminovanou pudou.
Takto bylo pfipraveno 6 opakovani od kazdého rostlinného druhu po 10 rostlindch v kazdé
nadobé¢. Nadoby byly umistény ve venkovni vegetacni hale a denné zalévany deionizovanou
vodou na troven 60 % maximalni vodni kapacity pro zastupce z celedi jitrocelovitych,

ptipadné 80 % maximalni vodni kapacity pro zastupce z ¢eledi sachorovitych.
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V pribéhu vegetace byla prubézné sledovana speciace sloucenin v jednotlivych
fyziologickych ¢astech rostlin (stonek, list, kvét, na konci vegetacni doby i kofen) s cilem
zjistit, zda sledovéna druhy opravdu vykazuji schopnost kationtové, ale i dalsi arsenové
slouceniny syntetizovat, popi. v jakych fyziologickych ¢astech je nejcastéji  ukladaji.
U jitrocele kopinatého byly béhem vegetacni doby provedeny 3 odbéry, u ostatnich rostlin
diky delsi dobé potiebné k tvorbé generativnich organu byly provedeny odbéry 4.

Odebrané vzorky rostlin byly lyofilizovany (Lyovac GT-2, Némecko), rozemlety,

zhomogenizovany a piipraveny k mefeni.

4.1.2.2 Nddobové pokusy Il

Sest riiznych druhti zeleniny: tufin (Brassica napus var. napobrassica L.), kadefavek
(Brassica oleracea convar. acephela L.), ¢erna fedkev (Raphanus sativus var. nigra L.), erny
kofen (Scorzonera hispanica L.), pastinak (Pastinaca sativa L.) a salat (Lactuca sativa L.)
bylo péstovano v nadobovych pokusech na pudach s odlisSnymi fyzikalné-chemickymi
pudnimi vlastnostmi (Kutnd Hora, Pfibram). Rostliny, 4 opakovani od kazdé varianty, byly
péstovany v 6 L nadobach naplnénych 5 kg zeminy smichané s NPK hnojivem (stejné jako
viz vyse). Nadoby byly umistény ve venkovni vegetacni hale a denné zalévany deionizovanou

vodou na uroven 60 % maximalni vodni kapacity.

Jedlé ¢asti rostlin byly sklizeny v riiznych terminech v zavislosti na vegetacnim cyklu
jednotlivych plodin. Rostliny byly jemné omyty deionizovanou vodou, byly odstranény
odumielé ¢asti, a nasledné byly vzorky lyofilizovany (Lyovac GT-2, Némecko), rozemlety,

zhomogenizovany a piipraveny k méfeni.
4.1.3 Parcelkové pokusy

4.1.3.1 Parcelkové pokusy |

Pro tento polni pokus s péstovanim selenem obohacenych brokolic (Brassica oleracea
var. italica L.) byl pouzit pozemek univerzitniho policka v lokalité Praha Suchdol, jehoz ptida
je charakterizovana jako ¢ernozem s jilovité-hlinitou strukturou. Pfed vysadbou byla do pidy
zapravena mineralni hnojiva v davce odpovidajici 500 kg NPK ha™. Rostliny byly p&stovany

na piesné€ vyznacené parcele o velikosti 8 x 10 m, rozdélené na 12 mensich parcelek (variant).
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Na takto pfipravenych a vyznacenych pracelkach byly péstovany 4 odridy brokolice:
Heraklion F1, Marathon F1, Parthenon F1 a Naxos F1. Sazeni¢ky byly predpéstovany
V substratu na bazi raseliny, zalévany deionizovanou vodou a umistény ve skleniku pfi teploté
pohybujici se mezi 18 a 21 © C. Pét tydni po vykliceni byly sazenice pfesazeny do polnich
podminek. Fungicidy a insekticidy byly aplikovany v souladu s pozadavky rostlin béhem celé
doby vegetace.

Vodny roztok Na,SeO, byl aplikovan postfikem na list na kazdou variantu v obdobi
zacatku tvorby hlavky nasledujicim zpisobem: i) Se0 — kontrolni varianta; ii) Se25 —
odpovidajici davce 25 g Se ha™; iii) Se50 — odpovidajici davce 50 g Se ha™. T nahodng
vybrané rostliny z kazdé varianty byly sklizeny v dobé, kdy byly hlavky piipravené
ke konzumaci (tj. asi 4 tydny po aplikaci selenu). Sklizené rostliny byly rozdéleny na hlavku,
stonky, listy a kofeny. Jednotlivé ¢asti byly zvazeny a ziskana biomasa byla opatrné omyta
deionizovanou vodou, lyofilizovéna, jemné rozemleta za pouziti laboratorniho mlynku

(Retsch SM 100, Némecko), zhomogenizovana a pfipravena k analyze.

4.2 Analytické metody
4.2.1 Analyzy rostlinného materialu

4.2.1.1 Speciacni analyzy — arsen

Pro ziskani obsaht jednotlivych slou¢enin arsenu ve vzorcich byla pouzita vysoce
sofistikovana metoda spojeni HPLC sICP-MS. Pii analyzach bylo &asteéné vyuZito
pfistrojové vybaveni a zkuSenosti vyzkumného tymu Ustavu chemie Karl-Franzens
Univerzity v Grazu (Rakousko).

Pro extrakci sloucenin arsenu byla pouzita jiz dfive publikovand metoda (Székova
et al. 2011): jemné namleté a zhomogenizované vzorky byly extrahovany 0,02 M
dihydrogenfosfore¢nanem amonnym (NH4H,PO4) (pH 6) v poméru 1+9 nebo 1425 (w/v)
po dobu 14 hod, upevnéné do rotacni tfepacky (Biosan MultiRS 60, Litva) pti otackach
45 rpm. Poté byly vzorky zcentrifugovany (Boeco C28A, Némecko) pii 3000 otackach
po dobu 10 minut a nakonec prefiltrovany pies stiikackové nitratovo-celulosové filtry
0 velikosti porti 0,45 um a praméru filtra 0,25 mm (Roth, Némecko) do vialek. VVzorky byly
skladovany v lednici pti 5 °C a béhem nékolik dni v nich byly proméfeny obsahy jednotlivych

sloucenin.
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Mg¢feni probihalo pomoci spifazeni HPLC (HPLC 1100, pfipadné 1260 Infinity,
Agilent Technologies Inc., USA) s ICP-MS (ICP-MS 7500ce, ptipadné 7700x, Agilent
Technologies Inc., U.S.), kde byla pro odstranéni pfipadnych interferenci pouzita kolizni cela
plnéna heliem o pritoku 8 ml min™.

Analyza aniontovych sloucenin probihala za nasledujicich podminek: i) jako mobilni
faze (MF) byl pouzit 0,02 mol L™ roztok NH;H,PO, 0 pH 6, ktery byl pfivadén na aniontové
vyménnou kolonu PRPX100 (4,6 x 150 mm, Castice o velikosti 5 pm, Hamilton, U. S.)

pratokem 1,5 ml min™

a objemu vzorku 10 pL; ii) jako MF byl pouzit roztok 2 mM
dihydrogenfosfore¢nanu sodného (NaH,PO,) s piidavkem 20 mol L™ disodné soli
ethylendiamintetraoctové kyseliny (EDTA-2Na) o pH 6. Tato MF byla spolu se vzorkem
piivadéna do kolony Agilent Technologies Inc. (U.S.) 4,6 mm x 150 mm i.d., s ¢asticemi
0 velikosti 5 pum, a naplni tvofenou hydrofilni polymetakrylatovou pryskyftici. Pritok mobilni
faze byl optimalizovan na ImL min™ a davkovany objem vzorku na 10 L.

Analyza kationtovych sloucenin arsenu probihala za podminek: jako MF byl pouzit 10
mol L roztok pyridinu o pH 2,3, ktery byl spolu se vzorkem pfivadén do kationtové
vyménné kolony Zorbax 300-SCX (Agilent Technologies Inc., U.S.), 250 mm x 4.6 mm i.d.,
s Casticemi o velikosti 5 um a néplni tvofenou pordéznimi silikdtovymi mikrosféramy
o velikosti 300 A. Pritok MF byl optimalizovan na 1,5 mL min™ a dévkovany objem vzorku
na 20 pL.

4.2.1.2 Speciacni analyzy — selen

Analyzy byly provedeny svyuzitim instrumentace Ustavu analytické chemie
na VSCHT v Praze s vyuzitim jejich jiz difve publikovanych metod (Balan et al, 2014,
Klognerova et al, 2015). Lyofilizované a zhomogenizované vzorky rostlinné biomasy byly
extrahovany enzymatickou hydrolyzou nasledovné: ~0,5 g vzorku bylo navazeno
do polyfluorovanych zkumavek a bylo k nému ptidano 25 mg protedazy XIV (Sigma-Aldrich,
Japonsko) a 10 ml 0,02 mol L™ tris-(hydroxymethyl)-amino-methanu (pH 7,5) (Fluka,
Svycarsko). Smés byla soustavné michana po dobu 23 hodin a udrzovana pfi teploté 37 °C.
Nasledné byla zcentrifugovana pii 15000 rpm a 5 °C (centrifuga Sigma 2-16 K, Sigma,
Némecko), prefiltrovana pifes nylonovy stfikackovy filtr s poéry o velikosti 0,45 pm
(Whatman,Velka Britanie) a proméfena na obsah jednotlivych selenovych slou¢enin.

K méfeni byla pouzita spfazena technika HPLC s ICP-MS. Systém HPLC se
skladal z téchto Casti: vysokotlaké Cerpadlo (Série 200, Perkin Elmer, U.S.), odplynovac,

vzorkovaci ventil (Rheodyne 9010, IDEX Health and Science, U.S.) doplnény 50 uL PEEK
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vzorkovaci smyc¢kou a analytickou kolonou PR-C8 (Purosphere STAR-C8e, 4,6 x 250 mm,
velikost ¢astic 5 um, Merck, U.S.). ICP-MS (Elan DRC-¢, Perkin Elmer, U.S.) bylo vybaveno
koncentrickym PTFE zmlzovaéem a cyklonickou mlznou komorou a vysoce uéinnou
plazmovou hlavici. K potlaceni ptipadnych interferenci byla pouzita reak¢ni cela s methanem
o prittoku 0,6 ml min™. Jako MF byla pouzita smés: 0,8 g I'* butan-1-sulfonat sodny, 2,9 g I
hydroxid tetramethylamonny, 0,42 g I"* malonové kyseliny a 1 % (v/v) methanolu. pH smési
bylo upraveno chlorovodikovou kyselinou na hodnotu 5,0, a jeji pritok byl optimalizovan

na 1 ml min.

4.2.1.3 Celkové obsahy

Celkové obsahy arsenu a selenu v biomase rostlin byly stanoveny za pomoci ICP-MS
po ptredchozim rozkladu na mokré cesté v uzavieném systému s fokusovanym mikrovinnym
ohfevem Discover SPD-Plus (CEM Inc., U.S.) podle metodiky, kterou publikovali Kelly et al.
(2013): 0,5 g vzorku bylo navazeno do kiemenych zkumavek, bylo piidano 10 mL
koncentrované HNOj3 (67 %, Analytika, Cistota Analpure) a za teploty 200 °C, maximalniho
ptikonu 300 W a maximalnim tlaku 28 bar rozloZeno. Nasledné byly vzorky kvantitativné
pfevedeny do 50 mL polyethylenovych zkumavek a ulozeny pfi laboratorni teplot¢ do doby
méteni. Alternativné byly nékteré vzorky rozlozeny na suché cesté ve smési oxidacnich plynti

v mineralozatoru Apion dle Miholové et al. (1993).
4.2.2 Analyzy pid

4.2.2.1 Vlybrané fyzikdlné-chemické analyzy

Pidy odebrané z jednotlivych stanovist’ byly ususeny pii laboratorni teploté, presaty
ptes sito o velikosti ok 2 mm tak, aby vznikl reprezentativni homogenni vzorek vhodny
k analyzam. V pudach byly podle potieb jednotlivych pokust stanoveny tyto fyzikalng-
chemické parametry: pseudocelkové obsahy prvka (Szdkova et al., 2016), vyménna padni
reakce (Novozamsky et al., 1993), obsah oxidovatelného uhliku (Sims et Haby, 1971),
kationtova vyménna kapacita (1ISO, 1994), dostupné Ziviny extrakénim ¢inidlem Mehlich 111
(Mehlich, 1984), mobilni obsahy prvku (Quevauviller et al., 1993), maximalni vodni kapacita
(Gardner, 1986).
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4.2.2.2 Celkové obsahy

Celkové obsahy prvkt v padach byly stanoveny z mineralizati ziskanych po totalnim
rozkladu: ~0,5 g padniho vzorku bylo rozlozeno na mokré cesté¢ v uzavieném systému
s mikrovinnym ohfevem v zafizeni Ethos 1 (MLS GmbH, Némecko) po dobu 33 min
pii teploté 210 °C ve smési 8 ml HNOs, 5 mL HCI a 2 ml HF. Po ochlazeni byla reakéni smés
kvantitativné prevedena do 50 mL Teflon® nadobky a odpatfovana do sucha pii 160 °C.
Odparek byl poté rozpustén ve 3 mL smési HNOsa HCI (1+3), pfeveden do 25 mL sklenéné
zkumavky, doplnén deionizovanou vodou a uschovan pii laboratorni teploté do doby méteni
(Székova et al., 2010).

Obsah prvka v piipravenych mineralizatech byl stanoven pomoci ICP-OES s axialni

orientaci plazmové hlavice na piistroji Varian VistaPro (Varian, Australie).

4.3 Zpracovani a hodnoceni namérenych dat

Vysledky a grafické vystupy byly zpracovany za pouziti riznych programu v zavislosti
na vhodnosti jejich uziti, jejich dostupnosti na pracovistich a pfedev§im naroku kladenych
na statistickou analyzu a grafické zpracovani jednotlivych pokust.

Pro zpracovani statistickych analyz a tvorbu grafickych vystupi byly pouzity nasledujici
programy: Microsoft Office Excel™ 2007, Microsoft Office Excel™ 2010 (Microsoft, U.S.),
Statistica' ™ 10CZ, Statistica™ 12CZ (StatSoft, U.S.), SigmaPlot™ 11.0 (SyStat Software,
U.S). Mezi pouzité statistické testy se fadi jednofaktorova analyza rozptylu ANOVA,
s ndslednym pouzitim Tukeyho nebo Scheffého post hoc testu, a korela¢ni analyza pro odhad
zavislosti mezi proménnymi za pouziti Pearsonova korela¢niho koeficientu (Meloun
et Militky, 2004). Hladina vyznamnosti u vSech provedenych testi byla stanovena
jako o = 0,05. Transfer faktor, tedy ukazatel, ktery charakterizuje piestup prvku z pidy
do rostliny, byl definovan jako pomér celkového obsahu prvku vrostlin€ a v pudé
(Huang et al., 2005).
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5 VYSLEDKY A PUBLIKOVANE VYSTUPY

Seznam publikovanych vystupt a vysledki:

Publikovany vystup €. 1:

Nazev ¢lanku: Arsenic compounds occurring in ruderal plant communities growing
in arsenic contaminated soils [Slouceniny arsenu vyskytujicich se v ruderalnich druzich
rostlin rostoucich na arsenem kontaminovanych ptidach]

AutofFi: Tremlova, J., Vasickova, 1., Szakova, J., Goessler, W., Steiner, O., Najmanova, J.,
Horakova, T., Tlustos, P.

Publikovéno v: Environmental and Experimental Botany 123. 2016. 108-115.

Publikovany vystup ¢&. 2:

Nazev ¢lanku: Distribution of arsenic compounds in Plantaginaceae and Cyperaceae plants
growing in contaminated soil [Zastoupeni sloucenin arsenu v rostlinach z ¢eledi Jitrocelovité
a Sachorovité rostoucich na kontaminovanych ptidach]

Autori: Tremlova, J., Szdkova, J., Golka, V., Babkova, R., Najmanova, J., Tlustos, P.
Publikovdno v: Chemistry and Ecology (pfijato do tisku), online od 2.8.2016,
DOI 10.1080/02757540.2016.1216105

Publikovany vystup ¢. 3:

Nazev ¢lanku: A profile of arsenic species in different vegetables growing in arsenic
contaminated soils [Zastoupeni sloucenin arsenu V zelenindch rostoucich na arsenem
kontaminovanych piidach]

Autoii: Tremlova, J., Sehnal, M., Szakova, J., Goessler, W., Steiner, O., Najmanova, J.,
Horakova, T., Tlustos, P.

Publikovano v: Archives of Agronomy and Soil Science (pfijato do tisku),
DOI 10.1080/03650340.2016.1242721.
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Publikovany vystup €. 4:

Nazev ¢lanku: Soil-to-plant transfer of native selenium for wild vegetation cover at selected
locations of the Czech Republic [Pfijem pfirozenych obsahli selenu z pidy do volné
rostoucich rostlin rostoucich na vybranych lokalitach Ceské republiky]

Autori: Székova, J., Tremlova, J., Pegova, K., Najmanova, J., Tlustos, P.

Publikovano v: Environmental Monitoring and Assessment 187. 2015. 358-366.

Publikovany vystup €. 5:

Nazev ¢lanku: Selenium uptake, transformation and inter-element interactions by selected
wildlife plant species after foliar selenate application [Piijem selenu, jeho pfeména a vliv
na obsahy vybranych prvki v biomase volné rostoucich rostlin po aplikaci selenanu na list]
AutofFi: Drahoniovsky, J., Szakova, J., Mestek, O., Tremlova, J., Kana, J., Najmanova, J., Tlustos, P.

Publikovéno v: Environmental and Experimental Botany 125. 2016. 12-19.

Publikovany vystup ¢&. 6:

Nazev ¢lanku: The response of broccoli (Brassica oleracea convar. italica) varieties on foliar
application of selenium: uptake, translocation, and speciation [Odezva riznych odrad
brokolice na aplikaci selenu na list: pfijem, pfeména a speciace]

Autofi: Sindelafova, K., Szdkova, J., Tremlova, J., Mestek, O., Praus, L., Kafa, J.,
Najmanova, J., Tlustos, P.

Publikovéno v: Food Additives and Contaminants, Part A — Chemistry, Analysis, Control,
Exposure and Risk Assessment 32. 2015. 2027-2038.
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5.1 Publikovany vystup €. 1

Nazev ¢lanku: Arsenic compounds occurring in ruderal plant communities growing
in arsenic contaminated soils

Autori: Tremlova, J., Vasickova, 1., Szdkova, J., Goessler, W., Steiner, O., Najmanova, J.,
Horakova, T., Tlustos, P.

Publikovano v: Environmental and Experimental Botany 123. 2016. 108-115.
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Wild growing phytocenosis from three different areas near former gold ot siiver mines—Kutnd Hora
Roudny and NalZovské Hory (Czech Republic) were investigated for total arsenic and arsenic specics
concentrations. The most abundant plant families that occurred were Febacear Laminceae, Asteraccae,
Poacese and  Plantoginaceae. Several plant species such as Achilfea millefolivm L, (Asterocear ),
Anthoxanthum odorarum L {Peaceae), Plantago lanceolato L (Plantaginaceoe) are widespread and could
be found in all of the investigated areas. Total As concentrations in aboveground biomass of plants
growing on those three sites were determined by an inductively coupled plasma mass spectrometry
(ICPMS) and ranged from 0.02° mgAskg ' (Steltaria spp.) 1o 39.30 + 6.32mgAskg ' (Dawcus carora L),
The concentrations seem to be dependent on both plant species and physico-chemical soil properties. For

Nevwords
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Hyphenated techmgue

HMC the arsenic speciation a high performance liquid chromatography (HPLC) online connected with the
KIS ICPMS was used. Results have shown that arsenite and arsenate are the prevalent arsenic compounds,
Arenobetsne Methylarsonic acid (MA), dimethylassinic acid (DMA), arsenobetaine (AB), arsenocholine (AC),
Arsenocholine tetramethylarsaniom ion (TETRA) and trimethylarsine oxide (TMAD ) were identified as minor species.
TETRA Arsenobetalne was found at significant concentrations in Carex praecox Scheeb. (28% of the extractable As
A amount | and P fonceolata L, (1L.2% of the extractable As amount),

@ 2015 Elsevier B.V. All rights reserved.
1 Introduction [speciation). Arsenobetaine (AB) and arsenocholine (AC) are

considered as non-toxic or harmiess compounds 1o man (Kuehnelt

Several areas in the Czech Republic are characterized by and Goessler, 2003),

elevated levels of As in soils mostly connected with gold and silver
deposits. The most important ones are located in the central
Bohemia. Locations such as Kutna Hora, Mokrsko, Roudny, efc. are
well known examples with former mining activities on which high
As content in soil occurs (Filippi et al, 2004),

The toxic effects of arsenic on plants are described by several
authors (Bencko et al, 1995; Kabata-Pendias and Pendias, 2001,
Rahman et al,, 2008). Dembitsky and Rezanka (2003} summarized
that methylated As species show generally lower toxicity than
inorganic ones. For toxicity evaluations not only the total content is
important, but the abundance of individual arsenic compounds
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Although As is an element with limited plant availability
(Pickering et al, 2000), its content in plants in contaminated areas
of the Czech Republic exceeds the maximum content in forage and
thus may pose a health risk for wild or outside keeping and grazing
herbivores and might follow-up the food chain (Tremlovi et al,,
2011). Among the identified arsenic compounds in terrestrial
plants predominantly As{llf) and As(V) can be found. Methylar-
sonic acid {MA), dimethylarsonic acid (DMA). arsenobetaine (AB),
arsenocheline (AC), tetramethylarsonium ion (TETRA) trimethy-
larsine oxide (TMAQ) and some arsenosugar analogs have been
observed as well {Ruiz-Chancho et al. 2008), A study of Tlustod
etal. (2002 ) showed that in roots of radish (Rephanus sarivus L) the
dominant As compound was As(lIl), whereas As(V) was more
represented in leaves, High proportions of DMA in plants (about
17% of total As content in the roots and 18% in leaves) compared to
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Table 1
List of individual plant species occuring oo mvestigated locations and sites and total As content m their aboveground hiomass.

No.  Latin name Family Total As contens (mgky ')

1 Acgupud podagraris L ® ip Q87 =009 (NH L) 0932003 (NHI) 073=0.12 (NH4] 050=005 (NH S)

2 Agrastis stolonifera L * Poaceny 2I56015(KH 1) 1094008 (KH3)  LI13:006(KH 5}

3 Achiffea millefofiom L, ¥ Asternoene 1517 (KH 3) WA=17 (R 523 =062 (R2) 167 =008 (K 4) 051 =005 (N1 1)
U08 =001 (NH 3] Q88020 (NH 4)

4 Aktemiffa vafgans L © Rosvceae 021" (NH 2)

5 Alapecuruy pratensés L © Fowear 102040 (KH3)  O58£008 (KH 4)

4 Anthovunt i odoratirm L ¥ Joacear (L68° (KM 3) JEI= OO (K1) 0.49 =007 (NH 2}

7 Arrhenatherunt efacius (L) Prest * Foacene 076" (KH 1) 06603 (KH 2} 124" (KH ) DAY =008 (KHY] 054" (KH 5)
LO0£005(NH 1) 0542003 (NH 2)

8 Artemisia vadgons L ¥ Asteraceae U711 =004 (NH 3) 071 =004 (NH4)

9 Baltlota sigra L7 Lamiacene QA2 =005 (NH 1)

n Brackypediom planatum Beauy. ® Poacear V60 005(KH 1) 069034 (KH 2] 059004 (KH 3) 04520407 (KH 4)

" Hrizo medin L © Poaceny 168 =055 (KM 4)

12 Calamagrostis epigeyos L ¥ FPoaceay A9 =021 (R 1) 154 +008 (R 2) 502051 (R5)

13 Compunuio mapesaniides L " Compamalacruy . 056 =012 (NH 3)

4 Camponuta spp. * Camparalceny 748" [NH 5]

15 Carex nigra L. 7 Pouceor 058 =005 ({NM 2)

16 Cavex praccox Schreb, ¥ Fowceny 068007 (KH2) 1B =021(KH4)

17 Certunres jocve L * Asternoeoe 238041 (R 1) 109.£005 (R 4)

1% Cerstiam holostooddes Fo ¥% Caryopiptioceae 0857 (NH 2)

19 Cirvdum arvense (L) Scop, ™ Astevoese 044£000(KH5) GO3L087(R4)

20 Comalfaria majals L * Litkcooe 053 £ 003 (NH 5)

21 Comvolvuivy anwasis L " Convahrukxvae 184" (KH 2) QI8=003 (NH 3)

22 Crepls bdenmds L *¥ Asteraceoe 110" {NH 5)

23 Crmosivrus oristorus L P Toaear 073" (NH 2) Q117 (NH 3)

24 Cytisus scoparius L P Faboceas W8Y =011 (NH 1)

25 Daviylis ghomerans L7 Powene 0762023 (NH 2] 070£003(NH3) 058£006 (NH4) 053 =005(NH5)

26 Davicus carota L P Aplaceny 30632 (K1) 073 =008 (NH 3)

27 Deschmmgnda coespirosa L ¥ Feaceay 549=029(R 1) 2002010k 3) 114=012 (R 5; 082 =004 (NH2) 054£0.03 (NH 4]

28 Dimihus spp. *™P Carpoplnifuceae 0,49 = 002 (NH 4)

20 Doyoprenss filiv-enas L7 Dryopterkdcene 046 2013 (NH 57

30 Echium valgme L *7 i Q92 =005 (NH 1)

n Hytrigia repens (L) Desy. ¥ Poaxeue 1332007 [KH 1)

2 Epidodsuen montanum Huds " Onagroceas 044 =012 (NHS)

33 Epilodvamn spp. 4¥ Onggracene 660" (NH 2)

34 Epipactis helleborme L7 Orchidoceoe S45=0274R)

35 Equisetum anvise LT Equisctarvar 3752488 (R1) 9400274 (R2T 14ML080(R 3}

36 Frodivm neurodifoliem L4 Ceranincene 095° (NH 5)

A Festuor pulless Host * Poweny 116 =019 (KH 1) 0222001 (KH2) 108=04(KH 3] 038=003 (KH4) 185" (KH5)

38 Fragana vesca L P Rusoceoe 137=034 (R 2} 108 £0.38 (R 5)

3% Gafiwemn imofhegn 1 * Rubiocear 2324024(R4) 0722013 (NH2) 052£005(NH 4]

a0 Gafium verume L ® Rubrincene 279021 (KH 1) Q862007 (KH2) 125=008 (KH4] D74=004 (KH5)

41 Goum wrbanum L * Rosacone (90" (NH 4) Q18001 (NH 3)

a2 Hievocium pilosella L Asterucrae YOG= LIS (R 1) G7=034(K2) 138=028(NH1)

43 Hyperiowst pegforetinm L * Hypericex oo 1402007 (KH 4] 176" (KH 5) 30 L0001 (NH 2) OB3I=000(NH3) 078 (NH4)
0.27° (NH 5)

a4 Chanrrnphilinm um L ® A BAS 042 (R4)

a5 fam el L * Apiicear QAG=0D2(NH 5)

a6 dmpatiens parviflora L * Balsaminaceae S6% (R 5)

ar dmpatiens spp. * Balsuminovene 049 =002 (NH 5)

48 devruon seriola L 4* Asteruceas 6044 1L50(R 5)

49 Lecon spp. Y Asteruceoe 0.79" (NM 3)

S0 Lamium spp, Lambacear 051 = 006 (NH 5

51 Lolium spp. 1=# Fuboceas 020=001 (NH3) 0252004 (NH 4] 090012 (NH 5)

52 Lol coemiculotus L ° Fabogeas A9740TF (RN 2364042(R2) 1692008(R3) 1OSLD05(NH 1| 047 =002 (NH 3]
1312 0,01 (NH 4)

53 Lysimachin vadgaris L " Primuiocene 220025 (NH 5)

54 Muodicago lupdion L *7 fabocese Q48" (NH 1) 0162001 (NH2) 102=004 (NN 3)

55 Matkago spp, % Fabaceae 078 =002 (NH 3)

56 Meforaftim allo L *™ Cwrpopdnfincene 061 =002 (NH 3]

57 Pustinocu sedive L " Aptucear 063 £ 011 (NH 2}

58 Mieum pratense L ¥ Poacenr 072004 R4 Q2 2 004 INHL )

59 Mragniites commumy L ¥ Foscenr 108 =008 (R 2} 109 £006 (R 3)

60 AmpineXa imgor L P Apriceoe 231" (NH 4) 2317 (NH 4)

61 Nmpioeda saxifioga LY Apiaceay 596" (KH 4)

62 Nreprlela spp, ® Apticeare 050 £004 (NH 1)

63 Mantago lanceolara L * Phataghiceae 131098 (KH 3} 150=088(R1) 323+057(R4) 0562003 (NH 1) 047 =005 (NH 2)
077004 (NH3) 1754000 (INHA) (83008 (NH5)

64 Mamtago majer L # Panmginacenr 328 = 104 (R 4) 081 =002 (NH 5)

65 Moo peutemsés L * Poacene 056003 (NH2) 0362002(NH 3] 1197 [NH 5]

ot Folygale vulgoers L * Folyginreas 849 (R1)

67 Poteretilla areseria L ¥ Rosvcose 1764° (R 1) 662033 (RA)

68 Poremsifta hepeaphwiy L ¥ Rasacone 046 = 006 (KH 4)

69 Prumeio vedgaris L Lumvievene 107 =004 (NH 3)

n Sareunculus oot L P Ranumculaceos 1359° [KH 4) 023 =03 (NH2)

71 Sorunculus repens L ¥ Rammaulocene 1252003 (R 4)
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Noo  Latin mame Family Total As content (mgkg ')

72 Rummex oddresifolem L ° Polygonecone D78 £ 003 INH 1)

Kk Ranmrex spp. " Podyguner o 071 =0.04 (NH 3}

L Scobivse ochrobeucs L M [¥psacuceay 0932006 (KH 1) 6652003 (KH3)

75 Securigera varig L * Fabaceae IG7°(NH 1) D78+013 (NH 2] 027 004 (NH 3) 049008 (NH 4)
7% Seaecio vulgurts £, * Asterucene 029001 (NH 3)

77 Silene spp.® Caryophpilocrar DO24007 (NH 1) 0382007 (NH 3)

78 Solidagn virgeuny L © Aderavenr L79=022 INH 2)

79 Sonchus arversis L ¥ Asteracene 0,844 007 (NH 2)

80 Stefluria graminee L ¥ Caryophpllcrae 163 =010(R 4) 048" (NH 2)

s Stefuria spp. * Coryophpllaceee 0027 (NH 4)

42 fanmvetum vulgore L " Agterucene 347 =048 (R 4) 088 = 0.09 (NH 3}

83 Taraxocum officimale L Asteracene 046 £ 002 (NH 3)

54 Teeragonofobus maritimus Roth ®  Fabaceae 020+ 001 (KHS5)

85 Thymus serpydum L * Lamiuceae 213:015(KH 3) A6 =042 (NH 1) Q30 £005 (NH 4

86 Torills arvers L * Brussicoceae 0.13° (NH 3}

§7 Trifediurn compestre Schrely, * Fabacear 056 £ 003 (NH 4)

88 Trfodlum proremse L ® Faboreae 5244044 (R 3) 137 +008 (NH 2} 0452007 (NH3) 041009 [NH 4)
89 frifodium repers L7 Fabaceae D47 (NH 1) 164" [NH 2) 44002 ({NH3) 047=00Z(NHS)
90 Trisetum flovescens (L) Beauv. * Poocene 073004 (KM 1) 0M=020(KH 2)

" Tussiago forfore L ¥ Adterpcene FN20£930 (R 3) 2274013 {R5)

9.2 Urtica dicdea L * Uirticacene 071003 (NH S)

EE] Verbascum migrum L. %P Sorophalomacese D66+ 007 (NH 3) 151+ 0.08 (NH 4}

94 Vernmwicu chamaedrys L " Sorophulonioceae 2730018 (KH 5) 0552008 (NH 2) 055° (NH 4)

95 Veromica spp. " Sorophaloiocese D42 2005 (NH 3)

96 WVicka cracea 1L ¥ Fabareae 105 =008 (NH 4)

a7 Vicha villosu L 4™ Fobacrae 0712008 (NH 3)

98 Vinca minor L7 Fabareae 104" (INH &)

99 Violu odovate L * Fabacroe LI2° [NM 3)

Note: * peretnial plants, ® biennial plants, * annual plant, * the amount of dry biomass was not sufficient for 2 multiplication of total content analysis and for an
accomplishment of speciation analysis, KH~Kutnid Hora (site 1.5), R<Roudny [site 1-5), NH-Nalfovské Hory [sie 1.5)

the soil, with more than 90% of As was present as As( V) indicates an
ability of some plants to methylate a part of inorganic arsenic. The
same trend was observed in tissues of Vinca minor L., grown in a
medium supplemented with As(V), showing dominant contents of
As(Il1}, As(V) but also significant amounts of MA and DMA (Cullen
and Relmer, 1989).

The distribution of individual As species in higher plants and
their aboveground parts is clearly Influenced by plant species
(Kuehnelt et al., 2000, Schmidr et ai., 2001). Kuehnelt et al, (2000)
found a wide range of As compounds, such as As(Ill), As{V), DMA,
MA, TMAO, TETRA and one type of dimethyl{ribosyl }-arsine oxide,
in 12 plant species growing on As contaminated sites. The effect of
plant species on the occurrence of As species and their concen-
trations was also demonstrated by Gelszinger et al. (2002), While
in aboveground biomass extracts of Dactwis glomerata L and
Hantago lanceolatn L growing on As contaminated areas mainly
morganic  compounds were determined in the extracts of
aboveground blomass of Trifollum pratense L growing on the same
site primarily organic compounds with mainly MA were present,
The observation of As methylation in Agrestis tenuls Sibth. shows
that As(V) that was added to the growing medium, was adopted by
plant roots, converted to As{ I ), and later was methylated in leaves,
where an increased activity of the enzyme methyltransferase was
observed (\Wu et al,, 2002),

This study is focused on wild growing terrestrial plants exposed
to soil As in the vicinity of Kutni Hora, Roudny and NalZzovské Hory
(Czech Republic). The objectives of this study are focused on (i) a
screening of total As uptake by nearly 100 plants growing in soils
significantiy affected by former mining activities, {ii) a dependency
of total As plant uptake on physico-chemical soil properties and
individual plant species, and (iii) an assessment of the ability of
terrestrial plant species to take up and transform different As
compounds in their tissues.

2. Experimental
2.1. Sampling

During the field survey 5 representative habitats of cach area of
interest were delineated {1 m?) on which phytocenosis monitoring
was conducted. In each square, the number of individual plant
species were identified and reported, Monitoring was carried out
during the plant's most abundant phase of the growing season in
the area of the Czech Republic {May-July). A total of 99 plant
species belonging to 27 different families (Table 1) were found in
the survey. The aboveground biomass was gently washed by
deionised water, checked for fresh biomass, freeze-dried (Lyovac
GI2, Germany), ground (ZM 200, Retsch. Germany) and analyzed.
Soil samples were collected from individual squares from the
depth0-25 ¢m. air dried at 20°C, ground in a porcellancous mortar
and passed through a 2 mm plastic steve and analyzed.

2.2. Total arsenic contents in soils and plants

The pseudo-tatal concentrations of elements in the soils were
determined in digests obtained by a following decomposition
procedure; Aliquots (~0.5g) of air-dned soil samples were
decomposed in digestion vessels with 10ml of Aqua regia
(n=3) The mixture was heated in an Ethos 1 (MLS GmbH,
Germany) microwave assisted wet digestion system for 33 min at
210°C. After cooling, the digest was quantitatively transferred into
a 25ml glass tube, filled up by deionized water, and kept at
laboratory temperature until measurement. A certified reference
matenal RM 7001 Light Sandy Soil (Czech Metrology Institute,
Czech Republic) containing 104 £ 1.0mgAs kg ' was applied for
the quality assurance of analyrical data, In this sample, 108 £ 1.5
mgAskg ' was determined. Total organic carbon {TOC) was
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determined spectrophotometrnically at 600 nm after the oxidation
of organic matter by K,Cr;0; (Sims and Haby, 1971). The pH was
determined using deionised water or 0.01moll ' CaCly {w/
v=1:2.5) (Novozamsky et al. 1993} Cation-exchange capacity
(CEC) was calculated as a sum of Ca, Mg, K, Na and Al extractabie
with 0.1 moll~" BaCl, {w/v=1:20 for 2 h) (150, 1994},

Plant samples were decomposed using a dry ashing procedure
as follows: An aliquot (~-1g) of the dried and powdered
aboveground biomass or roots was weighed to 1 mg (n=3), placed
into a borosilicate glass test tube and decomposed in a mixture of
oxidizing gases (0O;+0;+NO,] at 400°C for 10h in a Dry Mode
Mineralizer Apion (Tessek, Czech Republic). The ash was dissolved
in 20ml of 1.5% HNO, (electronic grade purity, Analytika, Czech
Republic) and kept in glass tubes until analysis (Miholova et al.,
1993), Aliquots of the certified reference material RM NCS DC
73350 Poplar leaves (purchased from Analytika, CZ) were
mineralized under the same conditions for quality assurance of
the total arsenic contents in experimental plants, This material was
certified to contain 0.37 = 0.06mg As kg ', and it was determined
035+ 004 mgAskg " For the determination of mobile fractions of
arsenic in soils, extraction with a0.11 mol 1! solution of CH.COOH
at a ratio of 1:20 (wjv) for 16 h (Quevauviller et al, 1993) was
applied, Each extraction was carried out in three replicates, For the
centrifugation of extracts, a Hettich Universal 30 RF (Germany)
device was used. The reaction mixture was centrifuged at
3000 rpm for 10min at the end of each extraction procedure,
and the supernatants were kept at 6 °C prior to measurements. The
total concentrations of As in soils and plant digests were
determined by using ICP OES (Varian VistaPro, Varian, Australia)
with axial plasma configuration, equipped with an autosampler
SPS-5. External calibration solutions were prepared in correspond-
ing extraction agents with concentrations of 100-1000 pgl ' As,
The operating measurement wavelength for ICP OES was 188.9 nm.
PMasma conditions used for measurements were as follows: power
12kW, plasma flow 150Imin " auxillary flow 0.751min ',
nebulizer flow 0.9tmin ', For the determination of low As
concentrations in soil extracts and plant digests, hydride genera-
non atomic absorption spectrometry (Varian AA280Z, Varian,
Australia), equipped with a continuous hydride generator VCA-77,

2000

were used where a mixture of potassium iodide and ascorbic acid
was used for pre-reduction of the sample and the extract was
acidified with HCl before measurement (Brodie et al, 1983 ),

2.3 Determination of individual As species

For a determination of As species in aboveground biomass of
the plants following procedure was applied: dried and powdered
samples were weighed into 10 ml screwcapped polyethylene tubes
(n=2), extracted with 0.02 mol 1" NH;H,PO, in the ratio 1+9 (w/
v){pH 6.0) and fastened to a crossshaped rotor and turned top over
bottom at 45 rpm for 14 h. The mixtures were then centrifuged for
10min at 3000 rpm, and filtered through 0.22 pum cellulose-nitrate
ester filters (MillexGS, Millipore, Bedford, MA, US).

Anionic As compounds were separated with a high perfor-
mance liquid chromatography (HPLC 1100 Series, Agilent Technol-
ogies, US.), wusing an anion-exchange column PRP-X100
150 < 46mm with 5pm particles (Hamlton, US) column
temperature 30°C and Injection volume 10l A good separation
was achieved by using an isocratic elution with 0.02moll ’
NH4H:PO, [pH 6.0) as a mobile phase at a flow of 1.5mlimin "
Typical chromatogram of the anionic As species present in Carex
praecox sample present in Fig. 1.

Cationic As compounds were determined with the same
instruments while using Zorbax 300-5CX 250 « 46 mm with
5pum particles column {Agilent Technologies Inc., US.), column
temperature 30°C, injection volume 20 pl, 001 moll ' pyridine
buffer (pH 2.3 ) served as a mobile phase with a flow of 1.5 mlmin '
(Ruiz-Chancho et al, 2008). Typical chromatogram of the cationic
As species present in C. praecox sample present in Fig. 2,

An inductively coupled plasma mass spectrometer [ICPMS,
7500¢e, Agilent Technologies, US.) was used as arsenic-selective
detector (Szakova etal, 2011 ) APEEK capillary tubing (0,125 mm |.
d.) was used to connect the column outlet with a micro-mist
nebulizer of the ICPMS. The intensivity of As ons at m/z 75 and alse
potential argon chloride (**Ar*’Cl) interferences at m/z 77 were
monitored by using a time-resolved analysis software.

All standards and solutions were prepared with purified water
(18,2 M2 cm, Merck Millipore, US.), pyridine (p.a.) was purchased

As (#)

1800 1

inmensity [CPS]

1200 A

MA

As (V)

T

4

Fig. 1. Chromatogran of anionic As spocies i Carey proecox Schred,

10

time [min]

Note: an example chromatogram of anionic As speoes of Canex primacox S<hieb., Kutnd Hora, Czech Republic, signats of As speaes follow as AT, DMA MA, A V). composnds
were determuined with HPLC ICPMS, Hamiltan PRP-X 800 150 « 4.6 mun column with S pm particles (Hamilton Inc, US.), isocratic elution with 002 maol 1 ' NHAH2PO4 (pH

6.0} mobile phase, flow 15 mlmin .
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Fig. 2. Chromatogram of catonic As species in Carex proecox Schreb.

time [min]

Note: an example chromsitogram of cationic As speces of Carex prasvox Schreb., Kutnd Hora area, signals of As species follow as sum ol all anlonic species, AB, no other cationic
compounds were detected in this sample, compounds were determined with HPLC ICPMS [Agident, Zorbax 300-SCX 150 « 46 mm columpn with 5pm partiches (Agilent
Technologics inc. US,1 Isocratic elution of 001 moll ' pyridin bulfer (pH 23] mobile phase, low 1.5minn .

from Moerck (Germany), methanol (pa.), formic acd (pa.)l
ammonium dihydrogen phosphate (p.a.), and an agueous ammo-
nia solution (25% suprapur) were purchased from Fluka
(Switzerland ). Standard solutions of arsenic species were prepared
from NaAsO; (As(IH)), NazHAsOs-7H.0 (As(V)) both purchased
from Merck (Germany), sodium dimethylarsinate tnhydrate
(DMA) purchased from Fuka (Switzerland), Methylarsonate,
arsenobetaing, arsenocholine, trymethylarsine oxide and tetra-
methylarsonium cation were synthesized in-house, The detection
limits (LODs) for the individual As compounds were as follows:
0012 pgkg ' for As{1I1), 0.008 pg kg ' for DMA, 0.006 g kg ' for
MA, 0.006 pgkg ' for ASV). 0.022 pg ke ' for AB, 0.011 pgke '
for TMAO, 0.011 pgkg ' for AC. and 0,010 wg kg ' for TETRA.

2.4. Statstical analysis

Statistical software STATISTICA™ version 12 (StatSoft*, Inc.,
USA), Microsoft Excel 2010™ software (Microsoft Corp.™, USA) and
SigmaPlot™ 11.0 (SyStat Software Inc., USA) were used to carry out
the statistical analysis and outputs. Statistical tests {one-way
ANOVA ) were carried out ar a significance level «=0.05 for the
total contents of analytes in the soil and plant samples, Scheffe's
post-hoc test for carrying out differences in pairs of means was
performed. Correlation analysis was used for the assessment of
relationships  between  variables, where Pearson correlation
cocfficients were applied. The so-called transfer factors (TF)
guantifying the element transfer from soil to plants were
calculated as the ratio of the element content in plant dry matter
to the pseudototal element content in soil,

3. Results and discussion
3.1. Phytocenosis

The total of 99 terrestrial plant species belonging to 27 different
plant families (Table 1) were identified on experimental sites.
Maceae and Fobaceae family were the most abundant ones of all.
The proportion of plant species and families were as follows—
Kutna Hora: 23 species from 13 different families, with a

predominance of Poaceae, Roudny: 27 species from 13 families,
with a predominance of Poaceae and Asteraceae, NalZovské Hory:
72 species from 25 families, predominance of Poaceae and
Fabaceae, respectively. According to the other studies [|ana
er al. 2012: Freitas et al, 2004), similar plant communities
representing the families Fabaceae, Lamiaceoe, Asteraceae, Poaceae,
Manraginaceae are widespread on sites with former mining
activities across Europe. Among the plant species in our study,
Achillea millefolium L (Asteraceae), Anthoxanthum odoratum 1,
(Poaceae). £ lanceolata L. |Plantaginaceae) occurred on all
3 locations which may denote ability of these plants to grow on
contaminated sites under different environmental conditions and
also their widespread character across the Czech Republic,

In this study, only herbaceous plants, most of them perennial
(Table 1), were evaluated and no at first sight visible symptoms of
phytotoxicity were observed. However, trees from Pinaceae,
Fagaceae, Betuloceae families demonstrated a higher tolerance to
high As contents and/or extreme soil conditions (852 mgtotal
Askg ', 1% TOC, 2.4 < pH - 3.9) growing near mining areas in
France (Jana et al, 2002), Authors referred to these plants as
phytostabilizers, a group of plants adapted to the harsh environ-
ment. General attributes of these plant species are adaptability and
tolerance to the contamination and poor accumulation capacities,
particularly in the shoots. Among herbaceous plants in the same
study, the most tolerant species belong to Fabaceae, juncaceae,
Plantaginaceae and Poaeeae family similarly as in the case of our
study. Last 3 named families which grown on our sites too, reached
in that study the total As contents in dry biomass ranging from
7mgAskg ' in leaves of Plantago major L. (Plantaginaceae) to
225mgAskg " in roots of Bromus spp. L. (Peaceae) in our case it
was 047-13.5mgAskg ™' in Plantago major L. aboveground
biomass. As concentrations in roots/underground biomass are
not available in our study.

32, Total As contents in soils and plant bionass
Table 2 describes the main physico-chemical soll properties and

total and mobile As conrents of each investigated site. According to
the Czech Public Notice No, 13/1994 are the concentrations of As in
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Tabke 2
Physico-chemical properties of sobls from lnvestigated arcas,

Site)area  Asyy (mgkg ') Asey (mghg ') pH  CEC (mmol kg) TOC (%)
Kutnd Hora

Site 1 =4 24030 519 133 134
Site 2 108 =2 514057 585 154 3.96
Sie 3 4443 4102 459 121 331
Site 4 128=2 3352075 478 128 330
Sie 5 15321 431 =046 550 138 280
Roudny

Site 1 675 £62 781131 469 5338 1.00
Site 2 M =62 6.61 = 130 457 528 061
Site 3 LLFLUES 1] 4552064 516 106 139
Site 4 468 6 00720024 527 159 462
Site 5 100 =42 6.422 161 453 520 113
Nalfovskit Hory

Site | T27£2 054 L0n4 558 767 829
Site 2 nNo=2 L1001 656 951 570
Site 3 287 x1 0.64 £ 000 659 H04 L7
Site 4 385+1 LI5=001 574 708 1.96
Site 5 21821 165 2016 G H1D 565

Ao As comtent extractable with Agua regia: Asgg,: As content extractable with
artmell ' sotution of CHCOOH

soils limited by a threshold limit 30 mgAskg ' in dry weight
(Anonymous, 1994 ). Only one site among fifteen (Nalzovské Hory,
site 5} was within the Czech standard of permissible limits of As in
soil. Although high variability of the As contents occurred within
one location, the results showed significantly (o =0.05) higher As
contents at the location Roudny, Whereas the TOC levels did not
significantly differ {most probably due to high variability of this
parameter at the individual locations), the pH levels at the
NaiZzovské Hory location were significantly {o=003) higher
compared to the other locations and Kutnd Hora soils were
characterized by significantly (o =0.,05) higher CEC value. Howey-
er, the mobile As pool in the experimental soils showed different
pattern (Table 2). The extractable pool of As at the location Roudny
was not significantly differing from the location Kutnd Hora. The
extractable As proportions at the location Roudny varied between
0.15 and 1.1% of the total As content and was significantly (« = 0.05)
lower than at the location Kutnd Hora (between 2.6 and 4.7%), The
highest mobility of As was observed at the less contaminated area
NalZovské Hory, where the extractable proportions reached the
levels between 1,3 and 5.9% of the total As content. These results
confirm our previous results where no unambiguous relationships
between mobile proportions of As and the main physicochemical
parameters of the soils were observed (Szakovd et al, 2000;
Szakova et al. 2007) and the As mobility in the soils is affected by
the whole complex of the soil characteristics. Thus determination
of the main soil properties seems to be weakly predictable for
estimation of As mobility and plant-availability in the soil and
more detailed fractionation and/or speciation of the mobile As in
soils will be necessary.

Avariability of the physico-chemical soil properties especially
the total As concentration was quite high the most probably due
to a different history and different local conditions which could
cause differences between the total As contents of the same plant
growing on different sites and/or areas. A typical example was A,
millefolium L, {Asteraceae) that showed differences between sites
and as well as between areas (Kutnd Hora site 3: 151" mgAskg ",
Roudny site 1: 144+ 1.7mgAskg . Roudny site 4: 1.67 £ 008
mgAsks . Nalzovské Hory site 3: 0.08 =001 mgAskg ',
NalZovské Hoty site 4: 0.88 £0.20 mgAs kg '), It Indicates that
the physico-chemical soil properties and especially total contents
of As and its variability at sites play an important role in a
determination of As total contents in biomass, However, no
significant correlations were found neither between total As in soil
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nor mobile As contents in the soils and the total contents of As in
plants. Total contents of As in plant biomass at Kutnd Hora
fluctuated between 0.20 = 0.01 mgAskg ' (Tetragonolobus mar-
itirmus L, site 1) and 596 mgAs kg ' (Pimpinela saxifraga L, site 5},
at Roudny between 0.72 = 0,01 mgAskg ' (Phleum pratense L., site
4)and 393 £ 63 mgAs kg ' [Doucus carota, site 1), NalZovské Hory
between 0.02mgAskg ' (Stellaria spp. site 4) and 747 mgAskg '
(Campanula spp. site 5), respectively. According to Kabata-Pendias
and Pendias {2001) As content in plants growing on uncontami-
nated soils commonly reaches between 0.01 and 1.5 mgAsky ' in
dry matter. Directive No. 2002/32/ES the maximum values of
elements in raw  feedstulls (Anonymous, 2002) states the
permissible level to 2 mg As kg ' (calculating the average moisture
of the raw feedstuff cca 12%, the maximum acceptable value of As
recalculated to the dry matter is 2.2dmgkg ') Therefore, a
potential transfer of the elements originating from plants growing
on examined contaminated soils to the food chain especially via
herbivorous livestock/wild animals should be taken into account.
Differences in the total As content among the plant species
reflected a contamination level and a varability in physico-
chemical soil properties on individual sites and the As contents in
plants at the Roudny location were significantly (o =0.05) higher
compared to both Kutnd Hora and NalZovské Hory which also
shows the highest As contents in soils and the highest variability of
the results within sites was observed on this location, as well.
Because of high variability of the results at the individual locations
no significant differences were observed among individual plant
species andjor families at the individual locations. Only one
exception was Equisetum arvense L demonstrating high As
contents with low variability among the sites and, therefore,
the As content was significantly (o= 0.05) higher compared to the
other species. However, all the E, arvense samples originated from
the various sites of the Roudny location charactenized by the
highest As contents. as well. Although none of this plant belong to
the group of metallophytes or hyperaccumulators all of them well
prosper on the investigated highly polluted sites. This could
indicate that they probably have developed appropriate mecha-
nisms  helping them to grow and avoid As toxicity, These
mechanisms seem to be connected with a soil-plant-root system
and with an uptake of the soil solution into the plant organism e.g..
a barrier made of Casparian root strips (Grebe, 2011; Chen et al,
20011 ) The same good prospericy of plants on highly As polluted
sites was also shown in the study by ledynak et al (2009) focusing
on the plants Calamagrostis arundinacea L. (Poaceae) and Athyrium
filix-femina L {Athyriaceae) collected in the vicinity of a former
mining area in Poland where soils contained between
96.4 7.2 and 7960 = 532mgAskg ' of dry matter.

3.3. Content of individual As species in plants

Extraction efficiency of As species in this case varied according
to plants species. For some plant species the extraction efficiency
was quite high eg., A, odoratum L {Kutna Hora, 78.3%), Tussilago
Jorfara L. (Roudny, 71.5%) while for some other the extraction
efficiency was very poor (Hieracium pillowcase L. Nalzovské Hory,
1%; Sonchus arvensis L, Nalzovské Hory, L1%). Similarly, very
different and sometimes very low extraction efficiency in plant
biomass was observed also by Geiszinger et al. (2002). Our
previous experiments (Szikova et al. 2005) showed different
extractability of As even for individual parts of one plant. This
could be related to poor penetration of individual plant cell
components where the different composition of the tissues of the
individual plant species will play an important role. Optimization
of the extraction procedure for individual plant species could be
helpful for the improvement of the extraction yield but it requires
further research, especially the question whether the extractants
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do not change the As species distribution should be clearly
answered,

Eight individual species, As(lI1), As(V), DMA, MA, AC, AB, TETRA
and TMAQ were detected in plant tissues where previously
published analytical procedure (Gelszinger et al, 2002) was used
for the resolution of the individual compounds. The most
ustrative examples of the distribution of the As compounds in
the individual species are presented in Fig. %, Both As(l11} and As[V)
were dominant As species in all analysed plant biomass, reaching
upto 13.3mgkg ' and 6.0 mg kg ', respectively, in £ arvense L. The
same trend was obtained also in the study by Larios et al, (2012)
which was focusing on As anionic species in different plants
growing in northern Spain. Similarly, water mint plants (Mentha
aquatica L) growing in the vicinity of Kutmd Hora showed a
domination of As{V) in stems and leaves followed by As{111) which
was found in aboveground biomass and roots as well (Szikova
et al. 20093). At the Kutna Hora location, our previous results
(Szakova et al. 2009b ) confirmed dominant position of As(V]in the
aerated soil with presence of low amount of As (lll} and minor
contents of the organic As compounds such as DMA detectable
only at the high total As contents in the soils. It can be also
suggested that some ruderal plant species e.g., Thymus serpylium L.,
P tanceolata L., Veronica chamaedrys L are capable to take up higher
amounts of As under same conditions than some others (see
Supplementary material). Fig. 3 of As species the most common
occurring species while organic are minor and depending on plant
species i.e., plant metabolic system. The presence of small portions
of organic As compounds indicate the ability of some terrestrial
plants to methylate As as a possible way of detoxification.

Lomax et al. (2012 suggested that the plants were not able to
synthesize the methylated As compounds such as DMA, but could
only take up those produced by soil microorganisms. However, the
spectrum of organic As compounds determined in some plant
species indicate that the plant response on the As compounds
present in the soil seems to be more complex. The results suggest
that the transformation of organcarsenicals occur either in the
plant rhizosphere or directly within plant cells and these processes
need to be elucidated in the further research.transformation to the
anionic As species seems to be easier performed by terrestrial
plants nevertheless P fanceolate L and C. praccox Schreb. also
showed in our case significant amounts of AB upto0.12 mg Askg '
and 0.02 mg As kg ', respectively. Although this ability is a domain
of marine organisms (Kuchnelt and Goessler, 2003; Rahman et al,,
2012) Slejkavec et al. (1997) found a common occurence of AB in
some representatives of Fungl kingdom: |edynal et al, (2009)
determined a small percentage of organic As compounds in stems
and leaves of pepper plants (Capsicum annum L), In our study the
highest amounts of AB were found in €. praecox Schreb, (28% of the
extractable amount) although the average AB concentrations in
plant biomass were much lower, eg., I’ lanceolata L. (1.2% of the
extractable As amount) In most of the other plants arsenobetaine
was below the detection limit of 0.022ngg ' and the Figs. 1 and 2
document clearly the unambiguous resolution of the individual As
compounds in this case,

4. Conclusions

Ruderal plant communities growing on 3 different As highly
contaminated solls seems to be well adapted to this fact even
though none of them belongs to neither metallophytes nor
hyperaccumulators, Studied plant communities prosper well on
these contaminated soils even though elevated levels of As
occurred (n some plants, It may refer to the ability of dealing
with high arsenic concentrations occurring in the soil solution via
As accumulation and/or As transformation. On the other hand non-
elevated levels in some other plant species shows the ability of
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avoiding the As uptake to the aboveground biomass which means
that there probably is a soil-roots mechanism that protects them
against such a high As contamination from environment.

The collected data showed the relationship between the total As
contents in plants and different physico-chemical soil properties.
They also showed that plant specie can differ in the total As
contents in plant aboveground biomass eg., different levels of As
contents in the same plant specie growing on different soils. This
can be due to a synergic effect of both plant specie and physico-
chemical soil properties.

Speciation analysis confirm an occurrence of all investigated
arsenic species even though AC, TETRA and TMAO were presented
only in some samples and in trace amounts. As species most often
occurring in plant aboveground biomass were As{ill) and As(V):
other compounds (DMA, MA, AB) occured in plant samples more
rarely. AB commonly occurring in marine organisms but rarely in
terrestrial plants was found to be produced in significant amounts
by 2 plant species C praccax Schreb. and P, lanceolata L

Potential uptake of arsenic into a food chain vie herbivores and
subsequently 1o human might not be that great but surely should
not be underestimated especially in context with crop, feedstuff
and meat production in this area.
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The ability of plant species to accumulate arsenic (As) species in the Received 6 February 2016
biomass from As-contaminated soils is variable. Among the plants Accepted 19 July 2016
widely grown at the As-contaminated locations, Plantaginaceae

and Cyperaceae families belong to the frequent ones. In this study, Arseriic-snedibin:

s . rsenic; speciation;
the ability of Plantago lanceolata (Plantaginaceae) and three contaminated 3ol widiiie
wetland plant species representing the family Cyperaceae (Carex plants
praecox, Carex vesicaria, and Scirpus sylvaticus) naturally occurring
in the soils with an elevated As in the Czech Republic were
investigated. The plants were cultivated under controlled
conditions in an As-contaminated soil reaching 735 mgkg™' of
the total As. The total As in E)Iants reached up to 8.3 mgkg™' in
leaves, and up to 155 mg kg™ in roots of C. praecox. Dominant As
compounds were arsenite and arsenate with a small abundance
of dimethylarsinic acid (DMA) in all the plant species. In
Cyperaceae, small percentages of arsenobetaine (AB) and
arsenocholine (AC) were detected, suggesting the ability of these
plants to transform As into less toxic compounds. Moreover, the
important role of As(V) sequestration on iron plaque on the root
surface of Cyperaceae was confirmed. In this context, root washing
with oxalic acid partially disrupted the iron plaque for the better
release of arsenate.

KEYWORDS

1. Introduction

The soils surrounding the former silver and gold mining areas are frequently characterised
by the elevated arsenic (As) contents in soil. In the Czech Republic, there are some
locations where mining activities were already terminated and numerous ruderal plant
communities can be found at these sites.[1] The mobility and bioavailability of As in soil
depends on soil redox conditions, pH, sorption capacity, and biological activity. Chemical
and biological transformations result in various As compounds in soil.[2] The metabolic
activity of the specific microbial populations plays an important role in the speciation of
As compounds in soil solutions. Soil bacteria are able to reduce arsenates to arsenites
and, subsequently, can methylate arsenites to volatile methylarsanes; various fungi
species can also produce volatile methylarsanes.[3,4] Zhang et al. [5] suggested that
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arbuscular mycorrhizal fungi were involved in the methylation of inorganic As into less
toxic organic dimethylarsinic acid (DMA) and in the reduction of arsenate to arsenite.
However, in aerobic soil conditions, the fast microbial conversion of arsenite to arsenate
was observed, whereas the reduction of arsenates was not reported.[6] Arsenate was
the main species in rhizosphere and root exudates of Lactuca sativa.[7]

As is one of the most intensively investigated elements because of its toxicity to
humans and animals. However, at elevated levels, this element can also be toxic to
most of the higher plants.[8] As accumulation in plants depends on plant species and
soil conditions, and the uptake by terrestrial plants is usually low.[9] Zandsalimi et al.
[10] monitored the As concentration in wildlife plants growing in soil with total As
ranging from 105.4 to 1500 mg kg™ ". In general, the As concentration in plants was low,
especially in the most common wild species. The highest mean As concentration was
found in the leaves of Mentha longifolia, reaching up to 794 mg kg™'. In other plant
species, the As concentrations in leaves at the same location varied between
2.3 mg kg™ (Achilleum millefolium) and 29.6 mg kg™ (Medicago sativa, Astragalus spp.).
The effect of As mobility in soil on the As uptake of plants was demonstrated by Bergqvist
et al. [7] where the As accumulation was higher in plants cultivated in soil with higher As
maobility. To prevent the potentially toxic effects of trace metals in plant cells, the element
inactivation mechanisms such as phytochelatin synthesis were involved in the plant bio-
chemical processes.[11] Arsenites showed high affinity to the sulphhydryl groups occur-
ring in the glutathione and phytochelatin complexes.[12-14] However, no evidence of
the presence of arsenite-thiol complexes were found by Ye et al. [15] in the phloem
and xylem extracts of Ricinus communis, suggesting that more investigations are necessary
in this field.

Biomethylation also affects the mobility and toxicity of As in plants.[16] However,
regardless of the many publications in this field, the mechanisms of the methylation pro-
cesses are relatively poorly understood. Among the terrestrial plant species, rice (Oryza
sativa) is one of the most intensively investigated crops: DMA and monomethylarsanic
acid (MA) have been found in shoots and grain of rice.[16] Syu et al. [17] reported that
the predominant As species found in O. sativa grains were DMA and arsenite, where
the contents of DMA increased with total As grain concentrations and the arsenite
remained almost unchanged. Garcia-5algado and Quijano [18] reported a significant pres-
ence of arsenate followed by arsenite in both roots and aboveground biomass with a
minor presence of MA and trimethylarsine oxide (TMAQ) in the set of wildlife plants (col-
lected in the vicinity of Monica mine, Madrid, Spain); some plants growing in the soil con-
tained up to 3500 mg kg~! of As. On the contrary, Huang et al. [19] showed that arsenite
was the predominant As form, followed by arsenate in turnip (Brassica rapa) and lettuce
(Lactuca sativa) plants; a low content of DMA was detected only in lettuce roots if the
plants were treated with chicken manure amended by the metabolites of roxarsone,
that is (4-hydroxy-3-nitrophenyl) As acid. Predominant contents of the inorganic As
species were determined in a set of medicinal plant species.[20] Similarly, Wu et al. [21]
identified arsenite as the major As species detected in roots and shoots of rice
(0. sativa), ranging from 34% to 78% of the total As. The effect of plant ecotype on the
As uptake and speciation was demonstrated by Wan et al.[22] where Pteris vittata
plants, on a temporarily waterlogged riverside, preferred taking up As in the form of As
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(i), whereas a population of P. vittata collected from dry land demonstrated a preference
for As(V).

Wei et al. [23] determined the As compounds in the extracts of plants, including Imper-
ata cylindrica, Rumex patientia, Dryopteris erythrosora, Oplismenus undulatifolius, Erigeron
annuus, Boehmeria nivea, Fagopyrum dibotrys, and P. vittata, growing in soil contaminated
by mining activity. As(V) was the dominant species in the roots, whereas in the stems and
leaves, As(lll) was prevalent and present in much higher proportions than As(V). DMA was
detected in significant proportions in the roots, stems, and leaves of all plants, whereas MA
was rarely detected, and was only found in small proportions. Conversely, Larios et al. [24]
found that As(V) was always the predominant species in the presence of As(lll), MA, and
DMA. In addition, Marquez-Garcia et al. [25] reported a predominant proportion of inor-
ganic As with a small abundance of DMA in aboveground biomass of Erica andevalensis
and Erica australis. However, E. australis accumulated mainly arsenite, while
E. andevalensis accumulated arsenate, indicating different tolerance mechanisms of
both species. Bergquist and Greger [9] investigated the As accumulation in 124 plant
species collected from different habitats where water-submerged plants showed a
higher As accumulation than emergent and terrestrial plants. They found inorganic As
species, arsenate, and arsenite in plants from all habitats and occasionally found MA.
Their results showed the strong influence of the habitat and the soil As content on the
As accumulation in plants.

One of the important aspects affecting the bicavailability and speciation of As in plants
represents the iron plaque covering the root surface, especially in wetland environments.
As summarised by Tripathi et al,[26] iron plaque formation is frequent in aquatic and
wetland plant species and is responsible for the sequestration of various metals(loids)
including As. The presence of iron plaque may act as a buffer or barrier and may, thus,
enhance or reduce the uptake of potentially phytotoxic metals and metalloids by
plants. For example, As was sequestered by iron plaque on rice (0. sativa) roots, resulting
in decreased As accumulation in both roots and shoots.[21] Syu et al. [27] observed that
76-93% of As uptake from soils could be sequestered in iron plaque. Blute et al. [28]
demonstrated that the plaque coating Typha latifolia roots was predominantly ferric
iron and contained approximately 20% As(Ill) and 80% As(V). Both iron plaque formation
and As deposition are strongly affected by spatial and temporal redox variations in the soil
matrix,[29] as well as by the root anatomy, where the specific surface area of the roots [30]
and the root porosity [31] (Yang et al) will play important roles. The effect of the soil
microbial community structure was also observed.[32]

Plantago lanceolata was mentioned as an example of plants able to survive (although
some phytotoxicity symptoms occurred) in soil containing up to 21,000 mg kg™ of the
total As.[33] Geiszinger et al. [34] reported a wide spectrum of As compounds, including
arsenite, arsenate, MA, DMA, arsenobetaine (AB), arsenocholine (AC), tetramethylarsonium
ions (TETRA) and, TMAOQ, in terrestrial plants growing in the As-contaminated soil on the
top of an ore vein. P. lanceolata was mentioned as one of the species containing detect-
able percentages of AC and AB. Therefore, P. lanceolata was chosen as a model plant
organism for an evaluation of the changes in As speciation in our experiment. Our previous
results [1] showed a relatively high percentage of AB in the C. praecox aboveground
biomass. Thus, this plant species was chosen for the more detailed investigation within
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this study. For a comparison, other plant species representing the Cyperaceae family were
collected and investigated in this case.

The main objectives of the study were (i) to compare the uptake and translocation of As
compounds into different parts of plant species during the vegetation period; (ii) to assess
the effect of the individual plant species origin regarding their ability to accumulate and
transform the As compounds; and (iii) to compare the role of iron plaque on the root
surface of different wetland plant species with the accumulation and distribution of As
compounds within the plants. Hypothesis, the uptake, translocation, and transformation
of the As species in plants, is a result of the effects of plant species, soil As contents
and physicochemical characteristics, and the origin of the plants. As apparent from the
abovementioned previously published results, most of the experiments were based on
the monitoring of the wild-growing plants. Therefore, a pot experiment was carried out
in controlled conditions to describe the inter-species variation in As accumulation
ability of these species and to contribute to the knowledge of the transformation of As
compounds in plants.

2. Materials and methods
2.1. Experimental design of soil and plant sampling

The plant species were collected at three locations in the Czech Republic connected to
gold and silver ore deposits. The locations were characterised by an elevated concen-
tration of As in the soil. The locations are in the central part of Bohemia and have been
described and characterised in detail in previous papers. Thus, the locations are men-
tioned here briefly with the corresponding references:

(1) The Roudny gold deposit has already been described from a geochemical and miner-
alogical point of view by Filippi et al.[35] Subsequently, the As concentrations in soil
and plants at this location were published by Tremlova et al.[1] Accordingly,
P. lanceolata plants were collected from the mine tailing called ‘Danica’, and
S. sylvaticus plants from the wetland next to the ‘Barbora adit’.

(2) In the mediaeval silver mining area surrounding Kutna Hora, Central Bohemia, the
main source of soil contamination by risk elements (especially As, Cd, Pb, and Zn) is
the weathering of ore residues, mine tailings, and old waste dumps.[36,37] At this
location, two sampling points characterised by different soil characteristics and total
As contents were chosen. The C. vesicaria plants were sampled from the suburb of
the Malin municipality close to a mediaeval silver mine (so-called gallery of 14 assist-
ants) at an unused site, close to a small streamlet, called Beranka.[38] P. lanceolata and
C. praecox plants were collected at the wet meadow close to the Karik municipality.[1]

(3) Inthe Mokrsko district, the gold deposits have never been mined, but an elevated con-
centration of As in soil around the municipality has been reported.[39] Detailed
descriptions of the geochemistry, mineralogy, As content, and mobility within soil pro-
files have been given by Drahota et al.[40] These authors found that As in soils is
bonded mainly to secondary arseniosiderite, pharmacosiderite, and Fe oxyhydroxides
and rarely to scorodite. At this location, C. vesicaria plants were sampled in the
wetland.
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The soil samples collected to be analysed were collected from the individual locations
in triplicate (about 300 g each) allways in the location where the experimental plants were
found, air dried at 20°C, ground in a mortar, passed through a 2-mm plastic sieve, and kept
at the laboratory temperature until analysis. The main soil characteristics and risk element
concentrations in the soils were determined (Table 1). The plants were sampled during the
summer; whole plants, including roots, were collected. The plants were then potted in
uncontaminated soil (the remaining soil from the roots was previously removed by
thorough washing in deionised water) in a greenhouse and were given the winter to
adapt. The next spring, the plants were re-potted in 6 L plastic pots with 5 kg of air-
dried soil originating from the Mokrsko location; six replicates were prepared for each
treatment where 10 plants were cultivated in each pot. NPK (0.5 g N, 0.16 g P, 04 g K
per pot as aqueous NHsNO3; and K;HPO, solutions) was added before planting. The soil
from Mokrsko was chosen as the experimental soil with an elevated As content because
of the low content of risk elements (except As) (Table 1). Soil moisture was regularly con-
trolled and kept at 60% of the maximum water-holding capacity (MWHC) using deionised
water for P. lanceolata, and at 80% of the MWHC for Cyperaceae. Pots were placed in the
outdoor precipitation-controlled vegetation hall, and weed plants were regularly removed;
other cultivation conditions, such as light and temperature, were not managed.

In the case of P. lanceolata, three samplings were provided during the vegetation to
encourage the changes in As uptake by plants within the season, where leaves, stems,
and inflorescences were separated. For Cyperaceae, leaves were sampled four times
because of longer staying of the vegetation after harvest of the matured generative
organs, whereas stems and inflorescens were sampled three times. The harvested above-
ground biomass of plants from the pots was gently washed with deionised water, freeze-
dried, and finely ground. At the end of the experiment, roots of Cyperaceae plants were
sampled and separated into two parts. One part was washed with deionised water and
the second was washed with a 0.1 mol L™ water solution of oxalic acid where sonication
for 10 min was used to speed up the cleaning procedure. The roots and the samples of the
aboveground biomass were then freeze-dried and ground.

Table 1. The main characteristics of the experimental soils; the averages marked by the same letter did
not significantly differ at p < .05 within individual rows; data are presented as mean + standard
deviation, n =3.

Parameters Roudny Kank Mokrsko Malin

pH 4,63 +0.08° 5.10 + 0.56° 536+ 0.04° 697 + 003"
Coy (%) 1.08 +£0.19* 341+039" 0.78+0.02° 095 + 0.00°
CEC (mmol kg™") 588 +33° 135+ 15" 116+ 11" 148 + 8°
As (mg kg™") 675+ 62° 443+ 3° 735+ 96" 1,573 + 46°
Cd (mg kg™") 1.19+0.10° 1.28+0,08" 0.145 + 0.054° 3.63 +0.64°
Pb (mg kg™") 231+2.7° 106+ 2° 21.4+21° 14.9 +55°
Zn (mg kg™') 573+09° 153+2° 340+ 39° 342 +19¢
ca® (mgkg™") 250 + 45° 210+ 1" 1715+ 24% 14060 + 659°
K¢ (mg kg™") 644 +11.9° 179+ 0° 90.7 + 16.9° 103+ 7"
Mdgd (mg kg™") 247+ 6° 184+0° 196+ 12° 201 +6°
P (mg kg™") 44+1.1° 11.9+02° 33.8+1.1¢ 1.10+0.12°

Note: C,, — oxidisable carbon, CEC - cation exchange capacity.
9Mobile contents of elements determined by Mehlich lll extraction procedure [42].
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2.2. Analytical methods

2.2.1. Concentrations of trace metals in soils and plants

The freeze-dried and homogenised plant samples were decomposed in a microwave-
assisted wet digestion system with focused microwave heating (Discover SPD-Plus, CEM
Inc, USA). An aliquot (~0.1 g of dry matter) of the plant sample was weighed in a
quartz-glass digestion vessel (35 mL), and 5.0 mL of concentrated nitric acid (Analytika
Ltd., Czech Republic) was added; the mixture was heated to a maximum temperature of
202°C, and pressure 17 bar for 8 min. After cooling, the solution was quantitatively trans-
ferred to plastic tubes, filled to 50 mL with deionised water and kept at laboratory temp-
erature until measurements were taken.[41] Blank samples represented 10% of the total
number of the samples. As concentration in the digests was measured by inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7700x, Agilent Technologies Inc,,
USA). The auto-sampler ASX-500, a three-channel peristaltic pump, and a MicroMist nebu-
liser equipped the ICP-MS. The pseudo total concentrations of elements in the soil were
determined in the digests obtained by the following decomposition procedure: Aliquots
(~0.5 g) of air-dried soil samples were decomposed in digestion vessels with 10 mL of
Aqua Regia (i.e. nitric and hydrochloric acid mixture in a ratio of 1:3). The mixture was
heated in an Ethos 1 (MLS GmbH, Germany) microwave-assisted wet digestion system
for 33 min at 210°C. After cooling, the digest was quantitatively transferred into a 25 mL
glass tube, topped with deionised water, and kept at laboratory temperature until
measurements were taken. Similarly as for the plant samples, blank samples represented
10% of the total number of the samples. Inductively coupled plasma-optical emission
spectrometry (ICP-OES, Agilent 720, Agilent Technologies Inc., USA) was used for the deter-
mination of As, Cd, Pb, Zn in soil extracts. Mehlich Il extraction procedure (0.2 mol L™ of
CH3COOH +0.25 mol L™ of NHsNO5 +0.013 mol L™' of HNOs +0.015 mol L™ of NH4F +
0.001 mol L™ of ethylenediaminetetraacetic acid (EDTA) [42] was applied for the determi-
nation of available Ca, K, Mg, and P in the soils where ICP-OES was applied for the deter-
mination of the elements in the extracts. For quality assurance of the analytical data,
certified reference materials SRM NIST 1547 Peach leaves (NIST, USA), and RM 7001
Light Sandy Soil (Analytika Ltd., Czech Republic) were applied.

2.2.2, Determination of As compounds
For the determination of As species in aboveground biomass of the plants, the following
procedure was applied: aliquots of 0.1 g of dried and powdered samples were weighed
into 15 mL screw-capped polyethylene tubes (n=2), extracted with 0.02 mol L™
NH4H;PO4 in the ratio 1+ 25 (w/v) (pH 6.0) and fastened to a cross-shaped rotor and
turned top over bottom at 45rpm for 14 h (Biosan MultiRS 60, Latvia). The mixtures
were then centrifuged for 10 min at 3000 rpm (Boeco C28A, Germany), and filtered
through 0.22 pm cellulose-nitrate ester filters (MillexGS, Millipore, Bedford, MA, USA).
Anionic As compounds were separated with high performance liquid chromatography
(HPLC 1260 Infinity, Agilent Technologies, USA) using an anion-exchange column PRP-
X100 150 mm x 4.6 mm with 5 um particles (Hamilton, USA), ambient column tempera-
ture, and an injection volume of 10 pL. Good separation was achieved using an isocratic
elution with 0.02 molL™" NH,H,PO, (pH 6.0) as a mobile phase at a flow of

1.5 mL min~'. Cationic As compounds were determined with the same instruments
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using Zorbax 300-SCX 250 mm x 4.6 mm with a 5 um particle column (Agilent Technol-
ogies Inc, USA), ambient column temperature, injection volume of 20 pL, and a
0.01 mol ™" pyridine buffer (pH 2.3) served as a mobile phase with a flow of
1.5 mLmin~". As an online detector, an ICP-MS (7700x, Agilent Technologies, USA) was
used, whereas PEEK capillary tubing (0.125 mm i.d.) was used to connect the HPLC
outlet with a MicroMist nebuliser of the ICP-MS.

2.3. Data processing

Statistical software STATISTICA™ version 12 (StatSoft’, Inc,, USA), Microsoft Excel 2010™
software (Microsoft Corp.”, USA), and SigmaPlotTM 11.0 (SyStat Software Inc., USA) were
used to carry out the statistical analysis and outputs. Statistical tests (one-way ANOVA)
were carried out at a significance level of a=0.05 for the total contents of analytes in
the soil and plant samples. Scheffe’s post-hoc test for carrying out differencies in pairs
of means was performed.

The so-called transfer factor quantifying the element transfer from soil to plants is fre-
quently used as a parameter for evaluation of the uptake of soil elements by plants. In this
experiment the ratio of the element content in plants to the pseudo total element content
in soil was applied.[43]

3. Results and discussion

3.1. As concentrations in soils and plants

Table 1 documents the differences in soil characteristics and element contents where the
soil pH at Malin location (most probably due to the highest content of soil carbon) was
significantly higher compared to the remaining locations. The Kank soil is characterised
by the significantly highest content of oxidisable carbon. The lowest sorption capacity
compared to the other soil samples was reported for Roudny. Whereas the Mokrsko soil
is characterised by the elevated As content only, the remaining soils contain elevated con-
tents of at least one of the other risk elements (Cd, Pb, and Zn). According to the public
notice of the Czech Ministry of the Environment,[44] the maximum acceptable contents
of the risk elements in the agricultural soils are 30 mg kg™ of As, 1.0 mg kg™ of Cd,
140 mg kg™ of Pb, and 200 mg kg™ of Zn. Thus, the reason why the Mokrsko soil was
chosen for the pot experiment was to keep the plants unaffected by potential interactions
with risk elements other than As.

The total As concentration in P. lanceolata plants is summarised in Table 2. Although the
As levels in the plants are relatively low regarding the soil contamination level (Table 1),
the levels exceeded the maximum permissible limits of As (2 mg kg™') in forage (Directive
No. 2002/32/ES,[45]), indicating the potential risk for herbivores in the contaminated areas.
The total As concentration in the plants followed the order: leaves > inflorescens > stems.
Higher As concentrations in leaves than in stems in the soil from Malin and Mokrsko were
observed by Szédkové et al. [46] in the case of Mentha aquatica. On the contrary, Geiszinger
et al. [34] reported higher concentrations of As in inflorescens (5.93 mg kg™') than in
leaves (4.30 mg kg™') of P. lanceolata growing in soil on the top of the ore vein in
Gasen, Austria. Comparing the plant origin, the plants from the more contaminated
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Table 2. Total As concentrations (mg kg™") in the individual parts of P. lanceolata plants according to
the individual samplings during the vegetation period and sample origin; data are presented as mean
+ standard deviation, n = 6; the differences between the plants of different origin were not significant
at p <.05.

Sampling No.

Sample origin 1 2 3
Leaves

Roudny 2.68 +£0.84 1.99+0.78 513+£139

Kank 2.92 +0.81 1.15+0.50 292+024
Stems

Roudny 0.49 +0.08 0.73£0.32 0.65+017

Kank 0.26 £ 0.05 054 £0.13 0.29+0.12
Inflorescens

Roudny 199 +0.41 132+0.57 0.95+029

Kank 138+0.31 1.09 £0.31 0.53+£034

area (Roudny) showed a higher As concentration, although the differences were not sig-
nificant at p < .05. Therefore, the plants originating from the more contaminated area indi-
cated better accumulation ability, although the plants were kept in uncontaminated soil
for several months before the start of the experiment. These speculations should be ver-
ified in a long-term experiment covering more than one vegetation period. Potential
visible symptoms of phytotoxicity were not observed in the case of P. lanceolata plants.
Among the factors affecting the relatively high tolerance of P. lanceolata to the high As
level in soil, as well as the low uptake of As by this plant species, the potential role of arbus-
cular mycorrhizal fungi was discussed by Orlowska et al.[33] in which inoculated plants
were more able to survive in the extremely contaminated substrate (60-90%) compared
to the non-inoculated ones (30%).

The total As concentration in Cyperaceae aboveground biomass and roots is summar-
ised in Tables 3 and 4, where the As concentration followed the order: roots > leaves >
stems + inflorescens. Compared to P. lanceolata, the As uptake, especially by S. sylvaticus
and C. praecox, was higher, whereas, for C. vesicaria, the As levels were comparable.
However, phytotoxicity symptoms manifested as the limited development of the

Table 3. Total As concentrations (mgkg™') in the aboveground biomass of Cyperaceae plants
according to the individual samplings during the vegetation period and sample origin; data are
presented as mean + standard deviation, n=6; the averages marked by the same letter did not
significantly differ at p <.05 among the plant species.

Sampling No.

Plant species Sample origin 1 2 3 4
Leaves

S. sylvaticus Roudny 496+ 0.64° 590+ 1.69° 487+134° 747+152°

C. praecox Karik 298+093" 449+0.10° 6.88+0.86° 825+082°

C. vesicaria Mokrsko 1.34+£044° 3.2+022° 543+1.04° 563+027%

C. vesicaria Malin 0.94+0.07° 2.99+0.93* 4.64+151° 343+0.15°
Stems + Inflorescens

S. sylvaticus Roudny 0.43+0.05° 1.5+017° c d

C. praecox Kank 1.3+0.05° 2.59+0.07° 443+037 d

C. vesicaria Mokrsko 3.18+0.12° 0.57 +0.06° c d

C. vesicaria Malin d d d d

“Data under detection limit.
“Inflorescens not developed.
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Table 4. Total As concentrations and As compounds in roots of Cyperaceae plants according to the root
cleaning procedure and sample origin; data are presented as mean + standard deviation, n = 6; the
averages marked by the same letter did not significantly differ at p < .05 among the plant species.

Plant species Sample origin Total (mg kg™") As(lll) (mg kg™") As(V) (mg kg™") DMA (mg kg™ ")
Washed in deionised water
S. sylvaticus Roudny 107 + 3° 159+ 54" 147 + 0.62° 0.484 +0.143°
C. praecox Kark 155 +11° 724+ 053" 3.30 £ 0.94° 0.100 £ 0.02¢°
C. vesicaria Mokrsko 147 +12° 134+72° 1.94 + 0.45° 0.356 + 0.079°
C. vesicaria Malin 136 + 6° 3.91+0.79° 0.780 + 0.259* 0.249 + 0.027°
Washed in 0.1 mol L~ oxalic acid
S. sylvaticus Roudny 113 + 142 278 +037° 484 +1.80° 0.107 £ 0.018
C. praecox Kark 145 +13° 2.08+021° 432 +0.30° 0.052 + 0,001
C. vesicaria Mokrsko 139 £8° 222 +052" 6.44 £ 0.54° 0.071 £0015°
C. vesicaria Malin 129+ 10° 0.696 + 0.268 3.55+1.25° 0.018+ 0018

inflorescens was observed in the case of C. vesicaria, especially in the plants originating
from Malin. In ordinary plant species, phytotoxicity symptoms can occur at As levels
from 3 to 10 mg kg™".[47] Tlusto§ et al. [48] observed a limited yield of radish plants
(both leaves and roots) at As level ~ 5 mg kg™ ". The transfer factors, TFs, quantifying the
element transfer from soil to plants showed negligible translocation of As from soil to
the aerial parts of plants. The TF values varied between 0.001 and 0.004 for stems + inflor-
escens, and from 0.004 to 0.008 for leaves. The TFs for roots varied between 0.15 and 0.21,
documenting that (i) As is predominantly accumulated in roots and is not translocated to
the aboveground biomass, and (ii) the relatively low root TFs confirm low plant-availability
of As for Cyperaceae plants. In all the cases, the maximum TF values were observed for
C. praecox.

Root washing (using a 0.1 mol L™ solution of oxalic acid) was used to release the As
sequestered to the iron plaque at the root surface. However, only a minor portion of As
was released by this procedure, and the differences between the roots washed in deio-
nised water and in a 0.1 mol L™ solution of oxalic acid did not significantly differ at a=
0.05. Possible extraction agents for the dissolution of iron plaque from plant roots were
tested by Rahman et al.[49] where a sodium citrate + sodium bicarbonate + ethylenedia-
minetetraacetate mixture was compared with a dithionite—citrate-bicarbonate extraction:
the former was able to dissolve 94% of Fe. In our case, a mild procedure was chosen to
avoid changes in As compounds released from the root’s surface. However, this procedure
seems to be insufficient for dissolution of the iron plaque.

Martinez-Sanchez et al. [50] collected plant samples in As-contaminated soils contain-
ing between 40 and 3115 mg kg™ of As. The samples included five species: Limonium
carthaginens, Arthrocnemum macrostachyum, Dittrichia viscosa, Glaucium flavum, and Zygo-
phyllum fabago. The average concentration of As in roots and leaves was 18.1 and
23.5mg kg™, respectively. Baroni et al. [51] monitored As levels in soil and in 64 plant
species in the area contaminated by former mining activity (the total As concentration
in soil varied in range from 5.3 up to 1226 mg kg™') and observed low As concentrations
in plants regardless of the contamination level at the particular site. Higher As concen-
trations in aboveground biomass (216 mg kg™") and in roots (540 mg kg™') were deter-
mined exclusively in the sample of Mentha aquatica. Hong et al. [52] investigated the
effects of As species, such as As(lll), As(V), and DMA, on the accumulation of As in
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cucumbers (Cucumis sativus), where the plants accumulated As more in the roots than the
shoots, and easily accumulated inorganic rather than organic As from the soil into its
tissue.

In our case, the available As compounds in soil were not determined; however, in
aerated soil, As is present mostly as arsenate, and small percentages of methylated As
compounds were also reported [53]: a similar situation was found in our soil. Marquez-
Garcia et al. [25] determined a total As concentration varying between 1 and
24.4mg kg™ in As-tolerant plants (E. andevalensis and E. australis) growing in soil contain-
ing from 194 to 7924 mg kg™ of the total As. Relatively high total As concentrations were
determined by Larios et al. [24] in the set of plants growing in extremely contaminated soil
(up to 25,900 mg kg™ of the total As). The maximum As concentrations were determined
in Calluna vulgaris, which had 359 mg kg™' of As in its leaves, 150 mg kg™ in its stalks, and
280 and 1217 mg kg™ in its woody and radicle roots, respectively. Further, Crupina vul-
garis had 167 and 791 mg kg™ of As in its aerial part and roots, respectively, and Dryopteris
filix-mas had 177 and 377 mg kg™ of As in its aerial part and roots, respectively. Similarly,
Vaculik et al. [54] investigated the As uptake by selected medicinal plants growing in the
contaminated soil (between 146 and 540 mg kg~'). They documented high variability of
the results among the species and/or sampling sites, where the maximum As concen-
tration (519 mg kg™') was found in shoots of Fragaria vesca. Mir et al. [55] determined
the As concentrations in plants growing in the extremely contaminated soil (ranging
from 335 to 100,000 mg kg™"). Plant samples had concentrations ranging from 2.3 to
241ug g~ of As confirming the high differences among the plant species and the
highest As concentration was determined in Equisetum arvensis. These levels were not
reached in our experiment, but differences in As uptake and translocation, as well as differ-
ent tolerances to high As contents in soil, even within one family, were confirmed.

3.2. As compounds in plants

In the P. lanceolata plants, only As(lll), As(V), and DMA were identified and quantified
(Figure 1). The distribution of As compounds differed according to plant origin, sampling
time, and what part of the plant was analysed. The plants from Roudny were characterised
by lower percentages of DMA in leaves and stems, but slightly higher percentages in the
inflorescens compared to the plants from Kank. In stems, the predominant As compound
was arsenite. In leaves, the distribution of the inorganic species changed with changing
sampling times where, at the beginning of the vegetation period, both inorganic
species were covered equally; at the end of the vegetation period, arsenite was the domi-
nant species (up to 80%). In the inflorescens, the dominant species was arsenate and the
differences among the individual samples were the lowest among the investigated plant
parts. Schmidt et al. [56] investigated uptake and transformation of As species in Silene vul-
garis and Plantago major. The results showed that S. vulgaris had a higher tolerance com-
pared to P. major, and a dominant percentage of arsenite followed by arsenate with traces
of DMA and other organic As compounds were found in S. vulgaris. These findings seem to
be in agreement with our results, whereas P. major had equal percentages of arsenite and
arsenate in both stems and leaves. In addition, Geiszinger et al. [34] and Mir et al. [55]
documented a dominant role of inorganic As species in the aboveground biomass of ter-
restrial plants. Carbonell-Barrachina et al. [57] discussed possible tolerance mechanisms of
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Figure 1. The distribution of As compounds within P. lanceolata plants according to the plant origin in
Sampling No. 1, 2, 3; A - leaves, B - stems, C — inflorescens.
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plants to the elevated As contents in soil, and highlighted three possible mechanisms: (i)
limited uptake of As and/or its limited translocation to the aboveground biomass, (ii)
detoxification via As binding in cell walls or compartments, and (iii) specific biochemical
mechanisms of tolerance. Regarding the last point, the As-phytochelatin complexes are
frequently discussed.[58,59] Our results suggested the limited uptake of As by
P. lanceolata as a possible mechanism of tolerance. The analytical techniques used in
our experiment do not allow us to determine the potential As-phytochelatin complexes
in the plants.

In the Cyperaceae plants, As(lll), As(V), DMA, AB, and AC were identified, whereas other
As compounds investigated in the samples (MA, TETRA, and TMAO) were under detection
limits of the analytical technique (Tables 4-6). In all cases, arsenite was the predominant As
compound, followed by arsenate with an occasional abundance of methylated As com-
pounds. Compared to the aboveground biomass, the roots showed poor extractability
of As compounds most probably due to a strong binding of As to the poorly soluble
iron plaque. In the roots washed with deionised water, the As compounds followed the
order As(lll) > As(V) > DMA (Figure 2), which was also observed by Kuehnelt et al. [60] in
other terrestrial plant species and Szdkova et al. [61] in Phaseolus vulgaris. However, the
root washing with 0.1 mol L™" of oxalic acid significantly changed the distribution of
the released As compounds (Figure 2), where arsenate was the predominant species
and the percentage of DMA decreased compared to the water-washed samples. Our avail-
able analytical techniques do not allow us to determine the abundance of As compounds
in roots undissolved by the applied extraction agents, and we can only speculate that the
root washing with oxalic acid removed, predominantly, the soluble proportion of arsenite
and, simultaneously, partially disrupted the iron plaque for the better release of arsenate.
The decreasing proportion of DMA seems to support the theory that microbially induced

Table 5. As compounds in leaves of Cyperaceae plants according to the individual samplings during the
vegetation period and sample origin; data are presented as mean + standard deviation, n =6; the
differences among the plant species were not significant at p < .05.

Plant species ~ Sample origin  As(lll) (mgkg™') As(V) (mgkg™") DMA (mgkg~') AC(mgkg™') AB(mgkg™’)

Sampling No. 1

S. sylvaticus  Roudny 0.720 £ 0.158 0.014 £ 0.002 a a a

C praecox  Kank 0.704 £ 0.094 0.018 £ 0.009 a 0.003+0.001 0.001+0.000

C. vesicaria  Mokrsko 0.605 = 0.038 0.025 £0.014 a 0.002+0.001 0.023 £0.001

C vesicaria  Malin 0.536 £ 0.016 0.005 + 0.001 a a a
Sampling No. 2

S. sylvaticus  Roudny 5.12+0.89 0.022 + 0.004 a a a

C. praecox Kank 253+0.79 0.019 £ 0.004 a 0.012+£0.001 0.021 £0.002

C vesicaria  Mokrsko 2.04+0.32 0.006 + 0.002 a a a

C. vesicaria  Malin 3.02+0.53 0.007 +0.002 a a a
Sampling No. 3

S. sylvaticus  Roudny 492 +0.72 0.019 +0.005 a a a

C praecox  Kank 440+042 0.071 £0.009 a a a

C. vesicaria  Mokrsko 408 +0.72 0.013 £0.003 a a a

C. vesicaria  Malin 354 +0.54 0.010 £ 0.001 a a a
Sampling No. 4

S. sylvaticus  Roudny 556+ 1.14 0.019 £0.007 0.009 £ 0.001 a a

C praecox  Kank 5.00 +1.08 0.090 + 0.006 a a a

C vesicaria  Mokrsko 5.16 £0.71 0.013 £0.003 a a a

C. vesicaria  Malin 5.80+0.64 0.012 £0.002 a a a

®Data under detection limit.
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Table 6. As compounds in stems + inflorescens of Cyperaceae plants according to the individual
samplings during the vegetation period and sample origin; data are presented as mean =+ standard
deviation, n=3; the averages marked by the same letter did not significantly differ at p <.05
among the plant species.

Plant species  Sample origin  As(lll) (mgkg™") As(V) (ngkg™') DMA (mgkg™') AC(mgkg™') AB(mgkg™)

Sampling No. 1
S. sylvaticus  Roudny 121+041° 0.057 +0.015° 0.089+ 0.008 0.001 £0.000 0.008 +£0.002
C. praecox Kank 0.463 + 0.059° 0.021 +0.002° 0.021+0.004 0.001+£0.000 0.037 £0.001
C. vesicaria  Mokrsko d d d d d
C. vesicaria  Malin d d d d d
Sampling No. 2
S. sylvaticus  Roudny 1.90 + 0.48° 0.050 + 0.004° c C C
C praecox  Kank 136 019" 0.025 + 0.005° c 0.004 £0.001°  0.054 +0.001°
C. vesicaria  Mokrsko 0.285 + 0.035* 0.008 + 0.002° C 0.004 £0.001"  0.003 +0.001*
C. vesicaria  Malin d d d d d
Sampling No. 3
S. sylvaticus  Roudny d d d d d
C. praecox Kank 297 £037 0.005 £ 0.001 C 0.007 £0.002 0.141 £0.019
C. vesicaria  Mokrsko d d d d d
C vesicaria  Malin d d d d d

‘Data under detection limit.
YInflorescens not developed.

DMA is taken up by plants from the soil and cannot be synthetised.[62] Thus, the soil-
bearing DMA can be sequestered in the iron plaque as well as the inorganic As species.
A low percentage of DMA in aboveground biomass of Cyperaceae (Tables 5 and 6) com-
pared to P. lanceolata (Figure 1) seems to support this theory.
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Figure 2. The distribution of As compounds within individual Cyperaceae plant roots according to the
plant origin and sample cleaning procedure; A — samples washed by deionised water, B — samples
washed by 0.1 mol L™ oxalic acid.
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In the plant leaves (Table 5), the As(lll) concentrations increased with increasing plant
age, whereas As(V) was relatively stable, and AC and AB were detected only at the begin-
ning of the vegetation and only in the C. praecox and (to a lesser extent) in the C, vesicaria
originating from Mokrsko. These plants showed lower phytotoxicity symptoms compared
with the C. vesicaria plants originating from Malin, where no stems and inflorescens were
developed. We can speculate the plant synthesis of AB and AC was a plant detoxification
mechanism. In stems and inflorescens (Table 6), the distribution of As compounds was
similar to the leaves with a higher abundance of organic As compounds; the individual
As compounds followed the order: As(lll) > As(V)~ DMA > AB > AC. Therefore, the
results indicated the ability of Cyperaceae (and especially C. praecox) to synthetise AB
and AC, the compounds suggested as typical for marine organisms.[63]

Ruiz-Chancho et al. [64] determined the As compounds in various terrestrial plants,
such as Dryopteris filix-max, Quercus pubescens, Dipsacus fullonum, Alnus glutinosa, Buxus
sempervirens, and Brachythecium cf. Reflexum, where the As contents decreased in the
order of roots > branches > leaves. Higher percentages of organo-As compounds were
recorded in branches and leaves (up to 35%) than in roots (up to 5.2%). The low translo-
cation of As from roots to the aboveground biomass was observed also in O. sativa.[65]
Increasing the bioavailability of As in reducing conditions of O. sativa cultures resulted
in increasing As(V) content compared to other As species.[66] However, the role of sail
microorganisms in the As methylation was highlighted by Lomax et al,[62] who com-
pared As speciation in plants cultivated in a hydroponic culture amended with DMA
and MA in either axenic or non-sterile conditions. They found that the axenically grown
plants were able to take up MA or DMA from the cultivation medium, and reduce MA
(V) and MA(IIl), but were not able to produce DMA. They determined the methylated
As compounds in soil-grown plants and plants from non-sterile hydroponic cultures, indi-
cating that the plants were not able to synthetise the methylated As compounds, but
could only take up those produced by microorganisms. Moreover, the presence of the
microbial As methyltransferase gene arsM was shown in the soil. In our case, a higher per-
centage of DMA in the stems than in the leaves of P. lanceolata (Figure 1) seems to
support this theory. However, the presence of AB and AC in the plants remains unex-
plained. The potential role of plant or plant-rhizosphere interactions needs to be eluci-
dated in the further research.

4, Conclusions

To summarise our results, similar As concentrations were determined in P. lanceolata and
Cyperaceae plants, but the individual species differed in abundance and distribution of
the As compounds. While P. lanceolata seemed to be more tolerant to the elevated As
concentration in the soil (and inorganic As species, with a small percentage of DMA,
were identified), Cyperaceae showed a lower tolerance to soil As (demonstrated as an
absence of the generative organs). Where AB and AC were identified, especially in
C. praecox, the species were less harmed by the high soil As concentration. Thus, the
plants showed one possible way to eliminate the phytotoxic effects of the elevated As
concentration. However, the mechanisms of the potential transformations/detoxifications
of the As compounds remain for further research, which should include the role of rhizo-
sphere processes.
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Abstract

Six different vegetables (black radish. black salsify. lettuce. parsnip. Savoy cabbage
and Swede turnip) were cultivated in model pot experiments. The soils used m the
experiments originated from two mining and smelting sites in the Czech Republic —
Piibram and Kutna Hora. respectively. These soils showed differences in physicochemical
properties and/or total contents of arsenic. reaching 36.0+ 1.0 mg Askg’ and
473+ 10 mg As kg, respectively. The four most common anionic arsenic compounds
(arsenite As[III]. arsenate As[V]. dimethylarsinate [DMA]. methylarsonate [MA]) were
determined by high-performance liquid chromatography (HPLC) coupled to an inductively
coupled plasma mass spectrometer (ICPMS). The concentration of arsenic species
determined in edible plant parts decreased in the following order; As(V) ~ As(III) > DMA
~ MA. Higher proportions of both DMA and MA were found in the aboveground edible
parts (leaves) compared to the underground parts (tubers). The results indicate that the

distribution of arsenic compounds differed predominantly according to individual plant
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species whereas almost no effect was observed due to the different soil properties.
However, a higher arsenic concentration in soils resulted in more arsenic in the plant

independently of the aboveground biomass (leaves) or the underground plant parts (tubers).

Keywords

Arsenic speciation; Contaminated soil; Hyphenated technique: Mining area: Vegetable

1. Introduction

Arsenic (As) anthropogenic pollution caused by the mining and smelting industry
and/or agriculture may lead to a significant increase in As background concentrations in
soils and subsequent soil contamination. In the Czech Republic. most of the As pollution
originate from the industrial and mining activity that is often connected with former or
present gold, silver. and brown-coal mining, which occurs around the areas of Kutna Hora,
Piibram (metals). Chomutov, Most and Ostrava (coal).

Terrestrial plants are able to accumulate various amounts of As depending on the
plant species. soil characteristics — including the amount of available As species — and
climatic and dietary conditions., efe. The concentration of As in plants growing in
uncontaminated soils with an As concentration of below 30 mg As kg (dry weight)
(Anonymous 1994) commonly reaches 0.01-1.5 mg As kg'l m the dry weight (Kabata-
Pendias and Pendias 2001: Chaney 1985). However, contaminated soils may result in much
higher As concentrations in the plant biomass. Although plants have several mechanisms to
cope with high As concentrations in their environment — e.g. restricted uptake by plant
roots, limited translocation of As from roots to shoots, reduction of As(V) to As(III) and
subsequent complexation with phytochelatins, sequestration of As complexes in vacuoles

(Wang et al. 2002) via volatilization of methylated As compounds (Jia et al. 2012), ere. — 1t
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is still imperative to know not only the total As concentration in the plant biomass but also
the distribution of individual As compounds (Nolan et al. 2003). Each individual As
compound exhibits different toxicities in humans: arsme > morganic arsenites > organic
trivalent compounds (arsenoxides) > inorganic arsenates > organic pentavalent compounds
> arsonium compounds > elemental As (Dembitsky and Rezanka 2003). However, it has
also been suggested that some methylated metabolites may be more toxic than previously
thought (NRC 1999, 2001; Rossman 2003) and that the organic trivalent compound
dimethylarsinate (DMA'DI} demonstrates greater toxicity than arsenite in some bioassays.

It is widely accepted that in soil solutions. the most frequent forms are the inorganic
As species, especially As(IIT) and As(V) (Castaldi et al. 2014: Georgiadis et al. 2006:
Moreno-Jimenéz 2013). The distribution of As species in the soil solution depends highly
on the redox system. as well as the microbiochemistry near the rhizosphere (Dick et al.
2013). Many researchers (Dembitsky and Rezanka 2003: Francesconi and Kuehnelt 2004
Reyes et al. 2008: Szakova et al. 2007) state that arsenite As(III). arsenate As(V).
dimethylarsinate (DMA) and methylarsonate (MA) are usually the most common detectable
compounds m terrestrial plants. Occurring less often are arsenocholine (AC) and
arsenobetaine (AB). These cationic As compounds are more likely to appear in marine
organisms (Rahman et al. 2012: Soudek et al. 2006). Falk and Emons (2000) and Ruiz-
Chancho et al. (2008) reported significant concentrations of other cationic compounds in
terrestrial plants. such as trimethylarsine oxide (TMAO) and the tetramethylarsonium ion
(TETRA).

The present investigation focuses on the distribution of As compounds in traditional
vegetables that are widely grown for own consumption. The ability of various crops to take
up and transform As into different forms was shown in several previous studies (Tlustos et

al. 1998: Warren et al. 2003; Huang et al. 2006). Therefore, providing information about
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the total amount of As and the distribution of As compounds in traditional Czech
vegetables grown in As-contaminated soils is important in order to estimate and prevent the
possible health risk for consumers. This is of particular importance since a former
provisional tolerable weekly intake (PTWT) value of 15 ug As kg'! bw was withdrawn due
to no longer being considered as health-protective, and since epidemiological studies have
reported that As causes various carcinogenic effects even at lower exposures (JECFA

2011).

2, Experimental

2.1 Por Experiment and Materials

Six different vegetables that represent crops often grown for consumption in the
area of the Czech Republic and Central Europe — turnip (Brassica napus var. napobrassica.
L.). Savoy cabbage (Brassica oleracea convar. Acephela. L.). black radish (Raphanus
sativus var. nigra, L.), black salsify (Scorzonera hispanica. L.). parsnips (Pastinaca sativa,
L.) and lettuce (Lactuca sativa L.} — were grown in pots.

Experimental soil from Piibram (site coordinates 49°42°41.6°" N. 137597129 E:
for physicochemical soil properties, see TABLE 1) was taken from a field that was polluted
by nearby lead mining and the smelting industry. Mining and metallurgical activities in this
area led to an enhancement of As. Cd and Zn contents in soil due to the high content of the
risk elements in the parent rock and emissions from the lead smelter (Sichorova et al.
2004).

The other experimental soil from Kutna Hora (site coordinates 49°58°07.9"" N,
15°17°55.7"" E) originates from an area that is contaminated by As. Cd and Zn. mainly

from tailings of silver mining in the middle-ages. Furthermore. the background
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concentrations of Cd and Zn are substantially elevated due to the composition of the parent
rock (Malec and Paulis 1995; Kralova at al. 2010).

Before planting, laboratory soil samples were air-dried at 20°C. ground in a
porcelain mortar and passed through a 2-mm plastic sieve, and subsequently analysed for
total and plant-available As contents as described in Section 2.2, Plants were cultivated in
6-L plastic pots filled with 5 kg of dry soil (for each variant, n=4). Nutrients NPK
(equivalent to 0.5 g N. 0.16 g P and 0.4 g K per pot) were added before sowing. Pots were
placed i an outdoor weather-controlled vegetation hall. Soil moisture was kept at 60% of
the water-holding capacity (WHC) by watering daily with deionised water, and leachate
was collected and re-circulated to the system.

The edible parts of the plants were harvested at different dates when ready for
consumption. Individual plant parts were gently washed with deionised water, checked for

fresh biomass. freeze-dried (Lyovac GT-2, Germany). ground in a mill and analysed.

2.2 Analytical Methods

Pseudo-total concentrations of elements in soils were determined in digests obtained
by the following decomposition procedure: an aliquot (~0.5 g) of dry soil sample was
decomposed in a digestion vessel with 10 mL of Aqua Regia (i.e. nitric and hydrochloric
acid mixture i a ratio 1:3: n=3). The mixture was heated in an Fthos 1 (MLS GmbH,
Germany) microwave-assisted wet-digestion system for 33 minutes at 210°C. After
cooling, the soil extract was quantitatively transferred into a 25-mL glass tube that was
filled with deionised water and kept at laboratory temperature until measurement. A
certified reference material (CRM 7001 Light Sandy Seil: Analytika Co. Ltd., Czech
Republic) was applied for quality assurance of the analytical data. The certified value of As

in the CRM is declared as being 12.3 = 1.1 mg As kg'l. and 12.5 = 1.4 mg As kg'l was
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obtained. The pH was determined using 0.2 mol L} KCI (w/v = 1:2.5) (Fiala et al. 1999).
Plant-available As was determined using 0.01 M aqueous CaCls solution (w/v = 1:10, for 6
hours) (Novozamsky et al. 1993). Cation-exchange capacity (CEC) was calculated as the
sum of Ca, Mg. K. Na and Al that was extractable in 0.1 mol L™ BaCls (w/v = 1:20, for 2
hours) (ISO 1994). Total organic carbon (TOC) was determined spectrophotometrically at
600 nm after oxidation of the organic matter by K,Cr,O7 (Sims and Haby 1971). Available
nutrients were determined by a Mehlich ITI soil-extraction procedure (Mehlich 1984) using
flame atomic absorption spectroscopy (FAAS. Varian 280FS. Australia) for Ca. K and Mg
and optical emission spectrometry with inductively coupled plasma for P.

Plant samples were decomposed by using a dry-ashing procedure as follows: an
aliquot (~1 g) of dry and powdered aboveground biomass or roots was weighed to 1 mg
(n=3). placed mto a borosilicate glass test-tube and decomposed in a mixture of oxidising
gases (0y + Oz + NOy) 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% HNOj (electronic-grade purity,
Analytika Co. Ltd.) and kept in a glass tube until analysis (Miholova et al. 1993).

The concentrations of elements in the soil and plant digests were determined by
optical emission spectroscopy with inductively coupled plasma (ICPOES) with axial
plasma configuration (Varian VistaPro, Varian. Australia), equipped with an SPS-5
autosampler. External calibration solutions (Analytika Co. Ltd.) were prepared in
corresponding extraction agents with concentrations of 100-1000 ng L As. Measurement
conditions were as follows: power 1.2 kW. plasma flow 15.0 L min™. auxiliary flow 0.75 L
min!, nebulizer flow 0.9 L min™. For the determination of low As concentrations in soil
extracts and plant digests. a hydride-generation atomic absorption spectrometer (Varian

AA2807. Varian) equipped with a VGA-77 continuous hydride generator was used. A
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mixture of potassium iodide and ascorbic acid was used for pre-reduction of the sample and
the extract was acidified with HCI before measurement (Brodie et al. 1983).

For the determination of As species m the edible vegetable parts. 1 g of dried and
powdered samples were weighed to £0.1 mg into 15-mL screw-capped polypropylene
tubes. and 10 mL of 0.02 mol L'} NH4H,PO, (pH 6.0) was added. The tubes were fastened
to a cross-shaped rotor and turned top-over-bottom at 45 tpm for 14 hours. The mixtures
were then centrifuged for 10 min at 3000 rpm and filtered through a 0.22-pm cellulose-
nitrate ester filter (Millex-GS. Millipore, Bedford. MA, US).

Individual As compounds were determined by high-performance liquid
chromatography (HPLC 1100 series, Agilent Technologies, US) equipped with an anion-
exchange column (PRP-X100. 150 x 4.6 mm with 5-pm particles, Hamilton, US). The
column was operated at room temperature and 10 pL of each extract was injected. For a
good separation of species. an isoeratic elution with 0.02 mol L™ NH,H,PO, (pH 6.0) as the
mobile phase at a flow of 1.5 mL min"! was used. An Agilent ICPMS 7500ce equipped with
a helium collision cell and a quadrupole was used as an element-selective detector. The
outlet of the HPLC column was connected with a PEEK capillary (0.125 mm 1.d.) to the
nebulizer of the ICPMS system. The intensity of ions at m/z 75 (""As and **Ar*°Cl) and also
potential argon chloride (*’Ar*’Cl) interferences at m/z 77 were monitored.

All standards and solutions were prepared with purified water (18.2 MQ cm, Merck
Millipore. US). The ammonium dihydrogen phosphate (p.a.) and aqueous ammonia
solution (25% suprapur) that was used for adjusting the pH value of the extractant. as well
as the mobile phase, were purchased from Fluka (Switzerland). Standard solutions of As
species were prepared from NaAsO, (As[II]) and NapyHAsOy - TH2O (As[V]) (Merck), and

from sodium dimethylarsinate trihydrate (DMA) (Fluka). Methylarsonate (MA) was
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synthesised in-house. The standard reference material (Pine needles:; National Institute of

Chemistry, US) was used for the quality control,

2.3 Staristical Analysis

Statistical software STATISTICA™ version 12 (StatSoft, Inc.. USA) and Microsoft
Excel 2010™ software (Microsoft Corp., US) were used to carry out the statistical analysis
and outputs. One-way analysis of variance (ANOVA) at a significance level of o=0.05

followed by the Scheffé test was applied to the data.

3. Results and Discussion

TABLE 1 shows that there was a high level of soil As contamination at the Kutna
Hora location, reaching 473 = 10 mg As kg™ which is in accordance with other authors
(Hyrsl and Kaden 1992; Kralova et al. 2010). According to the public notice No. 13/1094
(Anonymous 1994), the permissible element content must not exceed 30 mg As kg'l in soils
used for agricultural purposes. In this case, however. the total As concentrations exceeded
the legislation threshold limit (Anonymous 1994) in both experimental soils. Nevertheless,
the mobile portions of As in these soils are relatively low, as was documented in our
previous experiments (Szakova et al. 2009). The water-extractable As portions in the soil of
Kutna Hora are characterised by a high total organic matter content and a high sorption
capacity that do not exceed 0.1% of the total soil As content. In contrast, a higher mobile
proportion of As was found in Piibram soil that was characterised by lower pH. organic
matter content and sorption capacity. The abundance of As compounds in water extracts of
the soils was investigated in a previous study (Szdkova et al. 2009) and the results were

similar to those of oxidising soil conditions (Marin et al. 1993: Reynolds and Naylor 1999),
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where As(V) is the dominant As compound with a small percentage of As(III). Small
amounts of DMA were also present in the extracts of the highly contaminated soil from
Kutna Hora. whereas. in the less-contaminated soil from Piibram. this compound was not
detected (Szakova et al. 2009). We can speculate that the higher microbial activity in the
organic matter-rich soil of Kutma Hora results in a higher As methylation rate but this
aspect needs to be verified in further research.

A relatively low plant-availability of As from the Kutna Hora location is evident
from the relatively low As concentrations in the aboveground biomass of wild-growing
plants occurring on these soils (Kralova et al. 2010). Transfer factors, given as a ratio of the
total As content in the plant and its pseudo-total (Aqua regia soluble) content in soil were
as follows: 0.005 (Savoy cabbage. Kutna Hora), 0.045 (black salsify. Piibram), 0.14
(parsnip. Kutnd Hora) and 0.18 (parsnip. Piibram) (TABLE 2). Huang et al. (2005)
caleulated an average transfer factor for As from artificially As-contaminated soil (total
concentrations 4806 mg As kg’l} mnto lettuce leaves, which reached up to 0.018 and also
supports the fact that As is less available to the agricultural plants tested. Although the low
mobile proportion of As in the soil from Kutnad Hora probably decreased the uptake of As
from highly contaminated soils, the concentration is still too high and poses a potential risk
to humans.

Total contents of As in dried plant edible tissues ranged from 1.6 + 0.8 mg kg™
(black salsify) to 64 + 2.1 mg kg™ (parsnip). Accumulated amounts of As decreased in the
studied crops as follows: parsnip >> black radish > black salsify > Swede turnip > Savoy
cabbage = lettuce for soil from Kutna Hora, parsnip > Swede turnip > black radish > Savoy
cabbage > lettuce > black salsify for soil from Piibram (TABLE 2). Except for black
salsify, the results confirmed the predominant accumulation of As in roots and limited

translocation of this element into the aboveground biomass where the differences between
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the As concentrations in leaves and tubers tended to increase in the highly contaminated
soil from Hutna Hora compared to the moderately contaminated soil from Piibram. Higher
concentrations of the total As in underground parts and declining total As concentrations in
the aboveground parts of the plants were also observed in other studies (Smith et al. 2009).

Even though the total As content in soil from Kutna Hora was much higher than in
the soil from Piibram, the higher total organic carbon level and sorption capacity compared
to the Piibram soil (TABLE 1) most probably resulted in relatively low mobility and plant-
availability of As. This assumption is supported by Kabata-Pendias and Pendias (2001). Fu
etal. (2011) and Fitamo et al. (2011).

For rice. the Furopean Union (EU) has set a threshold limit 0.2 mg As kg™
(Anonymous 2015). Te maximum permissible concentrations of risk elements in fresh leafy
vegetables given by Public Notice No. 53/2002 applied in the Czech Republic (Anonymous
2002) states that the threshold limit of As is 0.5 mg As kg'l of fresh matter. By estimating
approximately 10% of the dry matter of the surveyed vegetables. the As levels in the
parsnip, black salsify and black radish (all from Kutna Hora) exceeded this threshold. Much
lower As levels in leafy vegetables (lettuce, Savoy cabbage) suggest that the right choice of
crop growing in the As-contaminated soils can reduce the potential health risk. This idea is
supported by a study of Rapant et al. (2006) in which high As concentrations that exceeded
the maximum permissible limits for vegetables (kohlrabi. carrot. parsley and beetroot) were
also found in an abandoned mining area where the total As contents in soil reached up to
890 mg As kg but low plant-availability was confirmed by the low levels of plant-soil
transter factors. These results also confirmed higher As accumulation in the roots and bulbs
of the investigated plants.

Speciation analyses show that both As(IIT) and As(V) are the dominant As forms in

analysed vegetables, whereas DMA and MA occur rarely. As(IIl) concentrations ranged
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267
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from 0.25 mg kg! (Savoy cabbage) to 597 mg kg? (black radish). and As(V)
concentrations from 0.36 mg kg'l (lettuce) to 2.87 mg kg'l {black salsify). The dominating
As species in most of the studied vegetables was As(V) (FIGURE 1) as was also found by
Jedynak et al. (2009). The distribution of As species in the individual vegetables was
strongly species-dependent while the potential effect of the soil characteristics and/or As
content was less apparent. The only exception was black radish. which contained higher
amounts of As(IIT) than As(V). Predominant contents of inorganic As species compared to
organic species were observed by many authors although different proportions of As(III)
and As(V) have been reported in plants of different species and/or originating from
different locations and cultivation conditions (Wet et al. 2015; Larios et al. 2012: Bergquist
and Greger 2012). Differences in the proportions of inorganic As compounds were reported
even for different plant species within one genus (Marquez-Gareia et al. 2012)

Tlustos et al. (2002) determined that As(III) was the dominant compound in roots of
radish while As(V) was mostly translocated to the leaves. A higher percentage of DMA in
plants (17% in roots and 18% in leaves) compared to soil suggests that radish plants are
able to methylate available As compounds, as was described by Cullen and Reimer (1989)
mn the case of Finca minor L. However, more recent research suggests that microbially
induced DMA is taken up by plants from the soil and cannot be synthetised (Lomax et al..
2012). Moreover. arbuscular mycorrhizal fungi are able to merease the ability of plants to
survive in extremely As-polluted substrates (Orlowska et al. 2012). Thus. the rhizosphere
processes are important for As uptake and speciation in plants. Smith et al. (2009)
confirmed that As was present in the roots of radish, chard and lettuce as the As(V) form
and comprised between 77% and 92% of the total As concentration., whereas in mung
beans, the As(III) form comprised around 90% of the total As concentration. In aerial

portions of the vegetables, As was distributed equally between As(V) and As(IIT) in radish
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205

and chard but was present mainly as As(V) in the case of lettuce. Methylated As
compounds were not detected. The dominant role of inorganic As compounds in silverbeet
shoot and amaranth was confirmed by Rahman et al. (2009). The samples contained mostly
inorganic As. especially As(III) (~90%). in the edible part of the vegetables.

In this case. slight differences in the As distribution in individual species between
experimental soils (physicochemical soil properties) were observed. However, a higher
percentage of organic As compounds occurred in the samples from less As-contaminated
soil (Pribram) and a higher portion of As(II} was observed in the more contaminated soil
(Kutna Hora). Bioavailability of As for plants is dominated by the plant species, as was also

confirmed for wild-growing plant species (Kuehnelt et al. 2000; Schmidt et al. 2001).

4, Conclusions

We conclude that the traditional Czech vegetables studied are able to take up.
accumulate and even transform As compounds in their tissues, The traditional vegetables
widely planted in local private gardens showed a similar As uptake ability as common
crops and wild plants. The underground plant parts (tubers. bulbs) showed a greater ability
to accumulate As in their tissue than the aboveground parts (leaves) and so it seems that a
good choice of crop might be sufficient for decreasing the potential As exposure of
inhabitants living around and growing their crops in the highly As-contaminated areas.

In this study. the inorganic forms prevailed over the organic forms. The
determination of As species confirmed a dominant portion of mmorganic As compounds as
well as the presence of methylated compounds. especially in the aboveground plant
biomass. The distribution of As compounds in plants is determined predominantly by the
plant species regardless of the soil As level and/or other physicochemical soil properties,

although the latter can affect the total amount of As in the plant biomass.
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TABLE i: Total and available As content and mam physicochenuical p 5 of expen | soily. The 2 rked by the same letter
cd not significantly differ at P < 0,08 within individual columas Data are presented as the mean + standard deviation

Total As Avatlable As Ca* Mg* K* P CEC TOC pH
sond g ky* mg kg’ meke'  weke! meke'  meke’  mmelrkgt
74
6577= 40=
Kutna Hora 4732107 0299 = 0024 N 513=8° 610+£11"  S62+11" 205 =25% . =
4 03
03
45
19=
Pribram 160410 0067 4 0.04* 951415 767421 160 £ 2% 2834 5% 123 12% -
0.00°
o1

Notes: * ~ avadhable element contenrs desenmined according to Mehlich I sodlextaction procedize (Mehlich, 1984k CEC — canon~cxchange capaciry: TOC - total
onganss caebon content pH - pH KCL
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451 TABLE 2: Total As contents and transfer factors in edible vegetable parts. The averages
452  marked by the same letter did not significantly differ at P < 0.05 within individual columns.

453  Data are presented as the mean =+ standard deviation.

soil Kutna Hora soil Pifbram

vegetable As [mg kg] TF As [mg kg] TF

Lettuce leaves 45=1.5° 0.01 1.9+ 0.50° 0.052
Black radish tuber 13=3.1° 0.03 3.5+1.5% 0.097
Parsnip tuber 64=2.1° 0.14 6.4=+2.3° 0.18
Black salsify tuber 11+5.5° 0.023 1.6+ 0.80% 0.045
Swede turnip tuber 6.7+1.3" 0.014 49=27" 0.14
Savoy cabbage leaves 240717 0.005 24£051" 0.066

454  Notes: As [mg kg''] — total As contents in dry matter of edible vegetable parts; TF — transfer factor.
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455 FIGURE 1: Distnbution of individual As species in echble parts of surveyed vegetables.
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Abstract Total selenium (Se) contents were determined
in aboveground biomass of wild plant species growing
in two uncultivated meadows at two different locations,
The soils in these locations had pseudototal (Aqua Regia
soluble) Se in concentration ranges of between 0.2 and
0.3 mg kg ™' at the first location, and between 0.7 and
1.4 mg kg ' at the second location. The plant species
represented 29 plant families where the most numerous
ones were Poaceae. Rosaceae, Fabaceae, and
Asteraceae. The selenum contents in the plants varied
between undetectable levels (degopodium podagraria,
Achillea millefolium. Lotus corniculatus) and
0.158 mg kg ' (Veronica arvensis, Veronicaceae). The
Se levels were roughly one order of magnitude lower
compared to other elements with similar soil content,
such as cadmium and molybdenum. The transfer factors
of Se, quantitying the element trunsfer from soil o
plants, varied between <0001 and 0,146 with no signif-
icant differences between the locations, confirming the
limited soil-plant selenium transfer regardless of loca-
tion, soil Se level. and plant species. Among the plant
families. no unambiguous trend to potential elevated Se
uptake was observed. Low Se content in the soil and its
plant availability was comparable to other Se-deficient
areas within Europe.

J. Szakova (59) « ). Tremlova - K. Pegova - ). Najmanova -
P. Tlustos
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Introduction

Selenium (Se) 1s a trace element essential 1o human
health. The main sources of Se for humans are food
and dnnking water. Se enters the food chamn via plant
biomass. and the soil’s Se content and bioavailability
affect the Se content in plants. Therefore. the content of
Se in food depends on the Se content of the soil where
plants are grown or animals are raised. Bitterli et al.
(2010) reviewed common soil Se concentrations, rang-
ing from between 0.1 and 5 mgkg ' Se, with an average
of around 0.4 mg kg ' Se of soil dry matter. However,
low soil Se levels characterize some regions in Europe.
For example, soil Se concentrations in Scandinavia were
found in the range of 0.42 to 0.57 mg kg ' Se (Gupta
and Gupta 2000), while soils in Denmark are reported to
contain 0.14-0.52 g kg ' Se. For comparison, the total
Se contents in soils in Mediterranean area ol Spain vary
between 0.06 and 1.51 mg kg ' where significant cor-
relations between Se content with soil organic matter
content were observed (Roca-Perez et al. 2010). The
role of soil physicochemical parameters. and especially
of soil organic matter, on Se plant availability was
descrnibed (Coppin et al. 2006: Eich-Greatorex et al.
2007; Gawalko et al. 2002).

However, relevant data are lacking on the spatial and
temporal distribution of Se in soil, and factors governing
its bioavailability are usually lacking or insufficient for
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an assessment of Se transfer from the soil to the plants.
Soil characteristics and soil processes need to be studied
in much greater detail in order to understand the Se
behavior in the soil, as well in the plants (Bitterli et al.
2010). The soils containing less than 0.6 mg kg™’ of Se
are considered insufficient for optimum intake of Se by
grazing animals (Gupta and Winter 1975). In our previ-
ous experiments, soil Se content (Agua regia soluble
portions) varied between 0.21 and 031 mg kg ' Se.
Low Se levels were also confirmed in the
Czech Republic soils (Pegova et al. 2011). Low seleni-
um contents indicating insufficient soil-plant-animal
transport of this element were determined in skeletal
muscles of wildlife animals. such as red deer (Cernvus
elaphus), roe deer (Capreolus capreolus) and wild boar
(Stes scrofa) (Kursa et al. 2010).

In hvestock, low Se levels in whole blood were
confirmed for horses (Ludvikovi et al. 2005) and cartle
(Pavlata et al. 2002) in the Czech Republic.

For plants, the beneficial effect of Se on growth and/
or stress resistance was already reported where Se es-
sentiality was not unambiguously verified (Hartikainen
2005; Seppaenen et al. 2010). Moreover, Se interactions
with both essential and toxic elements were reported.
Malik etal. (2012) described the protective effect of Se
agains! arsenic toxicity where both As content and ox-
idatve damages duc to As decreased with increasing Se
concentration in the growth medium of Phaseolus au-
rens. A similar role of Se was observed in the case of
cadmium uptake and toxicity in Allivm sativin.
Brassica rapa, Lactuca sativa. and Oryvza sativa (Feng
ctal 2013: He et al. 2004; Sun ct al. 2010), In contrast,
increasing macronutrient and micronutrient (Fe, Mn.
Cu, Ca, K. Mg) contents in plants with increasing Se
content in both growth medium and soil were observed
(Matraszek and Hawrylak-Nowak 2009). Similarly, de
Souza et al. (2013) observed enhanced Fe. Zn. S.
Mo, Mg, Ca, and Mn content in wheat seedlings
after selenate was supplied, whereas selenite sup-
plementation reduced Zn, S. Mo, Mg, Ca, and Mn
levels in the plants.

The main objectives of our experiment were (i) t©o
determine Se contents in wildlife plants at two locations
differing m the soil selentum content in order to estimate
the potential risk of Se deficiency in plants for wildlife
grazing animals and (ii) to compare the Se uptake ability
of the wide spectrum of plant species as affected by
individual plant species and/or families, and soil seleni-
um levels,

&) springer
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Materials and methods
Experimental sites and sampling

Two locations. differing in their soil physicochemical
parameters as well as both nutrient and risk elements,
were chosen and the samples of wildlife plant species
were collected in uncultivated meadows (i) in vieinity of
Humpolee (Czech Republic), the city in eastern part of
Bohemia characterized by low levels of smokestack
industries. and (ii) the former silver mining area in the
vicinity of Nalzovské Hory (Czech Republic), the city in
the southwestern part of Bohemia where elevated con-
tents of risk elements such as Cd. Pb. and Zn were
previously found. At the Humpolec location. an uncul-
tivated meadow was selected, where the area was ran-
domly divided mnto six sampling arcas. One sampling
point occurred in each sampling area in order to encour-
age the variability of element contents in the soil. The
individual sampling points are found between 49°
33.42°N, 15° 21,06" E and 49° 33.46" N, 15° 21.02' E,
The bedrock is based predominantly on paragleiss, the
soil type is gleyic Cambisol, the texture is loam.
Similarly, six sampling areas, with one soil sampling
pomnt in ¢cach sampling arca, were selected in the uncul-
tivated meadow in the vicinity of the former silver mine
in Nalzovské Hory. The individual sampling points are
found between 49° 19.71" N, 13 32.80" E and 49°
[9.78"N, 13° 32.71" E. The silver (and also tin and lead)
mining is dated between 1521 and 1896 and resulted in
significant increase of risk element (especially Pb, Cd,
and Zn) in the soils (Table 1),

At each sampling point, representative samples of the
whole aboveground biomass of the individual plant
species were taken during the flowering stage. The plant
samples were dried at 60 °C to a constant mass and the
whole plants were then ground into a fine powder using
a laboratory mill. Soil samples for the determination of
total and mobile concentrations of the elements were
collected for cach sampling point from a depth of 0-
25 cm. dried at 20 °C, ground in a mortar. and passed
through a 2-mm plastic sieve.

Analytical methods

The pseudototal concentrations of elements in the soils
were determined in the digests obtained by the follow-
ing decomposition procedure: Aliguots (0.5 g) of air-
dried soil samples were decomposed in a digestion
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Table 1 The pseudototal contents of elements in the soils expressed in mg kg ' of dry matter; n=6

Humpolee

As Cd Cu
Minimum 436 0,232 14.5
Maximum 771 0375 19.2
Average 643 0274 16.2
Standiard deviation 0.94 0,041 1.76
Medan 6.73 0,258 153
MAD (.508 0,013 0.771

Nalzovske Hory

As Cd Cu
Minimum 24 399 345
Maximum 46.3 6,18 513
Averuge 327 5.19 426
Standand deviation 086 0,950 6,08
Median 279 539 419
MAD 296 0,74 39
Lunit® a0 | 100

Mo Ni b Se Zn
0.143 127 153 0.206 427
0425 1822 29 0,308 66,1
0.295 14.7 188 0248 528
0075 1.70 KT 0.031 744
0,298 14.7 183 0.246 50.8
0,030 1.46 3.26 0.026 544
Mo Ni Ph Se Zn
0.503 104 1328 072 650
1338 18,1 3R 1 40K 1033
0.759 13.7 2079 1104 816
0316 3.02 1012 0,306 143
0,668 12.7 1593 1201 833
0,158 1.6 249 0.174 106

5 80 140 : 200

MAD medinn of absolute deviations

*Maximum penmissible imits for risk element contents in amble soils in the Czech Republic (Czech Ministry of the Environment 1994)

" Not regulated

vessel with 10 ml of Agua Regia (i.c.. nitric and hydro-
chloric acid mixture in ratio 143), The mixture was
heated 1n an Ethos 1 (MLS GmbH, Germany)
microwave-assisted wet digestion system for 33 min at
210 °C. After cooling, the digest was quantitatively
ransferred into a 25 ml glass wbe, topped up with
deionized water, and kept at laboratory temperature until
measurement. A certified reference material RM 7003
Silty Clay Loam (Analytika, Czech Republic) was ap-
plied for the quality assurance of the analytical data.

For the determination of the clement contents in the
aboveground biomass, an aliquot (~0.5 g of dry matter)
of the plant sample was weighed in a digestion vessel.
Concentrated nitric acid (8.0 ml) (Analytika Lud.,
Czech Republic) and 30 % Ha0O, (2.0 ml) (Analvtika
Ltd., Czech Republic) were added, and the mixture was
heated in an Ethos 1 (MLS GmbH, Germany)
microwave-assisted wet digestion system for 30 min at
220 °C. After cooling, the digest was quantitatively
transferred into a 20-ml glass tube filled up with deion-
ized water.

The soil pH was determined using delonized water or
0.01 M CaCl, (wiv=1+10) (Novozamsky et al. 1993),
Cation-cxchange capacity (CEC) was calculated as the
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sum of Ca, Mg. K, Na, Fe. Mn. and Al, extractable in
0.1 M BaCls (w/v=1420 for 2 h) (ISO 1994), Total
organic carbon (TOC) was determined spectrophoto-
metrically after the oxidation of organic matter by
K>Cra(); (Sims and Haby 1971). Al As, Cd, Cu. Mo,
Ni. Pb, Na, Fe. Mn, and Zn concentrations in the digests
and extracts were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES,
Varian, VistaPro, Australia), whereas flame atomic ab-
sorption spectrometry (F-AAS. Vanan 280FS. Vanan.
Australia) was used for Ca, Mg, and K determination in
the extracts, For the determination of Se, hvdride gen-
eration atomic absorption spectrometry (VARIAN
AA280Z, Vanan, Australia), equipped with a continu-
ous hydride generator VGA-77 and inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7700x,
Agilent Technologies Inc., USA), equipped with an
auto-sampler ASX-500, a three channel peristaltic pump
and a MicroMist nebulizer were used.

The so-called transfer factor quantifying the element
transfer from soil to plants is frequently used as a pa-
rameter for the evaluation of the uptake of soil elements
by plants. There are different mathematical approaches
that can be used to calculate this parameter: in our
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experiment, the ratio of the element content in plant dry
matter to the pseudototal element content in soil was
applied (Sauerbeck 1985).

Statistics

The analytical data were processed using Statistica 10
Cz statistical software. A correlation analysis was used
for the assessment of the relationships between the
variables. where Pearson’s correlation coeflicients were
apphed (Meloun and Militky 2004),

Results

Low pH levels varying between 4.7 and 5.9 characterize
the soils from the Humpolee location. The CEC level
between 45 and 76 mmol+kg ' demonstrated low sorp-
tion capacity of the soil. The TOC values varied be-
tween 1.8 and 2.0 %. Slightly higher pH levels varying
between 5.7 and 6.9 were observed at the Nalzovské
Hory location. The CEC levels were comparable to the
Humpolec location, falling between 71 and 81 mmol+
ke ' whereas TIC values varied in wide range between
1.0 and 2.1 %. The pseudototal element contents in the
soils are summarized in Table 1. The maximum permis-
sible limits of the eiements in the soils of the
Czech Republic are given by public notice (Czech
Ministry of the Environment 1994), see Table |.
Whereas Humpolee soils were under these limits, the
Nalzovské Hory soils reflected the former mining activ-
ities by the elevated contents of As, and especially Cd,
Pb. and Zn. The soil Se contents are not regulated by the
mentioned public notice, but the levels found in the
Humpolec soils are low. indicating a deficiency of this
element for plant, and subsequently. animal nutnition
(Gupta and Winter 1975), However, slightly higher Se
levels in the Nalzovské Hory soils are within the normal
Se values in the European soils, i.c., between 0.1 and
5 mg kg ' (Binterli et al. 2010),

The element contents in the aboveground biomass of
plants for the two studied sites are summarized in
Table 2 and main statistical characteristics of the seleni-
um and other determined ¢lements are presented in
Table 3. In Fig. 1. the selenium contents in plants were
clustered according to the individual plant families of
the two studied sites. At the Humpolee location, a total
of 43 plant species representing 18 families were iden-
tified and sampled, where the most numerous ones were

&) Springer

93

Poaceae and Rosaceae, The Se contents varied between
0.008 mg kg ' (Geum wrbanum, Rosaceae) and
0.036 mg kg™ (Stellaria graminea, Silenaceae) [see
Fig. la]. The results suggested slightly higher Se uptake
ability by the species representing Asteraceae,
Silenaceae, and especially Cyperaceae. As expected,
higher Se levels in the plants at the Nalzovské Hory
location were found i agreement with the higher soil Se
content (Fig. |, Table 1). A total of 40 plant species
representing 20 families were identified, with the most
numerous ones being Fabaceae and Asteraceae. At this
location, the Se content varied from undetectable levels
(Loms corniculatus, Fabaceae) and 0.158 mg kg_'
(Veronica arvensis, Veronicaceae). Higher levels of var-
iability of the results at this location also reflect the
higher varability of soil Se. Figure 1b shows no similar
trend in Se uptake by individual plant families, most
likely because of different plant species representing the
individual families occurning at the specific locations.
Only nine plant families were present at both locations,
and the presence of the same species representing these
families at both locations was very rare. For example,
the family Ieronicaceae was represented by Veronica
chamaedrys at the Humpolee location, and Feronica
arvensis at the Nalzovské Hory location,

The clevated contents of Cd, Pb, and Zn in soils
from the mining area Nalzovské Hory resulted in
increased levels of these clements in plants.
According to the Directive No, 2002/32/ES
(European Parliament and Council of Europe
2002). the maximum values of the clements in raw
feedstuffs (which were calculated in 12 % moisture)
are 2 mg kg”' of As and | mg kg™’ of Cd. A
maximum permissible limit of 30 mg kg™" in fodder
was defined in the case of Pb. In our situation, these
values of Pb were exceeded in lerbascum nigrum
and Viera cracca. For Cd, 40 % of the results
exceeded the limit, with a maximum of
12.1 mg kg ' for Chenopodium album. According
to Alloway (1990), the maximum Zn content found
in Vicia cracea can be considered 1o be clevated as
well. Higher soil Mo and Cu levels resulted in
higher contents of these elements in the plants at
the NalZzovské Hory location compared to
Humpolee. whereas the opposite pattern was ob-
served in the case of As. Surprisingly. although the
Ni content in soil was comparable at both locations,
higher contents of Ni in plant biomass were found at
the Nalzovské Hory location,
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Table 2 Selenium contents n the aboveground biomass of the individual plant species

Species Family Setmeke ) Species Famly Se(mg kg ")
Humpolee Nalzovske Hory
Gesenn urbamm L. Rosacear 0,008 Melandrium afbwn L, Carvophwlaceae <DL
Loliwm perenne L. Pexrceae 0,008 Hyprericum perforatun L Hypericaceae <DL
Campraneda panda L Campanulaceac 0,009 Trifadium repens L Fubaceae 0.005
Trifedium repens L, Fabuceae 0.009 Comvolvsdvus arvensis L, Comohulaceae 0.003
Veromica chamaedryy 1. Veronicaoeor 0o Poxt pratensis L Poxceae 0006
thenatherum eladius (L) PRESL.  Paaceae 0.011 Campanida rapunciloides L. Camgpranulacese 0.007
Urvica divica L Urticaceae 0011 Rumex obtieyifiding L. Polygonaceae 0007
Lysimachio vilgaris L. Primwdaceae 0.011 Daucus carowa L. Apigezae 0.007
Alopecurns pratensiy L, Pexvocae 0.012 Achillea millefoliun | Asteraceae 0.007
Flevlewes Tanatus 1 Pexrecae 0012 Taraxacum officinale 1., Asteraceae 0.008
Rimmex olvusifolius L. Polvgonaceae 0.012 Trifolisom campestre Schreb. Fabaceae 0009
Heracleum sphondviium L. Apiaceae 0013 Lotms corniculatis L. Fabaceae 001
Vicia cracea L. Fabaceae 0.013 Silene spp. Carvophvllaceae 0012
Thiaspi arvence L. Braysicaceae 0.013 Phleum pratense L. Poaceae 0013
Dacelis glomerata 1. Pexrceae 0.013 Victa wilioesa L. Fahaceae 004
Galium aparine L. Rubiaceae 0014 Ballow nigra L, Lannacene 0014
Holeny Tanums L Pocewe 0.014 Dicnthues spp Carvopinllaceae 0015
Artemisia ahsinthaem L. Asteraceae 0013 Artemisia vulgaris L. Asteraceae 0017
Jeuncus conglomenax L. Juncaceae 0.015 Visees minew 1. Apexcynaceae 0017
Trisetum flavescons (L) P. BEAUV,  Povcese 0.015 Convallaria majalis |, Asparagaceae 0.017
Peventilla anserina L. Rovaceae 0018 Crevm sorbanum L, Rosaceae (L0118
Amthriseus slveses (L) Hofim, Apiaceae 0.7 Senecio vulgariy L. Asteraceae 0.02
Taraxacum officinate WEB. Asteraceae 0.017 Epilodsum montanum Hods, Onagraceae 002
Gerantin pratense |, Geramuceae 0.7 Acgopendiven podagraria L, Apiaceae 0.026
Lisimachia nummularia L, Prinmdaceae om7 Pnpinclla major L. Aplaceae 0.026
Filipendula wimaria MAX Rasacear 0017 Tanacenm vulgare L. Asteraceas 0.032
Lychnis flos-cucndi L Silenaceae 0.m?7 Medicago lapalina L. Fabaceae 0032
Capsella bursa pastoris (L) MED. Brassicaceae 0018 Dacrvlis glomerata L. Poceae 0.033
Caltha pxhestres L Ranuncwlucese 0018 Rumex spp. Polvgonacene 0.034
Espuisenam arvense L. Equisetaceae 0.020 Trifodisem pratense L Falxwevae 0.035
Trifelium hytvidn L. Fabaceae 0.020 Lorlivem spp. Peoxiceae 0,025
Poxt pratensis L Poxrocae 0.021 Chenogodium album L, Chenopodiaceae 0.036
Galtwn mollugo L, Rubiaceae 0.021 Urtica dicica L, Urtivaceae 0.0
Holens lanams L Poaceac 0.022 Prmella vulgaris L. Lamiaceae 0.049
Remenlus repens L. Rauncwlaceae 0.023 Sevurigera varia L, Falaceae (LO51
Scirpres sybvaticns L, Cyperacene 0.024 Planvago lanceslata L. Plamteginaceac 0.053
Alchemilla vlgariy L. Rosaceac 0.024 Cralim mollugo L. Rulvaceae 0054
Sanguisorba officinalis L. Rasaceae 0.024 Verbascum nigriom L. Scrophulariaceae 0067
Trifolim pratense L. Fabaceae 0.027 Vicia eracea L. Fabaceae 008
Cleseum arvense (L) SCOP. Asteraceae 0.028 Veronica arvenses L. Feromcaccae 0158
Carex hirta L, Cyperaceae 0.028
Cardny acanthoides L. Asteraceae 0031
Steflaria gramines L. Stlenaceae 0.036
The data are presented in ascending order of the Se contents
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Table 3 The main statistical characteristics of the element contents in dry aboveground plant biomass expressed in mg kg ™'

Humpolec (n=43)

As Cd Cu
Minimum 0.29% 0.011 213
Maximum 1.58 1.04 12.1
Average 0.634 0.269 5.31
Standard devation 0.272 0.275 207
Medun 0.569 0.146 5.10
MAD 0.140 0.094 1.50

Nalzovske Hory (n=40)

As Cd Cu
Minimum 0.033 0,035 325
Maximum 0454 12.1 373
Average 0.203 1.94 14
Standard devintion 0.108 2.70 641
Medun 0.187 0.774 971
MAD 0.069 1.41 273

Mo Ni Ph Se Zn
0,060 .236 0,016 0,008 496
0.713 3237 1405 0.036 545
0,221 1.105 0,479 0017 220
0,129 L6328 0.208 0007 10,1
0182 1.925 0463 0016 213
0.074 0417 0.163 0.004 R

Mo Ni Ph Se n
0,370 0439 0276 <DL 2240
832 17.7 56.1 0.158 334
2.71 4.01 368 0.025 103

.62 42 10,1 0.029 722
29 242 1.55 0.015 80.3
0847 0.761 0.967 0.010 29.7

MAD median of absolute deviations

Discussion

Obviously, the Se content in plants growing in the
uncontaminated soils does not exceed | mg kg ', as

Fig. 1 Average selenium
contents in the plants according to
the individual famibies. 2
Humpolec, b Nalzovske Hory,
the ermor bars indicate standard
deviation of the duta

&) Springer

also found by Pilon-Smits et al. (2009), corresponding
with our results (Table 2). Although some plant species
with a higher Se accumulation ability were described,
such as Brassica napus (Brassicacceae) or Se-
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Table 4 The mam statistical charactenstics of the transter factor levels for the mdividual elements

Humpolec (n=43)

As Cd Cu Mo Ni Pb Se Zn
Minimum 0.046 0040 0,131 0.203 0016 0.001 0.029 0.0094
Maximum 0.245 31.786 0.747 2416 0.220 0.075 0.146 1.032
Average 0.099 0983 0328 0.749 0.075 0.025 0.070 0416
Standard deviation 0.042 1005 0.128 0.439 0.043 0016 0,027 0.192
Median 0.088 (1534 315 0618 (063 0.025 (064 1,403
MAD 0.022 (1343 0.092 0.250 0.028 0.009 0.016 0.070

Nalzovske Hory (#=40)

As Cd Cu Mo Ni b Se Zn
Mimimum 0,002 0.007 L0706 0458 0.032 =0.001 <0001 <1001
Maxitmum 0.014 2331 0.876 10967 1.291 0.027 0.143 0113
Average 0.006 0374 0.269 1573 0.298 0.003 0.024 0.017
Standand deviation 0.003 0521 0.150 2132 0.307 0.005 0.027 0.024
Median 0.006 0149 (0,228 3022 0177 0.001 0015 (.0006
MAD 0.002 131 0064 1.115 0.056 ~0.001 0.011 0,008

MAD medun of absolute deviations

hyperaccumulating Astragalus spp. (Fabaceae) are sclenates. while selenites are present in the acidic
(Banuelos and Mayland 2000; Pilon-Smits et al. soils (Mikkelsen et al. 1987). Therefore, the presence of
2009), no species representing this group of plants were fewer plant-available selenites could be expected, espe-
identified at our experimental sites. At the Humpolece cially at the Humpolee location.
location, only two species representing the The low levels of transfer factors (TF) of Se, varying
Brassiccaceae family were found (Capsella bursa between <0.001 and 0,146 (Veronica arvensis,
pastoris and Thiaspi arvense), and no plant representing Veronicaceae), regardless of the location, suggest low
Brassica genus was present for which a tendency to- plant availability of this element at the experimental
ward better Se uptake can be expected (Seppacenen et al. sites (Table 4), Therefore, the role of different pH levels
2010). At the Nalzovské Hory location, no species was not the main soil parameter determining the Se
representing the Brassiccaceae family was identi- uptake by plants. These data were in the range reviewed
fied. Among the Fabaceae family, only Trifolium by Bitterli et al. (2010) where the TF values in the
spp. and Vicia cracca were identified at the wildlife plants varied between 0.01 (Trifolium repens,
Humpolee location. At the Nalzovské Hory loca- Fabaceae) and 023 (Lotus corniculats. Fabaceae).
tion, the Fabaceae family was more numerous, However. Bitterli et al. (2010) calculated the TF values
representing Trifolium spp., Vicia cracca, based on the fresh matter Se content, and even higher
1. villosa, Lotus corniculatus, Medicago lupulina, values could be expected if the plant dry mater
and Securigera varia. The findings did not suggest representing ~25 % of the fresh plant matter are calcu-
any trend towards increased Se uptake at either lated. The TF values determined in our experiment did
location, not reach the values that had been reviewed and evalu-
Munier-Lamy et al. (2007) assumed that the interspe- ated by Bitterli et al. (2010), confirming low plant
cies differences are affected by the specific rhizosphere availability of soil S¢ in the Czech Republic.
physical. chemical, and biological characteristics. This Low Se uptake by plants can be documented by
was not possible to verify in our case because only bulk companing the levels with the uptake of other elements,
soil was sampled for the determination of basic soil using similar pseudototal content in soil of Cd and Mo at
characteristics, and no apparent differences in the soil the Humpolee location (Table 1), The Cd content n the
sorption capacity was observed among the analyzed soil plants (Table 3) varied between 0.011 mg kg™
samples. The predominant Se forms in the alkaline soils (Trifolium repens. Fabaceae) and 1.04 mg kg '
€ Springer
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(Alchemilla vulgaris, Rosaceae), documenting at least
one order of magnitude higher Cd content compared 1o
Se. A similar situation was reported for molybdenum.
The TF values (Table 4) for the individual elements
decreased in the order of Mo > Cd > Zn > Cu > As >
Ni ~ S¢ = Pb at the Humpolee location, and Mo > Ni >
Cu>Cd > Se = Zn - As > Pb at the Nalzovské Hory
location. At this location, low levels of SE availability
were confirmed, as compared to the other
micronutrients. Lower TF values for risk elements (As,
Cd. Pb. Zn) at the Nalzovské Hory location, as com-
pared to Humpolec, documents the ability of plant spe-
cies to eliminate the risk element uptake in the soils with
ncreased levels of these elements, Krilova et al, (2010)
found similar TF values varying from 0.0003 to 0.003
for As. from 0.001 to 0.174 for Cd, and from 0.016 to
0.169 for Zn in the wildlife plants growing on other
former silver mining areas characterized by similar Cd
and Zn content, and even higher value of As.

The regression analysis indicated significantly in-
creasing Zn and Cu content (correlation coctlicients
vared between r=0.27 and r=0.54), regardless of the
location, as well as slightly decreasing As levels (r=

(1.22). Therefore, possible Se interactions with other
essential and/or toxic elements, as mentioned by other
authors (de Souza et al. 2013; Malik et al. 2012;
Matraszek and Hawrylak-Nowak 2009) should be taken
into account. For instance. selenate supply can enhance
the macronutrient and micronutrient contents (including
zin¢) in wheat seedlings. Malik et al. (2012) reported an
antagonistic interaction between Se and As. where the
As uptake was significantly reduced at a Se concentra-
tion level of 5 pmol L™ in the hydroponic culture of
Phaseolus aureus (Fabaceae) plants. These interactions
were indicated by our results, but further rescarch is
neeessary for more precise verification of these obser-
vations. In our case, the potential interactions were
hampered by the low Se uptake by the analyzed plants.
For other elements determined in our experiment, i.¢.,
Cd, Mo, Ni, and Pb, no significant interrelationships
were indicated by the linear regression analysis.

Summarizing the results. we can conclude that low
Se content in soils, together with their low plant avail-
ability, resulted in low Se content in the aboveground
biomass of plants, regardless of location, soil parame-
ters, and Se level in the soils. The Se low content in the
plants and low Se uptake ability of these plants resulting
in the potential nisk of Se deficiency in the wildlife food
chain should be taken into account, in these and in the

@ Springer
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other Se-deficient arcas within Europe and worldwide
(Gupta and Gupta 2000; Lee et al. 1999),
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ABSTRACT

Plants are charactenzed by differing capabilities o accumulate selenium. A model small-scale field
expeniment was set up to investigate the selenium (Se) uptake by twelve different plant species growing
at an uncultivated meadow, as well as the effect of Se foliar application on the uptake of essential
elements for plants calcium (Ca), copper (Cu), iron (Fe), potassium (K), magnesium (Mgl manganese
(Mn), phosphorus (P), sulfur (S} and zinc (Zn). Foliar application of sodium sclenate (Na,SeO4) was
carvied out in two rates (25 and 50g Se/ha), and an untreated control variant was Included and the
element contents in the aboveground biomass were determined, The results showed that selenium levels
actually increased due to application of selenium where confirmed the hypothesis, that foliar application
of sekenium will lead to an increase of this clement content, depending on the plant species. The highest
Se contents were determined i Veronica chamoedrys (1052 = 0.024mg Selkg), Stellaria holosten
(0.775 = 0.064 mg Se/kg ) Galliwm aparine (0,745 £0.027 mg Se/kg) and Urtica divica (0,720 £ 0.011 mg
Se/kg) biomass whereas Cirsium arvense and Carex vesicana showed the lowest Se uptake. No symptoms
of potential Se phytotoxicity were observed at these concentration levels. Among the selenium
compounds, selenate and selenomethionine {SeMet) were the predominant ones regardless of the plant
species documenting relative low abality of plants to transform the applied selenate to the
arganoselenium compounds. Regarding the minor organeselenium compounds such as selenocystine
(SeCys2) and Se-methylselenocysteine {Se-MeSeCys) the results suggested differences in Se transfor-
mation between monocotyledoneots and dicotyledonecous plants where Se-MeSeCys exceeded SeCys2 in
monocotyledoncous and opposite pattem was observed in dicotyledoncous plants. These findings as well
as the ambiguous changes in other essential element contents in the plant bivmass needs to be
investigated in further research,

@ 2016 Elsevier BY. ANl rights reserved,

1. Introduction

that seleniium does not reduce the toxicity of cadmium and copper
to plants, They ohserved that selenite increased cadmium contents

Selenium belongs to the most important essential elements for
animals and various beneficial effects were reported for plants, as
well, For example, Hawrylak-Nowak et al, (2010} observed
increasing tolerance of Cucumis sativus plants against the cold-
induced stress after Se application. Similarly, selenium decreases
the negative effect of high temperature on Sorghum bicolor
(Djanaguiraman et al,. 2010). Among other beneficial effects of
Se improvement of Solanum tuberosum growth (Turakainen et al.,
2004) or increasing number and weight of seeds of Brasicca rapa
(Lyons et al,, 2008 ). However, Landberg and Greger (1994 showed

* Comresponding author, Fax: +420 234381801
E-miaW address: szakovadal cavez () Szikova),

bt Kcdol oz MUIDIG fenvexpbot 201601006
0098-8472(0 2016 Elsevier BAV. All nghts reserved.

In Pisum sativien roots up to 300% and selenate increased cadmivm
of Triticum gestivum shoots up to 50%. As obvious for most of the
essential elements, the effect of Se on plants is dose-dependent.
Hartikainen et al. (2000) documented induction of antioxidative
effect and enhanced growth of Lotium muitiflorum at low Se levels
and enhanced oxidative stress at the high Se levels. The plants are
able to take up selenite, selenate, and organic Se compounds such
as selenocysteine [SeCys), and selenomethionine (SeMet) via their
root system. On the contrary, selenides and elemental Se are not
plant-available {Abrams et al,, 1990; White and Broadley, 2009).
Soilless cultivation of Triricum turgidum and Brassica napus showed
better uptake of SeMet compared to the inorganic Se compounds
(Kikkert and Berkelaar 2013), Opposite pattern was observed in
soil-cultured Festuca arundinacea and Brassica napus plants where
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the soll was treated either with selenate or with seleniferous
organic materials (Ajwa etal, 1998 ), In this case, more than 80% of
the Se added as the Se-enriched organic matter cemained in soils.
Arvy (1993) documented at Phaseolus vulgaris plants that selenate
Is easily translocated from roots to the aboveground biomass
whereas translocation of selenite was very limited. The enhance-
ment of Se accumulation in Zea mays and Medicogo sativa plants
due to mycorrhizal accumulation was obsesved by Yu et al. (2011 ).

Plants vary substantially in their Se uptake and physiological
response to selenium (Terry et al. 2000), Most of the common
plants are not able to accumulate more than 25 mg Se/kg of dry
matter in the aboveground biomass. These plant species belong to
so-called non-accumulators usually intolerant to the elevated Se
contents in the environment (White et al, 2007). Although
Portulaca oferacen belongs to the plant species relatively tolerant to
the elevated Se contents in soil, the increase in soil Se contents
resulted in the decrease of plant growth (Prabha ¢t al, 2015),
Similarly, Hermosillo-Cereceres et al. (2013) reported reduced
biomass yield of P vulgaris grown in solution containing more than
20uM solution of selenite. Selenium in plants is bound into
various compounds where sulfur is replaced by selenium, such as
SeCys and SeMet {Ng and Anderson, 1978; Ellis and Salt, 2003). As
an example of the complexity of Se metabolism in plants following
biochemical process can be presented: SeMet can be synthesized
from SeCys via three-step reaction catalyzed by three enzymes, The
first one is cystathionine-y-synthase binding SeCys to o-phos-
phohomosernine resulting in Se-cystathionine, In the second step,
Se-cystathionine is transformed to Se-homocysteine with help of
cystathionine-b-lyase. In the end, Met-synthase is responsible for
transformation of Se-homocysteine to SeMet (Pllon-Smits and
Quinm, 2010), Other frequently occurving organic compound, Se-
methylselenocysteine {Se-MeSeCys}is synthesized from SeCys in
the presence of selenocysteine methyltransferase, This compound
is typically present in Se-fortified selenium accumulating plants
whereas in non-accumulating plants treated by selenate the
predominant Se compound in plants is again selepate (de Souza
et al, 1999; Freeman et al.. 2007).

Selenium Is characterized by narrow range between essential
and toxic levels in animals, Therefore, the cases documenting
either selenium deficit or overdose of animals are relatively
frequent (Terry et al, 2000). The regular consumption or the diet
containing more than 1 mg Se/kg of the dry matter can result in
chronic poisoning of animals; the diet containing 1000 mg Se/kg of
dry matter can be lethal {Rosenfeld and Beath, 1964; Wilber, 1980).
The response of Se application on the contents of this element in
plants was widely investigated in crops suitable for human
consumption (Rahman et al, 2015; Golob et al, 2015; Hermositlo-
Cereceres et al, 2013: Mechora et al, 2011: Mahmud et al., 2010) or
animal feeding {Bafuelos and Mayland, 2000; Seppaenen et al.,
2010). However, the information concerning the fate of Se in
wildlife plants potentially available for wildlife herbivores are
limited. According to Zikovd (2014) the pasture for horses
collected at different places of the Czech Republic was Se-deficient
and the animals reached the physiological Se levels in blood only
due to Se-fortfied commercial feed additives, The Information
concerning interactions of selenium with other essential macro-
and microelements in plants (except sulfur) are limited, as well. On
the contrary to the essential elements, the interactions between Se
and risk clements such as As, Cd, and Pb were more intensively
investigated (Duan et al., 2013; Hu et al, 2014; Yathavallla and
Caruso, 2007). Therefore, the main objectives of this study were (1)
to assess the response of selected grassland plant species on foliar
application of Se as affected by Se dose and plant species: in this
context, relatively wide range of Se contents in different plant
species growing at one location were observed by Sasmaz ot al
(2015) and the differences among the individual plant species were

expected on our study, as well: (i1} 1o compare Se¢ transformation
ability of the individual plant species; (ili) to estimate potential
effect of increasing Se uptake by plants on the uptake of other
essential elements by these plant species.

2. Material and methods

2.1. Experimental design and sampling

At the Humpolec location, an uncultivated meadow was
selected, where three subplots {25m® each) were marked out
between 49°33.42'N, 15°21L06'E, and 49°33.46'N, 15 21.02°E. The
bedrock is based predominantly on paragleyis, the soil type is
gleyic Cambisol, the texture is loam. The natural pseudototal (Aqua
regla soluble) Se contents in the soil at this area were monitored in
our previous study (Szakovd et al, 2015). Water solution of sodium
selenate (NaySe0,) of the analytical grade purity was applied to
each subplot at the beginning of the stem elongation as follows: (1)
C—untreated vanant (control); (ii) Se 1—the S¢ amount corre-
sponding to the rate 25g Sefha: (i) Se 2—the Se amount
corresponding to the rate 50g Sefha. Representative samples
(=23 g)of the aboveground biomass of the individual plant species
occurring at all the tree subplots from each subplot were randomly
harvested in the flowering stage [ie. =four weeks after Se
application). The harvested biomass of plants was gently washed
with deionized water, freeze-dried and finely ground by using of
the laboratory mortar (Retsch SM 100, Germany) and kept at the
dry place until the laboratory analyses, The plant species sampled
were: Holcus tanatus L and Alopecurus pratensis L (Poaceae), Carex
wesicaria L, (Cyperaceae), Galium mollugo (L) Scop. and Gelium
aparine L. (Rubiaceae ), fjuncus effusus L. (Juncaceae), Chaerophyilum
temudum L. (Apiaceae), Cirsium arvense (L) Scop. (Asteraceae),
Ranunculus  repens L. (Ranunculeceae), Veronica chamaedrys
L. {Verenicaceae), Stellaria holostea L. {Silenaceae), Urtica dioica L
(Urricaceae),

The composite samples of soil (depth 0-25 cm) were collected
ateach subplot together with the plant samples. Soll samples were
dried at 20°C, ground in a mormar, and passed through a 2-mm
plastic sieve, The pseudototal (Le. Aqua regia soluble} contents of
investigated efements in the soil are summarized in Table 1.

22. Analvtical methods

2.2.1. Determination of total element contents in plants and soils
For determination of element contents in freeze-dried and
homogenized aboveground biomass of plants, an aliquot (500 mg
of dry matter) of the plant sample was weighed in a digestion
vessel, Concentrated nitric acid (8.0mL) (Analytika Lrd.. Czech
Republic), and 30% H,0; (2.0 mL) (Analyrika Lid.. Czech Republic)
were added, The mixture was heated in an Ethos 1 {MLS GmbH.

Table |

The pseudorotal contents of Ivestzated elements in soll [mgkg) accoading (o the
indvidual subplots determined after harvest of the planis: The averages anarked by
the same ferter did not significantty differ at p < 0.05 withen indlividaal codumns:
data ace peesented as iean = standard deviaton, p-1.

Treatment L 2 Ca Cu e 13

C asre 278 9.8 222244 59784
Se1 a4t 2158 LAY 229064 s502°
Se2 0.485* 2104 170 23715% ang’

Mg Mu P 5 n

C 4458 233 4184 453* 58.5*
51 4335* 248* 380" I 55.24
Se2 any? ne" et e LYAR
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Germany) microwave assisted wert digestion system for 30 min at
220°C. The pseudototal concentrations of elements in the soils
were determined in the digests obtained by the following
decomposition procedure; Aliquots (~05g) of air-dried soil
samples were decomposed i a digestion vessel with 10ml of
Aqua Regia (i.e. nitric and hydrochloric acid mixture in a ratio of
1:3). The mixture was heated in an Ethos 1 {MLS GmbH, Germany)
microwave-assisted wet digestion system for 33min at 210°C,
After cooling. the soil and plant digests were quantitatively
transferred into a 25 mL glass tube, topped up by detonized water,
and kept at laboratory temperature until measurements were
taken,

Se content in the plant and soil digests was measured by
inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7700x, Agilent Technologies Inc., USA}. The auto-sampler ASX-500,
a three channel peristaltic pump, and MicroMist nebulizer
equipped the ICP-MS. Inductively coupled plasma-atomic emission
spectrometry (ICP-OES. Agilent 720, Agilent Technologies Inc.,
USA) equipped with a two channel penstaltic pump, a Sturman-
Masters spray chamber and a V-groove pneumatic nebulizer made
of inert material was applied for the determination of Cu, Fe, Mn,
Zn, P, and S in the digests, The experimental conditions are
described in detail by Sindelarovi et al. (2015), Flame atomic
absorption spectrometry (F-AAS, Varian 280FS, Vanan, Australia)
was used for Ca, Mg. and K determination in the digests.

For quality assurance of the data SRM NIST 1547 Peach leaves
was applied. This material contains 0.120 = 0.009mgkg ' Se,
15600 1 2000mgkg ' Ca, 3.7 L 04mgkg ' Cu, 218 = 14mgkg '
Fe, 98 =3mgkg ' Mn, 24300mgke ' K, 4320mgkg ' Mg,
1370mg kg ' P, 2000mgkg ' S, and 1792 04mgkg ' Zn. The
obtained results were 0.125 £ 0.008 mgkg ' Se, 15324 - 528 mg
kg ' Ca. 36 =00mgkg ' Cu, 21511 mgkg ' Fe, 93 £ 7mgkg '
Mn, 24285 L 544 mgkg 'K, 4338 £ 29mgkg ' Mg, 1363 L2dmg
kg ' P 1962 £48mgkg 'S and 172 £08mgkg ' Zn.

2.3. Selenium speciation in plants

For speciation analysis only Se2 treatments were analyzed and
eight plant species were chosen for this analysis: four mono-
cotyledoneous species (). effusus, H. lanatus, C. vesicaria, and A.
pratensis) and four dicotyledoneous species (V. chamaedrys, U.
dioica, S. holostea, and K. repens). The samples were extracted by
enzymatic hydrolysis as follows: 0.5 g of the sample was exposed
to 25mg of protease XIV (Sigma-Aldrich, Japan) and 10mL
20mmol/L  tris-(hydroxymetyl)-aminomethan (Fluka. Buchs,
Switzerland) solution buffered (pH=735) by HO (Suprapur®,
Merck, Darmstad, Germany) in polyfluor tube for 23 h at 37°C
under continual shaking. The reaction mixture was than centri-
fuged at 15000rpm and 5°C (Sigma 2-16K centrifuge, Sigma
Laborzentrifugen, Osterode, Germany). filtered through 045 pm
syringe Nylon filter (Whatman, United Kingdom) and analyzed.

The chromatographic system consisted of a high pressure pump
Series 200 (PerkinElmer, Shelton, USA), a degasser, a Rheodyne
9010 sampling valve (IDEX Health & Science LLC, Rohnert Park, CA,
USA), and an analytical column PR-C8 (Purospher STAR-C8e,
250 « 46mm, 5pum, Merck), ICP-MS detection was performed
with an ELAN DRC-e (Perkin Elmer Concord, Canada) equipped
with a concentric PTFE nebulizer, a cyclonic glass spray chamber,
and a high efficiency quartz torch. Measurement conditions were
described in detail in our previous study (Sindeldrova et al, 2015),
The standards of the selenium species selenate (SeVl), selenite
(SelV), SeMet, selenocystine (SeCys2) and Se-MeSeCys were
obtained from Sigma Aldnich (Steinheim, Germany). Selenoethio-
nine (SeEt) was purchased from Santa Cruz Biotechnology (Dallas,
USA)
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2.4, Staristics

The analytical data were processed using Microsoft Office Excel
2007 and Statistica 12CZ statistical software. One-way analysis of
variance (ANOVA) at a significance level of o = 0,05 followed by the
Tukey's test were applied to the data.

3. Results and discussion
3.1. Uptake of selentum by individual plant species

Table | summarizes the pseudototal element contents in the
soils varying between 0.476 and 0.578 mg/kg and confirming low
soil Se levels comparable to low selenium levels in various
European countries. For example, soil Se concentrations in Se-
deficient North European countries were found in the range of
0.42-0.57 mg/kg Se {Gupta and Gupta. 2000). The results also
indicate that the Se application did not affect the soil Se contents
but the high vartability of the results do not allow to assess the
impact of selenization on the soil Se levels. However, the results
also indicated relatively high variahility of the element contents
such as Cu, Mn, P, and S among the plots, as well, These differences
should be taken into account in the case of evaluation of the
differences these element contents in plants.

The Se contents in plants confirmed (i) differences among the
selenization response of the individual species, (ii) increasing plant
Se content with increasing Se rate, and low Se levels in untreated
species confirming that no potential Se accumulating plant species
occurred at the experimental plot (Table 2). The Se contents in the
untreared plants were close to the detection limit 0.007 mg/kg in
most of the species where only C. vesicaria and G. mollugo showed
detectable Se contents, Le. 0.016 and 0.31 mg/kg. respectively
(Table 2), These values are comparable to the native Se contents in
plants growing in the uncontaminated soil within the Europe.
Lacarusu et al. (2012) monitered the Se levels in plants growing in
the Se-deficient soil with an average value of 0.268 mg/kg, The
average selenium content in the fodder plants at the investigated
location was 0,019 mg/kg. De Temmerman et al. (2014) surveyed
hundreds of soil and crop samples in Belgium for total Se contents
where theSe contentsin the soils were low( range 0.14-0.70 mg/kg).
The Se contentsinedible parts were dependent on plant species  for
example, the vegetables within the genera Allium and Brassica
tended to slightly higher Se accumulation ability) and varied in
relatively wide range (the Se contents in more than 180 samples of I.
aestivum varied between 0.004 and 0303 mg/kg). In our set of
samples, however, no species representing Amanyilidaceae and/or

Table 2

The total contents of selenium | 1 abeveground biamass of ivestigated plant speces
(mg/ky) according to the individual subplots: The averages marked by the same
letter dicd pot significantly differ & p < 0.05 within individual rows; data are
presented as mean + standand deviation =3

Plant species C (ma/kg) Se | (mg/kg) Se 2 (myglky)
Molcus lanatis <ooo? 0377 0.399"
Carex veskaria 0.016* 03 0633
Gallium molkego 003" nzh 0.608°
Chaeroplyiurme cemudam <0007 047 0.468¢
Cirsfem arvense <0007 0.094* 11.256%
Alopecinis pratensis <0007 0.183% 0512
Romunculus repeny <0.007" o146" 0553°
Veroniva chamaoadrys <0007 0447 1L.052¢
Stellania holostoa <0007 0297 0,775
Urtkca divica <0007 o720 0712%
Jumcus effusus <000 o.1o2® 0273
Gallivm aparine 000 620" 0.745°
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Brassicaceae families occurred at the experimental site. Low Se
uptake was also documented by Anjum et al. [2015) in the specific
case of the Se contents in Lolivm perenne growing at the extremely
contaminated soil {total soil Se content 28,5 + 3.7 mg/kg) reached
up to 4.5 mg/kg in shoots.

Among the selenized plants, most of the species except H, lanarus
and U, divlca (Table 2) showed stepwise increase of Se content with
increasing Se dose. In the mentioned two species, the selenization
resulted in the significant increase of Se content compared to
control but the higher dose (50 g Se/ha) did not lead to significant
increase of plant Se content compared to the dose 25 g Se/ha. For
instance, in H. lanatus the Se contents increased from < 0.007 mg/kg
ar the C subplot to 0.377 mg/kg at the lower Se dose and than
reached only 0.399at the higher dose although the applied Se
content mcreased twice. Rahman et al. (2015) investigated the
response of Lens culinaris on foliar application of Se. They applied
total of 40g/ha of Se as potassium selenate and seed Se
concentration increased from 0.201 to 2,77 mg/kg, without any
effect on seed weight and seed yield. Any of the plants tested in this
study did not reach such high Se levels and proved that these species

Table 3
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are not Se accumulators. The highest Se content exceeding slightly
1 mg/kg was determined in V. chamaedrys (Table 2). The results
showed different Se uptake rate by the individual plant species even
within one genus as can be documented by a companison of Se
uptake by G mollugo (0,031, 0270, and 0.608 mg/kg at C, Sel. and
Se2 subplots, respectively) and G. aparine {0,007, 0,620, and
0.745 mg/kg at C, Sel, and Se2 subplots, respectively). Similarly,
apparent differences were ohserved for plants belonging both into
Poaceae family, H. lanatus and A. prarensis, where the Se contents at
the Se2 subplot were 0,399, and 0.512 mg/kg, respectively, Sors et al,
(2009) explained the differences in Se accumulation ability
between Se-hyperaccumulator Astragofus bisulcarus and the non-
accumulator A, drummondil by the different biochemical processes
of both plants demonstrated as the different activity of selenocys-
teine methyltransferase in vitro, These biochemical differences
result in different abundance of Se compounds in plants. In our
study, no contrast accumulating vs, non-accumulating plants
occurred, However, detailed study of the biochemical processes
in the individual selenized plant species could be helpful for the
interpretation of the results as well as the determination of the

Thee 10aal contents of macro-and microelements (n aboveground Yionass of investigated plant speoes (mg/ke) according to the Indvidual subplots: The averages marked by
the same letter did not significantly differ at p < 0.05 within individual rows and elements: data are presented 2 mean = standard deviation, n= 3.

Plant species Ca (il fe

Cimglkg) Sel(mgkg) Seldlmgkg) Clmghke Sel(mgkz) Se2(mgkg) Cimgkg) Sed(mglhkg) Se2{mghky)
Holeus Mates 2699° 1945° 2655 209 2977 264 3.7 04t 338
Carex vesicaric 3422* 19807 33514 537 ERTS 519% 51.3¢ 196" Q4
Callinm motlugo 81385 638 6216 572 324 1004 9.4 32.2* 228
Chaevaphpllum templum — 22147* 13794° 19004 283 380" 357 sU* G24* 805
Cirsiunt arvense 18512* 18114° 2102 125* 125* nx* 39.8¢ 444° 5722
Alopetunss protensis 15567 1683 n 438 175° 37 56,7 st 2.9
Ranuncufus repens 9084* 8471° 842¢* 9.774 857 G74 276 5.5 415
Veranica chumoedrys 80934 s453® 84459 4.95° ey 5.95° 68,44 813 7674
Seellaria hofostea 4304* 2471* 3518* 310" 207 352 443" 58,5 a3
Urtica dicea 19504* n519* 17380° 7517 133 6a91* s2.00" st 64.6"
Juncirs effustes 1551* 1099 1359° 529" 623 502 2504 214" 153
Callim aparine 7125* 8874 9oq2* 3,35 204* 139 232 219 5.9
Plant specles X Mg Mn

Cimgkgl Se )t imafkgl Se2(mgkz) Clmekgl Se ) mwkg) Se2imgkgl Cimakg)  Se t (mgkg)  Se 2 (mg/ke)
Holcus lnetws 10522* w7 14247% 13284 009" nsm* 212" 155¢ 169
Carex vexkoaria 17964* 22838 23074* 2ame 185t 1I8s* 144" nM 88,7
Galligm motlugo 16534 919" 16863 1993 1507* i 6.0 43)* 6.9
Chaerophy¥um cemudum— 13546" 21508 2024 44617 3889° 4202 816* 413" 920.5¢
Cirsaun arvense 21201* 26405" 17307 5026* a7 5975 aL5* 413 288"
Alopecunus pratensis 12256* 13003" 13249 1344 ags" G3HF 0.6 68 3.6"
Ranuncifus repens 187172 135064 1078" 3983* 261 2340 125% 45 “.8%
Vevanicn chamaedsys 17262* 227907 18347* 3158 3261* 274" 456* s2.3* s1.2*
Seellarin hofestea 10359°" 9756 15928° 18114 1402 1957% 0,14 80.5* 2t
Urthou dicden 18610¢ o067 188614 A266% 45554 4to1" 54.7% 7.2 124
Juncrs effusis 8579 8947 75007 850 a1 T26¢ 146* 21 135
Gallium oparine 19885 20100* 19565* 1392* 1476 2647 59,2* 65.6* 150"
lant species r 5 n

Cimg/kgl  Se !l imghkg)  Se2 (mg/kg)  Clmgikg!  Se Vimgkg)  Se?2 tmg._lkgl Clmg/kg)  Se | (mg/kg)  Se 2 {mg'kg)
Haolcus daniaties 2023° 15n°* 1707* 20 1325° 2008* 238 135" 170°
Carex weskania 1259° 966" 9P 4598" 3162* 3006 3564 189" 249
Collium mtkugo 2164* 1704* 15297 1865 1433 1338* 2.7° 127 15.1*
Ohaerophplium temulum 1397° 3* 2283* 3558% w267 3758% 7 268" 10.6°
Cirshum arvense 1747* 18924 1747 78924 P2V 6108Y 296" Ny 26.74
Alopecunss pratensis 1414 98¢ 935 1419* 160" 716° 2024 143 9234
Rununcufus repens 2057 1982* 1576* 2102 1680° Mas* EER R B 154"
Veranicy charmoedrys 712 2367° 1596* 2457 3637" 2321° 202 s %7
Seellarin hofestea 140 1246° 2161* 134* 2083" 783¢ 3544 198" 448¢
Urtica dicica 2263* 1370" 2447 3246% 1147 s090* 165 124 275%
Jumeus effusies 929 10564 858 1384* 15474 13394 2700 5.7 254
Calliim aparine 1557 s 1756" 1458 noo* 1915" a53* a3g? 35.00
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individual Se compoundsin these plants. Filek eral.(2010) observed
higher Se uptake ability of the dicotyledoneous plants compared to
the monocotyledoneous because of higher permeability of mem-
branes. In our case, however, the set of sampled species (among
them, 4 species belong to the monocotyledoneous and remaining
8 species to the dicotyledoneous) is insufficient for reasonable
statement in this case. Although the plant demonstrating the
highest Se accumutation ability, V. chamaedrys reaching 1.05 mg/kg
of Se( Table 2), belong into dicotyledoneous, for the other species no
unambiguous trend was observed. White et al. (2007) documented
that most of the common plants are characterized by the low
tolerance to increased Se levels and are not able to accumulate more
than 25 mg Se per kg of dry matter. Moreover, no visible symproms
of the potential Se phytotoxicity were observed,

3.2. The effect of selenization on the uprake of other essential elements

The Table 3 show vanous changes in the contents of other
investigated efements in the plants indicating possible interrela-
tnonships between Se and other essential elements. The only
exception is C. vesicaria without any significant changes in
essential element contents with increasing Se dose. Among the
elements, the relationships between selenium and sulfur were
most frequently studied because of chemical similarity of these
elements. Relatively complex interrelationships of Se and S in the
thizasphere of Arabidopsis thaliana was described by White et al.
{2004, They observed that rhizosphere sulphate inhibits selenate
uptake whereas rhizosphere selenate promotes sulphate. Thus, the
potential Se-S mobility and piant-availability in soil are affected by
the element forms and/or Se-S ratlo in the soils. Morcover,
interactions of these elements are expected within the plant
biomass, as well. Se and S showed competitive relationships for a
biochemical process, such as assimilation into amino acids of
essential proteins, Antagonistic interrelationships of these ele-
ments in plants were described also by Dhillon and Dhillon {2000,
In our case, no significant changes in plant S contents were
observed in G. mollugo, R. repens, U, dioica, and C vesicaria,
Although the S contents in the remaining plant species varied
(increased or decreased) significantly among the individual Se
treatments, they did not reflect clearly the Se application rate,
However, the mobile Se concentrations as well as the plant-
available Se compounds in soil were not determined being under
detection limit of the analytical technique. Moreover, variability of
soil S at the experimental site (although the total S is not clearly
related to the plant-availability of this element) should be also
taken into account.

The behavior of other investigated essential elements was
variable, as well. Among these elements, the less affected one seems
to be iron, At the fower Se level no significant effect on Fe content was
reported and at the lugher Se value the significant increase of Fe was
observed in LL dioica and G, aparine (Table 3 ), Ambiguousresponse of
various essential elements on the Se application was reported by
several other authors. Dhillon and Dhillon [ 2009) investigated the
effect of elevared Se content in various crops on the uptake of other
essential elements, The crops were cultivated in highly Se-
contaminated soil containing from 2.8 (o 43 mg Se per kg in the
surface layer (0-15cm), The Se contents in crops were crop-
dependent and reached up to 200 mg/kg in leaves of B. napus. Except
for S and P where significant positive correlations were calculated,
contents of other nutrients (Zn, Cu, Mn and Fe) were not
significantly affected by variations in the Se content of plants.

Presumably, the changes of the contents of individual essential
elements are related to the particular biochemical processes of the
individual plant species. The application of 25 g Se/ha resulted in
significant decrease of Mg contents (compared to the C treatment )
in 5 species whereas for the dose 50g Sefha in 3 species. For

instance, the Mg contents in C vesicario dropped down from
2171 mg/kg at the C subplot to 1185mg/kg at the Sel subplot.
Similarly, the Mg contents in A, pratensis varied between
1344 mg/kg at the € subplot and 630mg/kg at the subplot Se2.
These findings correspond to the results of Hartikainen and Xue
(1999) and Hartikainen et al. (2000} documenting the adverse
effects of Se, such as chlorosis, indicating supressed photosynthetic
activity and therefore decreased Mg content in plants. However, in
the cases of C. temulum,C. vesicaria, C. arvense, and A. pratensis
(Table 3) the Mg contents decreased after application of 25 g Se/ha
and again increased after application of 50g Se/ha (in C.vesicaria
from 1185 mg/kg at Sel to 1385 mg/kg at Se2 subplots, respective-
Iy ). These findings suggest that the plants mobilised their defence
mechanisms against the potential Se toxicity. In this context, the
changes in Fe, Cu. Mn, and Zn could be connected with the
potential changes in the activity of antioxidative superoxid
dismutases, These considerations are speculative because the
activity of plant enzymes wese not determined but these elements
are connected with superoxid dismutases activity and increase of
element levels can indicate the increase of the appropriate
enzymatic activity (Fridovich 1995; Bannister et al,, 1991; Alscher
and Hess 1993) In our experiment, the Cu and Zn contents
increased together in C. remufum, and U, dioica {1able 3). In other
plant species either Cu or Zn increased or the both clements
showed opposite pattern. For manganese, the plant contents
tended more to decrease with increasing Se dose. The low
alterations in plant Fe contents suggest that (i) the activity of
Fe-superoxid dismutase remained unchanged because specific
dismutases are related to the specific oxidative stress (Tsang et al.
(1991, or (it} chloroplasts were not subjected to the oxidative
stress. Moreover, various enzymatic systems can be included into
the biochemical response of plants on the oxidative stress.
Hartikainen et al, (2000) demonstrated superoxid dismutase
activity with increasing glutathione peroxidase {GSH-Px) activity
in young plants of L multiflorum. The authors assumed that Se-
evoked decreased activity of superoxid dismutase indicate lower
amounts of superoxide radicals due to the higher activity of GSH-
Px. Xue and Hartikainen (2000) investigated the potential
synergistic effect of Se supplementation and UV-irradiation in
plants, This effect was apparent at lower Se levels where the
activity of GSH-Px and catalase increased whereas ascorbate
peroxidase decreased. However, the behavior of other enzymes
such as glutathione-S-transferase and superoxide dismutase was
plant-specific. The changes in the plant enzymatic activity (and
subsequently the microelement contents in the plant tissues) can
result from other antagonistic interrelationships of the elements,
as well. For example, Van Camp et al, [1996) observed that
increasing Fe-superoxid dismutase activity in chloroplasts can lead
to decrease of Cu and Zn dismutases, The contents of remaining
macronutrients (Le. Ca, K, and P) in plants were altered in several
cases, as well, However, the changes were not unambiguous, As
documented by Filek et al. (2010), decreasing K contents in B. napus
and T. aestiviem plants can indicate the role of potassium in the
regulation of osmotic pressure in the cells. Calcium can play the
role in rebuilding of the cell membranes harmed due to potential
Se toxicity (Filek et al., 2010; Guerrero et al., 2014). Inour case, only
inC. temuium and V. chamaedrys (Table 3) the Ca contents increased
with Increasing Se content indicating that the Se rates in our
experiment did not lead 1o the damage of cell membranes.
However, these speculations should be supported by more
targeted further research, Phosphorus is involved in many
biochemical processes in plants such as the transport of energy,
and is bound into many essential molecules such as nucleic acids
and phospholipids, but these processed are not directly connected
with the uptake and transformation of sefenium. In our case, the
results did not indicate any changes connected with the changing
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Se uptake by plants. Moreover, the substantial variability of the soil
I’ contents at the investigated location [ Table 1) can affect the plant
P contents, as well.

3.3, Selenium compounds in the individual plant species

The results of the determination of individual Se species in
aboveground biomass of plants are summarized in Table 4. The
sample extraction via enzymatic hydrolysis released between
25 and 90% of the total Se content in plants, Total 10 different
species were observed, but only 4 of them were identified, Sevl,
SeCys2, Se-MeSeCys, and SeMet. The typical chromatograms of the
Se species in two selected plants, H. lanatus and V. chamaedrys, are
presented In Fig. 1. Concerning the minor unidentified species,
their abundance in the total Se content in the extracts did not
exceed 6%, Fiche et al {2015) compared the Se uptake and
speciation in Triticum aestivum and Brassice juncea growing in Se-
rich soil. They found high proportien of selenate in I. aesrivum and
B. juncea leaves (47% and 70%, respectively) as the result of the
inability of the plants to completely transform selenate to non-
toxic arganic forms under extremely high soil Se content. However,
dimethylselenide and  methylselenocysteine (MeSeCys) were
identified in different parts of both plants, indicating an active
detoxification response of plants to high Se uptake. Se species
determined by using ion pair reversed phase HPLC-ICP-MS in
biofortified grains (Le. T aestivum and x Tritlcosecale) were
distributed into SeMet (76-85% ) and selenomethionine selenoxide
{51-60%). respectively (Kirby et al. 2008 ), In our case, selenate and
SeMet were the predominant compounds in plants regardiess of
the plant species confirming only partial transformation of the
applied selenate to the organoselenium compounds in the
selenized plants.

Although only limited number of plant species were analyzed,
the results suggested differences in the abundance of minor Se
species, SeCys2 and Se-MeSeCys between monocotyledoneous and
dicotyledoneous plants (Table 4), The occurence of vanous minor
organoselenium compounds was documented by many previous
investigations. Kapolna et al (2000) applied HPLC-ICP-MS for
determination of Se compounds in proteolytic extracts of the
Daucus carota roots and leaves treated by foliar application of
selenite and selenate. Besides of the inorganic Se present in both
roots and leaves they identified SeMet in both roots and leaves and
c-glutamyl-selenomethyl-selenccysteine { c-glu-MeSeCys) in roots
regardless of the compound applied. Similarly, c-glu-MeSeCys,
SeMet and Se-MeSeCys were wlentified in the proteolytic extracts
of Allium cepa (Kapolna et al. 2012). However, the potential
differences between Se transformation processes in monocotyle-
doneous and dicotyledoneous plants were not systematically
imvestigated and compared. Our results indicate different response
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of various terrestrial plant species and the elucidation of the
principles of the Se transformation on different plant species still
remains for further research.

4. Conclusions

Both Se application rates resulted in significant increase of the
Se content in plants where the response on Se treatment was
affected by the plant species. The highest Se contents were
determined in V. chamaedrys {1,052 £ 0.024 mg Se/kg) and U, dioica
(0720 £ 0011 mg Selkg) biomass whereas C arvense and C.
vesicaria showed the fowest Se uptake. Thus, the increase of the
V. chamaedrys rate in the plant community of the selenized pasture
areas can lead to the more effective biofortification of the roughage
for ruminants but only in the mixture with the less accumulating
plant species. The sefenium speciation proved differences in the |se
transformations among the individual plant species, especially in
the case of SeCys2 and Se-MeSeCys. Although the results of the
other essential macro-and microelements tended to change with
increasing Se application rate, this study did not allow to express
unambiguous conclusions conceming the potennal inter-element
interactions in the selenized plants. However, these aspects could
be taken into account for further more detailed investigation.

The potential variability of Se uptake by the plant species
growing in different climatic and soil conditions as well as the
stability of the Se contents during several vegetation periods needs
to be documented in further research. Moreover, the investigation
should be targeted to the detailed description of the trans-
formations of the Se compounds In future. The more detailed
investigation of mter-element interactions in plants needs to
emphasize their role in the plant biochemical processes. For better
understanding of the Se metabolical processes in individual plant
species the detailed determination of the antoxidative enzymes
activities is necessary in further research to differentiate more
clearly the Se proportion involved into the antioxidation activities,
In this context, the relationships between Se transformation within
the individual plants and related plant enzymatic activity should
be investigated in further research, Moreover, other aspect
remaining for the further research should be the metabolism of
lipides where the saturation of lipides seems to be one of the plant
defence mechanisms against the oxidative stress (Djebali et al,
2005). As observed by Filek et al, (2010), high Se doses caused
saturation of lipides and subsequently in the increased membrane
stiffness resulting in a smaller membrane permeability leading ro
the decrease in the accumulation of micro- and macroelements in
plant biomass. Although no direct interrelationships between Se
and other essential elements were observed in our case, the role of
lipid metabolism could bring a new knowledge of Se roie in the
plant orgamsms.

Table 3

The contents of indrvidual Se compounds in plants (gL
f tmin) 198 242 iz 383 400 425 4% 577 LA W20
Species Sevi SeCys2 Se-MeSeCys SeMet
) effusus M 2.0 21 226 . 17.3 ’ ’
H lonutus M 140.2 22 378 ! 34 1340 38 45
& wsioaria M 2505 40 135 2 1075 , v
A, pratensts M 163 mns 148 y A6 1219 y 55
V. cramaedrys n 1343 349 45 . ’ 1241 ’ 16
U diowce o amna 46 50 : % 5.7 10 =
3. holastea 0 1461 2803 235 ¢ e 120 58
K repens n 438 ey i5 "2 1761 ’

Data under detection bmit (DL DL« Ot pg/L Se in the extract, Lo 2 pglkg Se in sample.

M. .. monocotyledoneous plants, D . . dicotyledaneous plants.
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Fig. 1. An example of typical chromatogram of seleaium species. A—Hodous domarus, B—Vivonico chamopdrys, 1-SeVI, 2-SeCys2, 3—5e-MeSeCys. 4. 5.7, S—unknown specdes,
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A model small-scale field experiment was set up to imvestigate schenium (Se) uptake by four different varieties of broccoli
plants, as well as the effect of Se foliar application on the uptake of essential clements for plants caleium (Ca), copper (Cu),
ron (Fe), potassium {K). magnesium (Mg), manganese {Mn), phosphorus (P), sulfur (S). and zine (Zn). Foliar application of
sodium selenite (NaySeOy) was carried out at two rates (25 and 50 g Se/ha) and an untreated control variant was included,
Anilyses of individual parts of broccoli were performed. whereby it was found that Se in the plant accumulates mamly in
the flower heads and slightly less in the leaves, stems, and roots, regardiess of the S¢ rate and broceoli variety. In most
cases, there was a statistically significant increase of Se content in all parts of the plant, while there wits no confirmed
systematic influence of the addition of Se on the changing intake of other monitored clements, Selenization of broceoli leads
to an effective increase in the Se content at a eate of 25 giha, whereas the higher rte did not result i a substantial increase
of Se content compared to the lower rate in all varicties, Therefore, the rate of 25 g/ha can be recommended as effective
produce broceoli with an increased Se content suitable for consumption. Morcover, Se application resulted in an adequate
increase of the main organic compounds of Se, such as selenocystine (SeCys2), selenomethionine (ScMet), and Sc-
methylselenocysteine (Se-MeScCys).

Kevwords: sclenium; broceoli varieties; supplementation; sclenocysting; selenomethioning; Se-methylselenocysteine

Introduction insufficient uptake of Se. Although m the Czech
Sclenium (Se) is an essential trace clement that is impor- Republic the Se status has increased due 1o human dictary
tant for humans and animals. lts main physiological func- supplements and/or Se supplementation of livestock feed-
tion relates to the fact that Se is included in the enzyme  Ing mixtures, the Se levels in blood serum indicate a
glutathione peroxidase, which is responsible for removing deficit (Kvicala 2003: Sager 2006).

excess peroxides and free radicals from the cells, which The positive effect of Se¢ in plants has also been
prevents the formation of malignant tumors. Another described. Se supports the plant response to oxidative

stress, slows down the ageing process. and improves the

essential feature 15, for example, S¢'s impact on the 5 4 . ;
quality of crop production. For instance. Se prevents the

immune responses and maintenance of adequate levels of

thyroid hormones. Thus, Se belongs to the elements with decrease of tocoferol content during the ageing of lettuce
wide spectra of beneficial health cffccts, such as providing (Lacriuca sativa) leaves, increases the yield of potato
a decrease in the incidence of cancer. prophylaxis of tubers as well as the starch content, ete. (Xue et al,
cardiovascular discases, therapy of particular muscle dis- 2001, Tumkaipcn ct al. 2004). Plnn.ls arc able to take
orders, and delay of the onset of AIDS in HIV-positive up Se as sclenite. selenate. and organic Se compounds as
patients (Hatficld 2001; Hatfield et al. 2014). Se belongs SeMet and sclenocystene (SeCys), whereas clemental
1o the ubiquitous soil elements, but soil physicochemical Sc-as well as metal selenides are unavailable (White &
parameters, the ability of the plant species to accumulate Broadley 2009). While sclenite is retained in roots, sele-
Se. and particular environmental conditions can atfect its nate is more casily transported to the aboveground bio-
contents in crop production (Mehdi et al. 2013 The Se  mass (Liu et al. 2009) and sclenates are up to 20-fold
content of various dicts differs significantly depending on more plant-available compared to selenite (Bitterli ct al.
the food items. and to a greater extent on the geographical ~ 2010). Within the plants, selenates are metabolised pre-
origin and respective soil Se comtent (Kieliszek & dommantly 1o SeMet, the main Se compound in plants
Blazejak 2013). According to Dhanmasena (2014), about (Sunde 2001). SeMet can be further metabolised o Se-
15% of the world’s human population is hampered by methylselenomethionine (Se-MeSeMet), which in wrn is

*Comresponding author. Emanl: szakovaaalcau.cz
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converted to Se-methylselenocysteine (Se-MeSeCys) and
y-glutamine-Se-methylselenocysteine  (y-glu-Se-MeSeCvs)
(Dumomt et al. 2006). Among crops, fruit and vegetables
rich in sugars and starch belong 1o the species with low
ability to uptake Se. On the contrary, legumes, garlic,
mushrooms. cabbage. and broccoli are chamcterised by
higher Se uptake (Giri et al, 1990; Kadrabovi et al
1997; Sager 2006). The differences in Se contents in
cereals i the different parts of the world document the
role of soil Se content and/or mobility: the soil Se contents
in Europe have varied between 0,009 and 0.034 mg/kg, in
Turkey up to 0.072 mg/kg. and in the Se-rich areas of the
USA up to 1.2 mg/kg (Kumpulainen 1993; Sager 2006).
As mentioned above, broccoli (Brassica oleracea con-
war: flalica, Brassicaceae) belongs to the craps with a
relatively high ability to take up Se, even in soils with a
low content of this element. Moreover, a substantial por-
tion of the accumulated Sc is translocated to the flower
heads (Pedrero et al. 2007). Broccoli itself contams bioac-
tive compounds such as phenolic acids and sulphora-
phanes, je. organosulfur  compounds  within  the
isothiocyanate group proven as agents inhibiting the risk
of cancer incidence (Keck & Finley 2004). Vasanthi et al.
(2009) explained that broceoli is an excellent source of
bioactive compounds. including glucosinolates and their
byproducts, phenolic compounds, antioxidant  vitamins,
and dictary minerals. Abdulah et al. (2009) and Liu et al.
(2009) observed that Se-enriched broceoli sprouts could
potentially be used as an altemative Se source for prostate
cancer prevention and therapy.  Bentley-Hewitt ¢t al.
(2014) proved that consumption of Se-enriched broccoli
may increase immune responses toward a range of
immune challenges, Therefore, the potential effect of Se
supplementation on the quality and contents of the bioac-
tive compounds in broccoli was widely investigated
including  the model animal  experiments.  Although
enhanced Se content in broccoli has resulted in effective
mhibition of colon cancer in rats, the production of phe-
nolic acids and sulphoraphanes i broccoli was inhibited
(even by 80%). Therefore. the enhancement of one of the
bioactive components can result in an imbalance of other
bioactive agents. and subsequently can result in unex-
pected metabolic interactions within the body (Finley
et al. 2000: Finley 2005: Robbins et al. 2005). Matich
et al. (2015) observed that fertilisation with Se shightly
reduced (methylthio)glucosinolates and aglycons in the
roots, but increased them in the flower heads. leaves, and
stems of broccoli, Moreover, the contents of sclenogluco-
sinofates exceeded those of their sulfur analogues in
flower heads, In contrast to mature plants, no relationship
between accumulation of Se and glucosinolates  was
observed in selenized broceoli sprouts (Avila et al, 2014;
Carvacho et al. 2014: Piekarska et al. 2014). Dictary
intake of Se-fertilised broccoli can increase serum Se
concentration by 25%, but did not affect the
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concentrations of glucosinolate metabolites in plasma
and urine compared to regular broccoli (Hauder et al.
2011).

In contriliction 1o the mteractions between organic
bivactive compounds and Se in broceoli plants, information
conceming the interactions of Se with other essential macro
— and microelements in plants is limited. Mao et al. (2015)
reported that Se. supplied either as selenate or selenite, may
improve the germination and growth of broccoli growing in
Zn-deficient soil. No substantial changes of Fe. Zn, Cu. or
Mn contents in the selenized broccoli of different genotypes
were observed by Ramos et al. (2011). Expectably. greater
attention was given to the metabolism of sulfur. because
selenate and sulfate share the initial assimilation route and
Se fertilisation could interfere with sulfur metabolism and
plant growth (Hsu et al. 2011), Hsu et al. (2011) observed
increasing sulfate and total S contents in the shoots anxd
decreasing contents of these analytes in the roots of young
broccoli plamts cultivated in sand culture where selenate
was apphied via the plant roots, Among the risk clements,
the protective effect of Se supplementation against cad-
mium-induced oxidative stress in broceoli plants has been
reported (Pedrero et al. 2008),

Among the available methods of Se content enhance-
ment in crop production, foliar application is frequently
used, although its effectvity can be influenced by various
factors, such as the growth stage of the plant, climate, Se
application technology and procedure. ete. (Aspila 2005).
Whereas no differences were observed for organic com-
pounds such as glucosinolates, tocopherols. and carote-
noids in different broceoli varicties (Renaud et al. 2014),
the Se contents in broceoli can be affected by the variety
(Farnham ¢t al. 2007), In our experiment, o small-scale
field experiment was carried out to assess (i) the potential
differences in plant response on foliar Se application
among different varicties of broccoli and (ii) 0 evaluate
and quantify the potential imbalance of the macro- and
micronutrients in selenized broceolt plants,

Materials and methods

Field experiment

For the experiment. the expenmental field of the
University of Life Sciences was used (50°740"N. 147
22'33"E, altitude 286 m a.s.|., average annual temperature
8.4°C). The soil is Chernozem with silt loam texture. a
cation exchange capacity (CEC) of 230 mmol+ kg, pH
(determined in 0.01 mol/L CaCly) 7.5. and an oxidisable
carbon content (Cox) of 2.6%. Before planting, mincral
fertiliser was applied in the rate of 300 kg NPK per
hectare. The plants were cultivated in a precise field
cxperiment (plot size of 8 * 10 m separated to 12 sub-
plots). Four varietics of broccoli were cultivated -
Heraklion F1, Marathon FI, Parthenon Fl. and Naxos



FI — where the plants were gemminated m peat-based
substrate moistened with deionised water in o greenhouse
at a temperature varying between I8 and 21°C. Five
weeks alter germination, seedlings were transferred to
field conditions. The plants of the individual varieties
were put on three subplots (16 plants per subplot) where
a completely randomised plot design  was applied.
Fungicides and insecticides were regularly applied duning
the vegetation sccording to the requirements. A water
solution of sodium selenate (Na;Se(),) of the analytical
grade purity was applied to cach variety at the beginning
of the head formation as follows: (1) Se0 — untreated
variant; (i) S¢25 — the Se amount corresponding 10 the
rate 25 g Se/ha: i) SeS0 — the Se amount cormresponding
to the rate 50 g Se/ha.

Three plants from cach subplot were randomly har-
vested in consumable maturity (e, 4 weeks after Se
application). separated to the flower heads, stems. leaves,
and roots, and weighed. The harvested biomass of plants
was gently washed with deionised water, freeze-dried,
finely ground using a laboratory mortar (Retsch SM 100,
Germany). and kept in a dry place untl the laboratory
analyses.

Analytical methods
Determination of total element contents in plants

The freeze-dned and homogenised plant samples were
decomposed in a microwave-assisted wet digestion system
with focused microwave heating (Discover SPD-Plus,
CEM Inc., USA), An aliquot (0.5 g of dry matter) of
the plant sample was weighed in a quartz-glass digestion
vessel (volume 35 mL) and 10.0 ml of concentrated nitric
acid (Amalytika Ltd., Czech Republic) was added: the
mixture was heated at maximum power 300 W, tempera-
wre 202°C. and pressure 21 bar for 8 minutes. After
cooling, the solution was quantitatively transferred to
plastic tubes, filled to 50 mL with deionised water, and
kept at laboratory temperature until measurement (Kelly
et al. 2013). For quality assurance of the data SRM NIST
1547 Peach leaves was applicd. This material contains
0,120 = 0.009 mg.kg " Se. 15,600 £ 2000 mgkg ' Ca.
37404 mgke " Cu 218 4 14 mgkg ' Fe, 98 £ 3 mg.
ke ' Mn. 24300 mgke ' K, 4320 mg ke ' Mg, 1370 mg.
kg ™' P, 2000 mgkg ' S, and 17,9 = 0.4 mgkg ' Zn. The
obtained results were 0,119 0.006 mgke ' Se,
15237 &+ 833 mgkg ' Ca, 35 + 02 mgkg' Cu
212 & 20 mgkg! Fe, 95 4+ 6 mgkg' Mn,
24,184 = 1606 mgkg ' K. 4320 = 92 mgkg ' Mg
1331 £ 34 mgke ' P 1821 = 173 mgkg' S. and
17.6 + 1.1 mgkg ' Zn. Se content in the digests was
measured by inductively coupled plasma mass spectro-
metry (ICP-MS, Agilent 7700x, Agilent Technologies
Inc., USA) wsing a collision cell to reduce potential
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mterferences (the experimental conditions were as fol-
lows: RF power of 1550V, sample depth of 8 mm, plasma
flow of 150 L min ', auxiliary flow of 09 L.min ',
helium collision cell flow of 8 L.min'). The auto-sampler
ASX-500, a three-channel peristaltic pump. and 2
MicroMist nebulizer equipped the ICP-MS. Inductively
coupled plasma-atomic emission spectrometry (ICP-OES,
Agilent 720, Agilent Technologies Inc., USA) equipped
with a two-channel peristaltic pump, @ Struman-Masters
spray chamber, and a V-groove pneumatic nebulizer made
of inert material was applied for the determination of Cu,
Fe, Mn, Zn, P, and S in the digests (the experimental
conditions were as follows: power of 1.2 kKW, plasma
flow of 15.0 L min', auxiliary flow of 0.75 L.min ',
nebulizer flow of 0.9 Lmin '), whercas flame atomic
absorption spectrometry (F-AAS, Varian 280FS, Varian,
Australia; air flow of 13.5 L min ', acetylene flow of
2.2 L min"', bumer height of 13.5 cm. nebulizer uptake
rate of 5 mL min ") was used for Ca, Mg, and K determi-
nation n the digests.

Selenium speciation in plant samples

For speciation analysis, only flower heads were chosen
where only Se0) and Se30 treatments were analysed. The
freeze-dried and homogenised samples were extracted by
enzymatic hydrolysis as follows: ~0.5 g of the sample was
exposed to 25 mg of protease XIV (Sigma-Aldrich, Japan)
and 10 mL of 20 mmol.L™" wis-(hydroxymetyl)-amino-
methan (Fluka, Buchs, Swiss) solution buffered (pH = 7.5)
by HCI (Suprapur®, Merck, Darmstadt, Germany) in a
polvtiuor tube for 23 h at 37°C under continual shaking.
The reaction mixtare was than centrifuged at 15,000 rpm
and 5°C  (Sigma 2-16 K centrifuge. Sigma
Laborzentrifugen, Osterode, Germany ), filtered through a
(45 um synnge Nylon filter (Whatman, United
Kingdom). and analysed.

The chromatographic system consisted of a high
pressure pump Scrics 200 (Perkin Elmer,  Shelton,
USA). a degasser. a Rheodyne 9010 sampling valve
(IDEX Health & Science LLC., Rohnert Park. CA,
USA) equipped with a 50 pL PEEK sample loop, amnd
an analytical column PR-C8 (Purospher STAR-CSe,
2500« 4.6 mm, 5 um. Merck). ICP-MS detection was
performed with an ELAN DRC-¢  (Perkin  Elmer
Concord, Canada) cquipped with a concentric PTFE
nebulizer, a cyclonic glass spray chamber, and a high-
efficiency quartz torch., Measurement conditions are: r.f.
power 1 400 W, nebulizer flow of (.72 L/min, auxiliary
gas flow of 1.0 L/min, plasma flow of 11,0 L/nun.
Measured isotopes were S (analyte) *Ge (internal
standard). Methan (flow 0,60 mL/min) was used as
DRC reaction gas for the removal of spectral interfer-
ences due to formation of polyatomic ions, The course of
chromatograms were monitored in steps of 1 s duration.
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The mobile phase for the chromatographic separation
consisted of 0.8 @l sodium butane-1-sulfonate, 2.9 g/l
tetramethylammonium  hydroxide (all  purchased from
Sigma Aldrich), 042 g/l malonic acid, and 1% (viv)
methanol. The pH of the solution was adjusted 10 3.0 by
adding small portions of hydrochloric acid (Suprapur,
Merck). The mobile phase was spiked by | g/L stock Ge
solution (CertiPur, Merck) to make a final concentration of
100 ug'-L Ge.

The mobile phase flow was | mL/min. The standards
of the selenium species selenate (SeVE (BioXim grade),
selenite (SelV) (BiwoReagent grade), SeMet (min. 99%).
SeCys2 (min, 98%) and Se-MeSeCys (min. 95%) were
obtained from Sigma Aldrich (Steinheim. Germany).
Selenocthionine (SeEr) (min. 99%) was purchased from
Santa Cruz Biotechnology (Dallas, USA).

Basic performance characteristic of selenium species
determination are; LOD 0.1 ng/L Se (corresponding with
2 ng/g Se in solid sample), LOQ 0.3 ng/l. Se (corre-
sponding with 6 ng/'g Se in solid sample), repeatability
11%. For more detail see our previous papers (Balan
et al. 2014; Klognerova et al. 2015). Linearnity of deter-
mination of selenium species was proven in range mini-
maly 0100 ng/L Se {corresponding with 2000 ng/g Se in
solid sample).

Startistics

The analvtical data were processed using Microsoft Ottice
Excel 2007 and Statistica 12 CZ statistical sofiware. One-
way analysis of variance (ANOVA) at a significance level
of @ = 0.05 followed by the Tukev's test were applied to
the data,

Results

Uptake of selenium and other macro- and microelements
by plants

Table | summarises the yields of the individual parts of
broccoli plants where the results documented that the
yields were not significantly affected by the Se applica-
tion. Although Se is a benceficial element for plants, toxi-
city symptoms, such as limited growth, chlorosis,
decreased protein synthesis, and enhanced oxidative
stress, can result from high Se contents in the plants
(Hartikainen ¢t al, 2000), In our case, the Se rates did
not cause any visible toxicity symptoms or other adverse
effects. Except for Marathon, the varieties tended toward
an increased yield with inereasing Se rate. More apparent
differences n plant yield were observed among the varni-
etics than among the treatments. The highest yield of
flower heads was observed for Naxos and the lowest in
the case of Heraklion, The optimisation of the foliar appli-
cation of Se is an important measure for effective
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Table | The yield of individual pants of broccoli plams (g of
fresh matter per plant) according to the individual vancties; The
wverages marked by the same leter did not significantly differ a
p = 0.05 within individual columns; if no letters within the
columnn, no significant differences were observed; data are pre-
sented as mean = standard deviation. n = 3,

Flower heads Roots
Treatment (£ Leaves (g)  Stems (g) g2)
Heraklion
Se 5700+ 136 1130 £ 521 234 £ 90 90 + 27
Se 25 562 1 164 980 £ 263 365 £ 86 127+ 8
Se 50 584+ 116 1HO8 = 128 431 £ 142 95+ 32
Marathon
Se O 624 + K3 1367 =269 435 £47 1077
Se 25 538 L K9 1473 L2406 M8 £ 64 81 229
Se 50 S20£75 1643 £ 375 365 £ 136 Rl < 2]
Parthenon
Se 0 617 + 19 1455 £ 196 374 £ 8 EREa |
Se 25 RI8 = |56 1795 £ 261 S48 +£ 72 120 £ 30
Se 50 732 4142 2085 £ 49 544 149 94 £ 6
Nuaxos
Se O K83 + 258 1545 £ 224 6+ 69 101 £ 15
Se 25 K85 + |83 [483 £ 246 378 £ 103 119+ 27
Se 50 955 + 229 169 = 262 405 = 69 147 £ 42

production of Se-enriched crops and will differ acconding
to the individual plant species and cropping conditions.
Rahman et al. (2015) applied 40 g Se/ha (as KiSeOy
solution) on leaves of lentil (Leny culinaris) without any
adverse effects on the vield or size of seeds. Similarly.
Broadley et al. (2010) and Lvons et al. (2005) reported no
significant changes in yield parameters of winter wheat
(Triticum aestivam) after foliar application of Na,Se¢Oy in
rates of up 1o 100 g Se/ha and 120 g Se/ha, respectively.

The contents of Se and other macro- and microele-
ments in mdividual pants of plants are summarnised in
Tables 2-5. In flower heads, the Se contents increased in
the sclenized treatments, but the significant stepwise
increase with increasing Se rate was observed only in
Parthenon and Naxos, For the other varictics, the S¢S0
rate did not result in significant increase of Se contents in
flower heads compared to Se25. A similar pattem was
observed for leaves. In the case of stems and roots, the
significant stepwise increase of Se content occurred only
in Parthenon, whereas Se contents in Naxos tended to the
increase as well, but the statstical evaluation was ham-
pered by high variability of the results. The Se contents in
untreated (Se0) flower heads varied between 0.034 and
0.056 mgkg. with higher vanability within one variety
than among the varieties. Similar levels were documented
by Farnham et al, (2007), where Se levels in flower heads
of different vanieties were in the mnge between 0.053 mg/
kg and 0.085 mg/kg. The foliar application of Se resulted
in a significant increase of the Se contents in all the plant
parts, including the roots. However, the highest Se con-
tents were observed in flower heads varying between
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Figure 1. Selenium distribwtion within broccolt plants

H — Heraklion. N — Naxos.

(L513 (Parthenon) and 1.01 (Heraklion) mgkg, respec-
tively. Similarly, Tobiasz ¢t al. (2014) observed higher
Se contents in seedlings and leaves of wheat (Tridcum
aestivum) grown in soilless culture compared o roots,
confiming that Se is preferably accumulated by the
actively  growing aboveground parts  of  plants.
Compamble findings were published by Filek et al,
(2010) for wheat (Triticum aestivam) and oilseed rpe
(Brassica napus) plants. Figure | presents the Se distribu-
tion within the broccol plants as affected by Se applica-
tion rate and varicty, The predominant proportion of Se¢
total amount was represented by leaves, followed by
flower heads and stems, The lowest percentage of Se
was found in roots, regardless of the variety and Sc rate,
Therefore, the toliar application of selenate did not result
in significant imbalance in the Se distribution within the
plant. Except for Heraklion. the Se proportion in the
flower heads shightly decreased with the increasing Se
rate. and conscquently the se proportions in leaves
increased.
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according to the selenium rate and variety: P — Parthenon, M — Marathon,

Selenium speciation in the flower heads of broceoli

The results of the determination of individual Se species in
flower heads arc summansed in Table 6. The mean extrac-
tion yield was 98%. As mentoned above. 17 different
species were reported, but only four of them were identified.
The typical chromatogram of the Se species 1s presented in
Figure 2, Dominant Sc species were cluted during the first
10 minutes of separation. i.e. SeVI. SeCys2. Se-MeSeCys.
SeMet, and 2 unknown species. Further, 11 unknown spe-
cies of negligible abundance were cluted during next
10 min. Among them, SeMet seemed to be the predominant
species, followed by a relatively similar distribution of Se
(VI). SeCys2. Se-MeSeCys, and one of the unknown spe-
cies occurring at the 1y = 398 min, regardless of the Se
application. Thosaikham et al. (2014) applied HPLC-ICP-
MS based on ion-pairing reversed phase chromatography
for the Se¢ speciation using the mixture of I-butanesulfonic
acid (BA) and trifluoroacetic acid (TFA) as the mixed ion-
pairing reagents o Brassica chinensis var parachinensis
plants, They observed the presence of selenite. selenate,
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Table 6. The contents of individual selenium species in broceoli heads according to the individual varnieties (pg/kg of dry mauer):

P - Parthenon, M

Marathon, H - Heraklion, N~ Naxos; the standard errors of the individual measurements were < 10 %6

Se Se-Me

Species (VD SeCys2 U U SeCys U SeMet U & U U u L U U L U

tg tim) 208 253 208 1332 140 398 495 582 712 TR0 892 987 1327 1425 1695 1917 20010
HSeh) 158 105 . * 564 109 225 ¢ v ” * . Lo ¢ - ¢ v
MiSe) R7S 116 o » 10.7 X33 155 > e ~ * » y r - 0 i
P/Scl 748 977 ¢ v 6.58 531 109 ® x » g s g » N ¢ ]
N/Sed) 748 906 ¢ * 233 437 724 ° 2 M * - s “ e 4 %
HSeS0 162 126 219 423 120 166 413 369 485 113 153 132 104 166 Y96 SiM 409
M/Ses0 2460 415 190 127 546 101 238 759 547 696 * 816 * 894 235 °* »
PSesn 208 505 104t 520 803 177 156 * 429 ¢ 297 * 615 * 732 732
N/Seso 116 171 353 I8K 936 112 287 263 482 709 875 7.73 255 650 490 * ed

U, umdentihied; tg-. retention timxe; *values under detection fmt

SeCys, Se-MeSeCys, SeMet, and several unknown species
(limits of detection and quantitation of cach Se species were
lower than 5 and 16 pg Se/L, respectively). Similarly, pre-
dominant abundance of SeMet, Se-MeSeCys, and unknown
species were determined in 0,1 mol’'L HCLin 10% methanol
extracts of Brassica oleracea var. alhoglabra by ion-pair
reversed-phase HPLC-ICP-MS (Manectong et al, 2013). It
should be pointed out that the occurrence of selenocysteine
n a chromatographic column may positively distort the
determined selenocystine signal (two selenocysteine units
finked with a — Se-Se- covalent bond); Wrobel ct al. (2004)
msufficiently resolved SeCys und SeCys2 peaks during an
ion-pair reversed-phase HPLC process. The results of the
speciation analvses could be significantly affected by the
sample pre-treatment and extraction procedure. Roberze
et al. (2003} compared various extraction technigues for
Se speciation regarding the potential changes of the Se
compounds during the extrmction and determination. They
stated that the most suitable extractions are those matching

H012

(4010

.08

0.006

o0

HBOSeNHT4Ge)

0.002

Q.00
0 10
timin)

Figure 2. Anexample of typical chromatogram of selenium spe-
cies, Full Tine — variety Panhenon without Se application, dashed
line — Se treated variety Parthenon. 1 - SeVLL 2 - SeCys2, 3 - Se-
MeSeCys, 4, 6 — unknown species, 5 — SeMet.
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the conditions present in the matrix. Therefore, enzymatic
extraction seems 10 be a suitable technique in this case.

Discussion

Pedrero et al, (2007} cultivated broccoli plants in soilless
culture enriched with sodium selenate in a concentration
of 1 mg/L, The plants reached the Se levels in flower
heads even up to 27 & 3 mg/kg without any toxicity
symptoms. Additionally, Hsu et al, (2011) observed the
ability of broceoli to accumulate Se in levels exceeding
the level recommended for human consumption without
any changes in plant growth, and without any changes in
contents of cysteine, glutathione. total glucosinolates, efe,
These levels document a high tolerance of broceoli plants
to extremely high Se contents, as well as their significant
ability to accumulate this clement in the aboveground
biomass, However. a lower increase in Se contents can
be expected in soil-growing broceoli because of the lim-
ited mobility and bicavailability of this element in the soil.
In this context. different bioavailabilities of the various Se
compounds should be mentioned, where better availability
of selenate compared to selenite was previously documen-
ted afier both soil application (Aspila 2005) and foliar
application {Seppiinen et al. 2010), Thus. the application
of selenate will be more effective selenization measure
leading to the higher Se contents in plants, Moreover, we
did not make an effort to maximise Se contents in broccoli
but 1o produce Se-enriched food with safe Se contents
suttable for human consumption.

Similar Se contents in the plants sefenized via foliar
application of selenate solution have also been described
for different crop species. Chen et al. (2002) investigated
the eftect of foliar application of Se in the rate of 20 g Se
per ha on rice (Orvza sative) culture. The average Sc
content of untreated rice was 0.025 £ 0.011 mgkg, and
in the selenized plants this content increased to levels
between 0.471 and 0.640 mg'kg. Smrkolj et al. (2005)



studied the Se uptake and distnbeton by pea (Pisum
sativigm) plants after foliar application of 15 mg/L solution
Na;SeOy. They found an average content of Se of
0.021 mg'kg in contrel seeds and of up to (.743 mg'kg
in selenized seeds. Hambuckers et al. (2008) monitored
different species of meadow plants where the Se contents
in the aboveground biomass of unireated plants varied
between 0.018 and 0.121 mg'kg, where the highest levels
were represented by Brussicaceae plant species. After
application of sclenate in the rate 9 g Se/ha, the Se con-
tents increased 1w levels varying between 0117 and
0.493 mg/kg. Thus, the Se accumulation ability of broc-
coli in our case did not differ from other plant species,
mcluding their response to foliar Se application,

As documented in Tables 2-5, the contents of other
micro- and macroclements showed significant  differ-
ences only occasionally. In flower heads, Mn content
decreased significantly with increasing Sc rate in the
Marathon variety. In the opposite, Mn  contents
increased in leaves of Parthenon, whereas in other van-
cties they tended to increase without any statistical
difference. Among the other clements, Ca increased in
Naxos and Mg in Marathon. On the contrary, Zn tended
to decrease in Marathon. An increase was reported of
Cu and P (Parthenon) and Mg (Naxos) in stems and of
Cu (Naxos) in roots, The changes in the uptake and
translocation of micro- and macroclements can signifi-
cantly affeet the plant growth and physiological status
(Cakmak 2000). Tobiasz et al. (2014) measured the
micro- and macroelement contents during the growth
of wheat (Triticum aestiviun) in hydroponic solution
containing 5 and 15 pM Na,ScOy4, where the clement
contents were only weakly affected in the scedlings,
However, they observed an increase of the Mo and S
contents in the shoots and of the S and Cu contents in
the roots in the flag-leaf stage, as well as a decrease in
Ca and Fe in the roots in the generative phase with the
mcreasing Se rate. Filek et al. (2010) studied in detail
the response of essential elements (S, P. K, Fe. Mg, Ca,
Mn, Cu, Zn, Mo) in wheat (Triticum aestivum) and
oilseed rape (Brassica napus) on increasing Se concen-
ration in soilless culture. They observed a significant
decrease of Ca and K contents with an increasing Se
rate, but the Se contents in the rape plants reached the
highest Se level up to 2.5 mg/kg. Le. at least a 2.5-fold
higher Se content compared to our expenment. No sig-
nificant changes were observed in the case of sulfur in
accordance with Tobiasz ¢t al. (2014), although a com-
petition of Se for S transporters could be expected
(Terry et al. 2000). Presumably, the reason could be in
relatively low Se content compared to sulfur. Although
broceoli is considered a crop charactenised by a good
ability to take up Se compared to other crops (Sager
2006), our results suggested that the selenized broccoli
did not differ substantially from the other sclenized
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crops presented in the literare. Moreover, an increas-
ing Se rate did not result in the stepwise increase of the
Se contents in plants.

Avila et al. (2014) found that Se-biofortified sprouts of
different vegetables representing the Brassica  genus
mcluding broccoli were able to synthesise significant
amounts of Se-MeSeCys. Pedrero et al. (2007) reported
that MeSeCys was the major species in heads of broceoli
after 40 days of exposure to selenate in a hydroponic
culture. Although reduction was recognised as the rate-
limiting step in plant selenate assimilation (de Souza et al.
1998), our selenized broccoli heads showed a remarkably
lower portion of those anmons than the controls,
Apparently, absorbed sclenate induced diverse enzymatic
activities because the data indicated by several unknown
species appearing exclusively after selenate application
(Table 6). Surprisingly, Yuan ct al. (2013) revealed
SeCys2 (possibly SeCys2 + SeCys) as the predominant
species in Cardamine sp. (a novel Se-hyperaccumulator)
grown in a Sc mining arca, which contradicts the current
conception of plant Se metabolism along with the defense
mechanism against substantial SeCys bwld-up in a cell,
Although the coupling between SeCys and SeCys2 via
redox reaction is known (Bai et al. 2006), the physiologi-
cal relevance of creating SeCys2 is not yet understood. In
our case, we did not observe an increase in percentage of
SeCys2 compared o untreated vanams, Large Se-
MeSeCys portions were determined in a broad spectrum
of plant families (Sugihara ¢t al. 2004), including broceoli
(Pedrero et al. 2007; Avila et al. 2014; Thosaikham et al.
2014), if subjected 1o a selenization procedure. regardless
of cultivation technique. A metabolic pathway producing
Se-MeSeCys (described in detail including underlying
specific gene expression for broccoli by Lyi et al. 2005),
and/or the ability of plants to keep absorbed selenate
unmetabolized (Mazej et al. 2006), play a significant role
in protecting plant proteins to be non-specifically bio-
synthesized from free seleno-amino acids. According to
Table 6, Se-MeSeCys represents 9-12% of the total Se
content after selenization. This abundance is considerably
lower than if the Se,, contents in tissues greatly exceeded
I mg kg ' as in the above-cited studies. In general, the
cluted SeMet peaks seem 10 reflect rather respective
hydrolysis products than free SeMet. With one observed
exception, SeMet represents the main Se-binding form in
both selenized and control broccoli heads (Table 6).

Conclusion

Summarizing the results, the foliar apphcation of sele-
nate confirmed nn effective response of broceoli plants
to increased Se intake wig increased Se content in the
above ground biomass of plants, Moreover, any sub-
stantial changes in uptake and distribution of the other
essential macro- and microelements and/or S¢ speciation
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in the flower heads were observed, Additionally, no
substantial cffect of the broccoli variety was observed.
Speciation analysis confirmed that the cellular defense
mechanism responsible for the specific production of
desired  organic  Se-compounds in broecoli heads
became activated to a significant extent at relatively
low total Se contents (<] mg kg '). Pezzarossa et al.
(2014) showed that 100 g of tomato hydroponically
grown with a nutrient solution supplemented  with
1 mg/L Se provided a total of 58 pg Se. Thus, the
daily consumption of 100 g of cnriched tomato does
not lead to Se toxicity, but can even provide a rational
Se¢ supplementation. Simitar conclusions can be derived
from our investigation. WHO (1996) recommended a
maximum daily intake of Se 200 ug Se/day and a
maximum  Se¢  content an the flower heads  was
1.01 mg/kg of dry matter in the variety Heraklion.
Calculating an average of 18% dry matter, | kg of
fresh broceoli will contain cca 180 pg Se. Thus, sele-
nized broccoli at these Se levels should not posc any
toxictty risk for human consumption, but could in fact
be a suitable source of Se supplementation. Morcover,
selenization results in the substantial increase of bene-
ficial organic Sc compounds,
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6 SUMARNI DISKUZE

6.1 Arsen a jeho slou¢eniny

Byly provedeny analyzy téméf sta volné rostoucich rostlinnych druht pochazejicich
z arsenem kontaminovanych lokalit — Nalzovské Hory, Roudny a Kutna Hora. Vysledky
poukazuji na zna¢nou odolnost ruderalnich druhii rostlin vii¢i kontaminaci ptid arsenem,
ktera na odbérovych stanovistich dosahovala celkovych obsahti od 21.8+1 mg As kg'1
(Nalzovské Hory) az 1120+10 mg As kg™ (Roudny). Hodnoty extrahovatelného arsenu
dosahovaly hodnot od 0,072+0,024 mg As kg* (Roudny) do 14,1+0,2 mg As kg™ (Kutna
Hora). Je tedy zifejmé, ze velkd cast celkového obsahu arsenu byla pevné vazana na pidni
Castice a nebyla rostlinam dostupnd. Celkové obsahy namétené v rostlinné biomase pak
dosahovaly hodnot od 0,02* mg As kg™ stanovené v ptaginci (Stellaria spp.) do 39.30+6,32
mg As kg™t v mrkvi obecné (Daucus carrota L.). Pitten et al. (1999) uvadgji, Ze b&nd se
vyskytujici celkové obsahy arsenu v rostlinné biomase rostouci na nekontaminovanych
pidach jsou nizsi nez 3,6 mg As kg™. Zda se, Ze v nasem piipads je celkovy naméfeny obsah
arsenu v biomase zavisly jak na rostlinném druhu, tak na fyzikalné-chemickych vlastnostech
pud, zejména pak celkovém obsahu arsenu na jednotlivych lokalitach.

Il Vo - - .
a As’ jsou dominantnimi slou¢eninami

Vysledky speciacnich analyz ukazuji, Zze As
vyskytujicimi se v rostlinné biomase nami sledovanych volné rostoucich rostlinnych druht.
MA, DMA, TETRA a TMAO byly zastoupeny vyznamné méné. Zajimavym objevem je
vyskyt AB vostfici Casné (Carex praecox Schreb.), ktery dosahoval az 28 %
extrahovatelného obsahu arsenu v biomase, a v jitroceli kopinatém (Plantago lanceolata L.),
kde dosahoval az 1,2 % extrahovatelého obsahu arsenu v rostlinné biomase. AB patii mezi
slozit&jsi organické slouceniny arsenu, o kterych se predpokladalo, Ze jsou tvoieny pouze
v moiskych organismech (Ruiz-Chancho, 2008) a jeho ptitomnost v suchozemskych

rostlinach byla prokazana jen velmi sporadicky (Mattusch et al. 2000).

Druhd studie se zabyva chopnosti piijmu, pfemény a ukladani arsenu rostlinami
jitrocele kopinatého (Plantago laceolata L.) z ¢eledi jitrocelovitych, a téi druhtt mokfadnich
rostlin z Celedi $achorovitych, jmenovité skiipiny lesni (Scirpus silvaticus L.), ostfice Casné
(Carex praecox Schreb.) a ostfice méchyikaté (Carex vesicaria L.), které se piirozené
vyskytuji i na padach s vyznamné zvySenym obsahem arsenu v okoli Kutné Hory

a Roudného. ZvySena odolnost vii¢i vysokym obsahiim arsenu v pudé muize byt zavisla nejen
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na rostlinném druhu, ale i na mikrobialni aktivité¢ v oblasti rhizosfery, jak doklada Orlowska
et al. (2012), a jejiz mechanismus muze vysvétlovat vyskyt DMA v biomase (viz nize).

jako naptiklad AB, v nadzemni biomase n¢kterych druhli analyzovanych rostlin. Nékteré
Z téchto druhti byly tedy vybrany pro nadobovy experiment s cilem popsat podrobnéji piijem
a transformaci slou€enin arsenu témito rostlinami v pribéhu vegeta¢niho obdobi. Rostliny
byly péstovany za kontrolovanych podminek v nadobovych pokusech na ptidach s celkovym
obsahem arsenu 735 mg As kg'. Celkové obsahy arsenu v takto p&stovanych rostlindch
dosahovaly az 8,3 mg As kg'1 v listech, a az 155 mg As kg'l v kotenech (skiipina lesni). Je
zde patrné zvySené uklddani arsenu V podzemnich ¢éastech oproti nadzemnim, které bude
diskutovano dale. Kromé toho byla jesté potvrzena diilezita role vazby As" na Zelezity povlak
kotenového systému rostlin z dceledi Sachorovitych a také to, ze ktvorbé DMA
pravdépodobné nedochazi v rostliné samotné, ale mikrobidlni aktivitou nachézejici se
v oblasti rhizosféry a DMA je nasledné rostlinou pouze piijimana spolecné s padnim
roztokem (Lomax et al., 2012).

Také v tomto pokusu byly dominantnimi slou¢eninami v biomase rostlin As"' a As”,
navic vSak s vyskytem malého mnozstvi DMA nachézejicim se ve vSech zkoumanych
rostlinnych druzich. U celedi $achorovitych pak byly nalezeny i malé obsahy AB a AC,
pravdépodobné jako produkty detoxikac¢nich mechanismi rostlin. Vysledky tedy potvrdily

zavery nasi prvni studie i star$i poznatky znamé z literatury (Mattusch et al. 2000).

Vysledky ptedchozich dvou studii prokazaly jednak zvySené obsahy arsenu
Vv kotenech rostlin, ale také vysoky obsah arsenu v nadzemni biomase mrkve obecné (Daucus
carota L.). PfestoZe se jednalo o plany druh mrkve, l1ze uvaZovat o pfipadné akumulaci arsenu
i v kulturnich druzich rostlin, zejména v kofenové zeleniné. V této studii jsme se tedy zaméfili
na sledovani pfijmu arsenu a zastoupeni jeho slou€enin v konzumnich castech vybranych
druht zelenin. Sest riiznych druhi zeleniny: tufin (Brassica napus var. napobrassica L.),
kadefavek (Brassica oleracea convar. acephela L.), ¢erna fedkev (Raphanus sativus var.
nigra L.), Cerny kofen (Scorzonera hispanica L.), pastinak (Pastinaca sativa L.) a salat
(Lactuca sativa L.) bylo péstovano v padach pochazejicich ze dvou arsenem
kontaminovanych oblasti — Piibram a Kutna Hora. Tyto pidy s celkovym obsahem 36.0+1,0
mg As v kg™, respektive s 473+10 mg As v kg™ piekraduji v obou piipadech maximalni

doporuceny obsah arsenu v zemédélskych pidach, ktery je Vyhlaskou €. 13/1994 (Anonym,
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1994) stanoven na 30 mg As kg™. Pokud jsou tyto pidy vyuZivany pro zemd&dglské udely,
zejména pak pro péstovani vlastnich vypéstkll, které je v téchto lokalitdch velice oblibené,
predstavuje to pro obCany konzumujici plodiny z takto kontaminovanych oblasti zvySené
zdravotni riziko.

Pomoci spiazeni HPLC s ICP-MS byly vjedlych ¢astech péstovanych zelenin
stanoveny obsahy G&tyf nejb&Zngjsich aniontovych sloudenin arsenu: As"', As’, DMA
a MA. Obsahy jednotlivych sloucenin arsenu v jedlych castech se snizovaly v nasledujicim
pofadi: As¥ ~ As"' >> DMA ~ MA. Jasnou pievahu As" a As"' v biomase rostlin dokladaji
nase predchozi studie (viz kapitoly 5.1 a 5.2) i n€kter¢ star$i prace, napi. Tlustos et al. (2002).

Vysledky také naznacuji, ze distribuce sloucenin arsenu se li§i hlavné na zaklad¢
jednotlivych druhti rostlin a jejich jedlych casti. S vyjimkou cerného kotene vysledky
potvrzuji omezeny piesun arsenu do nadzemnich casti rostlin a jeho zvySené ukladani
zejména V podzemnich ¢astech, coz je vsouladu napi. se studii Smith et al. (2009).
I pfes obecn¢ nizké transfer faktory, které se pohybovaly v rozmezi od 0,005 u kadetavku
az po 0,18 u hlavkového salatu, byl u pastinaku, ¢erného kofene a ¢erné fedkve (Kutna Hora)
ptekroen maximalni ptipustny obsah arsenu v zelening, ktery je dan Vyhlaskou €. 53/2002
(Anonym 2002). Mnohem niz$i obsahy arsenu se nasly v listové zeleniné (hlavkovy salét,
kaderavek), coz naznaCuje, Ze spravna volba plodin mize potencidlni zdravotni riziko
vyznamné snizit. Toto tvrzeni podporuje i doporuceni pro zemédelské vyuziti pad meésta
Kutna Hora uvedené v piiloze této prace (kapitola 9.2).

Nebyl pozorovan zadny statisticky prikazny rozdil v dusledku odlisnych fyzikalng-
chemickych vlastnosti, kromé celkového obsahu arsenu v padé€. Vyznamné vysSi obsahy
arsenu v pudé Kutna Hora mély za nasledek vyssi celkové obsahy arsenu v nadzemnich

1 podzemnich ¢éstech rostlin péstovanych na této pade.

6.2 Selen a jeho slouceniny

Celkem 73 rostlinnych druhii ze dvou vybranych lokalit bylo sesbirano a nasledné
zanalyzovano na celkovy obsah selenu v jejich biomase. Rostliny pochéazely z lokalit
Humpolec a Nalzovské Hory, které maji ptirozeny obsah selenu v ptidé 0,248+0,031 mg Se
kg™, respektive 1,104+0,306 mg Se kg™. Pady z t&chto lokalit se tak fadi mezi piidy na selen
relativné chudé. 1 tak vsSak pidy zlokalit Humpolec a Nalzovské Hory odpovidaji

evropskému priméru, ktery se uvadi mezi 0,1 a5 mg Se kg™ (Bitterli et al., 2010).
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Transfer faktory nalezenych rostlinnych druhtt byly nizké a pohybovaly se
mezi <0,001 a 0,146, pficemz nejvyssi hodnota byla zaznamendna u rozrazilu rolniho
(Veronica arvensis L.). Tyto hodnoty vSak nedosahuji transfer faktord, které uvadi ve své
studii Bitterli et al. (2010) a naznacuji tak nizkou schopnost piijmu selenu rostlinnymi druhy
rostoucimi v podminkéach nami zkoumanych lokalit. Relativné malou schopnost pfijmu selenu
rostlinami dokl&d& i porovnani obsahu selenu v biomase vu¢i obsahu prvki s tadoveé
podobnym obsahem v pud¢ jako selen. V tomto ptipadé obsahy kadmia v biomase dosahovaly
o jeden tad vyssich obsahil nez obsahy selenu. Obdobné pak vychazely i obsahy molybdenu.

Na nizkém obsahu selenu v rostlinach se muze podilet i interakce s jinymi prvky, jako
je napt. arsen, ktery vykazuje viaci piijmu selenu antagonisticky efekt (Malik et al., 2012),
a je ve zvysené mife ptitomen v pudach na lokalité Nalzovské Hory.

MuzZeme tedy shrnout, Ze piirozené nizké obsahy selenu v piidach vybranych lokalit
spolu s nizkou schopnosti piijmu selenu nalezenymi druhy rostlin, vedou k nizkému obsahu
selenu v biomase rostlin nezavisle na lokalité. Nizky obsah selenu ve volné rostoucich
rostlinnych spole¢enstvech tak mize ve volné piirodé prispivat k deficitu selenu napfic celym

potravnim fetézcem.

Mizeme tedy piedpokladat, ze efektivni zvySeni obsahu selenu v luénich porostech by
mohlo vést ke zlepSeni obsahu selenu Vv organismu volné Zijicich bylozravci. Naptiklad Kursa
et al. (2010) zaznamenali deficitni obsahy selenu ve svaloving volné Zijicich sudokopytniki
v Ceské republice. Nase dalii studie se tedy zaméfuje na obohaceni biomasy volné rostoucich
rostlinnych spolecenstvech selenem pomoci aplikace roztoku Na,SeO, na list. Pii jeho
aplikaci byly pouzity dvé rizné koncentrace roztoku, které¢ odpovidaji davce 25 a 50 g Se ha™.
12 rostlinnych druhii rostoucich na vSech variantach, v€etné kontrolni, byly analyzovany
na celkové obsahy selenu, jeho jednotlivé slouceniny a celkové obsahy vybranych
esencidlnich prvkd.

Vysledky ukazuji, ze hnojeni selenem na list zvySuje jeho celkovy obsah v biomase
rostlin, a Ze vtomto procesu hraje dileZitou roli rostlinny druh, coz potvrzuji naptiklad
i De Temmerman et al. (2014). Celkové obsahy selenu v biomase se pohybovaly
od obsahti pod detekénim limitem (0,007 mg Se kg™*) u vétsiny druhii na neoetiené varianté
az do 1,052+0,024 mg Se kg™ u rozrazilu rezekvitku (Veronica chamaedrys L.) po aplikaci
50 g Se ha™. Ani u varianty s nejvyssi davkou hnojeni se u rostlin neprojevily Zadné viditelné

znamky fytotoxicity.
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Celkem bylo v rostlinné biomase nalezeno 10 riznych sloucenin selenu, avSak pouze
4 7 nich byly jednozna&né identifikovany. Se¥' a SeMet patiily mezi nejéast&ji se vyskytujici
slouceniny selenu nezavisle na rostlinném druhu, coz naznacuje relativné nizkou schopnost
pak objevily slouceniny SeCys a Se-MeSeCys, které vSak ukazaly na zajimavy rozdil mezi
jednodé€loznymi a dvoudéloznymi rostlinami. U jednodéloznych rostlin pfevazovala tvorba
Se-MeSeClys, zatimco u zastupcti dvoudéloznych tvorba SeCys.

Déle byl zkouman vliv selenu na pfijem ostatnich esencialnich prvkit. Vysledky
naznacuji, ze vliv selenu na piijem esencialnich prvki je z velké Casti zavisly na rostlinném
druhu a jeho biochemickych procesech. Napt. u hoi¢iku byl v obou hnojenych variantach jeho
obsah v biomase nékterych rostlinnych druhti vyznamné snizen, v ur¢itych piipadech
az o polovinu. Snizené obsahy lze pozorovat i u jinych prvkd, nejméné ovlivnény se vSak zda
ptijem Zeleza. Snizeni obsahl esencidlnich prvkti muze, jak naznacuji Bannister et al. (1991),
souviset se zménami v aktivit¢ antioxida¢ni superoxid dismutazy, kterd je produkovana na
ochranu rostlin, v tomto ptipadé proti moznému oxida¢nimu stresu zptisobenému zvysenymi

obsahy selenu.

Zastupci Celedi Brassicaceae jsou vSeobecné povazovany za rostliny se zvySenou
schopnosti pfijmu a akumulace selenu a tvorby sloucenin selenu vyznacujicich se
protirakovinovym t¢inkem (Bafiuelos et Mayland, 2000). V poslednim pokusu jsme se tedy
zaméfili na zmény v piijmu a akumulaci selenu ve 4 riznych odridach brokolice (Brassica
oleracea L. convar. italica) v zavislosti na raznych davkach hnojeni selenu aplikaci na list.
Cilem pokusu bylo ovéfit, zda je mozno touto cestou zvysit potencidlni dietarni pfijem selenu.

Analyzami jednotlivych €asti rostlin brokolice jsme zjistili, Ze se takto aplikovany
selen akumuluje nejvice v hlavkach, a to do obsahu az 1,01+0,15 mg Se kg™ suché biomasy,
Vv listech, mén¢ pak ve stoncich a nejméné v kotenech. Vliv odridy prokazatelny nebyl.
Statistické analyzy u rostlin po aplikaci selenu prokazaly zvySeny piijem
a zvySenou akumulaci tohoto prvku ve vSech nadzemnich ¢astech rostlin. Nepotvrdilo se,
7ze by tento zvySeny pifijem selenu nasledné jakkoli ovlivnil pfijem a akumulaci dalSich
vybranych esencidlnich prvkda.

Jako nejefektivnéjsi se ukazala aplikace roztoku Na,SeO,4 odpovidajici davce 25 g Se

T VPRV . vy Xk A A o
ha™, jelikoz dalsi zvySeni davky jiz nepfindSelo téméf Zzadné navySeni obsahu selenu
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V biomase rostlin. Tuto davku pak mizeme povazovat za efektivni pro péstovani selenem
obohacenych brokolic uréenych ke konzumaci.

Celkové bylo nalezeno 17 rGznych sloucenin selenu, ale pouze 4 znich byly
jednoznaéné identifikovany. Speciacni analyzy naznacuji schopnost brokolice tvofit
Z jednoduchych anorganickych sloucenin selenu slouceniny organické a daleko slozitéjsi,
nejcast&ji: SeMet, SeCys a Se-MeSeCys, které byly spolecné se Se¥' v biomase rostlin
brokolice rovnomérné zastoupené. Na rozdil od pokusu s volné rostoucimi rostlinami
v podkapitole 5.4, nejvice zastoupenou slouceninou selenu u brokolice byla sloucenina
SeMet. K podobnym zavérim dosli 1 Maneetong et al. (2013) u rostlin brukve cCinské

(Brassica oleracea var. alboglabra L.).
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7 ZAVERY

Analyzy S$irokého spektra volné rostoucich rostlinnych druhtt ukazuji na znaénou
odolnost volné rostoucich ruderalnich druhti rostlin vii¢i kontaminaci ptid arsenem. Rostliny
byly schopné prospivat bez viditelnych znamek toxicity i na pitidach o obsahu arsenu
az 1120+10 mg As kg™ (Roudny). V tomto piipadé je tato odolnost pravdépodobné vyznamng
podpofena faktem, Ze vétSina arsenu je pevné vazana na pudnich casticich a obsahy
extrahovatelného tj. rostlindm snadno dostupného arsenu dosahuji hodnot fadové nizsich.
Nejvyssi extrahovatelny obsah byl naméfen v pudé Kutnd Hora a to 14,1+0,2 mg As kg‘l.
Zvysené obsahy arsenu V nékterych rostlinach napt. mrkev obecna (Daucus carota L.)
39,3+6,32 mg As kg™ v porovnani s n&kterymi jinymi napf. ptaginec (Stellaria spp.) 0,02
mg As kg naznaduji, Ze existuji druhové specifické mechanismy, které nekteré rostliny
chrani od nadmérného piijmu arsenu zpudy. Na druhou stranu fada z analyzovanych
rostlinnych druhi ptesahovala maximalni limit celkového obsahu arsenu v biomase ve vysi 2
mg As kg™ dany Vyhlagkou &. 52/2002 Sb. pro maximalni obsahy prvkii v krmivech. Rostliny
vyuzivajici strategii akumulace arsenu proto teoreticky mohou zvysovat riziko vstupu arsenu
do potravniho fetézce skrze pasouci se skot a volné zijici divokou zvéf.

Zajimavym zjisténim je vyskyt AB v ostfici ¢asné (Carex praecox Schreb.) a jitroceli
kopinatém (Plantago lanceolata L.), kde se jeho extrahovatelny obsah v biomase osttice
pohyboval az do 28 % z celkového obsahu arsenu v biomase, a 1,2 % V ptipadé jitrocele.
Tato skute¢nost byla dale zkoumana v nddobovych pokusech a schopnost tvorby AB
nékterymi suchozemskymi rostlinami byla potvrzena. Naopak se zdd, ze DMA, ktera se
v biomase rostlin bézné nachazi, neni v rostlinach syntetizovana, ale je pravdépodobné
produkovana mikrobidlni ¢innosti v oblasti rhizosféry, nasledné uvoliovana do pidniho
roztoku a pak rostlinami pouze ptijimana. Role rhizosfernich mikroorganismti ale nebyla
Vv nasSich experimentech podrobné studovana a zlistava jako téma pro dalsi vyzkum.

Ptijem, akumulace a transformace arsenu byla zkoumana nejen na rostlinich volné
rostoucich, ale nasledné i na vybranych druzich zeleniny. Ty se v danych kontaminovanych
lokalitach Casto péstuji pro vlastni spotfebu a mohou tak vyznamné navySovat vstup arsenu
do potravniho fetézce ¢loveéka. Pudy odebrané v danych lokalitdich (Kutna Hora, Pfibram)
ptekracovaly maximalni pfipustné obsahy arsenu v zemédé€lskych pudach, ktery je stanoven
na 30 mg As kg’ Pada zokoli Pfibrami tento limit prekraovala mirn& (36+1,0

mg As kg'l), ptida Kutnad Hora vice nez 10x (473+£10 mg As kg'l). Vysledky naznacuji,
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ze ptijem a akumulace sloucenin arsenu se lisi hlavné na zaklad¢ jednotlivych druha plodin
a jednotlivych jedlych c¢asti. Vysledky potvrzuji omezeny piesun arsenu z podzemnich
do nadzemnich ¢asti, coz vede ke zvySenym obsahtim arsenu v bulvach pastindku (Pastinaca
sativa L.), ¢erného kotene (Scorzonera hispanica L.) a ¢erné fedkve (Raphanus sativus var.
nigra L.), jejichz obsahy arsenu piekracuji nejvyssi pfipustny obsah arsenu V zeleniné dany
Vyhlaskou €. 53/2002. Mnohem niz§i obsahy byly nalezeny v listové zelening - hlavkovém
salatu (Lactuca sativa L.) a kadefavku (Brassica oleracea convar. acephela), coz naznacuje,
ze spravna volba plodin mize snizit potencialni zdravotni riziko plynouci z konzumace plodin
rostoucich v arsenem kontaminanych oblastech.

Nejvice zastoupenymi slouc¢eninami arsenu v ndmi zkoumanych rostlinach a plodinach
1

jsou jednoznacné As¥ a As
AB, AC, TETRA a TMAO, u kterych muzeme piedpokladat, ze je jejich syntéza druhové

. V daleko mensi mife se pak v rostlinach nachazeji DMA, MA,

specifickd, protoze ne vSechny tyto slouceniny se vyskytuji ve vSech druzich analyzovanych
rostlin.

Obecné lze fici, zZe statistické analyzy potvrdily silnou zavislost celkového obsahu arsenu
V biomase a jeho jednotlivych sloucenin na rostlinném druhu. Zavislost piijmu a akumulace
arsenu rostlinami na vybranych fyzikalné-chemickych vlastnostech nebyla, az na celkovy

obsah arsenu v ptad¢, dostate¢né prukazné potvrzena.

V ptipadé selenu se jeho relativné nizké ptirozené obsahy v pudé (0,248+0,031 mg Se
kg™ v padé Humpolec a 1,104+0,306 mg Se kg™ v pidé Nalzovské Hory) projevily v celkové
nizkém obsahu selenu v biomase rostlin. AvSak dal$i daleZitou roli pravdépodobné hraje mala
schopnost piijmu selenu rostlinnymi druhy rostoucimi v podminkach nami zkoumanych
lokalit. To dokladaji i nizké transfer faktory zkoumanych rostlinnych druhu,
které neptekrocily hodnotu 0,15. Relativné malou schopnost pfijmu selenu rostlinami doklada
i porovnani obsahu selenu v biomase vuéi obsahu prvki s fadové podobnym obsahem v pudé
jako selen. V tomto ptipad¢ obsahy kadmia a molybdenu v biomase dosahovaly o jeden fad
vyssich obsahtll nez obsahy selenu. Miizeme tedy shrnout, Ze ptfirozené nizké obsahy selenu
v pudach vybranych lokalit spolu s nizkou schopnosti pfijmu selenu zkoumanymi druhy
rostlin, vedou k nizkému obsahu selenu v biomase rostlin nezavisle na lokalité, coz mize
ve volné ptirodé ptispivat k deficientu selenu napti¢ celym potravnim fetézcem.

Z tohoto ditvodu jsme se v dalsi ¢asti zaméfili na ptihnojovani volné rostoucich rostlin

selenem aplikaci postfikem na list a to v davce odpovidajici 0, 25, 50 g Se ha™. Vysledky
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naznacuji, ze tento typ hnojeni zvySuje celkovy obsah selenu v biomase rostlin a také to,
Ze v tomto procesu hraje dulezitou roli rostlinny druh. Aplikace selenu vedla k vyznamnému
zvySeni obsahu tohoto prvku v biomase rostlin, pficemz celkové obsahy selenu po selenizaci
jen vyjime¢n& presahly hodnotu 1 mgkg™ (rozrazil rezekvitek, Veronica chamaedrys).
Ani u varianty s nejvyssi davkou hnojeni se u rostlin neprojevily zadné vditelné znamky
fytotoxicity.

Vysledky dale naznacuji, ze vliv selenu na pfijem esencidlnich prvki je z velké Casti
zavisly na rostlinném druhu a jeho biochemickych procesech. Napi. u hoié¢iku byl v obou
variantach jeho obsah v biomase nékterych rostlinnych druhti vyznamné snizen, v urcitych
ptipadech az o polovinu. Snizené obsahy Ize pozorovat i u jinych prvki, nejméné ovlivnény
se vSak zda pfijem Zeleza. SniZeni obsaht esencialnich prvkt miZe souviset s ochranou
rostlin proti moznému oxida¢nimu stresu zplisobenému zvySenymi obsahy selenu.

Vyse uvedené poznatky byly aplikovany na péstovani selenem obohacenych brokolic
(Brassica oleracea var. italica L.). Analyzami jednotlivych ¢asti rostlin brokolice jsme zjistili,
7e se takto aplikovany selen akumuluje nejvice v hlavkéch a to do obsahu az 1,1+0,15 g Se
kgt a v listech, mén& pak stoncich a kofenech, bez statisticky vyznamnych rozdili mezi
odradami. Statistické analyzy u rostlin po aplikaci selenu prokazaly zvySeny piijem
a zvySenou akumulaci tohoto prvku ve vSech jejich nadzemnich ¢astech. Nepotvrdilo se,
ze by tento zvySeny piijem selenu nasledné néjak zaporné€ ovlivnil piijem a akumulaci
vybranych esencialnich prvkl. Jako nejefektivngjs$i se ukdzala aplikace roztoku Na,SeO,
odpovidajici davce 25 g Se ha™, jelikoz dalsi navyseni této davky jiz nepiinaselo téméf zadné
navyseni obsahu selenu v biomase rostlin. Tuto davku pak mizeme povazovat za efektivni
pro péstovani selenem obohacenych brokolic ur¢enych ke konzumaci.

Se¥! a SeMet pattily mezi nejdastéji se vyskytujici slouceniny selenu nezavisle
na rostlinném druhu, coz naznacuje relativné nizkou schopnost rostlin pfeménit selen piijaty
listy na slozitéjSi organické slouceniny. V daleko mensi mife se pak objevily slouceniny
SeCys a Se-MeSeCys, které vSak poukédzaly na zajimavy rozdil mezi jednodéloznymi
a dvoud¢loznymi rostlinami. U jednod€loznych rostlin pfevazovala tvorba Se-MeSeCys,
zatimco u zéstupci dvoudéloznych tvorba SeCys. V piipadé brokolice speciacni analyzy
naznacuji schopnost brokolice tvofit zjednoduchych anorganickych sloucenin selenu
které¢ byly spolecné se SeV! v biomase rostlin brokolice zastoupeny nejCastéji. Ptiznivé

zastoupeni selenovych sloucenin spolu se zvySenym, ne vSak toxickym, obsahem selenu
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v biomase brokolic naznacuje, Ze bézna konzumace selenem obohacené brokolice by mohla
zvySovat celkovy denni pfijem selenu a tim by néasledné¢ méla celkové kladny vliv na lidské
zdravi.

Byl prokdzén vliv rostlinného druhu na piijem, akumulaci a transformaci selenu
Vv rostling, 1 kdyz obsahy selenu pfijatelné rostlinami z ptidy byly vSeobecné nizké. Nezda se,
7e by vybrané fyzikalné-chemické ptdni vlastnosti mély statisticky vyznamny vliv na obsahy

selenu v hiomase.
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9.1 Priloha 1 - Fotografickd dokumentace

9.1.1 Odbér sachorovitych (Cyperaceae) pro nadobové pokusy

Lokalita Roudny, odbér rostlin pobliz pramene vyvérajiciho u Stoly Barbora
Foto: Archiv Ing. Jana Najmanova
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9.1.2 Foliarni aplikace selenu na spolecenstva volné rostoucich rostlin

Ll = 3

- -

Lokalita Humpolec

Foto: Archiv Ing. Jana Najmanovéa
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9.1.3 Parcelkovy pokus s brokolici (Brassica oleracea L. var. italica)

o >0 | ’ . v --"1?0

Vysazovani sazenic brokolice a folidrni aplikace roztoku Na,SeO,
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Odruda Heraklion F1
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Odruda Maraton F1
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Odruda Naxos F1
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Odrada Parthenon F1

Foto: Archiv Ing. Jana Najmanova
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9.2 Priloha 2 — Doporuceni ob¢aniim Zijicim v arsenem kontaminovanych

oblastech

9.2.1 Obecna doporuceni obéaniim mésta Kutna Hora

Voda ve studni

Tomu, kdo uziva vodu z vlastni studny k vafeni ¢i piti, doporucujeme, aby si nechal provést
rozbor vody na obsah tézkych kovu akreditovanou laboratoii. V ptipadé vyskytu nadlimitniho
mnozstvi t€Zkych kovii nedoporucujeme tuto vodu pouzivat k piti ani K vafeni ani k prani
pradla (Vyhlaska ¢. 252/2004 Sb., kterou se stanovi hygienické pozadavky na pitnou a teplou

vodu a rozsah kontroly pitné vody).

Zahradkarské vypéstky

Tomu, kdo si ve vétSim mnozstvi péstuje zeleninu a ovoce pro svou potiebu na svych
zahradkach doporucujeme, aby si nechal provést rozbor vypéstkli na obsah tézkych kovi
akreditovanou laboratofi. Ty druhy zeleniny a ovoce, u kterych bude zjistén nadlimitni obsah
tézkych kovi, nedoporuCujeme opakované péstovat (napt. Vyhlaska ¢. 157/2003 Sb.,
kterou se stanovi pozadavky pro Cerstvé ovoce a Cerstvou zeleninu, zpracované ovoce
a zpracovanou zeleninu, suché skotfapkové plody, houby, brambory a vyrobky z nich,

jakoz 1 dalsi zplisoby jejich oznacovani).

Haldy a zeminy

Material z hlusinovych a struskovych hald obsahuje vzdy nadlimitni mnoZstvi tézkych kovt.
Prestoze se diive tento material pouZival k riznym terénnim upravam, zdsadné nelze tyto
haldy, zeminy jakkoli rozebirat a pouzivat je k jinym ucelim (napf. k urovnani pozemku
u nové budovaného rodinného domku atd.). ZvySuje se tim nejen pra$nost s naslednym
zdravotnim rizikem, ale i rozvleCeni kontaminovaného materialu do okoli a tim k dalSimu
poskozeni pudy. Optimalnim zajiSténim haldy je jeji zalesnéni nebo zatravnéni (vylouceni
eroze). Ostatni zeminu mimo haldy (skryvka kulturnich vrstev plidy) nedoporucujeme

pfevazet a ukladat mimo kutnohorsky rudni revir.
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Doporuceni pro obyvatele dle studie Krajské hygienické stanice z roku 2016:

1. Zabranit vnaseni pidy do domu.

2. Casty tklid vysavadem, nejlépe s pranim vzduchu a vytieni na vlhko. Utirani prachu
na vlhko.

3. Snizit vyméru nezpevnénych, prasnych ploch, které by mohly byt zdrojem znecisténi.
Zéavaznou kontaminaci prostfedi muze zpusobovat kromé& vystavby objektu k bydleni
i vystavba bazénu zabudovanych pod povrch terénu. Po provedeni nutnych terénnich pracich
co nejrychleji zajistit odhalenou zeminu proti roznosu.

4. Pokud analyza kontaminace pudy prokaze ptitomnost tézkych kovii — nepéstovat zeleninu,
jen kvétiny a pozemky zatravnit.

5. Nechovat slepice, pokud nebude vyloucena analyza kontaminace pidy, kde slepice hrabe.
6. Chovat mazlicky jen doma, nebo pouze venku. Pfed pobytem v domécnosti zvifata umyt
¢i otfit koncetiny.

7. Nenarusovat kompaktni povrch hald a odvalt.

8. Po praci, sportu nebo hie v mistech, kde dochédzi k pfimému kontaktu se zeminou,
dbat zvySené hygieny a pievlékat se do doméciho odévu.

9. Nepouzivat k hygiené, zalévani nebo do bazénu vodu z mistnich studni, pokud nebyla
vyloucena piitomnost rozpustného arsenu a dalSich prvku.

10. Vylouc¢it pohyb déti na rozkrytém povrchu hald, nevnaset material z hald do domécnosti.

Zdroj: Pfevzato a upraveno z Anonym © [online]
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9.2.2 Doporuceni pro zémédélské vyuziti pid v Kutné Hore a okoli

Vyzkumny tustav melioraci a ochrany pud Praha
oddéleni hygieny pudy

Zabovieska 250, 156 27 Praha 5 - Zbraslav
ARSEN V ZEMEDELSKYCH PUDACH V OKRESE KUTNA HORA.

Zatizeni pud nizikovymi prvky, véemeé arsenu, bylo Vyzkumnym tstavem melioraci a
ochrany pud v Praze sledovano vroce 1999. V odbérove siti piipada | vzorek na plochu
piiblizne 20 km®. Jak vyplynulo z vysledkii tohoto sledovani (Podlesikova a kol. 2000), které
byly v minulém roce piedany MZe CR. obsahuji omiéni horizonty zemedélskyeh pud
nadlimmi obsahy arsenu.

Nejvyssi nami zjisténa hodnota, byla lokalizovana v blizkosti obee Kaik. kde celkovy
obsah arsenu v orniénim horizontu dosahl hodnoty 246 mg/kg pudy.

Zvysené obsahy arsenu v orni¢énich a dmovych horizontech pud byly nalezeny v oblasti,
kterou je mozno zhruba vymezit obcem (v zavorkach jsou uvedeny celkove koncentrace
arsenu vmg'kg a za rovnitkem je uveden uda) kolikrat byla prekrocena hodnota stanovena
normou pro zemédélské pudy). Stary Kolin (56.2 = 1.87 x ). Nové Dvory (63.8 = 2.13 x),
Cirkvice (147 =4.9 x). Caslav sz. (35.8 = 1.2 x). Hofany (55.8 = 1.86 x). Cervené Pecky (34.8
= 1.16 x). Staralka (51.6 = 1.72 x). Mimo tuto oblast dosahuji koncentrace As
v zemédeélskych pudach daného okresu podstamé mizsi drovné. primérma hodnota. ktera
zohlednuge 1 tuto zatizenou oblast, ¢mi 12,98 mg'kg.

Maxumnalni hodnota pro As v zemédelskych pudach, ktera je uvedena ve vyhlasce 13/1994
Sb. (celkovy obsah v lucavee kralovské) je 30 mg/kg.

Na lokalite Kank byl nasledné proveden 1 profilovy odbér vzorku pudy ze tii horizont (z
hloubek do 25 cm. 50 cm a 1 m). Vzhledem k tomu. ze obsahy smérem do hloubky rostou
(obsah v hloubce 1 m je 1150 mgkg), lze usuzovat na zatéz, ktera byla v této lokalité
pravdépodobné lustoricky zpusobena zapravenim odpadového matenalu ztézby md
s vysokym obsahem As (arsenopyrit) do pudniho profilu. Nelze viak vylouéit 1 vliv imisnich
(ve vzduchu rozptyleného znecisténi) spadu, vzhledem ke zvvsenvin obsahum dalsich
rizikovych prvka (kadminum Cd. olovo Pb). Piestoze podil spadi na vysokych obsazich As
bude velmi pravdépodobné relativné nizky. muze se podilet vyznamnép na kontaminaci
rostlin.

Transfer (prestup) rizikovych prvku z pud s jejich geogenné zvySenvimi obsahy (piirozené
zvvsené obsahy nzikovych prvku v pudotvorném substratu) do rostlin, je vzhledem ke
stabilité (stalosti) vazeb nizikovych prvku v produktech zvétravani substrami (pidotvorny
substrat-geologicka zvémalina, na kterém vznikla pida a produkty jeho zvétravani tvoii
mineralni podil pidy) véeobecné nizky (Némecek. Podlesakova. Vacha 1996). Piesto je nutné
pocitat se zvySenvm transferem (pfestupem) tam. kde celkové obsahy nzikovych prvki
dosahuyi extrémné (mimofadné) zvysenych koncentraci. Na lokalité Kank jsme provedl odbér
vojtésky a obsah As v rostlinné hmoté byl stanoven na hodnotu 0.84 mg/kg. Tato hodnota se
nepiibhizuje ani poloviné linitni hodnoty stanovené pro arsen v picninach (2 mgkg), ktera je
stanovena vyhlaskou ¢. 194/1996 Sb. V ramei okresu je viak tato hodnota vyrazné zvyiena.
Geometricky priumér obsahu As v picninach na okrese Kutna Hora je 0,08 mg'kg.
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Pii hodnoceni nebezpeci transferu (piestupu) rizikovyeh prvka z pudy do rostlin je
tieba povazovat za vyznamné dva hlavni faktory, kterymm jsou puda a restlina. Chovani
rizikovyeh prvka v padach zavisi na celé radé pidnich vlastnosti, jakviu jsou pH pudy, obsah
organické hmoty. jilovych mineralii. typ a zdroj kontaminace (znecisténi) atd. Na zakladé
nasich vyzkumu (Podlesakova a kol 2000), zavisi mobilita (pohyblivost) As v terénnich
podminkach predevsim na pH pidy. Zde je tieba piipomenout pozitivii korelaci (piimo
uméme) chovani As na pH. to znamena, ze mobilita (pohyblivost) As roste se zvysujici se
hodnotou pH pudy. na rozdil od vétSmy ostatnich nzikovveh prvki. Arsen lze hodnotit jako
prvek s mzsi. presto viak prokazanou mobilitou (pohyblivosti) a transferem (prestupem) do
rosthin.

Jak vyplynulo z naSich sledovini, které jsou nové publikovany v citované zpriveé,
nehrozi_ nebezpeci  kontaminace nadzemnich ¢asti vétSiny_rostlin_v geochemicky
zatizenych pudach az do hodnoty pres 1000 mg/kg celkového arsenu v pudé.

Je viak nutné brit v uvahu faktor rostliny, ktery ma na prijem rizikovych prvku
rostlinou podstatny vliv. Vieobecné plati, Ze obsahy rizikovych prvku v rostlinach klesaji
v posloupnosti koreny, listy, stonky, zasobni organy, semena (Sauberbeck a Liibben
1991). Z toho vyplyva, ze také koncentrace As se muze podstatné lisit v korenové zelemmné a
v zmu obilmn. NapF. zminéni autori Fadi k rostlinam s vysokym prijmem rizikovych
prvku salat, Spenat, celer, redkvicku. o néco nizsi transferové (prestupné) koeficienty
uvadéji u mrkve, fazol a hrachu, k rostlinam s nejnizSim prijmem patii pro vétSinu
rizikovych prvku kukufice a plenice. Také v nadich pokusech byly pozorovany mezi
rostlinami zna¢né rozdily, napi. obsah ~\s v zelenych organech hoié¢ice byl radoveé vyssi ve
srovnani s obsahem as v zmu Zita a cca 5 X vyssi ve srovnani s obsahem As v zeleném ovsu
(stadium pateho hstu),

Transfer rizikovych prvku z pudy do rostlin Ize tedy ovlivnit vybérem vhodnych
plodin (minimalni riziko lze predpoklidat u ovoce ze stromu, ale i u zrna obilovin,
vysoké naopak u listové a koFenové zeleniny) a dile upravou pudnich vlastnosti.

VvV pnpadu Asj je poucbnc nezv \50\ at hoduom pH pudv nad muuahu reaker.

Piedmétem nasich vyzkumu byla v poslednich ¢tyiech letech 1 apllkace puduu.h aditiv,
unobilizujicich (omezujici pohyb) nzikové prvky v pudé. Bohuzel pro As nelze v této fazi
zadné adinviun doporuéit. Prozatim nanu testované anorganicke sorbenty (napi. synt. zeolity)
které se osvédcily pro nékteré rizikové prvky (Cd. Zn). jsou pro As nevhodné. V piipadé
svatetického zeolitu jsme zjistili markantni (podstamy) vzrist mobility As v pude, osetiené
zapravenim tohoto materidlu (Vacha et al. 2000), Lepsich vysledku bylo dosazeno s
cyprisovymn jilovenr (byly poskymnuty Vyzkummym tstavem nerostnych surovin v Kumeé
Hoie), které v omezene mire snizily mobilitu As v pudeé, lze je viak pouzit k imobilizaci
nekterych nzikovych prvka (Cd, Pb) v pudach. které jsou soubézné konmtammovany 1
arzenem. Problém As z tohoto pohledu bude fesen v nasledujicim obdobi, budou testovany
melioranty. vybrané na zakladé zkusenosti zahraniénich pracovist.

Ing. Radim Vacha

Zdroj: Pfevzato a upraveno z Anonym ¢ [online]
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