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Abstrakt

Predkladand prace se zabyva studiem vlivu vysokych davek manganu na kulturni plo-
diny (Brassica napus, Hordeum vulgare, Zea mays), bylinku Matricaria chamomilla a
sladkovodni mikrofasu Scenedesmus quadricauda. Piedevsim byl sledovan rust, aktivi-
ta vybranych antioxida¢nich enzymt a obsah sekundarnich metabolitii. Zjistili jsme, Ze
vysoké davky manganu zpomaluji rist, coz mélo za nasledek sniZzeni biomasy, které
jsme pozorovali u vsech testovanych rostlin s vyjimkou tfas. Mangan se akumuluje
Vv kotenech a ¢ast pfijatého manganu se transportuje do nadzemni ¢asti rostlin. Jedna se
o rovnomeérnéjsi rozlozeni tohoto kovu v rostliné v porovnani napiiklad s médi nebo
kadmiem. Zaznamenali jsme zmény v obsahu alifatickych organickych kyselin a v
mnozstvi celkovych thioli. Byla zaznamenéana zvySena aktivita nékterych antioxidac-
nich enzymi v zavislosti na druhu rostliny. Nadbytek manganu mél toxictejsi uc€inky na
fepku nez na ontogeneticky star$i hefmanek lékatsky, ktery vykazoval vyssi toleranci
vuci vysokym davkam manganu. Také jsme zjistili, Ze na toxicitu manganu ma pozitiv-
ni vliv oxid dusnaty, ktery zlepSuje stav rostlin. Toto zlepSeni se projevilo sniZzenim
mnoZzstvi pfijatétho manganu, sniZenim tvorby ROS, sniZenim lipidové peroxidace a
zlepSenim rlstovych parametrti testovanych rostlin. Hodnota pH ma vliv na dostupnost
manganu, ale neovliviiuje pfijem manganu rostlinami. Také jsme zjistili, Ze kompetice
Mn?* a Ca?* probih4 nejen u vyssich rostlin, ale i u sladkovodni mikrofasy Scenedes-

mus quadricauda.

Kli¢ova slova

Kovy, fluorescenéni mikroskopie, antioxida¢ni enzymy, organické kyseliny, metaboli-
ty.



Abstract

In this work we investigated the effect of high doses on the agriculture important crop
plants (Brassica napus, Hordeum vulgare, Zea mays), herb Matricaria chamomilla and
freshwater microalgae Scenedesmus quadricauda. In particularly, we studied the
growth rate, activity of antioxidant enzymes, and the amount of some secondary me-
tabolites. We have found that high doses of manganese negatively influenced the
growth, which resulted in a reduction of biomass which we observed in all studied
groups, except algae. Manganese (Mn) is accumulated in roots and part of such ab-
sorbed Mn is transported to the shoot system. In the plants, the distribution of Mn is
more balanced compared to copper and cadmium. We observed changes in the content
of aliphatic organic acids, and the total amount of thiols. Higher activity was deter-
mined in several antioxidant enzymes according to the kind of plant. Abundance of
manganese has been considered more toxic for the Brassica rapa than for the ontoge-
netic older Matricaria chamomilla, where we indicated a higher tolerance to the high
concentration of Mn. We also found that the nitrogen oxide showed the positive effect
on the toxicity of Mn and improved the plant viability. This improvement was reflected
by decrease in uptake of Mn ions, decrease of ROS production and lipid peroxidation
and also better growth parameters in the tested plants. The bioavailability of the Mn
was influenced by pH however the uptake of Mn was not affected. We also found out
that competition between Mn”* and Ca* occur in the both land plants and also freshwa-

ter microalgae Scenedesmus quadricauda.
Keywords

Metals, fluorescence microscopy, antioxidant enzymes, organic acids, metabolites.



UVOD

Mangan byl objeven v roce 1774 §védskym chemikem Carl W. Scheelem a poprvé izo-
lovan Johanem G. Gahnem ve stejném roce. Je to kovovy prvek z VII. skupiny pie-
chodnych prvki s atomovym ¢islem 25 a s relativni atomovou hmotnosti 54,938 g-mol’
! Jako ¢&isty kov ma hustotu 7,47 kg-m™ s teplotou tani 1246 °C a teplotou varu 2061 —
2097 °C.

Je soucasti zivé 1 nezivé piirody a patii mezi mikroprvky. Je nedilnou soucasti
fady metabolickych drah vSech ndm znadmych Zivych organismi. Nejznamé;jsi je jeho
funkce pii fotosyntéze, kde je soucasti OEC (oxygen evolving complex) v Kokoveé cyk-
lu ve fotosystému Il. Problematicky za¢ne byt, kdyz je ho nedostatek nebo piebytek
(Marschner, 1995). Do potravniho fetézce se dostava z pidy jakozto pfirozena soucast
pedosféry, z vody nebo, a to je zasadnéjsi problém, z ¢innosti ¢loveéka, naptiklad z dalni
¢i hutni ¢innosti nebo rychlého rozvoje zemédélstvi (Gangwar et al., 2010; Tang et al.,
2001). Tim dochazi ke kontaminaci zeméd¢lsky vyuzitelné pidy a vodnich zdroji ne-
jen manganem, ale i jinymi prvky, vetné tézkych kovil, coZ ma za nasledek snizenou
aktivitu plidnich mikroorganismil, sniZenou Urodnost a tim i niz8i vynos Urody
(McGrath et al., 1995). Pro ilustraci, manganem je kontaminovano zna¢né mnozstvi

zemé&délské pudy v Cing, v disledku pramyslového a ekonomického ristu, ktery nebral

ohledy na ekologické hrozby.

Ptirodni kolobéh tohoto prvku je znamy. Mangan je studovan z riznych divo-
di a v riznych souvislostech. Napitiklad zptisoby ochrany rostlin pfed vlivem nadbytku
manganu (Issa et al., 1995). Mechanismus jakym se mangan pfijima do rostlin, jeho

pohyb a dislokace v rostlinach.

Tato prace se zabyva vlivem manganu na zem&délsky vyznamné rostliny a
sladkovodni mikrofasu. Jakym zptisobem rostliny reaguji na nadmérné mnozstvi man-
ganu, jak se vyrovnavaji s tim souvisejicim stresem a jak je ovlivnén jejich metabolis-

mus, se stalo cilem mé prace.



1 LITERARNI PREHLED
1.1 Kovy a jejich vliv na rostliny

1.1.1 Charakteristika kovii

Kov je definovan jako prvek periodické soustavy prvkd, ktery je elektropozitivni, ma
snahu pfedavat valen¢ni elektrony a tvofi jednoatomové kationty. Kovy rozliSujeme na
lehké a té€zké. Puvodné byl termin ,,tézky kov* pouzivan pouze v souvislosti s kovy,
které meli Skodlivé ucinky a méli vyssi hustotu nez Zelezo. Jednalo se o kadmium, rtut’
a olovo (Duffus, 2002). V dnesni dob¢ se tento termin pouziva v souvislosti se vSemi
kovy a polokovy, které maji hustotu vy3§i nez 5 g-cm™, nebo které maji toxicky uginek
na zivé organismy nebo jsou hrozbou pro Zivotni prostiedi. Jejich nebezpec¢i spociva
V jejich schopnosti vazat se na organické latky (napt. bilkoviny) a jejich funkéni skupi-
ny —SH, —-COOH nebo —NH; a tim zménit jejich funkci nebo tvar a tak zabranit jejich
jesté chrom, nikl, méd’, kobalt a arsen (Duffus, 2002). Podle citlivosti na kvalitu a

kvantitu tézkych kovii miizeme rozdélit rostliny do tii skupin (Hall, 2002):

e C(Citlivé (netolerantni)
e Tolerantni

e Hyperakumulatory

Citlivé rostliny se nedokazi vyrovnat ani s velmi nizkymi obsahy tézkych kovu. V je-
jich ptitomnosti dochazi k retardaci rtstu, inhibici tvorby biomasy a mize dojit i k thy-
nu. Tolerantni rostliny jsou schopné rtist na mistech s vysS§im obsahem tézkych kovt.
Tyto rostliny maji mechanismy, které jim pomahaji se vyrovnat s toxickymi u¢inky
téchto kovli. Mohou omezit piijem téchto kovli kofenovym systémem pomoci exudati,
pomoci fytochelatini nebo metalothioneint tyto kovy chelatuji a transportuji do vakuol,
nebo mohou tyto kovy zabudovat do bunécéné stény. Dulezitou roli v toleranci na tézké
kovy hraje glutathion a organické kyseliny (Hall, 2002). Hyperakumulace je velmi pod-
statna schopnost rostlin pfijimat a uchovavat v sob¢ znacné mnozstvi jednoho nebo vice
kovi, aniz by tim rostlina sama utrpéla (Baker et al., 1989). Této vlastnosti nékterych
druhti rostlin se vyuziva pii takzvané fytoremediaci nebo také fytoextrakci. Jde o po-
stup dekontaminace piidy od nékterych tézkych kovli pomoci téchto hyperakumulatort.
Napiiklad Thlaspi caerulescens je hyperakumulator zinku, niklu, kadmia a je schopna

pfijmout i zna¢né mnozstvi olova (Kabata-Pendias, 2011). Takové rostliny dany kov
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ptijmou a dale ho uz neuvolnuji zpét do piady (Pollard et al., 2002). Tyto rostliny maji
prevazné nizsi biomasu, protoze vétSinu energie spotiebuji na adaptaci na vysoké kon-
centrace danych kovu a jejich zabudovani do svych pletiv, nejéastéji v kotenech, ale i
v listech, neZ na tvorbu biomasy. Proces fytoremediace nebo také fytoextrakce se déli

na Ctyfi po sob¢ nasledujici ¢asti (Kabata-Pendias, 2011):

e Fytostabilizace — vazani kovi (metaloidi) v aerobnim prostfedi kofenové zony.

e Fytoextrakce — zvyseni ptijmu kovi. Tento proces mize pokracovat nékolik se-
z6n, nez se dostavi potifebny efekt.

o Fytoextrakce posilend chelataci

e Fytofiltrace (nebo také rhizofiltrace) — absorbce kovi (metaloid) v kofenovém
pletivu, v disledku chelatace a absorp¢niho povrchu kofend, z pidy i podzemni

vody.

Hyperakumulatory jsou druhy nebo genotypy rostlin, které jsou schopné aku-
mulace kovii nad koncentraci dostupnou v pidé. Dalo by se fici, Ze se jednd o bio-
pumpy kovi. Tento pomér (obsah kovu v rostling / obsah kovu v pid¢€) se nazyva bioa-
kumulac¢ni faktor (BAF) a slouzi k porovnani riznych druhti rostlin ve vztahu
k akumulaci kovu (Elekes et al., 2010; Kovacik, 2013). S tim souvisi i transloka¢ni
faktor (TF), ktery nam udava, jaké mnozstvi kovu se dostalo z kotenli do listil rostliny

(obsah kovu v nadzemni ¢asti / obsah kovu v kofenové casti) (Kovacik, 2013).

Dosud je znamo ptiblizn¢ 400 druhi rostlin schopnych hyperakumulace.
V Tab. 1 je uveden piehled nejzndméjSich a potvrzenych Celedi hyperakumulatora
manganu. Jednd se o celedi, které jsou hojné rozsifené hlavné v Australii, Oceénii a
vychodni Asii. Mira nebo hranice, od které miizeme povazovat rostlinu za hyperakumu-

lator se lisi podle daného kovu. Kadmium ma4 jinou hranici nez napiiklad mangan:

e Cd-100 pgg?
e Co,Cu,NiaPb-1000pgg?
e MnaZn-10000 ug'g'l

Hyperakumulatory, které jiz splnili sviij ucel, se daji dale zpracovavat na biopaliva,
popiipad¢ jako palivo v elektrarnach na tuhd paliva. Popel z téchto elektraren je velmi
bohaty na tézké kovy, které do sebe rostlina pfijala, a tyto kovy mohou byt recyklovany
(Kabata-Pendias, 2011).
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Tab. 1: Prehled nejznameéjsich celedi potvrzenych hyperakumulatorii manganu.

Nazev Celedé Latinsky nazev Zdroj

Tojestovité Apocynaceae Reeves et al., 2000
Jesencovité Celastraceae Reeves et al., 2000
Klusiovité Clusiaceae Reeves et al., 2000
Myrtovité Myrtaceae Reeves et al., 2000
Proteovité Proteaceae Proctor et al., 1989
Li¢idlovité Phytolaccaceae Liuetal., 2010
Rdesnovité Polygonaceae Liuetal., 2010
Cajovnikovité Theaceae Xue et al., 2010

1.1.2  Vliv kovii na rostlinnou produkci

Na rtst rostlin a rostlinou produkci ma vliv mnoho faktord. Mezi tyto faktory patii
kromé dostatku svétla a vody i1 dostatek CO; a mineralni vyziva. V ptipad¢, ze néktery
z faktort je nedostatecny, tak jeho navyseni vede ke zvySeni riistu a vynosu plodin.
V bézné zeméd€lské vyrobé byva zastoupeni napiiklad dusiku nebo fosforu v pudé
dobré, ale nedostatetné zastoupeni maji mikroprvky. To byva zpiisobeno naptiklad
nadmérnym hnojenim dusikatymi hnojivy. To miize mit za nasledek, ze ackoliv mikro-
prvky jsou v pudé ptitomny, tak v takové formé, kterou rostlina nedokaze piijmout.
Nebo muze nastat opacny piipad, kdy se mikroprvek za¢ne do rostliny dostavat ve vét-
§im mnozstvi a muze mit i toxické ucinky, nebo miize zabranit v pfijmu jinym mineral-
nim latkam a tim zpusobit jejich nedostatek, coz se negativné projevi na riistu a vynosu

téchto plodin (Marschner, 1995).

V Tab. 2 jsou uvedeny empiricky zjiSténé obsahy né&kterych prvki, které jsou
pro rostliny dtlezité. Tyto obsahy miZzeme povazovat za zké optimalni rozpéti téchto
prvkll pro spravny rast a vyvoj danych rostlin, atkoliv mirné vyssi obsah danych prvka
by nemél mit negativni G€inky. Pfijem prvkl je také ovlivnén piijmem jednotlivych
prvki. Jeden prvek ovliviiyje pfijem jinych prvki. Obsah a piijem jednotlivych prvki v
rostlin€ ovliviluje 1 jeji ristové parametry. Ma vliv na tvar, délku i pramér kofend, hus-
totu kotfenového valu, vySku rostliny a celkovou trodnost a vitalnost rostliny. Tento

vliv kovii na rostliny je zptisoben jejich obsahem a funkci v rostlin€. Na trovni metabo-
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lismu, kovy ovlivituji naptiklad obsah proteinti, chlorofylu, rychlost fotosyntézy, obsah

intercelularniho CO, nebo rychlost transpirace (Marschner, 1995).

Z hlediska zaméfeni mé prace je nutno zminit vliv manganu na produkci rost-
lin. V praci Sheng et al. (2015) byl zkouman vliv manganu na pSenici v hydroponické
kultivaci po dobu 14 dnd. Mangan byl aplikovan jako MnSO, v koncentraci 3 mM.
ZvySena pritomnost manganu ovlivnila pfijem ostatnich sledovanych prvki. Dodané
mnozstvi manganu mélo za nasledek vzrist jeho obsahu z 0,3 mg-g” na 9,5 mg-g™.
Tento nardst manganu negativné ovlivnil obsah jinych prvka a chlorofylu. Obsah dras-
liku klesl o 20 %, vapniku o 40 %, hoi¢iku o 40 %, zinku 0 25 % a chlorofylu o 55 %.
Vlivem manganu doslo ke zpomaleni riistu vysSky pSenice, ale kofeny se prodlouzili.
Také doslo ke snizeni celkové hmotnosti nadzemni ¢asti o 18 % a u kofent byl tento
pokles hmotnosti 0 50 %. V praci Demirevska-Kepova et al. (2004) byly sledovany
biochemické zmény v kliccich jeémenu pii expozici médi (1,5 — 1500 pM) a manga-
nem (18,3 — 18300 uM) po dobu 5 dni. Pf¥itomnost médi zptisobila pokles obsahu chlo-
rofylu (22 %) a proteind (18 %) pii davce 1500 pM. Mangan ovlivnil obsah chlorofylu
také negativné. Doslo k jeho poklesu o 18,5 % pii davce 18300 uM. Obsah proteind
nebyl ovlivnén manganem pii zadné koncentraci. V praci El-Fouly et al. (2001) byl
zkouman vliv Zeleza (0 — 33,6 pg-g™), manganu (0 — 3,3 pg-g™) a zinku (0 - 0,39 pg-g’
1) na slunecnici po dobu 6 tydnli. ZvySend davka Zeleza pozitivné€ ovlivnila obsah man-
ganu V listech i v kofenech. Obsah zinku se zvysil v listech, ale v kofenech doslo ke
snizeni obsahu s rostouci davkou pfidavaného Zeleza. ZvySujici se davka manganu zpa-
sobila nejprve strmy nardst obsahu Zeleza v nadzemni ¢asti, avSak s rostouci davkou
Mn se obsah zeleza postupné snizoval. V kotfenech mél obsah Zeleza podobny priibéh.
Nejprve strmé vzrostl a nasledné se s rostouci davkou Mn obsah Fe v kotenech snizo-
val. Stejny trend byl pozorovan i v obsahu zinku. Zvysujici se davka zinku pozitivné
ovlivnila obsah zeleza v nadzemni ¢asti, kde s rostouci davkou Zn rostl i obsah Fe, ale
negativné ovlivnila obsah zeleza v kofenech, kde srostouci davkou Zn doslo
K postupnému snizeni obsahu Fe. ZvySujici se davka Zn ovlivnila obsah manganu
vV nadzemni ¢asti, kde doslo nejprve k nartistu obsahu a pii koncentraci zinku 0,26 pg-g
' doglo ke strmému snizeni obsahu Mn. Obsah manganu v kofenech byl pozitivné
ovlivnén zvySujici se davkou Zn. Také bylo zjisténo, ze zvysujici se davky zeleza pod-
poruji rast. Rostliny, které dostaly vice zeleza, mély vice listli s vétsi plochou a zvétsil

se 1 objem kotfenil. Vyss§i davky manganu zpisobily zvétSeni listové plochy, prodlouzily
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vysku stonku a zvétsili objem kotenti. Vyssi davky zinku zptsobili mirny nartst poctu
list, zvétsili plochu listd, ale negativné ovlivnili objem kotfenti pfi nejvyssi davce
(0,39 ug-g™). V praci Kovacik et al. (2009) byl hefmének 1ékafsky vystaven ptisobeni
médi a kadmia pii dvou koncentracich (60 a 120 uM) po dobu 7 dnti. Tyto kovy nega-
tivn¢ ovlivnily obsah drasliku v listové rizici. Nejvice to bylo patrné pii 120 uM médi,
kde doslo k poklesu obsahu drasliku o 42 %. V kotenech byl pozorovan také negativni
vliv médi a kadmia na obsah drasliku a také byl nejvice vidét u koncentrace 120 uM
Cu. Jak méd’, tak kadmium pozitivné ovlivnili obsah Zeleza v kotfenech, kde doslo
Kk nardstu obsahu zeleza. Nejvyssi nardst byl zaznamenan u 120 uM Cu, kde se obsah

zeleza zvysil 0 49 %.

Necévnaté rostliny, napiiklad vodni fasy, maji sice odli§ny zptsob piijmu prv-
kt, kdyZ nemaji kofeny, ale mechanismy jsou stejné jako u cévnatych rostlin, proto i u
téchto jednodussich organismt zvySeny piijem jednoho prvku ovliviiuje obsah a piijem
jinych prvki. V praci Issa et al. (1995) byla fasa Kirchneriella lunaris vystavena puso-
beni nékolika kovid (Cd, Co, Mn a Ni) o koncentraci 0,1 mM v kombinaci sa
bez vapniku o koncentraci 5 mM. Bylo zjisténo, ze pfijmutim vapniku doslo ke snizeni
pfijmu ostatnich kovti. U kadmia o 21,5 %, u kobaltu 0 42 %, u niklu 0 32 % a nejvice
u manganu o 55 %. Aplikace vapniku k témto koviim méla za nésledek zvyseni suché
hmotnosti, coz je u fas ekvivalent rtstu, takzvany narist biomasy. To indikuje, ze zvy-
Seni obsahu vapniku, snizilo toxicitu pouzitych kovi a zlepSilo podminky pro mnozeni
fasy. Tento fakt podporuje 1 zvySeni obsahu proteint u kazdé kombinace s vapnikem.
Obsah chlorofylu a celkovych pigmentl byl také vyssi u kombinaci s vapnikem nez u

samotnych kovil.
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Tab. 2: Prehledova tabulka vybranych zemédélskych rostlin a obsah vybranych prvki (Bergmann, 1988).

Cesky nazev Latinsky nazev Ca(mgg?) | Mg(mg-g?) | K(mgg?) | Mo(ugg?) | Cuuggeg?) | Zn(ugg?
PSenice seta Triticum aestivum 4-10 15-3 35-55 0,1-0.3 7-15 25-70
Je¢men sety Hordeum vulgare 3-10 15-3 35-50 0,1-0,3 6-12 20-60
Kukufice seta Zea mays 3-10 25-6 30-45 0,2-0,5 7-15 30-70
Brukev fepka Brassica napus 7-20 25-6 28 — 45 05-1 6-—12 20-80
Hlavkové zeli Brassica oleracea capitata 15-20 2,5-5 30-40 04-0,7 5-12 20-60
Zito seté Secale cereale 3,5-10 15-3 28 —45 0,1-0.3 6-12 20-60
Oves sety Avena sativa 5-10 2-4 45 — 58 02-04 6-12 25-70
Ryze seta Oryza sativa 2-6 2-4 18 - 26 04-1 7-12 30-70
Cervena fepa Beta vulgaris 6-15 25-8 38-70 02-1 6-15 20-80
Hrach sety Pisum sativum 5-20 25-6 22 -35 04-1 7-15 25-70
Soja lustinata Gylcine max 6-—15 3-7 25-37 05-1 10-20 25-60
Okurka seta Cucumis sativus 50-90 5-10 25-54 0,8-2 7-15 35-80
Hlavkové zeli Lactuca sativa capitata 12-21 35-6 42 - 60 02-1 7-15 30-80
Mrkev obecna Daucus carota 12-20 4-8 27 —-40 05-15 7-15 30-80
Spenét sety Spinacia oleracea 6—12 35-8 3553 03-1 7-15 2070
Rajce jedlé Lycopersicum esculentum 30-40 3,5-8 30-60 03-1 6-12 30-80
Cibule kuchyiiska Allium cepa 6-15 25-5 25-30 0,15-0,3 7-15 20-70
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1.1.3 Vyznam Mn a jeho deficit a toxicita

Mangan v kovové (ryzi) formé& nema §irsi uplatnéni a je ekonomicky nerentabilni, proto
se Vv této forme vyrabi pouze sporadicky. V této kovové formée je velmi reaktivni. VSude
tam, kde je mangan potieba, se vyuzivaji jeho slouceniny ve formé halogenidu, oxidi,

sirantl, dusi¢nand, uhli¢itant aj. (Heslop, Jones, 1982; Greenwood et al., 1993).

Zdroj: https://cs.wikipedia.org/wiki/Mangan

Obr. 1: Mangan jako ryzi kov.

V CR se manganové rudy nachazeji prevazné v KruSnych horéach, ackoliv

vhodné pro tézbu jsou evidovana jen 3 mozna loziska u Chvaletic s odhadovanym

mnozstvim piiblizn¢ 138 mil. t. (Jirasek et al., 2009).

e .
Chvaletice
Chvaletice - odkakété 1 a 2
Retany - odkalige 3

Zdroj: http://geologi
e.vsh.cz/loziska/lozis
ka/loziska_cr.html#
MANGAN

Obr. 2: Mapa s lozisky manganu vhodnymi pro tézbu.

Mangan je soucasti svételné faze fotosyntézy. Je lokalizovan v chloroplastech,
kde je soucasti fotosystému II a podili se na vyvoji kysliku v komplexu OEC, a ve va-
kuolach. Praveé proto je nejvice zastoupen v listech zelenych rostlin. Velikost iontu je
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podobna Ca a Mg, coz muze vést k substituci nebo kompetici v piijmu a funkcich. Po
pfijeti manganu do rostliny pres kofenovy systém z vodniho vyluhu ve form& Mn**
nebo v chelatové formé (jiné formy nejsou pro rostliny biodostupné) dochazi
k transportu do list, kde je zabudovan do chloroplastu. Také je aktivatorem RNA po-
lymerasy, ackoliv neni nezbytny pro proteosyntézu, a ovliviiuje syntézu lipidd, kon-
krétné mastnych kyselin. Také aktivuje enzymy napiiklad malat dehydrogenasu, isoci-
trat dehydrogenasu nebo PEP (fosfoenolpyruvat) karboxykinasu, kde u ¢tyfuhlikatych
(Cy) rostlin je nenahraditelny, a také aktivuje enzymy, které se podili na syntéze latek
s aromatickym jadrem naptiklad tyrosinu, ligninu, flavonoidu atd. (Marschner, 1995;

Taiz et al., 2010).
Nedostatek manganu

Ma za nasledek inhibici rastu rostliny jako celku, jejich kotfent a vede az k celkovému
zastaveni ristu bo¢nich kotenti. Zptisobuje také chlor6ézu, protoze rostlina nema dosta-
tek manganu pro tvorbu funkéniho chlorofylu a tim se inhibuje i chloroplast a dochazi
Kk celkovému zpomaleni fotosyntézy. Rostlina také produkuje nizsi hladinu rozpustnych

sacharidti (Marschner, 1995; Taiz et al., 2010).
Nadbytek manganu

Nadbytek manganu se projevuje nejcasteji hnédymi skvrnami, deformaci mladych listd,
chlor6zou az nekrézou listd kolem zilnatiny u cévnatych rostlin (Marschner, 1995; Taiz
et al., 2010). V Tab. 3 je uveden piehled nékterych zemédelsky vyznamnych rostlin a
nékterych fas s empiricky zjiSt€énym mnoZstvim manganu pro optimalni rast. V praci
Saidi et al. (2014), kde byly klicky slunecnice Helianthus annuus vystaveny ptsobeni
100 uM manganu a rostouci koncentraci selenu (0-20 uM), bylo zjisténo, Ze samotny
mangan zpusobil inhibici rGstu biomasy a prudce zvysil akumulaci manganu jak
Vv kotenech, tak v listech. Nasledn4 aplikace selenu zmirnila negativni u¢inek manganu
a doslo ke zlepseni ristovych parametrti. V praci Liu et al. (2010) doslo ke stimulaci
rstu kofenll u manganového hyperakumulatoru Polygonum perfoliatum pouze pfi nizsi
koncentraci manganu (5 mM). P#i vyssi koncentraci (10 a 15 mM) doslo k inhibici
rustu kofent. U této rostliny doslo k minimalni zméné v rlistu ostatni biomasy a obsahu
rozpustnych proteinti. Naproti tomu u rostliny ze stejné ¢eledi Polygonum hydropiper
doslo k signifikantnimu snizeni téchto parametrt pifi stejném pokusu. Pfi podobné praci

Feng et al. (2009) byl testovan vliv kiemiku (1 mM) a manganu (0,6 mM) v¢etné kom-
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binace téchto dvou kovt na kliceni okurky. Pfitomnost samotného manganu zpusobila
ihibici riistu biomasy jak nadzemni ¢asti, tak kotenti. Pfidavek kifemiku snizil negativni
pusobeni manganu, coz se projevilo zvySenim rtistu biomasy. Podobné vysledky mé¢l i
pokus s klicenim ryZze v praci Srivastava et al. (2011), kde byla ryze klicena
V pfitomnosti manganu o koncentraci 3 a 6 mM. Pfitomnost manganu v téchto koncen-
tracich po dobu 20 dnti vyvolal inhibici ristu kofenli a tvorby biomasy a zptsobil po-

kles obsahu neproteinovych thiold v kofenech a snizil obsah proteint s thio- skupinou.

Odpovéd’ necévnatych rostlin na pfitomnost kovli mize byt odlisné. V préci Li
et al. (2007) byla mikrotasa Pavlova viridis vystavena pusobeni kobaltu a manganu v
koncentracich 0-200 uM. Kobalt zptisobil retardaci riistu biomasy a snizil obsah protei-
nl. Naproti tomu pfitomnost manganu neovlivnila riist biomasy pfi Zadné koncentraci.
Pii koncentraci 10 a 20 uM doslo k nartistu obsahu proteinti. V praci Ushizaka et al.
(2011) pouzili chelatovany zelezity ion a mangan s koncentracemi 5 a 25nM
Vv kultiva¢nim mediu pro motskou fasu Talassiosira weissflogii. Vysledkem pokusu
bylo, Ze fasy bez ptitomnosti manganu téméf nerostly. Az s pridavkem manganu zacali

tvofit zna¢né mnozstvi biomasy.
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Tab. 3: Optimalni obsah manganu ve vybranych rostlinach (Bergmann, 1988; Carcea et

al., 2015; Rodrigues et al., 2015).

Cesky nazev Latinsky nazev Mn (pg-g’)
PSenice seta Triticum aestivum 30-100
Je¢men sety Hordeum vulgare 25-100
Kukufice seta Zea mays 40 — 100
Brukev fepka Brassica napus 30 - 150
Brukev zelna - kvétak Brassica oleracea botrytis 30-100
Hlavkové zeli Brassica oleracea capitata 30-100
Kedluben Brassica oleracea gongylodes 50 - 100
Zito seté Secale cereale 20 — 100
Oves sety Avena sativa 20-100
Ryze seta Oryza sativa 40 -100
Cervena fepa Beta vulgaris 35— 100
Podzemnice olejna Arachis hypogaea 50— 100
Fazol obecny Phaseolus vulgaris 40 -100
Hrach sety Pisum sativum 30-100
Soéja lustinata Gylcine max 30-100
Jetel lu¢ni Trifolium pratense 35-100
Okurka seta Cucumis sativus 60 — 120
Kien selsky Amoracia rusticana 60 — 120
Mrkev obecné Daucus carota 50 -120
Chrest 1ékaisky Asparagus officinalis 25-100
Spenét sety Spinacia oleracea 40 — 100
Modro-zelena fasa rod Arthrospira 20-110
Cervena fasa Osmundea pinnatifida 10-15
Cervena fasa Grateloupia turuturu 20— 30
Cervena fasa Gracilaria gracilis 1525
Hnéda tasa Sargassum muticum 10-15

Hnéda fasa Saccorhiza polyschides 5-10

Zelena tasa Codium tomentosum 15-25
Zelena mikrotasa Scenedesmus quadricauda 20 -40
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Dostupnost manganu

Zavisi na nékolika faktorech. Jeden z hlavnich faktori je pH ptidniho roztoku. Bio-
dostupnost Mn je nejvyssi pii pH okolo 2-3. S rostouci hodnotou pH (od 5,5) klesa do-
stupnost manganu pro rostliny, az do pH 8, kde se dostupnost zase zvySuje (Taiz et al.,
2010). To ovSem v praxi neplati, protoze se pro zemédélské ucely pH ptdy upravuje
vapnénim, které zpiisobuje, Ze se mangan dostava do Spatné rozpustnych forem a tak se
jeho prakticka vyuzitelnost pro rostlinu nezvySuje. Déle je pfijem manganu ovlivnén
celkovou vlhkosti prostiedi, kde plati, Ze ¢im vétsi vlhkost ptida m4, tim horsi je ptijem
manganu. Déle je pfijem ovlivnén obsahem organické hmoty, kterd brani pfijmu man-
ganu rostlinou. Typy ptd, které jsou chudé na biodostupny mangan jsou: zamokiené,
raSelinné, mokfadni a humozni pis¢ité (Marschner, 1995). Stru¢ny piehled pidnich

typt, druhti vod a obsah manganu v nich je uveden v Tab. 4.

Tab. 4: Prehledova tabulka obsahu manganu v ruznych pudnich a vodnich typech
(Kabata-Pendias, 2011; Pitter, 1999).

Typy pid Obsah Mn (ng-g™)
Zemska ktira 716 — 1400
Kysel¢é pudy 350 — 1200
Jilovité pady 400 — 850
Piskovité pady 100 - 500
Vépenaté pidy 200 — 1000
Kremicité pudy 850 — 2000
Arenozoly 7 —2000
Podzoly 50 - 9200
Kambizoly 100 — 3900
Kalcizoly 50 - 7750
Histozoly 10 - 2200
Typy vod Obsah Mn (mg-l'l)
Povrchova voda 0,01-1,85
Podzemni voda 0,1-50
Pitna voda 0,056-0,1
Motska voda 0,002 - 0,004
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Pfijem manganu a jeho transport

Piijjem manganu je podle nejnovéjSich vyzkumt metabolicky fizen (Skinner et al.,
2005). Mangan se dostava z pudy do kotent rostlin aktivnim transportem ve formé ka-
tiontu Mn?* stejné, jako napiiklad hoicik nebo vapnik. Tento aktivni pfijem zajistuje
fada transportnich mechanismti, které se staraji o pfijem a transport latek mezi mem-
branami (kratka vzdalenost), zajist'uji radialni posun latek v kotenu (sttedni vzdalenost)
a rozvadéji latky pomoci xylémového a floémového transportu (dlouhd vzdalenost)
vV organismu a funguji proti koncentracnimu gradientu. Mangan je pfenaSen nékolika
druhy a typy pifenasecl, napiiklad pienase¢ SMF1 z rodiny NRAMP, IRT1 z rodiny
ZIP, aj (Socha et al., 2014).

Je také moZzny pasivni transport Mn?* v ptipadé, Ze je jeho obsah v piidnim
roztoku vysoky az toxicky. Po jeho pfijeti do rostliny je mangan rychle transportovan
uvniti rostliny. Zda se proto nepravdépodobné, ze by byl mangan vazan do nerozpust-
nych organickych ligandii, protoZe jinak by nebylo mozné, tak rychlého transportu ko-
fenovou tkani nebo xylemovou tekutinou. Komplex interakci mezi kofeny rostlin a mi-
2005). Deficit manganu je pomé&rné bézny problém pii riistu rostlin na neutralni, ¢i va-
penaté pude. V takovych plidadch dochézi vlivem interakce kofend rostlin
s mikroorganismy k oxidaci Mn?* na Mn®*" nebo Mn*, které jsou pro rostliny nedo-
stupné (Kabata-Pendias, 2011).

Mangan byl nalezen ve volné Mn?* formé v rostlinnych kapalinach a extrak-
tech. To nasvédcuje, Ze je mangan transportovan pomoci organickych molekul, které
byli nalezeny ve floémovém exudatu. V tomto exudatu bylo naméfeno mnohem méné
Mn nez v listové tkani. To vede k zavéru, Ze mirny transport Mn floémem je mozny a
odpovida nizkym koncentracim manganu v plodech a semenech. Mangan je piednostné
transportovan do délicich tkadni a do mladych rostoucich tkani. To potvrzuje i1 studie
Heenana a Campbella (1980), ktefi zjistili, Ze se mangan akumuluje v listech a jeho
mnozstvi pfibyva se starnutim listu. Také zjistili, Ze malé mnoZstvi manganu ze starych
listdl je schopno pfemisténi do novych rostoucich listl, které¢ maji deficit manganu. To
potvrzuje fakt, Ze ma& mangan nizkou mobilitu v rostlin€, ale je transportu schopen,
i kdyz je znac¢né limitovan. Rozlozeni manganu v rostliné neni rovnomérné a je také

zavislé na vegetacni fazi rostliny (Kabata-Pendias, 2011).
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1.14 Interakce kovii s manganem

Mangan je znadm i svymi interakcemi s jinymi kovy jak v biologickych tak i v geoche-
mickych systémech. Z geochemickych interakci se jedna napiiklad o vysokou afinitu
oxidii manganu ke kobaltu. Tato reakce byla potvrzena, kdyz se kobalt z piidy s vyso-
kym obsahem tohoto kovu stal pro rostliny nedostupny uz pfi primérmém mnozstvi
manganovych oxida v této ptidé. Silna absorp¢ni kapacita oxidli manganu muze fidit
dostupnost 1 jinych prvki rostlindm. Je znam antagonicky vztah mezi manganem a ze-
lezem u kyselych pud s vysokym obsahem dostupného manganu. Zelezo s manganem
maji provazané metabolické funkce a pro spravny a zdravy rast rostlin musi byt ve
spravném poméru (Fe : Mn = 1,5 — 2.5). Pod timto rozsahem se projevuji toxické ucin-
ky manganu a deficit Zeleza. Nad timto rozsahem se zase projevi toxicita zeleza spojena
s deficitem manganu (Kabata-Pendias, 2011). Z tohoto vyplyva, ze se toxicita manganu
nebo zeleza da snizit aplikaci druhého kovu do pidy nebo, v ptipadé vodnich fas, i do
vody/kultivaéniho média (Ushizaka et al., 2011). Také bylo dokazano, zZe pridavek
manganu snizuje koncentraci kadmia ve v§ech organech rostliny Phytolacca Americana
(Peng et al., 2008). Z interakci manganu s ostatnimi kovy je znam antagonicky nebo
synergicky efekt v pfijmu kadmia a olova (zalezi na dalSich podminkach, ktery efekt se
se projevi) a sniZzeni pfijmu manganu v pfitomnosti zinku. Interakce manganu s kiemi-
kem je také jiz prozkoumana. Bylo dokdzano, Zze vhodnad dévka kiemiku napomdha
sniZzeni toxicity manganu a jeho rovnomérngj$i distribuci Vrostliné. Rostliny
s deficitem kiemiku lépe piijimaji mangan nez rostliny, které maji dostatek kiemiku
(Feng et al. 2009). Dalsi antagonisticky efekt v pfijmu manganu zpusobuje interakce
s vapnikem, hoi¢ikem, draslikem, sodikem a dusikem. Pfitomnost manganu potlacuje
pfijem vapniku a zpiisobuje jeho deficit. OvSem za urcitych podminek vapnik snizuje

toxicitu manganu (Kabata-Pendias, 2011).

Také miZeme tento efekt nazvat kompetici v aktivnim pi{jmu prvka. V praci Is-
sa et al. (1995) byla tasa Kirchneriella lunaris vystavena ptsobeni kadmia, kobaltu,
manganu a niklu o koncentraci 100 uM a kultiva¢ni média s témito kovy byli nasledné
obohaceny o 5 mM vapniku. Pfidani vapniku zptisobilo snizeni pfijmu daného kovu,
coz bylo nejzeteln&jsi pravé u manganu, kde se prijem snizil o témé&f 55 % (Cd** o
21,6 %, Co” 0 42,2 %, Ni** 0 32,1 %). Byl také zaznamenan zvyseny nariist biomasy,

chlorofylu a karotenoidii u téch tas, kde byl pfidan vapnik.
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1.2  Abioticky stres v rostliniach

1.2.1 Oxida¢ni stres

V piipadé€, Ze jsou rostliny vystaveny abiotickym stresovym podminkédm, naptiklad
pusobenim tézkych kovi, teplotnimi extrémy, vysokou intenzitou zafeni, salinitou, ne-
dostatkem minerdlnich Zivin nebo nedostatkem vody, dochéazi k naruSeni rovnovahy
mezi produkei reaktivnich forem kysliku (ROS) a jejich odbouravanim. Zvysena pro-
dukce ROS vede k oxida¢nimu poskozeni riznych bunéénych struktur, véetné proteint,
DNA nebo membranovych lipidd (Spychalla et al., 1990). V ptipad¢, Ze jsou rostliny
vystaveny stresovym podminkdm, napiiklad pisobenim tézkych kovi, teplotnimi ex-
trémy, vysokou intenzitou zafreni, salinitou, nedostatkem mineralnich Zivin nebo nedo-
statkem vody, dochazi k naruSeni rovnovahy mezi produkci reaktivnich forem kysliku
(ROS) a jejich odbouravanim. Zvysenad produkce ROS vede k oxida¢nimu poskozeni

ruznych bunéénych struktur, vcetné proteinti, DNA nebo membranovych lipidi

(Spychalla et al., 1990).

Pojmem radikaly nebo také volné radikaly se rozumi vSechny atomy, moleku-
ly nebo ionty schopné nezavislé existence a museji obsahovat alesponi jeden nesparova-
ny elektron. Jejich vznik probihé pfijetim nebo uvolnénim jednoho volného elektronu.
Také mohou vzniknout pfi Stépeni kovalentnich vazeb. Pfi nasledném kontaktu dvou
volnych radikalt dojde ke spojeni jejich nesparovanych elektronti a vznikne kovalentni
vazba (Halliwell, 2007). Kyslik se jako plyn objevil ve vyznamném mnozstvi v zemské
atmosféfe pred 2,2 mld. let vlivem fotosyntetické aktivity sinic. To zpusobilo jeho
akumulaci a tim doslo ke zméné¢ zivotniho prostredi, ve kterém se zvysil segregacni tlak
na organismy, coz vedlo k naristu mutaci a dalSimu vyvoje organismt (Halliwell,
2006). Atmosféricky kyslik je v zékladnim stavu biradikal, ktery obsahuje dva nesparo-
vané elektrony s paralelnimi spiny. V tomto neaktivovaném stavu je malo reaktivni. Pro
aktivaci kysliku je potfeba bud’ absorbovat dostate¢né mnozstvi energie na pfevraceni
jednoho ze spini, nebo monovalentni redukce. V prvnim pfipad¢ se z tripletového stavu
dostane kyslik do singletového stavu, kde ma elektrony s opacnymi spiny a tim se stava
reaktivnéj$i. Toto se dé&je prevazné v chloroplastech, kde je vysoka hladina energie.
V druhém ptipadé dostavame po postupné monovalentni redukei superoxid (O"), pe-

roxid vodiku, hydroxylovy radikal (OH') a nakonec vodu (Laloi et al., 2004).
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Rostlinné buiiky produkuji ROS kontinudlné, jako vedlejsi produkt aerobniho
metabolismu, napiiklad neenzymatickym pfenosem elektronti na molekularni kyslik pfi
fotosyntéze v chloroplastu nebo dychani v mitochondriich. Druhou moznosti je enzy-
matické pusobeni, napiiklad oxidace mastnych kyselin v peroxisomech. Produkce ROS
v buiitkach za idealnich podminek je nizka (240 pM-s* O,” a 0,5 uM-s™* H,0,). Piiso-
benim stresu se produkce zvysi (240-720 pM-s™ O, a 5-15 uM-s™ H,0,). Toto zvyse-
ni tvorby ROS vlivem stresu ohrozuje bunku. Pfi nizkych koncentracich funguji ROS
jako signalni molekuly, které jsou dulezité pii regulaci rostlinného metabolismu a vyvi-

nu (Mittler, 2002).

Vlivem stresovych podminek dochéazi v mitochondriich k redukci elektrono-
vého transportu s naslednou produkei superoxidového radikalu. Ten je Casto vysledkem
zvySené hladiny ubisemichinonu v tfetim mitochondridlnim komplexu. Ubisemichinon
se v ptitomnosti kysliku autooxiduje a tim se zvySuje hladina tohoto radikédlu (Raha et
al., 2000). Hlavnim zdrojem ROS (pfevazné H,0O;) v apoplastech jsou peroxidasy bu-
nécné stény, které se aktivuji alkalickym pH, naptiklad oxalat oxidasy, které katalyzuji
pfeménu oxalatu na CO, a H,0, nebo amin oxidasy, které oxiduji biogenni aminy na
NH; a H,0, (Bolwell et al., 1997). Hlavni metabolické procesy, které jsou odpovédné
za tvorbu H,0; v riznych typech peroxisomu jsou fotorespiracni reakce, enzymatické

reakce flavinovych oxidas a 3-oxidace mastnych kyselin (del Rio et al., 1992).

1.2.2 Oxid dusnaty

Oxid dusnaty je bioaktivni signalni molekula, které byla poprvé popsana v organismu
savcl, v kterém se ucastni mnoha fyziologickych procesi, naptiklad relaxace hladkého
svalstva nebo komunikace mezi neurony. Jedny z prvnich vyzkumut ohledné piisobeni
NO na rostliny se zajimali o toxické ucinky oxidi dusiku na fotosynteticky aparat rost-
lin. NO byl popsan jako signdlni molekula v roce 1998. Mnohé vyzkumy potvrdili jeho
¢etné tlohy v bunéénych procesech, napiiklad rist a vyvin (Guo et al., 2005), starnuti a
také jako odpoveéd rostlin na biotické a abiotické stresové faktory (Asai et al., 2008;
Wang et al., 2015). Hlavnim enzymatickym zdrojem oxidu dusnatého v rostlinach je
nitrat reduktasa (NR), ktera je schopna syntetizovat NO z NO; =za piitomnosti
NAD(P)H. Tato reakce je zavisla na koncentraci dusitanu a dusi¢nanu v rostlinném
pletivu. Hlavni Glohou NR neni syntéza NO, ale redukce NOgz', proto je syntéza NO jen
1 % z celkové redukéni aktivity NR (Rockel et al., 2002).
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NO je volny radikal (RNS — reactive nitrogen species) s relativné dlouhym
Casem existence (3-5s) pii srovnani s jinymi ROS. Je jednou z nejmensich hydrofob-
nich molekul s vysokou difuzi (4,8 - 10° cm?s?tv H,0). Diky témto vlastnostem muze
NO lehce prochézet pies lipidové membrany nebo prochézet hydrofilnimi ¢astmi bunky
(Arasimowicz et al., 2007). Oxid dusny je vysoce reaktivni molekula, ktera se v pfi-
tomnosti atmosférického kysliku oxiduje na nékolik dalsich oxidii (NO;', N,O3, N2Oy),
které jsou schopné dale reagovat s bunécnymi aminy a thioly. Také snadno reaguje se

superoxidem, kdy se vytvoii peroxynitritovy iont (ONOO").
O, +NO — ONOO

Tento iont zpiisobuje vadzna poskozeni bunéénych struktur, protoze reaguje s thiolovymi
skupinami proteint a polynenasycenymi mastnymi kyselinami (Ma et al., 2013; Wen-
dehenne et al., 2001). Za béznych podminek, které jsou v rostlinném organismu, se
muze NO transformovat do jiné redoxni formy. Mohou vzniknout nitrosoniovy kation
(NO™), nitroxylovy anion (NO") a dalsi (Arasimowicz et al., 2007; Neill et al., 2003;
Guo et al., 2003).

Plisobeni stresoru v bunice vede k aktivaci specifickych odpovédi. Stresovy
stimul je rozpoznan receptory bunééné membrany a ty zacnou formovat signalni mole-
kuly, které ptizptisobi obrané odpovédi organismu. Mezi tyto molekuly patii i NO
(Arasimowicz et al., 2007). ZvySeny obsah oxidu dusnatého také zvySuje biosyntézu
nékterych hormoni jako je kyselina jasmonova nebo hypericinu. Déle také modifikuje
aktivitu akonitasy, ktera katalyzuje izomerizaci citratu na izocitrat. NO ovliviiuje geno-
vou expresy a miiZze regulovat hladinu ROS v bunikéch tak, Ze inhibuje katalasy a pero-
xidasy (Arasimowicz et al., 2007). Tyto modifikace enzymu, respektive proteint,

umoziuji buitkdm pruzné reagovat na rtizné podnéty.

Muzeme fici, Ze pfitomnost NO pomaha chranit buiiku pfed oxida¢nim stre-
sem. Pokud je rostlina vystavena pisobenim kovi, tak se zvysi produkce NO molekul a
tim se spusti obrana odpovéd’ organismu. Pfitomnost NO snizuje oxidacni stres zptliso-
beny manganem v listech ryZe, ktera byla vystavena ptisobeni 15 mM chloridu manga-
natého, po dobu 48 hod. Piitomnost samotného manganu zpusobil narust H,O; a prudce
zvysil aktivity antioxidacnich enzymi GPX, CAT, SOD, GR a APX. Také doslo ke
snizeni obsahu GSH a AsA. Po aplikaci SNP (zdroj NO v kultiva¢nim roztoku) doslo

ke snizeni produkce H,0; a také se snizila aktivita vSech sledovanych antioxida¢nich
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enzymil. Obsah GSH se jesté vice snizil, ale doslo k nartstu obsahu AsA. (Srivastava et
al., 2012). NO ma také protektivni ucinky pfi oxida¢nim stresu vyvolaném kadmiem,
médi a amonnymi kationty v listech ryze (Hsu et al., 2004; Yu et al., 2005) a snizuje

toxicitu hliniku v kofenech Cassia tora (Wang et al., 2005).

1.3 Obranné mechanismy rostlin

Kazda soucast buiiky ma celou fadu antioxida¢nich mechanismil podilejicich se na udr-
zovani rovnovahy stavu organismu. Je to nezbytné, vzhledem k neustalé tvorbé ROS a
jejich reaktivité a vysoké toxicité. Tyto mechanismy miizeme rozdé€lit do dvou hlavnich

skupin:

e enzymatické mechanismy

e neenzymatické mechanismy

Do enzymatickych patii napiiklad askorbat peroxidasa (APX), glutathion peroxidasa
(GPX), superoxiddismutasa (SOD) a katalasa (CAT). Do neenzymatickych patii napti-
klad kyselina askorbova (AsA), redukovany glutathion (GSH), karotenoidy a celé fada
fenolovych latek. Buniky se nespoléhaji pouze na jednu metabolickou drahu pfi odbou-
ravani ROS, ale disponuji vice moznostmi jak odstranit ROS (Mittler et al., 2004; Taiz
et al., 2010; Pradedova et al., 2011).

1.3.1 Enzymatické mechanismy

Peroxidasy (POX)

Peroxidasy jsou oxidoreduktasy, které katalyzuji oxidaci riznych skupin organickych
latek s vyuzitim H,O, jako koncového akceptoru elektroni. Rostlinné peroxidasy maji
nékolik izoforem, které vyuzivaji riizné reduktanty a jsou umisténé v riiznych ¢astech

bunky, pfevazné v bunééné sténé a ve vakuolach (Khan et al., 2006).

Askorbat peroxidasa (APX) katalyzuje odstranéni H,O; Vv askorbat-glutathionovém

cyklu, kdy je vyuzivan askorbat jako donor elektroni. APX je soubor nékolika izofo-
rem tohoto enzymu, které se vazi na tylakoidni a mikrosomalni membrany a jsou i
Vv cytoplasmé a apoplastu (Noctor et al., 1998). APX ma nizsi afinitu k H,O; nez CAT
(ptiblizné v fadu uM), ale ma dulezitou funkeci pfi regulaci tvorby ROS a také se podili
na jemné modulaci hladiny ROS, které nasledné plni dilezitou signélni funkci v rost-

linném organismu (Mittler, 2002; Ahmad et al., 2012).
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Glutathion peroxidasa (GPX) odbourava kromé H,O; i produkty peroxidace lipidd a

zaroven je hlavnim zdrojem ochrany proti nizkym hladindm oxida¢niho stresu (Ahmad

et al., 2008).
Superoxid dismutasa (SOD)

Patfi do skupiny metaloenzymu a katalyzuji odbouravani superoxidu na H,O,. Podle
kofaktoru se SOD rozdé€luji do tii skupin. Prvni je SOD, kterd se primarn¢ nachazi
v chloroplastech. Druhou je ynSOD, se vyskytuje pfevazné v mitochondriich a v pero-
xisomech. Tteti skupinou je cu-zaSOD, ktera se nachazi v chloroplastech, peroxiso-

mech, cytoplazmé a v extracelularnim prostoru (Raha et al., 2000; Alscher et al., 2002).

SOD, které obsahuji zelezo, jsou ziejmé nejstarsi skupinou a vyskytuji se jak
Vv prokaryotickych tak eukaryotickych burnikach. Tento typ SOD je inaktivovany peroxi-
dem vodiku a je rezistentni proti inhibici kyanidem draselnym. cSOD se muze dale
rozd¢lit na dva typy. Prvni je sloZen ze dvou stejnych proteinovych jednotek a druhy je
sloZzen ze ¢tyt vétsich proteinovych jednotek. Tento druhy typ rSOD se nachéazi ve

vétsing vyssich rostlin (Alscher et al., 2002).

Z SOD se v minulosti vlivem prostfedi, zvlasté kysliku, vyvinulo ypSOD,
protoze se sniZilo mnozstvi dostupného Fe?*. Znamé jsou dva typy mnSOD. Prvni typ je
homodimericky a druhy typ je homotetramericky s jednim atomem Mn na podjednotku.
Odstranéni Mn z reak¢éniho centra enzymu zptsobi ztratu katalytické aktivity a nelze ho

nahradit jinym kovem (Fridovich, 1997).

U cu-znSOD také rozliSujeme dva typy. Prvni se nachazi v cytoplazmé a jsou
homodimerické. Druhy typ se nachazi v chloroplastech a v extracelularni membran¢ a
je homotetramericky. cy-znSOD je ziejmé zodpoveédna za katalyzu lignifikace a ochranu

bunky pied letalnimi mutacemi (Kim et al., 2015).

Regulace vSech forem SOD je nezavisla na stupni oxida¢niho stresu, ale dopo-
sud neni znam mechanismus na molekulové Grovni. Nejpravdépodobnéjsi je, Ze reakci
spoustéji produkty peroxidace lipida, které se difuzi dostavaji az k jadru a tim spoustéji
transkripci konkrétnich SOD gent. Kazdy typ SOD odpovida jinak na rizné formy

stresu (Lu et al., 2015; Fridovich, 1997).
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Obr. 3: Odbourani superoxidu enzymem superoxid dismutasou
Katalasa (CAT)

Katalasy maji velky podil na antioxida¢ni ochrané organismui. Katalyzuji rozklad pero-
xidu vodiku, ktery vznikl naptiklad odbouranim superoxidu SOD, na vodu a kyslik.
Katalasy se u rostlin nachazeji pievazné v peroxisomech a né€které izoformy i v mito-
chondriich. Jsou velmi citlivé na svétlo, maji vysokou afinitu k H,O, (v f&ddu mM) a
jsou velmi ucinné pii odbouravani H,O,. Jedna molekula CAT zvladne rozlozit az

0,1 mil molekul H,0, za sekundu (Mittler, 2002). Existuji tfi skupiny katalas. Jsou to:

e monofunk¢ni katalasy
e bifunkéni katalasy

e katalasy s obsahem manganu

Nejrozsifengjsi katalasou je monofunkéni CAT s mnozstvim izoforem. Vsech-
ny tyto izoformy jsou tetramery. Bifunk¢ni katalasy jsou ptibuzné s eukaryotickymi
APX a vyskytuji se hlavné v cyanobakteriich a v houbach. Katalasy s manganem

v reak¢énim centru byly objeveny v mikroorganismech (Smirnoff, 2005).
Peroxidasy — H,0, — katalasa— 2H,0 + O,

Tyto jednotlivé enzymy jsou soucasti antioxidacniho mechanismu ochrany
rostlin a pracuji jako jeden celek. Nekteré se navzajem dopliuji, jiné zase zpracovavaji
produkty vytvofené piedeslym enzymem. Jejich spoluprace a funkce celého mechanis-
mu je vidét napiiklad v praci Saidi et al. (2014), kde byly klicky slune¢nice Helianthus
annuus vystaveny pusobeni 100 pM manganu a rostouci koncentraci selenu (0-20 pM).
Samotny mangan zpusobil zvyseni produkce H,0,, nartist obsahu proteinovych karbo-
nyli (PCO) a zvyseni peroxidace lipidi, coz se projevilo naristem obsahu malondial-
dehydu (MDA). Nasledna aplikace selenu zmirnila oxidacni poSkozeni, coz se projevilo
snizenim H,0,, PCO a MDA. Selen také zvysil aktivitu katalasy (CAT), askorbat pero-
xidasy (APX) a glutathion peroxidasy (GPX) a zaroven snizil aktivitu superoxid dismu-
tasy (SOD). Pii podobné praci Feng et al. (2009) byl testovan vliv kiemiku (1 mM) a
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manganu (0,6 mM) v¢etné¢ kombinace téchto dvou kovii na kli¢eni okurky. Pfitomnost
samotného manganu zpusobila prudky nartst H,O, a latek reagujicich s kyselinou thio-
barbiturovou. Také doslo k narustu aktivit APX, GR, GPX a SOD a snizila se aktivita
CAT. Pridavek kiemiku snizil negativni ptisobeni manganu, coZ se projevilo snizenim
produkce H,0O; a latek reagujicich s kyselinou thiobarbiturovou. Také doslo ke zménam
u antioxida¢nich enzymiui, kde doslo ke snizeni aktivity SOD a GPX a ke zvyseni aktivi-
ty APX, GR a CAT. Podobné vysledky mé¢l i pokus s kli¢enim ryze v praci Srivastava
et al. (2011), kde byla ryze klicena v pfitomnosti manganu o koncentraci 3 a 6 mM.
Ptitomnost manganu v téchto koncentracich po dobu 20 dnti vyvolal zvySenou produkci
superoxidu, H,O, a narust obsahu latek reagujicich s kyselinou thiobarbiturovou. Také
doslo ke zvyseni aktivity GPX, GR a APX a ke snizeni CAT aktivity, jak v kofenech,

tak i v nadzemni ¢asti.

Odpovéd’ necévnatych rostlin na pfitomnost kovli miize byt jind, neZ u cévna-
tych rostlin. V praci Li et al. (2007) byla mikrotasa Pavlova viridis vystavena pisobeni
kobaltu a manganu v koncentracich 0-200 uM. Kobalt pii koncentracich 20 a 50 uM
zpusobil signifikantni nartist obsahu MDA a zpiisobil zvySeni CAT a GPX aktivity,
pfiCemz aktivita SOD zlstala nezménéna, s vyjimkou koncentraci 20-100 uM. Ptitom-
nost manganu v koncentraci 100 a 200 uM zpusobila narust aktivity CAT a GPX. Akti-
vita SOD se nezménila pii zadné koncentraci podobné jako obsah MDA. V praci Ushi-
zaka et al. (2011) pouzili chelatovany Zelezity ion a mangan s koncentracemi 5 a 25 nM
Vv kultiva¢nim mediu pro motskou fasu Talassiosira weissflogii. Vysledkem pokusu
bylo, Ze ftasy bez pfitomnosti manganu méli velmi nizkou aktivitu SOD. AZ
s pfidavkem manganu dosSlo k nartstu aktivity SOD. V Tab. 5 je uvedeny strucny pie-
hled reakci antioxida¢nich enzymi na pfitomnost manganu u riznych rostlin, s riznymi

koncentracemi manganu a s riiznou délkou expozice.
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Tab. 5: Prehledova tabulka ucinku manganu na aktivity antioxidacnich enzymii ve vybranych rostlindach

Organismus Enzym Konc. (mM) | Expozice (dny) | Efekt Zdroj

Ryze APX/ GPX/ CAT/ SOD/ GR 6 10 IARARANA Srivastava et al., 2011
Rasa Pavlova viridis GPX/ CAT/ SOD 0,2 15 11/ o Li etal., 2007

Okurka APX/ GPX/ CAT/SOD/GR | 0,6 16 1/1/1/1/1 | Fengetal., 2009
Repka APX/ GPX/ CAT/ GR 5 10 YA Kovagik et al., 2014
Kukufice APX/ GPX/ CAT/ GR 5 10 YEYEYE Kovacik et al., 2014
Je¢men APX/ GPX/ CAT/ GR 5 10 YEYEYE: Kovacik et al., 2014
PSenice APX/ GPX/ CAT/ GR 5 10 YEYEYE Kovacik et al., 2014
Hetfmanek — listy APX/ GPX/ GR 1 7 1/1/e Kovacik et al., 2014
Hefmanek — kofeny APX/ GPX/ GR 1 7 /]| Kovacik et al., 2014
Sluneénice APX/ GPX/ CAT/ SOD 0,1 4 IR Saidi et al., 2014
Moftsky salat CAT/ SOD 1,810 0,3 /1 Pereira et al., 2014
Fytoplankton CAT/ SOD 0,1 90 /1 Vega-Lopez et al., 2013
Brukev sitinovita APX/ GPX/ CAT/SOD/GR | 2 7 1/1/1/1/1 | Kauretal., 2011
Grep cv. Combier CAT/ SOD 15 105 1/ Mou et al., 2011

Rasa Thalassiosira weissflogii | SOD 5-10° 14 1 Ushizaka et al., 2011

1 - nartst aktivity, | - pokles aktivity, <> - nezménéna aktivita; APX — askorbat peroxidasa, GPX — glutathion peroxidasa, CAT — katalasa, SOD

— superoxid dismutasa, GR — glutathion reduktasa
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1.3.2 Neenzymatické mechanismy

Redukovany glutathion (GSH)

Glutathion je tripeptid, ktery je slozen z a-glutamyl-cystenyl-glycinu. Nachazi se ve
vSech bunécnych strukturach, jako jsou vakuoly, chloroplasty, mitochondrie, endo-
plazmatické retikulum nebo v cytoplazmé. Glutathion se v rostliné syntetizuje ve dvou
krocich. V prvnim kroku se vytvoii glutamylcystein z glutamatu a cysteinu. V druhém
kroku se diky puisobeni glutathion syntasy navaze glycin v piitomnosti Mg®*. Glu-
tathion v rostling plni mnoho funkci. Je hlavnim zdrojem neproteinovych thiold v bun-
kach a je velmi dobrym antioxidantem. V chloroplastech ve spolupréci s askorbatem

plni dilezitou alohu pti odbouravani superoxidu a H,O, (Ahmad et al., 2012).
H,0O, + 2GSH — GSSG + 2H,0

V bunkéch prevlada redukovand forma glutathionu. Pomér mezi redukovanym a oxido-
vanym glutathionem (GSSG) je asi 100:1. Spravny pomér GSH:GSSG zajist'uje enzym
glutathion reduktasa (GR). Pii redukci GSSG na GSH se oxiduje NADPH (Garai-lbabe
et al., 2013). GSH je produktem metabolismu siry a zaroven je i pfenaSeCem jeji redu-

kované formy.

5042'
ATP sulfurylase ©
APS
] APS reductase
Ser 5032'
acetyfsri;nsierase l ‘ sulfite reductase
OA

S HS5
\ / O-acetylserine BSO
{thiol)lyase @
Cys
Y-glutamylcysteine
l synthetase

¥-GluCys
l glutathione synthetase

GSH
Zdroj:
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Obr. 4: Syntéza glutathionu ze siranu (Hartmann et al., 2004).
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Pokud je rostlina vystavena stresu, tak se aktivita GR mize zvysit, coz potvr-
zuje antioxidacni funkci glutathionu. Redukovany glutathion se spotiecbovava a zvysSuje
se podil GSSG. Aktivita GR se proto musi zvysit, aby bylo dostatek redukovaného glu-
tathionu.

H0, G/LZ(; H0
GSH GSSG
*_/

GR
Obr. 5: Regenerace GSH enzymem glutathion reduktasou (GR).

GSH také stabilizuje membranové struktury tim, ze odstrafiuje acylové zbytky, které
vznikaji pfi peroxidaci lipidi. Také je schopny reagovat s NO za vzniku S-nitroso-
glutathionu (GSNO). Tato latka je povazovéna za stabilni transportni formu pro oxid
dusnaty, jako signéalni molekulu. Zarovei je i prekurzorem fytochelatini a slouZzi i jako
substrat pro glutathion-S-transferasy, které katalyzuji nékolik konjugacnich reakci za
ucelem odbourani xenobiotik (Habig et al., 1974; Mleiki et al., 2015; Smirnoff, 2005).

Kyselina askorbova (AsA)

Kyselina askorbova, zndma také jako vitamin C, je dilezity antioxidant. Je rozpustna ve
vodé a v rostlinnych pletivech se vyskytuje ve formé askorbatu. Ucastni se detoxifikace
organismu vychytavanim ROS a redukuje H,O, na vodu v askorbat-glutathionovém
cyklu. Chrani bunééné membrany regeneraci a-tokoferolu a také funguje jako kofaktor
violaxantin deepoxidasy v xantofylovém cyklu, ¢imz se minimalizuje poskozeni zptiso-
bené oxidacnimi procesy (Smirnoff, 2005). Askorbat se nachézi ve vSech rostlinnych
pletivech, ale nejvice se vyskytuje v chloroplastech, kde se nachédzi 30-40 %
z celkového mnozstvi askorbatu. Je syntetizovan v mitochondriich a odtud se transpor-
tuje do dalSich bunéénych casti, pomoci difuze nebo elektrochemického gradientu.
Ovliviluje mnoho fyziologickych procest, vcetné regulace ristu, diferenciace a metabo-

lizmu rostlin (Davey et al., 2000; Hong-bo et al., 2008).
Fenolové latky

Tyto latky jsou diilezité nejenom pro svou strukturalni tlohu v rostlinach, ale i pro svou
schopnost chranit rostliny proti vlivu riznych abiotickych 1 biotickych stresiim. Jejich
syntézu ovlivituje celd fada environmentalnich faktort, které jsou schopné zpusobit
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oxidacni stres organizmu, a to naptiklad vysokd intenzita zafeni, UV zafeni, nizké tep-
loty, ptizemni ozén (LA smog) nebo Skidci (Smirnoff, 2005). Fenolové latky jsou
schopné odbouravat ROS tak, Ze poskytnou vodik pro rozklad peroxidu vodiku ze
svych ¢etnych hydroxylovych skupin (Sgherri et al., 2003). Vznikly fenolovy radikal se
regeneruje zpét na fenolovou latku riznymi zptsoby, naptiklad v askorbatovém cyklu.
Role fenolovych latek v redoxnich procesech organismt je stale pfedmétem intenzivni-
ho vyzkumu. Napftiklad vystaveni fepky, kukufice, je¢mene a pSenice pisobeni 5 uM
manganu po dobu 21 dni m¢lo za nasledek téméf dvojnasobné zvysSeni rozpustnych
fenolti u fepky. U je¢mene nedoslo k zadné zméné v obsahu rozpustnych fenolt. Pseni-
ce a kukufice reagovali mirnym zvysenim obsahu fenoli, ale toto zvySeni nebylo statis-

ticky vyznamné (Kovacik et al., 2014).
Organické kyseliny

Organické kyseliny hraji dilezitou roly v mnoha biochemickych drahach. Naptiklad pfti
respiraci a vytvareni energie, biosyntéze aminokyselin, fotosyntéze, transportu kationtli
a pii snizovani toxicity t€zkych kovi (Dresler et al., 2014). Bylo zjisténo, Ze obsah or-
ganickych kyselin muze mit uzky vztah k tolerantnosti rostlin k t¢zkym kovim. Orga-
nické kyseliny mohou mit také velky vliv na detoxifikaci tézkych kovi v organismu
rostlin (Hall, 2002).

Hlavnimi organickymi kyselinami, respektive jejich anionty, které se tcastni
procesu detoxifikace pii nadbytku manganu jsou citrat, oxalat, malat a sukcinat (Gao et
al., 2013). Nejvyssi afinitu k Mn?*" ze zmin&nych aniontii organickych kyselin ma ci-
trat. Malat se miZe ucastnit pfenosu manganu z kofenu do listi. V praci Gao et al.
(2013) byl obsah oxalatu v rostlin¢ Phytolacca americana, at’ uz v nadzemni nebo ko-
fenové Casti, mnohonasobné vyssi, nez obsah citratu nebo malatu. Oxaldt mé ziejme
nejvyznamngjsi roli pii detoxifikaci a imobilizaci manganu. Je schopen vytvorit oxala-
tovy krystal, ve kterém je obsazen i mangan (Dou et al., 2009). Organické kyseliny se
podileji i na zmirnéni oxidaéniho stresu vyvolaného kadmiem. Ugastni se transportu
kadmia do vakuol a podileji se i na zvySeni tolerance rostliny vii¢i jeho ptsobeni (Sun

et al., 2006).

Neenzymatické mechanismy ochrany organismu pied ROS, ¢aste¢né dopliuji
a Castecn¢ supluji enzymaticky mechanismus ochrany. Jakym zplisobem reaguje neen-

zymaticky systém ochrany rostlin pii vystaveni pisobeni té¢Zkych kovii, mizeme vidét
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napiiklad v praci Saidi et al. (2014), kde byly kli¢ky slune¢nice Helianthus annuus vy-
staveny pasobeni 100 uM manganu a rostouci koncentraci selenu (0-20 uM). Bylo zjis-
téno, ze samotny mangan zpusobil pokles chlorofylu a karotenoidi. Nasledna aplikace
selenu zmirnila negativni u€inek manganu a doslo k nartistu obsahu chlorofylu a karo-
tenoidd. V praci Liu et al. (2010) byl pouzity hyperakumulator manganu Polygonum
perfoliatum, ktery byl vystaven piisobeni manganu v koncentraci 10 a 15 mM. Pti téch-
to koncentracich doSlo k minimalni zméné obsahu chlorofylu. Naproti tomu u rostliny
ze stejné Celedi Polygonum hydropiper doslo k signifikantnimu snizeni chlorofylu pii
stejném pokusu. Pti podobné praci Feng et al. (2009) byl testovan vliv kiemiku (1 mM)
a manganu (0,6 mM) v¢etné kombinace téchto dvou kovu na kli¢eni okurky. Pfitom-
nost samotného manganu zpusobila snizeni obsahu chlorofylu a karotenoidt. Ptidavek
kiemiku snizil negativni pisobeni manganu, coz se projevilo zvySenim obsahu chloro-
fylu a karotenoidi. Podobné vysledky mél i pokus s klicenim ryze v praci Srivastava et
al. (2011), kde byla ryze kli¢ena v pfitomnosti manganu o koncentraci 3 a 6 mM. Pii-
tomnost manganu Vv téchto koncentracich po dobu 20 dnt vyvolal pokles redukovaného
askorbatu (AsA) a redukovaného glutathionu (GSH).

Odpovéd’ necévnatych rostlin na pfitomnost kovli miize byt jind, neZ u cévna-
tych rostlin. V praci Li et al. (2007) byla mikrofasa Pavlova viridis vystavena pisobeni
kobaltu a manganu v koncentracich 0-200 uM. Kobalt pii koncentracich 20 a 50 uM
zpusobil signifikantni nértst obsahu chlorofylu, karotenoidi a GSH. Pfitomnost man-
ganu v koncentraci 10 a 20 uM zptisobila narist obsahu chlorofylu a karotenoidt a pti
koncentraci 100 a 200 pM doslo k nartstu obsahu GSH. V praci Ushizaka et al. (2011)
pouzili chelatovany Zelezity ion a mangan s koncentracemi 5 a 25 nM v kultiva¢nim
mediu pro moiskou fasu Talassiosira weissflogii. To mélo za nasledek, ze fasy bez pfi-
tomnosti manganu témet nerostly a netvofili chlorofyl, coz se zménilo az s pfidavkem
manganu, kdy doslo k nartstu obsahu chlorofylu. Z téchto ptikladd vyplyva, Ze neen-
zymaticky mechanismus ochrany reaguje velmi pruzné v piipad¢€, Ze se projevi nega-
tivni vliv pasobeni tézkych kovl. Také je patrnd odliSna odezva mezi cévnatymi a ne-

cévnatymi rostlinami.
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3 MATERIAL A METODIKA

3.1 Charakteristika pouzitych modelovych objekti

Brukev repka

Brukev fepka (Brassica napus cv. Smaragd) je jednoleta bylina dosahujici vysky 50-
120 cm. Lodyha je pfima, vétvend, lysa a nedfevnatici. Dolni lodyzni listy jsou fapika-
té, stiedni a horni listy jsou piisedlé az objimavé. Kvéty vyrtstaji v fidkém hroznu a
jsou zluté, asi 2x delsi nez listky kaligni. Repka byla vyseta v poétu 20 semen a byla
péstovana v kvétinacich, které obsahovali 500 g zeminy. Osvétleni bylo zajisténo bily-
mi fluorescennimi trubicemi (L36W/840, Lumilux, Osram, Germany) pii osvétleni
300 pmol m?2s™ PAR na arovni listd a se svételnym rezimem 12 h den/12 h noc. Tep-

lota v mistnosti byla udrzovana v rozmezi 20-25°C (Kovacik et al., 2014).
Je¢men sety

Je¢men sety (Hordeum vulgare cv. Bojos) je jednoleta nebo ozima obilnina doristajici
vysky stébla az 100 cm. Kofen je svazCity, listy jsou drsné a klas je ptimy. Je¢men byl
vyset v po¢tu 10 semen a byl péstovan v kvétinacich, které obsahovali 500 g zeminy.
Osvétleni bylo zajisténo bilymi fluorescenénimi trubicemi (L36W/840, Lumilux,
Osram, Germany) pii osvétleni 300 umol m?s? PAR na arovni list a se svételnym
rezimem 12 h den/12 h noc. Teplota v mistnosti byla udrzovdna v rozmezi 20-25°C

(Kovacik et al., 2014).
PSenice seta

PSenice seta (Triticum aestivum cv. Tiguan) je jednoleta nebo ozima obilnina dorustaji-
ci vysky 40-150 cm. Kofen je svazéity, ma rovné stéblo, drsné listy a ¢tyrhranné klasy
(Zimolka, 2005). Psenice byla vyseta v poctu 10 semen a byla péstovana v kvétinacich,
které obsahovali 500 g zeminy. Osvétleni bylo zajisténo bilymi fluorescencnimi trubi-
cemi (L36W/840, Lumilux, Osram, Germany) pii osvétleni 300 pmol m?s™ PAR na
urovni listl a se svételnym rezimem 12 h den/12 h noc. Teplota v mistnosti byla udrzo-

vana v rozmezi 20-25°C (Kovacik et al., 2014).
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KukufFice seta

Kukuftice seta (Zea mays cv. Korneli) je jednoleta trava dordstajici vysky 3 m. Kofen je
svazcity, stébla jsou vyplnéna bilou dfeni a listy jsou ploché a Siroké (Zimolka et al.,
2008). Kukufice byla vyseta v po¢tu 5 semen a byla péstovana v kvétinacich, které ob-
sahovali 500 g zeminy. Osvétleni bylo zajisténo bilymi fluorescen¢nimi trubicemi
(L36W/840, Lumilux, Osram, Germany) pii osvétleni 300 pmol m?s! PAR na arovni
listd a se svételnym rezimem 12 h den/12 h noc. Teplota v mistnosti byla udrzovana

v rozmezi 20-25°C (Kovacik et al., 2014).
Hefmanek pravy

Hefmanek pravy (Matricaria chamomilla) je jednoleta aromaticka bylina dosahujici
vysky 10-60 cm. Listy byvaji dlouhé 4-7 cm a koten je tenky a vietenovity. Pro potieby
pokusu byl zvolen hydroponicky zptsob péstovani v roztoku podle Hoaglanda, ktery
bézné pouzivame na nasem pracovisti (Kovacik et al., 2009a,b; 2010). Rostliny se pé&s-
tovaly v 5 L nadobach. V kazdé nadob¢ bylo 25 rostlin. Osvétleni bylo zajisténo bilymi
fluorescen¢nimi trubicemi (L36W/840, Lumilux, Osram, Germany) pii osvétleni
270 umol m?s™ PAR na urovni listi a se svételnym rezimem 12 h den/12 h noc. Tep-
lota v mistnosti byla udrzovana v rozmezi 20-25°C (Kovacik et al., 2014). Pti téchto

podminkach rostliny tvoii listové rizice.
Scenedesmus quadricauda

Scenedesmus quadricauda (Chlorophyceae, Chlorophyta) je bézna sladkovodni zelena
fasa, ktera tvoii linearni kolonie sklddajici se typicky ze 4 bunék. Patii do skupiny fas,
které se pouzivaji k toxikologickym a ekotoxikologickym vyzkumiim a testiim. Rasy
byly kultivovany v Petriho miskach na mediu ,,Milieu Bristol* po dobu 4-5 tydnd po
naockovani. Osvétleni bylo zajisténo bilymi fluorescencnimi trubicemi (L36W/840,
Lumilux, Osram, Germany) pii osvétleni 30 pmol m?s™ PAR na urovni listd a se své-
telnym rezimem 12 h den/12 h noc. Teplota v mistnosti byla udrZzovéana v rozmezi 20-

25°C (Kovacik et al., 2015).
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3.2 Popis pokusii

A. Experiment zaméi'eny na vliv ptiidy bohaté na mangan

Puda s vysokym obsahem manganu byla odebrana v Krusnych horach (Kula et al.,
2012). Kontrolni ptida pochézela ze zapadu Slovenské republiky. Do pfipravenych kveé-
tinaCl byly vysazeny 4 druhy zeméd¢€lskych plodin (fepka, jeCmen, pSenice a kukufice).
Vzdy tak, aby byl jeden kvétind¢€ pouze s kontrolni ptidou a jeden s pidou bohatou na
mangan (Mn-ptda). Takto péstovanym rostlinam byla udrzovana vlhkost zeminy pfi-
blizn€ 60%. Rostliny byly zpracovany po 21 dnech od vysazeni, protoZe fepka vykazo-
vala viditelné znamky retardace ristu. Celé rostliny byly zhomogenizovany v kapalném

dusiku.

Tento pokus byl jesté doplnén experimentem, ktery se provadél v plastovych miskach
s filtra¢nim papirem polozenym na sklenénych kulickach a zavlahova voda byla oboha-
cena 0 5 mM MnCl,-4H,0 pii dvou riznych pH (6,5 a 3,7). Tato koncentrace byla zvo-
lena podle vysledkll analyzy Mn-pidy. Pfi vodnim vyluhu se do vody uvolnila ptiblizné
takovato koncentrace manganu. Semena rostlin byly rovnomérné rozmistény na filtrac¢-
ni papir a rostly po dobu 10 dni. Z Cerstvého materidlu byly pripraveny extrakty dle
potiebné analyzy (viz kapitola 3.3). Cast kazdého homogenniho vzorku byla ususena

pii 75°C a nasledné zpracovana na prvkovou analyzu (viz kapitola 3.3) (Kovacik et al.,
2014).

B. Experiment zaméfeny na vliv manganu na hefmanek pfi hydroponickém

péstovani

Hefmanek 1ékatsky (tetraploid) byl vyset na pisek, kde byl ponechan 3 tydny. Po tuto
dobu vykli¢il a mirn€ zesilil, aby mohl byt pfesazen do 4 finalnich hydroponickych
nadob. V kazdé 5 L nadobé bylo umisténo 25 ks homogennich rostlinek. Hydroponické
roztoky se ménily kazdy tyden, aby nedoslo k vy€erpani mikroprvka a tim ke zkresleni
vysledkt pokusu. V téchto hydroponickych nadobach rostly po dobu dalSich 4 tydnii.
Kultivace tedy celkem trvala 7 tydnd. Po téchto 7 tydnech byl k Hoaglandovu roztoku
ptidan mangan v koncentraci 0, 100, 500 a 1000 uM ve formé MnCl,'4H,0 a hefman-
ky rostly dalsi tyden. Po téchto 7 dnech byly rostliny hefméanku zpracovany na nasledné

analyzy.
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Dalsi experiment byl zaméfen na pfijem a toxicitu manganu pii kli¢eni het-
manku. 100 semen bylo rovnomérné umisténo na filtracni papir, ktery lezel na sklené-
nych kuli¢kach (d=2 mm) v Petriho misce. Pro kazdou koncentraci byla jedna miska,
tzn. celkem 4 misky (0, 100, 500 a 1000 uM). Znovu byl pouzit mangan ve formé

MnCl;-4H,0. Byl rozpustén v deionizované vodé. Tento pokus trval 7 dni.

Nasledujici experiment s kli¢enim byl zaméfen na ptipadné zmirnéni toxicity
vyvolané 1000 pM Mn?*, pouzitim donoru NO nitroprusidem sodnym (SNP) v kon-
centracich 100, 500 a 1000 uM. Tento pokus byl sestaven stejnym zplisobem jako ten
ptedchozi (Petriho misky, sklenéné kulicky, deionizovana voda a 100 semen hefméanku

na kazdou misku). Pokus trval také 7 dni.

Cela listova riiZzice a kotenovy systém u vzrostlych rostlin byly homogenizo-
vany kapalnym dusikem. Kazda ¢ast samostatné. Z ¢erstvého materidlu byly pfipraveny
extrakty dle potiebné analyzy (viz kapitola 3.3). Cast kazdého homogenniho vzorku
byla usuSena pii 75°C a nasledné zpracovéana na prvkovou analyzu (viz kapitola 3.3)

(Kovagik et al., 2014).

C. Experiment zaméreny na vliv aniontu, kationtii a pH na prijem manganu

u zelené iasy Scenedesmus quadricauda

Kultivovana tasa se z Petriho misek sesSkrabala, navazila a rozmichala v 5 mM HEPES
pufru (pH 6,5) tak, aby bylo 0,2 g Cerstvé hmotnosti v 50 ml Sroubovaci zkumavce.
V téchto Sroubovacich zkumavkach byla fasa vystavena manganu ve formé 3 soli
(MnCl,, MnSO4 a Mn(NOs);) a dvou koncentraci téchto soli (10 a 100 uM) po dobu
24 h. Nasledné byly zkumavky centrifugovany a dvakrat promyty HEPES pufrem. Vy-
sledny tasovy pelet byl zpracovan dle potieby analyzy. Z Cerstvé hmoty se pfipravili
extrakty. Cast fas se ususila pro prvkovou analyzu. Pii tomto pokusu se sledoval vliv

koncentrace na akumulaci manganu a zmény aktivit antioxida¢nich enzymd.

Dalsi pokus se zabyval vlivem pH (4,5, 6,5 a 9,5) na pfijem manganu a jeho
vliv na obsah redukovaného glutathionu (GSH) a fytochelatinu 2 (PC2). Pro kazd¢ pH
byla nachystana samostatna série. Jako zdroj manganu byla pouzita sul MnSQO4 Vv kon-
centraci 100 uM, protoze v piedchozim pokusu tato stil vykazovala nejlepsi akumulaci

v fase. Po 24 h expozice byly zkumavky centrifugovany a dvakrat promyty HEPES
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pufrem. Vysledny fasovy pelet byl zpracovan dle potieby analyzy. Z Cerstvé hmoty se

pfipravili extrakty. Cast fas se ususila pro prvkovou analyzu.

Nasledujici pokus se zaméfil na moznou kompetici mezi Mn a Ca, popiipade
Mn a K. Jako zdroj manganu byla opét zvolena sil MnSO,4 Ve vysledné koncentraci
100 uM. Zdrojem Ca®" iontti a K* iontil byli tyto soli: CaCl,, CaSO,4, Ca(NO3),, KCI,
K>SO, a KNO3 ve vysledné koncentraci 100 uM. Byly zalozeny dv¢ série. V prvni sérii
byly k fase aplikovany pouze vapenaté a draselné soli (kazda samostatng). V druhé sérii
byly k tase aplikovany opét vapenaté a draselné soli, stejné jako v prvni sérii, tentokrat
se ke kazdé Ca/K soli ptidal mangan. Po 24 h expozice byly zkumavky centrifugovany
a dvakrat promyty HEPES pufrem. Vysledny fasovy pelet byl zpracovan dle potieby
analyzy. Z Gerstvé hmoty se pipravili extrakty. Cast fas se ususila pro prvkovou analy-

ZU.

3.3 Pi'ehled pouzitych metodik stanoveni

Stanoveni fyziologickych parametri

Hodnoty ziskané z ¢erstvého materidlu byly vyjadieny na jednotku suché hmoty pomo-
ci procentudlniho obsahu suSiny. Tim bylo zjiStétno 1 mnoZstvi vody obsaZené
Vv rostlinném pletivu. Byla pouzita rovnice [100 — (Sucha hmotnost x 100/Cerstva hmot-
nost)]. Sucha hmotnost byla ziskdna po vysusSeni vzorkt pii 80°C do konstantni hmot-
nosti. Tyto suché vzorky se pouzily na dalii analyzy (viz niZe). Cerstvy material byl
zhomogenizovan v kapalném dusiku a byly navaZeny alikvotni navazky, které se ihned
extrahovaly dle pfislusné nasledujici analyzy. Na extrakci vybranych parametri byl
pouzit inertni moftsky pisek s tfeci miskou a tlouc¢kem s 50 mM fosfatovym pufrem, aby
bylo dosazeno celkového rozruseni pletiva. Spektrofotometrické stanoveni byly prove-

deny na spektrofotometru Agilent/HP DAD UV/Vis 8453.
Celkové rozpustné fenoly

Byly stanoveny bézné pouzivanou metodou tzv. Folin-Ciocalteu ¢inidlem (Kovacik et
al., 2014). Alikvétni cast suché rostlinné hmoty byla homogenizovana v 80% methano-
lem pftifedéni 0,1 g s. hm./ml. Reak¢ni smés obsahovala 30 pl supernatantu, 470 pl
demineralizované vody, 975 pl 2% NayCO;3; a 25 ul Folin-Ciocalteu c¢inidla (Sigma-

Aldrich, Némecko). Absorbance byla métena pii vinové délce 750 nm po hodinové
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inkubaci pii 40°C. Obsah rozpustnych fenolli se vypocital z kalibra¢ni kiivky, ktera

byla naméfena z riznych koncentraci gallové kyseliny.
Obsah rozpustnych proteini

Byl stanoven standardni metodikou (Bradford, 1976). Reakéni smés byla pfipravena
smichanim 980 pl ¢inidla s 20 pl supernatantu (v piipadé tasy byla smés 900 ul +
100 pl supernatantu). Po 15 min inkubace se méfila absorbance pii vinové délce 595
nm. Obsah rozpustnych proteinti byl spocitan z kalibracni kiivky, ktera byla sestrojena
Z komer¢niho albuminu hovéziho séra. Vysledky byly pfepocitdny na jednotku suché

hmotnosti.
Stanoveni aktivity antioxida¢nich enzymi

Aktivita askorbat peroxidasy (APX, EC 1.11.1.11) byla stanovena jako oxidace askor-

batu (pokles absorbance) pii vinové délce 290 nm po dobu 1 min. Reakéni smés byla
slozena z 1 ml 50 mM fosfatového pufru (pH 7), 0,27 ml 0,5 mM kyseliny askorbové,
0,115 ml supernatantu a 0,115 ml 250 mM peroxidu vodiku. Aktivita se uréila pomoci

absorbanéniho koeficientu 2,6 mM™ cm™ (Boominathan et al., 2002).

Aktivita guajakol peroxidasy (GPX, EC 1.11.1.7) byla stanovena jako oxidace guajako-

lu na tetraguajakol (nartust absorbance) pii vinové délce 470 nm po dobu 1 min. Reak¢-
ni smé&s byla slozena z 3,1 ml 50 mM fosfatového pufru (pH 7), 0,3 ml 0,2 % H,0,, 12
ul guajakolu a 20 pl supernatantu. Aktivita se urcila pomoci absorbanéniho koeficientu
255 mM™ cm™ (Cakmak et al., 1991).

Aktivita glutathion reduktasy (GR, EC 1.6.4.2) byla stanovena jako redukce GSSG (na-

rust absorbance) pii vinové délce 412 nm po dobu 1 min. Reak¢ni smés byla slozena
z1lml 1 mMDTNB (5,5“dithiobis(2-nitrobenzoova kyselina)), 1 ml 1 mM GSSG
(oxidovany glutathion) a 1 ml 0,1 mM NADPH. Vsechny latky byly rozpustény
ve 100 mM fosfatovém pufru. Aktivita se urcila pomoci absorbanéniho koeficientu
3600 M™* cm™ (Gomes-Junior et al., 2008).

Aktivita katalasy (CAT, EC 1.11.1.6) byla stanovena jako redukce peroxidu vodiku na

vodu (pokles absorbance) pii vinové délce 240 nm po dobu 1 min. Reakéni smés byla

slozena z 2,95 ml 50 mM fosfatového pufru (pH 7), 7 ul koncentrovaného H,0, (36 %)
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a 40 pl supernatantu. Aktivita se ur¢ila pomoci absorban¢niho koeficientu 0,039 mM”
! em™ (Kovagik, Bagkor, 2007).

Aktivita superoxid dismutasy (SOD, EC 1.15.1.1) byla stanovena dle navodu pfibale-

ného Vv Kitu (katalogové ¢islo 19160, Sigma-Aldrich).
Peroxidace lipidi

Byla stanovena jako mnozstvi malondialdehydu (MDA), které zreagovalo s Kyselinou
thiobarbiturovou (TBA). Alikvotni ¢ast biomasy byla zhomogenizovana v 0,1% (w/v)
kyseling trichloroctové (TCA). K 0,5 ml supernatantu se ptidal 1,5 ml 20% TCA obsa-
hujici 0,5% (w/v) TBA a smés se zahtivala ve vodni lazni pti 95°C po dobu 30 min a
pak nasledovalo prudké ochlazeni. Absorbance se méfila pii vinové délce 532 nm (ko-
rekce na zakal 600 nm). Vysledky se ptepocitaly s pouzitim absorbanéniho koeficientu
155 mM™ cm™ (Esterbauer et al., 1990).

Stanoveni ROS jako peroxidu vodiku a superoxidu

Obsah peroxidu vodiku byl stanoven reakci s TiCl, a obsah superoxidu byl stanoven
jako mnozstvi nitritu vytvofeného z hydroxylaminu. SloZeni reak¢énich smési je po-

drobné popsano v pracich Kovacik et al. (2007, 2009).
Stanoveni oxidu dusnatého

Bylo provedeno tzv. Griessovou reakci v homogenizatech pfipravenych v sodno-

acetatovém pufru s pH 3,6 (Tewari et al., 2008).

SNP — nitroprusid sodny (Nay[Fe(CN)sNO]-2H,0) je kyanosloucenina, ktera obsahuje

ve své molekule NO skupinu, ze které se ve vodnim prostfedi uvoliiuje oxid dusnaty.
Jedna se o bézné pouzivanou latku pfi studiu ulohy NO v metabolismu rostlin. Pti po-
rovnadni moznych exogennich zdroji NO mél SNP vysokou stabilitu a konzistentni

uvoliovani NO (Bradley et al., 2015), proto byl vybran.
Fluorescen¢ni mikroskopie

K fluorescencni mikroskopii byl pouzit fluorescenéni mikroskop Axioscop 40 (Carl

Zeiss, Némecko).
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ROS — Na vizualizaci bylo pouzito barvivo CellROX Deep red reagent s absorbanci
644nm a emisi 665nm a 2’,7'-dichlorodihydrofluorescein diacetat (DCF-DA)

s absorbanci 502 nm a emisi 526 nm. Detailni postup je popsan v praci Kovacik et al.
(2014).

RNS/NO - Na vizualizaci bylo pouzito barvivo 2,3-diaminonaftalen (DAN)

s absorbanci 365 nm a emisi 415 nm. Detailni postup je popsan v praci Kovacik et al.

(2014),

Peroxid vodiku — Na vizualizaci bylo pouzito barvivo Amplex Ultrared s absorbanci

568 nm a emisi 681 nm. Detailni postup je popsan v praci Kovacik et al. (2014).

Peroxidace lipidti — Na vizualizaci bylo pouzito barvivo BODIPY s absorbanci 581 nm

a emisi 591 nm. Detailni postup je popsan v praci Kovacik et al. (2014).

Celkové thioly — Na vizualizaci bylo pouzito barvivo monochlorobiman s absorbanci

394 nm a emisi 490 nm. Detailni postup je popsan v praci Kovacik et al. (2014).
Kvantifikace Mn a vybranych prvki

Suché vzorky byly zvazeny v teflonovych celach urcenych k mikrovinnému rozkladu
mokrou cestou. K navazenym vzorkim byla pfidana podvarové destilovana HNO;
v poméru 1:1 s demineralizovanou vodou (2 ml + 2 ml). Rozklad probihal v mikro-
vlnném extraktoru Ethos Sel Microwave Extraction Labstation (Milestone Inc.) pfi tep-
loté 210°C po dobu 30 min a dalSich 30 min byly vzorky chlazeny dle programu. Na-
sledné byly vzorky kvantitativné pfevedeny a doplnény na 20 ml. Kvantitativni méteni
bylo provedeno atomovym absorpénim spektrofotometrem (AAS) s acetylenovym ho-
fadkem Varian AA30 (Mulgrave, Australie). Mangan byl méfen pii vinové délce

279,5 nm, s limitem detekce 2 ng/l.
Stanoveni organickych a anorganickych aniontu

Bylo provedeno iontové-vymeénou chromatografii na systému DX 600, Dionex Corpo-
ration (Sun Valley, CA, USA) doplnéného o elektrochemicky detektor ED50 s kolonou
lonPac AS 11-HC. Mobilni fazi byla smés deionizované vody a 100 mM NaOH
s pratokem 0,35 ml/min. Vzorky byly extrahovany deionizovanou vodou pii fedéni

0,1 g ¢. hm./ml.
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Stanoveni GSH a PC2

Bylo provedeno na HPLC-MS/MS Agilent 1200 s detektorem Agilent 6460 Triple qua-
drupole s nastavenim v pozitivnim modu s pfechodem 308/76 (GSH) a 540/76 (PC2) a
na koloné Zorbax SB-C18. Mobilni fazi byla smés 0,2% kyseliny octové a methanolu
vV poméru 95:5 pro stanoveni GSH. Pro stanoveni PC2 byla zvolena metoda gradientu,
kde byla slozkou A 0,2% kyselina octova a slozkou B byl acetonitril. Pomér téchto
dvou slozek se ménil takto: A:B —0 min (95:5), 0,4 min (70:30), 1 min (50:50), 1,5-
2 min (40:60), 3 min (95:5). Vzorky byly zhomogenizovany a extrahovany s 0,1 M HCI

pfi fedéni 0,1 g ¢. hm./ml pro obé stanoveni (Kovacik et al., 2014).
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4 VYSLEDKY A DISKUSE

Tato cast disertacni prace je prilozena ve formé publikaci v odbornych ¢asopisech a je
doplnéna o komentai autora. U kazdé prace je vyznacen podil autora na dané publikaci,
se kterym souhlasili uvedeni spoluautofi. Nekteré citace, na které je v komentaii odka-
zovano, jsou soucasti odborného ¢lanku, a tudiz se nevyskytuji v seznamu pouzité lite-

ratury na konci disertacni prace.

4.1 Toxicita pady s pfirozené vysokym obsahem manganu na vybrané plodiny
KOVACIK, J.; STERBOVA, D.; BABULA, P.; SVEC, P.; HEDBAVNY, J. Toxicity
of naturally-contaminated manganese soil to selected crops. Journal of Agricultural and
Food Chemistry, 2014, ro¢. 62, s. 7287-7296. ISSN 0021-8561.

Podil autora Svec P.: 10 % textové casti prace a 30 % experimentalni prace

Mangan patii mezi mikroprvky v organismech, kde ma nenahraditelné misto naptiklad
jako soucast riznych enzymi. Jeho biodostupnost pro rostliny stoupa se snizujicim se
pH (Marschner, 1995) prostfedi a to miize znamenat ohrozeni pro rast nékterych rost-
lin, které se péstuji na kyselejSich ptidach. V porovnani s jinymi t€Zkymi kovy, je pfi-
jem manganu relativné rychly proces, ktery miize vést ke sniZeni ristu a vynosu mnoha
plodin, ackoliv existuje n€kolik druhii obilnin, které¢ se zdaji byt k vys§im obsahtim
manganu ¢astecné tolerantni, jako naptiklad jeCmen cv. Obzor, ktery byl vystaven kon-
centraci 18300 uM MnCl; po dobu 5 dnd, vykazoval narust suché hmoty, nezménény
obsah neproteinovych thioli a nezménény obsah redukovaného askorbatu v porovnani
s kontrolou (Demirevska-Kepova et al., 2004). Piijjem manganu je ovlivnén mnoha
faktory, naptiklad oxida¢nim stavem manganu nebo pfitomnosti a dostupnosti jinych

prvk.

V této praci jsme méli jedine¢nou moznost pracovat s pidou z Krusnych hor,
kterd méla vysoky obsah manganu, ktery nebyl antropogenniho, ale pfirodniho ptivodu
(Kula et al., 2012). Matetska hornina je zulovitd a ma vysoky obsah organické hmoty.
Ve srovnani s kontrolni pidou, ktera byla odebrana na zapadnim Slovensku pobliz obce
BoSany, s piscito-jilovitym charakterem (hnédozem), ma témét 10 krat vyssi obsah
manganu (kontrolni pida — 675,1 ug-g™, manganova pida — 6494,3 pg-g™). Obsah
vodou extrahovatelného manganu byl 1,5 pg-g? vkontrolni padé a 280,1 pg-g™
V manganové pud¢. Zamérili jsme se proto 1 na obsah dalSich vybranych kovi a jejich

zmén, véetné jejich vodou extrahovatelné frakce. Obsahy vybranych prvki byli vyssi
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Vv kontrolni ptid¢ s vyjimkou kadmia. Podobné prace, kde byla pouzita pida s vysokym
obsahem manganu pfirodniho ptivodu, nejsou znamé z literatury. Zkoumali jsme vliv
manganu na rust vybranych plodin (fepka, je¢men, kukufice a pSenice). Pfi srovnani
obsahu prvkia v fepce bylo zjisténo, ze se obsah Mn zvysil z 53,9 ug- g'1 Vv kontrolni
piid na 13696 pgg’ v manganové piadé. Toto mnoZstvi manganu ovlivnilo obsah
makroprvki i mikroprvkii. Napiiklad obsah vapniku klesl z 11,7 mg-g”* v kontrolni
piids na 2,12 mg-g™” v manganové padg. Naproti tomu, obsah niklu vzrostl o 50 %. V
je¢meni byl obsah manganu z kontrolni pidy 59,2 pg'g’ a z manganové pudy byl
5953 ng-g”. To mélo za nasledek sniZeni obsahu viech dalsich sledovanych prvki
s vyjimkou kadmia, které vzrostlo z 55,2 ng-g™ na 84 ng-g™. V kukufici byl zazname-
nan také narGst obsahu manganu zkontrolni pady 62,1 pgg® na 5622 pg-g™
Vv manganové pude. Doslo k vyraznému snizeni obsahu drasliku (o 64 %) a vapniku (o
61 %). Ovlivnény byly i1 obsahy ostatnich sledovanych prvka s vyjimkou hot¢iku. U
pSenice jsme namé&fili obsah manganu 66,4 pg-g™ z kontrolni pidy a 2363 pg-g™
z manganov¢ pudy. Doslo ke snizeni obsahu témét vSech sledovanych prvka. Nejvice
zietelny byl pokles vapniku (o 81 %). Nezménil se obsah sodiku a niklu. Z téchto vy-
sledkti je jasné vidét, jak rozdilny vliv ma mangan na obsah dalSich kovl v riznych
druzich rostlin. Jediné dva prvky, a to vapnik a hot¢ik, reagovali na nadmérné mnozstvi
manganu stejné napii¢ rostlinami. Hot¢ik a vapnik klesal s rostoucim mnozstvim man-
ganu. Stejné vysledky byly zaznamenany i v praci Sheng et al. (2015), kde také doslo
k poklesu obsahu vapniku 0 39 % pii aplikované koncentraci 3 mM manganu K pSenici.
Negativni zmény v obsahu prvki, jako disledek ptisobeni vyssi koncentrace manganu,
byly zaznamenany i v praci Shi et al. (2008), kde byly naklicené seminka okurky vy-
staveny 600 pM MnSOs.

Vliv manganu na rast rostlin byl stanoven jako sucha hmota danych rostlin
V porovnéni se suchou hmotou rostlin péstovanych v kontrolni pidé€. Také jsme stano-
vili obsah rozpustnych proteint. V ramci této ¢asti experimentu jsme také vypocitali
bioakumulacni faktor (BAF) vybranych prvka. Obsah rozpustnych proteind, u rostlin
péstovanych na manganové pideé, se nezmeénil pouze u kukutice. U ostatnich rostlin
jsme zaznamenali pokles obsahu rozpustnych proteinti, ktery byl nejvyraznéjsi u fepky
(témét 50 %). Biomasa byla také ovlivnéna. U rostlin péstovanych na manganové pudé
jsme zaznamenali vyrazny pokles suché hmoty, ktery byl nejvice patrny u fepky. Po-

kles suché hmotnosti, ktery byl disledkem vystaveni pSenice piisobeni 3 mM manganu,

46



byl zaznamenan také v praci Sheng et al. (2015). BAF pro mangan se v jednotlivych
rostlindch nedostal pies 1, kromé fepky, kde byla hodnota BAF pro mangan 2,11, ale u

té neni mozné fict, Ze by byla manganovym hyperakumulatorem, protoze jeji rast byl

cvwr

Jednim z projevi toxicity kovil je oxida¢ni poSkozeni bunék. Rozsah a intenzi-
ta oxidacniho poskozeni je ovlivnéna hlavné kvalitou a kvantitou aplikovaného kovu do
rustového média nebo pidy. Tento oxidacni stres je kontrolovan mnoha antioxida¢nimi
enzymy, které chrani rostlinu pfed poskozenim. Aktivitu téchto enzymu jsme také sta-
novili na zavér experimentu. U fepKy, péstované na manganové pudé, se aktivita APX
nezménila. Nejvyssi narist APX aktivity byl zaznamenan u jeCmene z manganové pu-
dy. Stejnd zména aktivity nastala i v ryzi, ktera byla vystavena ptisobeni 6 MM manga-
nu v praci Srivastava et al. (2011). Hodnoty GR aktivity byly zvySené u vSech rostlin.
Nejvyrazné&jsi narust byl zaznamenan v je¢meni z manganové pudy. Podobné se zméni-
la aktivita GR v ryzi, ktera byla vystavena ptisobeni 6 MM manganu V praci Srivastava
et al. (2011). Je¢men z této puady mél i nejveétsi narist GPX aktivity. GPX aktivita byla
zvySena u vsech rostlin péstovanych na manganové piidé. Stejnd zména aktivity GPX
byla zaznamenana v je¢meni, ktery byl vystaven pisobeni 18300 uM manganu, po do-
bu 5 dnt v praci Demirevska-Kepova et al. (2004). Aktivita CAT byla také zvySena u
rostlin z manganové pudy. Nejvyssi CAT aktivita byla zaznamenéana u je¢mene. Stejna
zména CAT aktivity (zvySeni) nastala i v praci Demirevska-Kepova et al. (2004), kde
byl je¢émen vystaven 18300 uM MnCl; po dobu 5 dni. Na vizualizaci ROS jsme pouzili
fluorescenéni mikroskopii, ktera je velmi citlivou metodou vizualizace ROS pti pouziti
specifickych reagentti. Touto metodou jsme ziskali fotografie, na kterych bylo mozno
identifikovat mista s nejvétsim vyskytem ROS. S pomoci fluorescencni mikroskopie
byla také zkoumana i pfitomnost RNS, mira oxidacniho poskozeni a celkové thioly. Na
tyto stanoveni byly pouzity specifické fluorescencni reagenty. V mistech s vétSim po-
Skozenim lipidové membrany ménili svou barevnou odezvu z oranZové na zelenou.
Toto poskozeni bylo zaznamenano u vSech rostlin, které byly péstovany v manganové
pude. Zvyseni peroxidace lipidi vlivem vyssiho mnozstvi Mn bylo zaznamenéano i u
pSenice vystavené pusobeni 3 mM MnSO, po dobu 14 dnti v praci Sheng et al. (2015).
V piipadé celkovych thiolt, se jejich vyssi obsah projevil intenzivnéj$i modrou barvou.
Obsah celkovych thiold byl vyrazn¢ vyssi u rostlin, které se péstovali v manganové

pudé. Podobny narist thiolti byl zaznamenan napiiklad v je¢meni, ktery byl vystaven
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1500 uM meédi v praci Demirevska-Kepova et al. (2004). Ve stejné praci byl je¢men

vystaven i 18300 uM manganu, ale obsah thiolti se nezménil.

Také jsme stanovili obsah rozpustnych fenolti a obsah organickych kyselin.
Obsah rozpustnych fenolii se zménil pouze u fepky, kde doslo k témét dvojnasobnému
narastu obsahu fenolti. Obsahy organickych kyselin byly stanoveny jako anionty téchto
kyselin a byly témét vzdy vyrazné niZsi u rostlin péstovanych v manganové pude nez u
rostlin z pidy kontrolni. Vyjimkou byly jen acetat a formiat u kukufice, kde doslo
Kk narustu. Z prace Dresler et al. (2014), kde byla kukufice vystavena ptisobeni kadmia a
medi v koncentracich 50 a 100 uM, je vidét, Ze obsah organickych kyselin se méni
v zavislosti na koncentraci pouzitého kovu. S rostouci koncentraci, se témét u vSech
sledovanych organickych kyselin sniZzoval jejich obsah. V praci Gao et al. (2013), kde
byla Phytolacca americana, ktera je hyperakumulator manganu, vystavena puisobeni
20 mM manganu, bylo sledovano zvySeni organickych kyselin ve srovnani s kontrolou.
Z toho vyplyva, ze organické kyseliny reaguji u kazdé rostliny jinak, v zavislosti na
mife tolerantnosti rostliny k danému kovu. Z nasich vysledkli vyplyva, ze nami testo-
vané rostliny nejsou tolerantni k vys$§im obsahlim biodostupného manganu, ackoliv

je¢men tuto davku manganu snaSel nejlépe z testovanych rostlin.

Soucasti tohoto experimentu s manganovou pidou bylo 1 otestovani kliceni a
rastu v rizném pH (3,7 a 6,5). Toto pH jsme zvolili tak, aby korespondovalo s pH
z kontrolni a manganové pudy. Zjistili jsme, Ze rust v kontrolnim médiu (deionizovana
voda) byl nizsi pouze u kukutice pii pH 3,7. V roztoku s manganem (5 mM MnCl,) byl
rast nizsi u jeémene pii pH 3,7. Koncentraci 5 mM Mn jsme pouzili, protoze piiblizné
odpovida koncentraci manganu z manganové pudy, kterd byla vodou extrahovatelna.
Obé pouzité pH v roztoku s manganem zpomalili rist kukufice, pSenice i fepky. Obsah
manganu V nadzemni casti byl vyssi pouze u fepky a kukufice v pH 3,7 pii porovnani
obsahll manganu v zavislosti na pH. V kofenové ¢asti byl obsah manganu vyssi u kuku-
fice pii pH 6,5. Z vysledkt vizualizace ROS vyplyva, Ze zvySeny obsah ROS byl di-
sledek pfijatétho manganu a nikoliv pH. Vysledky tohoto pokusu nas vedou k zavéru, ze
pfijem manganu a tvorba ROS neni zavisld na hodnoté pH. Vysoka citlivost fepky na
mangan, kterou jsme pozorovali v manganové pidé, byla pozorovana i u tohoto pokusu

a nebyla zavisla na hodnoté pH.
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ABSTRACT: The impact of manganese excess using naturally contaminated soil (Mn-soil, pseudototal Mn 6494 vs 675 ug g~'
DW in control soil) in the shoots of four crops was studied. Mn content decreased in the order Brassica napus > Hordeum vulgare
> Zea mays > Triticum aestivum. Growth was strongly depressed just in Brassica (containing 13 696 g Mn g~' DW). Some
essential metals (Zn, Fe) increased in Mn-cultured Brassica and Zea, while macronutrients (K, Ca, Mg) decreased in almost all
species. Toxic metals (Ni and Cd) were rather elevated in Mn-soil. Microscopy of ROS, NO, lipid peroxidation, and thiols
revealed stimulation in all Mn-cultured crops, but changes were less visible in Triticum, a species with low shoot Mn (2363 ug g~
DW). Antioxidative enzyme activities were typically enhanced in Mn-cultured plants. Soluble phenols increased in Brassica only
while proteins rather decreased in response to Mn excess. Inorganic anions (chloride, sulfate, and phosphate) were less
accumulated in almost all Mn-cultured crops, while the nitrate level rather increased. Organic anions (malate, citrate, oxalate,
acetate, and formate) decreased or remained unaffected in response to Mn-soil culture in Brassica, Hordeum, and Triticum but not
in Zea. However, the role of organic acids in Mn uptake in these species is not assumed. Because control and Mn-soil differed in
pH (6.5 and 3.7), we further studied its impact on Mn uptake in solution culture (using Mn concentration ~5 mM deducted
from water-soluble fraction of Mn-soil). Shoot Mn contents in Mn-treated plants were similar to those observed in soil culture
(high in Brassica and low in Triticum) and pH had negligible impact. Fluorescence indicator of “general ROS” revealed no
extensive or pH-dependent impact either in control or Mn-cultured roots. Observed toxicity of Mn excess to common crops

urges for selection of cultivars with higher tolerance.

KEYWORDS: cereals, fluorescence microscopy, ion-exchange chromatography, oxidative stress, soil pollution

B INTRODUCTION

Manganese (Mn) is an essential micronutrient for plants, being,
for example, a component of various enzymes.' Its bioavail-
ability increases with decreasing pH, and Mn excess could
therefore represent a risk for plant growth in acidic soils™’
although some reports show no impact of media pH on Mn
uptake.*

Compared to other metals, Mn uptake is a relatively fast
process that typically leads to depression of productivity in
various crops,”® while some cereals seem to be partially tolerant
to high Mn excess.”® Mn uptake is also affected by various
factors including given species, available nutrients, or pH.3’4 To
date, reports about the effect of Mn excess on crops using
artificially contaminated soil are rare,” but changes of Mn
amount in plants grown on multimetallic soils can be
deducted.”"’

Toxicity of metals is typically connected with oxidative
damage (reactive oxygen species formation, ROS) being
affected mainly by the given metal and exposure concen-
tration."""? This oxidative stress is mainly controlled by various
antioxidative enzymes to prevent damage.'’ Despite high
amounts of Mn usually accumulated in plants, ROS formation
is relatively slightly enhanced if assayed by classic spectropho-
tometry.é’7 Fluorescence microscopy is a more sensitive
qualitative method owing to the use of specific reagents, and
it was previously reported that the impact of Mn on ROS

-4 ACS Publications  © 2014 American Chemical Society

formation could be concentration-dependent."* Mn toxicity
may be attenuated by nitric oxide,"*"* but its formation in
crops has not yet been studied.

Analyses of antioxidative enzyme activities even revealed no
impact of Mn on the peroxidase activity in some plants,'® and
in general, stimulation of enzymes is lower in high Mn
treatments compared to other metals”® or even depleted if
plants contain high endogenous amounts of Mn."” This
indicates species-specific responses determined by both plant
species and culture conditions. To the best of our knowledge,
comparison of various crops in the same work was not
published but it is needed to provide background for further
selection of species/cultivars tolerant to Mn excess.

Despite numerous data related to Mn uptake and toxicity in
various crops, our study is the first one where naturally
contaminated Mn soil was used. Fluorescence microscopy that
is not frequently used in agricultural research was also carried
out to detect symptoms of oxidative stress with sensitive
techniques. Ion-exchange chromatography was involved in the
monitoring of inorganic and mainly organic anions (aliphatic
organic acids) that could participate in metal chelation. Besides,
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Table 1. Content of Selected Metals in Naturally-Contaminated Mn Soil (marked as Mn) and in Control Soil Measured as

Pseudo-Total Content and Water-Soluble Fraction

pseudototal content

water-soluble content

control Mn control Mn
Mn (ug g~' DW) 675.1 + 4.84 6494.3 + 355.0%F 1.50 + 0.16 280.1 + 18.6%%*
K (mg g DW) 8.79 + 0.32 3.04 + 0.16%5 0.063 + 0.0022 0.038 + 0.0026%+*
Ca (mg g7l DW) 0.52 + 0.014 0.058 + 0.0016%*** 0.052 + 0.0019 0.03 + 0.00092%**
Mg (mg g™ DW) 6.26 + 0.091 0.64 % 0026+ 0.029 + 0.0009 0.015 + 0.00147%*
Zn (ug g~ DW) 1435 + 4.78 1227 + 6.15% 0.53 + 0.046 1.36 + 0,038+
Na (ﬂg g_1 DW) 4743 + 22.2 176.1 + 10.4%%* 23.0 £ 1.59 222 + 1.89
Fe (ﬂg gfl DW) 29566.3 + 1524.4 22621.7 + 1134.8* 474 + 42 13.2 + 1.67%%*
Cu (ug g~ DW) 266 + 1.64 17.5 + 1.35%* 023 + 0.02 024 + 0.012
Ni (ug g~ DW) 425 + 1.82 32.6 + 2.26% 0.091 + 0.0072 0.049 + 0.0031%%*
Cd (ng g”' DW) 344.8 + 10.6 S14.5 £ 17.4%%% 13.6 + 1.52 11.5 + 1.56
pH (water/1 M KCI) 6.51/7.08 3.74/3.92

Data are means + SDs (n = 3). The *, **, and *** indicate significant difference at 0.05, 0.01, and 0.001 level of Student’s t-test between control and

Mn soil in the given fraction.

impact of pH on Mn uptake in some crops did not match with
known fact that “its bioavailability increases with decreasing
pH” as for example, potato contained more Mn at less acidic
pH.> Because control and Mn-soil we used differed in pH, a
further solution test was done to verify its involvement in Mn
uptake.

B MATERIALS AND METHODS

Plant Cultured and Experimental Design. Selected crops were
tested in the present study (provided by Josef Hedbavny), namely
Brassica napus cv. Smaragd, Hordeum vulgare cv. Bojos, Zea mays cv.
Korneli, Triticum aestivum cv. Tiguan. Seeds were surface sterilized and
sown directly to pots containing S00 g of control or naturally
contaminated soil (S for Zea, 10 for cereals and 20 seeds for Brassica in
order to achieve approximately similar biomass/soil ratio). Control
soil, collected on the field (by Jozef Kovatik, western Slovakia, village
BoSany), is widely distributed in the Slovak Republic—Eutric
Cambisol (with sandy loamy texture) as reported previously."® Mn-
contaminated soil was collected on the natural locality in the Krusné
Hory Mountains (or Ore Mountains) as described in the previous
paper.”® We note that the origin of this soil is not clear, but is probably
natural because the composition of plant species around and within
this locality is similar (P. Svec, personal visitation). Soil moisture was
maintained at 60% of water holding capacity with distilled water to
prevent the impact on minerals. Cultivation was realized under
laboratory conditions with ~300 wmol m™ s™' PAR at leaf level
supplied by cool white fluorescent tubes L36W/840 (Lumilux,
Osram), 25/20 °C day/night temperature and relative humidity of
~60%."* Whole shoots of plants were harvested after 21 days of
cultivation because growth retardation was visible. In the subsequent
experiment, crops were sown directly on filter paper placed on glass
balls in plastic box and supplemented with 5 mM MnCl,-4H,0
solution (deducted from Mn content in water-soluble fraction of Mn-
contaminated soil, see discussion) with pH 6.5 or 3.7 (based on pH of
water extracts from control and Mn-contaminated soil, see the Results
section). Plants were harvested 10 days later because Brassica plants
showed strong retardation of growth. For fresh mass-requiring
parameters, individual plants were powdered using liquid N, and
fresh material was extracted as described below. Dry samples (dried at
75 °C to constant weight) were analyzed for mineral nutrients
including Mn.

Quantification of Mn and Mineral Nutrients. Samples were
prepared by mineralization of dry plant material (10—20 mg) in the
mixture of concentrated HNO; and water (S + S mL) using
microwave decomposition (Ethos Sel Microwave Extraction Labsta-
tion, Milestone Inc.) at 200 °C over 1 h (complete duration of the
mineralization program). The resulting clear solution was placed to
glass flasks and diluted to a final volume of 20 mL. Soil samples for

total content of metals (more exactly it is pseudototal content because
primary HNOj; concentration in mineralizates is ca. 5 M and traces of
metals may remained bound in silicates present in the soil) were
prepared by the same way while water-soluble Mn and nutrients were
extracted with deionized water as reported earlier.'® All measurements
were carried out using an atomic absorption spectrometer AA30
(Varian Ltd; Mulgrave, Australia) and the air—acetylene flame.
Measurements of mineral nutrients were done as described previously
and Mn was quantified at 4, = 279.5 nm, LOD of Mn was 2 ug/L."*

Fluorescence Microscopy. For microscopic analyses, cross
sections were taken ca. 1 cm above the stem base and were
immediately stained with respective reagents. General accumulation of
ROS was monitored using two widely used reagents: 2',7'-
dichlorodihydrofluorescein diacetate (DCF-DA, 502,/526g, nm,
Life Technologies, U.S.A.) and CellROX Deep Red Reagent (644y,/
66Sg, nm, Life Technologies, U.S.A.). Staining procedure was
conducted as previously reported.*® Nitric oxide or reactive nitrogen
species (RNS) were visualized with 2,3-diaminonaphthalene (DAN,
365g,/415g,, nm, Si§ma—A1drich, U.S.A.) using 250 uM DAN for 1 h at
room temperature.'" Lipid peroxidation was visualized by BODIPY
581/591 Cl11 lipid peroxidation sensor (S81p/591g, nm, Life
Technologies, U.S.A.) and total thiols by monochlorobimane
(394,/490g,, nm) according to previous protocols.””*" Staining
solution was always removed by respective buffer and samples were
observed using fluorescence microscope and appropriate set of filters
(Axioscop 40, Zeiss, Germany).

Assay of Antioxidative Enzymes and Metabolites. For the
assay of enzymatic activities, whole shoots were homogenized with
inert sand in potassium phosphate buffer containing 1% insoluble
PVPP (pH 7.0). Soluble proteins were quantified according to
Bradford method®* and bovine serum albumin as standard (595 nm).
Ascorbate peroxidase (APX) and guaiacol peroxidase (GPX) activities
were measured as the oxidation of ascorbate and guaiacol at 290 and
470 nm, respectively."”'>** Glutathione reductase (GR) activity was
assayed as the reduction of GSSG at 412 nm."" Catalase activity was
measured as the reduction of H,O, to water monitored at 240 nm.>®
Randomly selected supernatants were boiled and assayed in order to
check that reactions were enzymatic.

Total soluble phenols were extracted with 80% methanol and
quantified using the Folin—Ciocalteu method with gallic acid as
standard and detection at 750 nm.”

Quantification of organic and inorganic anions was performed by an
Ion-Exchange Chromatography system (DX 600, Dionex Corporation,
Sun Valley, CA, U.S.A.) equipped with EDS0 Electrochemical detector
and conductivity cell installed in DS3 Detection Stabilizer and Anion
Self-Regenerating Suppressor—Ultra II (2 mm, ASRS-ULTRA II)
operating at 100 mA in AutoSuppression Recycle Mode. Samples were
prepared in deionized water (0.1 g FW/1 mL) that was found to be
more suitable in comparison with acidified water (data not shown).
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Separation was carried out with an IonPac AS 11—HC (2 X 250 mm)
analytical column and IonPac AS 11-HC (2 X 50 mm) guard column
(Dionex Corporation, Sun Valley, CA, U.S.A.). The mobile phase
consisted of deionized water (A) and 100 mM NaOH in deionized
water (B). A linear gradient profile of the mobile phase from 1% B (0—
4 min), 1-15% B (4—12 min), 15-25% B (12—17 min), 25—45% B
(17—20 min), and 45—1% B (20—21 min) was applied at a flow rate
0.35 mL/min. The column was equilibrated for 15 min under initial
conditions prior to injection of the next sample. The column
temperature was 30 °C and injection loop was 10 uL. The peak
identity was confirmed by comparing the retention times with
retention time of standards and by spiking standard solutions to the
samples. Calibration curves were linear (r* > 0.998) for each
compound in the concentration range 1—100 ug mL~'. Limit of
detection was 0.2—0.9 ug mL™'. Reagents (malic acid, citric acid,
ammonium acetate, and ammonium formate) were purchased from
Sigma-Aldrich (Chemie GmbH, Steinheim, Germany), sodium
hydroxide solution 50%, sodium phosphate and sodium sulfate were
supplied by Fluka Chemie (Buchs, Switzerland) and other chemicals
(sodium chloride, oxalic acid, potassium nitrate, sodium nitrite) were
obtained from Penta Chrudim (Czech Republic). All chemicals used
were of analytical grade. Demineralized water with a specific resistance
of 182 MQ cm™ (Mili-Q RG, Millipore, Bedford, MA, U.S.A.) was
used to prepare all solutions and standards.

Statistical Analyses. Two independent repetitions of the whole
experiment were performed in order to check reproducibility. At least
six pots were used for each crop and soil. Data were evaluated using
ANOVA followed by a Tukey’s test (MINITAB Release 11, Minitab
Inc.; State College, Pennsylvania) at P < 0.05. Additionally, Student’s ¢-
test was used to compare the difference between control and Mn-soil
and biomass production. Number of replications (n) in tables/figures
denotes individual soil samples or individual plants analyzed for each
parameter. Only for Mn-exposed Brassica, several shoots were pooled
to achieve enough biomass for measurements.

B RESULTS AND DISCUSSION

Uptake of Mn, Alterations of Mineral Nutrients, and
Growth of Plants Cultured in Mn-Contaminated Soil.
Analysis of soil Mn content revealed ca. 10-times higher
amount in Mn-contaminated soil than in control soil in the
pseudototal fraction and much higher difference in water-
soluble fraction (Table 1). Pseudototal Mn content in Mn-soil
is within the range reported previously on the locality from
which soil used in the present study originated.'” Further assay
of selected essential and nonessential metallic nutrients showed
their higher pseudototal amount in control soil (except for Cd),
although it was not observed for all metals in water-soluble
fraction (Table 1). The control soil we used is widely
distributed in the Slovak Republic—Eutric Cambisol (with
sandy loamy texture) with higher Mg content as reported
previously for the same soil type from other locality.'® More
acidic pH was the main difference between Mn-soil and control
(Table 1) and we therefore subsequently studied the impact of
pH on Mn uptake in solution culture (see last paragraph of
discussion).

Uptake of Mn, such as in the case of other metals, is affected
by soil conditions as well as by plant species. This variability has
previously been observed in various plants collected from
naturally Mn-contaminated locality.'? As expected, plants
showed similar amount of Mn in control soil because it is an
essential micronutrient (Table 2). However, differences of Mn
content in Mn-soil were more extensive and suggest species-
specific uptake. To our knowledge, this is first laboratory-
controlled study using naturally Mn-contaminated soil, and we
therefore found no data exactly comparable with the present
study. In terms of our crops, it has been reported that shoots of
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Table 2. Accumulation of Selected Metals in the Shoots of Four Crops Cultured in Naturally Mn-Contaminated Soil Over 21 Days”
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Figure 1. Dry biomass (milligrams per shoot) of four crops cultured in
naturally Mn-contaminated soil (shown in Table 1) over 21 days. Data
are means = SDs (n = 10). *** indicates significant difference at 0.001
level of Student’s t-test. Brassica, Brassica napus cv. Smaragd,
Hordeum, Hordeum vulgare cv. Bojos, Zea, Zea mays cv. Korneli,
and Triticum, Triticum aestivum cv. Tiguan.

Hordeum contained up to 3500 ug Mn g™ in soil with total Mn
concentration 500—2500 g g~' DW?; both these values are
lower compared to our data (Tables 1 and 2), although growth
depression by ca. 50% (Figure 1) is similar to mentioned study.
Another theoretical comparison is possible with barley plants
cultured in hydroponics with 1.83 mM Mn** where
bioaccumulation (BAF) value was ca. 6.5:® considering that
water-soluble Mn was ~5 mM in our study (280.1 ug g~ DW,
Table 1), our BAF value is 21 and indicates similar extent of
Mn uptake despite different culture conditions and Mn
concentrations. However, BAF values for almost all species
analyzed in the present study were calculated with respect to
the pseudototal soil metal content, and this value is therefore
lower in the case of Hordeum (0.92, Table 3). In this sense, only
Mn-cultured Brassica had BAF higher than 1 but it does not
confirm hyperaccumulation potential because growth was
extremely suppressed (Figure 1).

Few studies also report Mn uptake in plants from natural
localities and BAF can be calculated. For example, BAF in
Vaccinium myrtillus was lower in the soil from polluted localities
(3.6—14.4) in comparison with control localities (27.6—41.3)."°
In a similar study, species Plantago lanceolata and Cardaminopsis

arenosa from a polluted locality (mining and metallurgic
activity, where also higher soil Mn content was detected),
revealed lower BAF if compared to control site (P. lanceolata
0.01—0.03 vs 0.09 in control; C. arenosa 0.02—0.1 vs 0.37 in
control).” Above-mentioned data confirm that various plant
species in natural populations do not elevate Mn content,
although soil Mn content was higher on polluted localities. On
the contrary, our plants had higher BAF values in Mn-soil:
there is certainly a “break” of regulatory mechanisms and thus
excessive Mn uptake damaged plants visibly in the present
study.

Above-mentioned uptake of Mn was therefore reflected in
the changes of growth. This was mainly visible in Brassica plants
where the highest shoot Mn amount correlates with the most
depleted growth (cf. Table 2 and Figure 1). Another aspect that
certainly affected growth is depletion of some essential
nutrients. Mainly Mg and Ca, being quantitatively important
divalent cations that could compete with Mn uptake, decreased
in plants from Mn-soil (Table 2). Although BAF for these
metals was elevated in Mn-soil, indicating that plants effectively
cope with their depleted amounts (compared to control, Tables
1 and 3), absolute quantities are probably not high enough for
optimal growth (also visible by chlorosis of the leaves that
appeared after several days of cultivation). In agreement with
our data, Mn excess depleted macronutrients (Ca and Mg)
more than the level of micronutrients (Fe, Zn, Cu) in
cucumber plants and growth was also affected.® Besides,
reduction of available Ca led to a dramatic increase in Mn
content in Phytolacca americana.”* However, our data also
showed that the impact of Mn excess is species-specific and
cannot be generalized because some metallic nutrients such as
Zn or Fe even increased in Mn-cultured Brassica and Zea, but
not in cereals (Table 2).

Another original aspect arising from the present study is the
impact of Mn excess on the uptake of toxic metals. Amount of
Cd and Ni was relatively similar in control and Mn-soil (Table
1). Accumulation of Ni was elevated in Mn-soil in Brassica and
Zea plants but not in cereals. On the other hand Cd uptake
strongly increased in Mn-cultured Brassica plants but was not
detected in Triticum (Table 2). Owing to absence of similar
literature, we are unable to compare these values deeply.
Theoretical comparison is possible in relation to studies where
polluted and nonpolluted localities in Poland were compared:
although polluted localities contained more Mn, they also
contained more Cd and therefore sharp increase in shoot Cd

Table 3. Bioaccumulation Factor Calculated as the Ratio of Individual Metals in Tissue (Table 2) to Total Soil Metal Content

(Table 1)“
Brassica Hordeum Zea Triticum

control Mn control Mn control Mn control Mn
Mn 0.079 2.11 0.087 0.92 0.092 0.86 0.098 0.36
K 4.13 12.8 6.39 10.5 6.14 6.38 6.14 8.03
Ca 22.5 36.6 S5.44 15.7 4.33 15.0 4.40 741
Mg 0.899 4.53 0.54 2.83 0.25 1.92 0.34 1.47
Zn 0.67 2.01 0.73 0.64 0.56 0.74 0.66 0.61
Na 1.65 9.87 5.83 9.13 0.17 0.24 0.17 0.47
Fe 0.0047 0.0115 0.0032 0.0031 0.0017 0.0061 0.0039 0.004S5
Cu 0.27 0.39 0.28 0.40 0.27 0.26 0.34 0.41
Ni 0.09 0.24 0.051 0.075 0.044 0.098 0.11 0.13
Cd 0.81 1.33 0.16 0.16 0.69 0.48 0.56 nd

“According to literature, BAF <1 and >1 indicate excluders and accumulators, respectively (see ref 18 for details).
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Figure 2. Fluorescence microscopy of selected oxidative stress-related parameters in the shoots of four crops cultured in naturally Mn-contaminated
soil over 21 days. Species identity is the same as in Figure 1. Cross sections were taken ca. 1 cm above the stem base and were immediately stained.
ROS (reactive oxygen species) were stained with CellROX Deep Red reagent (red signal) and 2’,7'-dichlorodihydrofluorescein diacetate (green
signal), RNS (reactive nitrogen species) with 2,3-diaminonaphthalene, lipid peroxidation with BODIPY $81/591 C11 and total thiols with

monochlorobimane. Bar indicates 200 ym.

content was found in three species.”'® However, our data again
confirm that the uptake of toxic metals under Mn excess is not
influenced only by pH or Mn itself and cereals (Hordeum and
Triticum) seem to be less effective accumulators.

Oxidative Stress, Antioxidative Enzyme Activities and
Metabolites in Plants Cultured in Mn-Contaminated
Soil. Appearance of oxidative stress may be detected by various
qualitative and quantitative methods. Fluorescence microscopy
is sensitive qualitative method owing to use of specific reagents.
In fact, visualization of ROS by two staining reagents confirmed
that Mn excess evoked increase in ROS in all species
investigated (Figure 2). Relatively less pronounced enhance-
ment was observed in Triticum, a species with the lowest Mn
amount (Table 2 and Figure 2).

Changes of nitric oxide (RNS, Figure 2) were also less
extensive in Triticum, indicating that the lower level of oxidative
stress does not evoke further elevation of nitric oxide. This fits
well with our recent study where concentration-dependent
stimulation of ROS in response to Mn excess was observed but
nitric oxide presence differed in relation to ontogenetic stage;
subsequent tests confirmed than exogenous NO ameliorated
the appearance of ROS.'* This is further evidence that NO
plays an important role also under Mn excess, although this
aspect is only poorly known.'®

Higher ROS formation may also induce peroxidation of
lipids. This peroxidation was confirmed by specific fluorescent
reagent, shown as increase in green color within cross sections
of tissue (Figure 2). This increase was detected in all species,

dx.doi.org/10.1021/jf5010176 | J. Agric. Food Chem. 2014, 62, 7287—7296
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Figure 3. Activities of some antioxidative enzymes in the shoots of four crops cultured in naturally Mn-contaminated soil over 21 days. APX,
ascorbate peroxidase, GPX, guaiacol peroxidase; GR, glutathione reductase; and CAT, catalase. Unit is gmol min~! mg_1 protein for GPX and nmol
min~' mg~! protein for other enzymes. Data are means + SDs (1 = 4). Values within each graph followed by the same letter(s) are not significantly
different according to Tukey’s test (P < 0.05). Species identity is the same as in Figure 1.

indicating oxidative damage from excessive Mn uptake. This
may be explained by the fact that all species contained more
Mn in shoots than chamomile plants in our previous study,
where also concentration-dependent elevation of lipid perox-
idation signal was visible.'* Species-specific sensitivity is also
known, e.g., low Mn excess had no impact on lipid peroxidation
in mulberry plants,® while high Mn excess evoked only a slight
elevation in rice seedlings after 20 days of cultivation.”
Antioxidative enzymes did not show any universal trend in
relation to Mn amount in individual species (Figure 3). This
was also observed in other species, e.g, in cucumber shoots®
and no concentration dependency was found in pea’ or
chamonmile seedlings.'* In Hordeum, activity of enzymes was the
most elevated. Peroxidases (APX and GPX) showed signifi-
cantly enhanced activities in cereals (Hordeum and Triticum) in
response to Mn excess (Figure 3). In agreement with our data,
barley plants cultured under Mn excess had higher CAT and
GPX activity® and rice seedlings showed elevation of GPX and
APX activities in response to long-term presence of high Mn (3
and 6 mM)’ that is similar to our water-soluble Mn fraction
(Table 1). However, relatively slight impact of Mn on
peroxidases in Zea observed in the present study has also
been previously reported and even 1 mM of Mn®>" had
negligible impact on oxidative or peroxidative activities in its
roots."® Above-mentioned data confirm that antioxidative
enzymes are involved in tolerance to Mn excess though
responses differ in various species. Despite this increase, overall

growth depression and appearance of oxidative damage were
detected in all species (Figures 1 and 2). This is in accordance
with other crops, e.g., tobacco plants cultured in vitro with 2 or
S mM Mn contained similar amounts of Mn in leaves (up to 11
000 ug g~ DW) as our plants (Table 2) but GPX and APX
activities were considerably suppressed.'” Glutathione reduc-
tase (GR) showed similar basic values in controls among plants
and also strong increase in all species in Mn-soil with the
exception of Brassica that could again indicate its sensitivity.
Enhanced activity of GR was also reported in various crops
where other antioxidative enzymes were depleted, such as rice,”
cucumber,® and tobacco.!” This fits well with visualization of
total thiols though increase was less visible in some species
(Figure 2). However, protein- and nonprotein thiols were
variably affected by Mn excess in rice,” providing evidence that
“total thiols” staining could not always match fully with
individual parameters.

Phenolic metabolites are important stress-induced com-
pounds including excess of metals.”® In the case of Mn excess, it
seems that their role is less important because we found
significant increase only in Brassica plants that could be related
to strong growth inhibition (Figure 4). Further studies are
needed to analyze profile of phenols in plants under Mn excess.
Soluble proteins are typically depleted by excess of metals
depending on the given metal and applied concentration."’ Mn
excess in the present study evoked depletion in three species,
but not in Zea (Figure 4). We assume this is related to high
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Figure 4. Quantitative changes of total soluble phenols and soluble
proteins in the shoots of four crops cultured in naturally Mn-
contaminated soil over 21 days. Data are means + SDs (n = 4). Other
details are the same as in Figure 3.

biomass production of Zea compared to other species and thus
tissue-dilution impact on Mn translocation. Proteomic analyses
will be carried out to study detailed changed at proteome level.

Quantitative Changes of Organic and Inorganic
Anions in Plants Cultured in Mn-Contaminated Soil.
Amount of malate was the highest among organic anions in
control shoots of all plants (Table 4). This is in accordance
with earlier report eg. in Zea” while Triticum turgidum
contained more oxalic and less malic acid*® than our species
(Table 4). Generally, organic acids such as oxalate, citrate and
malate play an important role in the detoxification of various
metals through chelation®”** or by modulation of rhizosphere
pH.* In the case of Mn excess, oxalic acid is potentially
involved in Mn detoxification in Phytolacca americana®® and
citrate enhanced Mn uptake in Juncus effusus.>’ Our present
data showed decrease or unchanged contents of three above-
mentioned acids and their role in the Mn uptake in any species
is not expected. This could be related, the most probably, to
observed growth depletion (and appearance of oxidative stress)
leading to attenuated metabolism including Krebs cycle owing
to high Mn excess in Mn-soil we used.

Increase in the nitrate amount in the majority of Mn-cultured
species is in accordance with the depleted amount of proteins
and indicates suppressed nitrate reduction and incorporation
into the organic form. This was not observed in Zea, which
probably has a higher potential to cope with Mn excess (Figure
4 and Table 4). The lower amount of sulfate in the majority of
Mn-cultured crops may be related to elevated signal of thiols
(Table 4 and Figure 2), suggesting its conversion into the
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Table 4. Accumulation of Selected Organic and Inorganic Anions in the Shoots of Four Crops Cultured in Naturally Mn-Contaminated Soil Over 21 Days
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Figure S. (A) Amount of Mn in the shoots and roots of four crops sown on filter paper and supplemented with deionized water (control plants) or
with § mM Mn?* solution (Mn-exposed plants) in relation to pH (values were selected based on pH of water extracts of control and Mn-
contaminated soil shown in Table 1 and Mn*" concentration based on water-soluble content in Mn-contaminated soil in the same Table). Plants
were cultured over 10 days. Data are means = SDs (n = 3). Other details are the same as in Figure 3. (B) Fluorescence visualization of ROS with
CellROX Deep Red reagent in the root tip (above) and upper part of roots (bottom) in relation to pH and Mn absence/presence in the culture
solution as mentioned in part A. Bar indicates 100 ym. Note that the root Mn content (nd in graph) and microscopy was not done in Mn-exposed
Brassica because the roots were strongly rudimentary in the presence of Mn after given exposure time.
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organic form under Mn excess. The phosphate quantity was
lower in all Mn-exposed species, and its role in Mn uptake is
not apparent, although Mn-containing crystals in some species
may be formed with phosphate.”*

Responses of Crops to Mn-Enriched Solution and
Various pH. Because control and Mn-contaminated soil
differed in pH (Table 1), we further investigated impact of
pH on Mn toxicity in solution culture and crops were sown
directly on filter paper with treatment solutions. Values of pH
were selected based on water extracts (6.5 and 3.7 in control
and Mn-soil) and Mn?* concentration was based on water-
soluble content in Mn-contaminated soil (Table 1; 280.1 ug g~*
DW = ~5 mM). Growth (both shoot and root biomass) in
control treatments (deionized water only) was reduced only at
pH 3.7 in Zea (data not shown). In Mn-enriched solutions,
growth of Hordeum was reduced only by pH 3.7; both pH 3.7
and 6.5 reduced growth of Zea, Triticum, and Brassica (data not
shown). Generally, impact of Mn excess on biomass was more
negative at lower pH and in the case of Brassica it was pH-
independent (only rudimentary roots ca. 1 mm long were
developed). These are only slight differences in comparison
with shoot biomass of plants cultured in Mn-contaminated soil
where, e.g., Triticum was slightly more tolerant than Hordeum
(Figure 1). This could be evoked by different exposure
conditions and time (10 days in solutions vs 21 days in soil)
and it may logically be expected that longer cultivation could
lead to restoration of growth after adaptation to Mn excess.
However, high sensitivity of Brassica to Mn excess (found in
soil culture) was confirmed in solution culture and this
sensitivity is not therefore pH-dependent but Mn-evoked. In
agreement with our observations, growth of potato plants was
more negatively affected by lower pH under Mn excess.”

Higher toxicity of Mn at lower pH could also be related to its
higher solubility, as it is known that various metals are more
readily absorbed at more acidic pH. Subsequent analyses of Mn
content were therefore carried out to identify if Mn toxicity is
related to its uptake in relation to pH. In control plants,
decrease of pH depleted Mn content preferentially in the roots
while such observation in Mn-exposed plants was only
exceptional (Figure SA). It has been reported that increasing
pH increased Mn accumulation in the roots of barley®* and Mn
uptake by potato was also higher at pH 5.8 than at pH 4.0
depending on applied Mn dose.®> This is partially in
contradiction to our data because the Mn content in Mn-
exposed plants was slightly higher or unaffected by lower pH in
shoots (Figure SA) but may be explained by concentration
dependency of this process because potato treated with S mM
(approximate concentration of water-soluble Mn in our Mn-soil
as mentioned above) showed lower difference between various
pH. However, impact of pH on Mn uptake was negligible in
our Mn-exposed plants while more pronounced differences in
control plants are rather evoked by translocation from seed
during growth. This is in accordance with data from Spiraea
plants where media pH did not affect foliar Mn.* It is also
visible that shoot Mn content in Mn-treated plants was very
similar to that observed in soil culture (cf. Figure S and Table
2) with Brassica and Triticum containing the highest and the
lowest value, respectively.

The relatively negligible impact of pH in terms of Mn uptake
was further verified at the level of oxidative stress induction.
Fluorescence indicator of “general ROS” revealed no extensive
or pH-dependent impact either in control or Mn-cultured roots
(Figure SB). It is clear that the appearance of oxidative damage

is related to Mn presence, and the same was observed in shoot
samples mentioned above (Figure 2).

B CONCLUSIONS

Naturally contaminated manganese soil used in the present
study had a clearly negative impact on the growth of four crops
after prolonged cultivation. High shoot Mn accumulation and
the overall trend of its uptake were similar in soil and solution
culture, in which Brassica and Triticum contained the highest
and the lowest amounts, respectively. Solution culture also
confirmed that the low pH of Mn soil (3.7) is not the main
factor affecting Mn uptake or ROS formation. The elevated
fluorescent signal of nitric oxide and thiols together with
typically enhanced activities of antioxidative enzymes could
contribute to protection against Mn excess in soil culture, while
the involvement of phenolic metabolites and aliphatic organic
acids in this process was not observed. However, the sensitivity
of the investigated plants to soil contamination by Mn urges for
further selection of a cultivar tolerant to Mn excess, owing to its
presence in acidic soils.
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4.2 Oxidacni stres vyvolany manganem a zlepSeni tohoto stavu pomoci oxidu
dusnatého ve dvou ontogenetickych stavech hermanku lékarského

KOVACIK, J.; BABULA, P.; HEDBAVNY, J.; SVEC, P. Manganese-induced oxida-
tive stress in two ontogenetic stages of chamomile and amelioration by nitric oxide.
Plant Science, 2014, ro¢. 215-216, s. 1-10. ISSN 0168-9452.

Podil autora Svec P.: 15 % textové casti prace a 30 % experimentalni prdice

Ontogeneze se zabyva piivodem a vyvojem jedince a je soucasti evolu¢ni biologie.
Rostliny mohou reagovat na stejny podnét jinak v zavislosti na ontogenetickém stadiu.
Naptiklad kli¢ence je¢menu reagovali na pfitomnost Zn, Cd a Cu odli$n¢, nez rostliny,
které byly dva tydny staré (Schiller et al., 2014) nebo rostliny Kajanu indického
(Cajanus cajan), které¢ byly vystaveny zinku ve tfech riznych ontogenetickych stavech
a méli také razné odpoveédi (Khudsar et al., 2008). Proto jsme se v této praci rozhodli
sledovat vliv manganu v nékolika koncentracich (100, 500 a 1000 uM) na hefmanek
1ékatsky ve dvou riiznych ontogenetickych stadiich (7 tydnt staré rostliny, které byli

péstované hydroponicky a 7 dnti staré klicence) po dobu 7 dnti.

Zvysujici se davka manganu neméla vliv na kliceni semen, ale nadbytek man-
ganu zpusobil zpomaleni rstu kli¢encii. Délka kotenil se snizila o téméf 45 % uz pii
koncentraci 100 uM Mn. Nejvice byl rist zpomalen u koncentrace 1000 uM Mn, kde
doslo ke zpomaleni ristu o 73,8 %. Rust nadzemni ¢asti byl snizen az u koncentrace
1000 uM Mn, kde byla nadzemni ¢ast nizsi o 29,6 %. Toto snizeni délky mélo vliv i na
suchou hmotnost kli¢encti. Ta korelovala se zpomalenim riistu. U kofenové Casti byla
koncentraci 1000 uM Mn, kde byla nizsi o 73,2 % pfi srovnani s kontrolou. Snizeni
hmotnosti nadzemni ¢asti odpovidalo zpomaleni rstu. Snizeni hmotnosti bylo zazna-
menano u nadzemni ¢asti pfi koncentraci 1000 UM Mn o 21 %, pifi porovnani
s kontrolou. Zpomaleni rlstu a snizeni biomasy bylo zaznamenano i pfi aplikaci 50-

250 uM Mn hrachu v praci Gangwar et al. (2010).

Zpomaleni riistu mohlo byt vyvolano vysSim pifijmem manganu v kli¢encich 1
Vv rostlinach. Pfijem manganu je relativné rychly proces a dle vysledka je koncentracné
zavisly. Obsah manganu v nadzemni ¢asti sedmitydennich rostlin byl nejvyssi pii apli-
kované davce 1000 uM, kde dosahoval mnozstvi 1750 ug-g™® suché hmotnosti.

V kotenové Casti byl stanoven celkovy obsah manganu a obsah manganu po oplachu.

59



Tyto obsahy byli nejvyssi také v aplikované davce 1000 uM manganu. Celkovy obsah
byl piiblizng 5000 pg-g™ a obsah po oplachu byl 2000 pg-g™. Tyto hodnoty jsou nizsi
pii srovnani s aplikovanou davkou 600 uM Mn okurce v praci Shi et al. (2008). Aku-
mulace manganu v nadzemni ¢asti byla vyssi a v kofenech nizs§i nez pii aplikaci Cd
nebo Cu hefmanku (Kovacik et al., 2009). Transloka¢ni faktor u sedmi tydennich rost-
lin se zvysil mezi aplikovanymi koncentracemi 100 a 500 uM manganu z 0,31 na 0,35.
V koncentraci 1000 uM byl jen nepatrné nizsi a to 0,34. Tyto hodnoty jsou nizsi, nez
byly hodnoty v okurce (pfiblizn¢ 0,73; Shi et al., 2008), kde byl sledovan i vyssi piijem
manganu do nadzemni ¢asti okurky. Domnivame se, ze niz$i hodnoty translokac¢niho
faktoru jsou zpisobeny vyssi tolerantnosti hefmanku k manganu. V sedmi-tydennich
rostlinach byla zaznamenana i zména v obsahu mineralnich latek. Tato zména byla
V hefmanku pozorovana i pii aplikaci médi a kadmia v praci Kovacik et al. (2009). Pii
koncentraci 100 uM Mn se v nadzemni ¢asti snizil obsah hot¢iku i Zeleza. V koncen-
tracich 500 uM a 1000 uM Mn doslo ke snizeni obsahu vépniku a obsah hoiciku i zele-
za zustal niz8i. V kofenech se sniZoval obsah vapniku s rostouci koncentraci manganu
od 500 uM. Také doslo ke snizeni obsahu médi vSude, kde byl piidan mangan. Fakt, ze
nedoslo ke zméné obsahu drasliku tak, jako v ptipadé aplikace médi nebo kadmia (Ko-
vacik et al., 2009), naznacuje nizkou toxicitu manganu. Obsah manganu v nadzemni i

kotenové ¢asti klicenct hefménku se zvySoval s rostouci aplikovanou davkou.

Mangan také ovlivnil miru oxidativniho stresu (ROS a lipidovou peroxidaci)
sedmi tydennich rostlin. V sedmi tydennich rostlinich mirné vzrostla aktivita APX
vV nadzemni c¢asti hefmanku pfi koncentracich 500 a 1000 uM. Aktivita APX
Vv kotfenové Casti ziistala bez zmén. Nizka stimulace APX byla také pozorovéana u ryze
vystavené vysoké davce manganu (mM) v praci Srivastava et al. (2011) a také u klicen-
cl hrachu vystavené nizsi davce manganu (uM) v praci Gangwar et al. (2010). Aktivita
GPX vzrostla jak v kofenech, tak v nadzemni ¢asti pfi koncentraci 100 uM Mn. Se zvy-
Sujici se davkou Mn se aktivita GPX sniZzovala jak v nadzemni casti, tak v kofenové
casti. Aktivita GR se v nadzemni ¢asti hefmanku neménila, ale v kofenové casti byla
zvySena u aplikované davky 100 a 500 uM Mn a pii koncentraci 1000 uM Mn doslo
k poklesu aktivity pii srovnani s kontrolou. Obsah peroxidu vodiku se v kofenové ¢asti
nemeénil. Jeho obsah se zvysil jen v nadzemni ¢asti u koncentraci 500 a 1000 uM Mn.
Obsah superoxidu se zvySoval v nadzemni ¢asti srostouci koncentraci manganu.

V kotenové Casti se zvySoval obsah superoxidu az od 500 uM Mn. Obsah superoxidu
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byl jednozna¢n¢ vysSs$i v kofenové casti. Toto rozlozeni (rostouci obsah H»O;
Vv nadzemni ¢asti a zvySujici se obsah superoxidu v kofenové ¢asti) bylo pozorovano i
v kli¢encich ryze vystavené 6 mM MnClI, v praci Srivastava et al. (2011). Superoxid,
spiSe nez peroxid vodiku, pfispél k vizualizaci ROS. Vizualizace ROS odpovida vy-
sledktim stanoveni obsahu superoxidu a peroxidu vodiku. Vizualizace lipidové pero-
xidace souhlasi s rostoucim obsahem latek reagujicich s kyselinou thiobarbiturovou a se
zvysujicim se obsahem ROS, podobné, jako pii aplikaci 600 uM Mn okurce v praci Shi
et al. (2008). Obsah téchto latek se zvySoval s rostouci koncentraci manganu, jak
Vv nadzemni Casti, tak v ¢asti kotfenové. Vizualizace ROS v klicencich ukazala stejny
trend jako ve vzrostlych rostlinach. Stejny trend, jako u sedmi tydennich rostlin, byl
zaznamenan i u vizualizace lipidové peroxidace V kliencich hefmanku. Vizualizace
RNS/NO v kli¢encich ukazala, Ze se obsah oxidu dusnatého zvysil pii koncentraci
100 uM Mn, ale pfi koncentraci 500 a 1000 uM Mn doslo k razantnimu ubytku NO
v kotenech klicenci, pfi srovnani s kofeny u sedmitydennich rostlin, u kterych obsah
NO stoupal s rostouci davkou manganu. Jakym zpisobem se podili NO na toxicité

manganu, neni piesn€ znamo.

Proto jsme otestovali vliv exogenniho oxidu dusnatého na kli¢encich hefman-
ku, ktery byl aplikovan jako SNP v rliznych koncentracich (100, 500 a 1000 pM). Vy-
sledky ukazali, Ze doSlo ke sniZeni oxidativniho stresu na klicence, které byly vystave-
ny 1000 uM koncentraci manganu. Pfi aplikované davce 1000 uM Mn byla aktivita
CAT nejvyssi. S rostouci davkou SNP se aktivita CAT postupné sniZzovala. Aktivita
APX se zvysila az pii davce 500 pM SNP a pii davee 1000 uM SNP se jiz nezménila.
GPX aktivita se zvysila pti samostatné aplikovaném Mn. Pfi porovnani s kontrolou byla
aktivita GPX mirné vyssi pfi koncentracich SNP 500 a 1000 uM. GR aktivita se nemé¢-
nila s aplikovanou davkou SNP. Soucasné s timto zmirnénim Mn-indukovaného oxi-
daéniho stresu kli¢enctli, dosSlo ke snizeni pfijmu manganu v zavislosti na aplikované
davce SNP a také ke zlepSeni riistu kofenli a nadzemni ¢asti kliCencii. ZlepSeni rtistu
bylo sledovano i pti aplikaci 10 uM SNP Lupinus luteus, ktera byla vystavena ptsobeni
olova a kadmia v praci Kopyra et al. (2003). Dospé¢li jsme k zavéru, ze NO se podili na

tolerantnosti klicencti hefmanku k vyssim davkam manganu.
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Impact of manganese (Mn?*) excess (100, 500 and 1000 wM over 7 days) on two ontogenetic stages (7-
week-old plants and 7-day-old seedlings) of Matricaria chamomilla was compared. Mn excess depressed
growth of seedlings (but not germination) and stimulated oxidative stress (ROS and lipid peroxidation) in
both plants and seedlings. Growth inhibition could be evoked by higher Mn uptake and higher transloca-
tion factor in seedlings than in plants. Total thiols staining revealed elevation in almost all treatments. In
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donor (sodium nitroprusside/SNP) was therefore tested and results showed amelioration of 1000 uM
Mn-induced oxidative stress in seedlings (decrease in H,O, and increase in NO content while antiox-
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concluded that NO participates in tolerance to Mn excess but negative effects of the highest SNP dose
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were also observed. Extensive fluorescence microscopy is also explanatively discussed.
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1. Introduction

Increasing industrial production leads to elevated release of
undesirable heavy metals into the environment and represents
increasing risk for human health if accumulated in crop plants. On
the hand, numerous metals are essential for plant growth and pro-
ductivity but may be phytotoxic at higher concentrations. Among
them, manganese (Mn) is important micronutrient being e.g. com-
ponent of plant photosystem I [1,2]. Its toxicity is favored in acidic
soils where amount of Mn2* increases and it can be easily absorbed
and translocated within plant leading often to growth inhibition
[3.4].

Heavy metals stimulate increase in ROS (reactive oxygen
species) formation, being affected especially by the given metal and
exposure concentration [5]. This phenomenon was also observed
in terms of Mn excess though with substantially lower intensity
considering applied Mn concentrations [6]. This oxidative stress
may be controlled by various antioxidative enzymes [7,8]. Their
activity in Mn-exposed plants is usually affected only slightly e.g.
at the level of peroxidases [9]. Though harmful if present in excess,
ROS may also modulate plant growth [10]. On the contrary to
ROS, nitric oxide (NO) typically exhibits protective effect in plants

* Corresponding author. Tel.: +420 545 133281; fax: +420 545 212044.
E-mail address: jozkovacik@yahoo.com (J. Kovacik).

0168-9452/$ - see front matter © 2013 Elsevier Ireland Ltd. All rights reserved.
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through changes in relation to ROS [11]. Its involvement in Mn tox-
icity has only rarely been studied [12]. Surprisingly, changes to NO
content under Mn excess have not yet been observed/visualized
and eventual toxicity of widely used NO donor (sodium nitroprus-
side, SNP) is only partially known [13]. Typically, SNP ameliorates
metal-induced depression of growth and toxicity in various plants
[14-17].

Mn uptake was studied in numerous species and it is well
known that it accumulates considerably in plant biomass [6,18].
Chamomile (Matricaria chamomilla) is a widely used medicinal
plant cultured throughout the world. It accumulates consider-
able amount of some metals such as Cd and Ni in the shoot [19].
Other metals, such as Al, are only slightly accumulated [20]. It
was therefore the aim of the present study to verify Mn uptake
and subsequent alteration of oxidative stress-related parameters
in chamomile treated by three Mn doses. Owing to various cul-
tivation and species analyzed, comparison of Mn uptake is often
complicated. We therefore cultured older plants in hydroponics
and compared responses with seedlings germinated directly in
solutions with identical Mn concentrations.

Fluorescence microscopy is modern technique used in physi-
ology [21,22]. It allows visualization of target compounds using
(usually) specific probes. Such visual data are suitable to see local-
ization of target compound(s) within tissue or organs. Here we
provide extensive fluorescence microscopy of selected oxidative
stress-related parameters in Mn-exposed plants for the first time.
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For complexity, we also compare these responses in two ontoge-
netic stages of chamomile mentioned above. Eventual involvement
of NO in Mn-induced toxicity was also studied in chamomile
seedlings.

2. Materials and methods

2.1. Plant culture, experiments design and statistics

Twenty-one days old seedlings of M. chamomilla L. (tetraploid
‘Lutea’, Asteraceae) germinated in sand were placed to Hoagland
solution [11,19,20]. Uniform plants were cultivated in dark plas-
tic boxes with 5L of continually-aerated solutions (25 plants per
box). The experiment was performed in a growth chamber under
controlled conditions: 12-h day (6.00 am-6.00 pm), the photon flux
density was ~270 wmolm~2 s~ PAR at leaf level supplied by cool
white fluorescent tubes L36W/840 (Lumilux, Osram, Germany)
with a 25/20°C day/night temperature and relative humidity of
~60%. In these conditions, plants form basal leaf rosettes only
(=shoots). Solutions were renewed weekly to prevent nutrient
depletion. Plants, that had been cultivated hydroponically during 4
weeks (=total age 7 weeks), were used in the experiment and fur-
ther cultured for 7 days in mentioned Hoagland solution enriched
with Mn?* concentrations 100, 500 and 1000 M (added in the form
of MnCl,-4H,0). Including control, all variants contained 2.03 puM
Mn?2* as micronutrient and pH was checked to be 6.0. One box
containing 25 plants was used for each treatment, thus the whole
experiment included 4 boxes.

Subsequent experiment was focused on Mn?* uptake and toxic-
ity in chamomile seedlings. Seeds (100) were sown directly on filter
paper placed on glass balls (2 mm in diameter) within Petri dishes
containing identical Mn2* concentrations of MnCl,-4H,0 as men-
tioned above (but prepared using deionised water only). Solutions
were applied below the surface of filter paper and were not applied
directly on filter paper to ensure than Mn2* can freely diffuse
through filter paper toward seedlings. Seeds germinated within
48 h and they were harvested 5 days later, thus the whole exposure
time was 7 days. Final Mn concentration of solutions was measured
to verify that Mn was available through filter paper and selected
parameters were monitored. Fluorescence microscopy was also
done as mentioned below. Another experiment with seedlings was
focused on eventual amelioration of toxicity induced by 1000 pM
Mn?2* using exogenous nitric oxide supplied as sodium nitroprus-
side (SNP) in the final concentrations of 100, 500 and 1000 M.
Exposure was realized using mentioned Petri dishes and seeds were
again sown on filter paper and experimental solutions were pre-
pared using deionised water only. At least three dishes were used
for each treatment.

For fresh mass-requiring parameters, individual plants were
powdered using liquid N, and fresh material was extracted as
described below. Dry samples (dried at 75°C to constant weight)
were analyzed for mineral nutrients and/or Mn amount.

Twoindependent repetitions of the whole experiment were per-
formed in order to check reproducibility. Data were evaluated using
ANOVA followed by a Tukey’s test (MINITAB Release 11, Minitab
Inc.; State College, Pennsylvania) at P<0.05. Number of replications
(n) in tables/figures denotes individual plants measured for each
parameter among 7-week-old plants while seedlings within one
Petri dish were pooled prior to determination of biomass produc-
tion, Mn content and enzymatic assays as mentioned in respective
tables (then n=3 means three individual dishes).

2.2. Quantification of manganese and mineral nutrients

Samples were prepared by mineralization of dry material in
the mixture of concentrated HNO3 and water (5+5ml) using

microwave decomposition (Ethos Sel Microwave Extraction Labsta-
tion, Milestone Inc.) at 200 °C over 1 h. Resulting clear solution was
quantitatively placed to glass flasks and diluted to a final volume of
20 ml. Chamomile seedlings (owing to very low biomass) were min-
eralized in lower amount of solution and diluted to a final volume
of 3 ml. All measurements were carried out using an atomic absorp-
tion spectrometer AA30 (Varian Ltd.; Mulgrave, Australia) and the
air-acetylene flame. Samples for quantification of “intra-root” Mn
were washed with 5 mM Na,-EDTA before drying. Measurements
of mineral nutrients were done as described previously [23] and
Mn was quantified at Amax =279.5 nm. LOD of Mn was 2 pg/l.

2.3. Fluorescence microscopy

In 7-week-old plants, freshly prepared hand-made cross sec-
tions were stained. Primary roots were excised ca. 5cm from the
leaf rosettes’ base (ca. 3 cm below the surface of cultivation solu-
tions) in the zone of lateral roots formation. In the shoots, adult
leaf’s petioles of similar age from 3 individual plants were stained.
Among seedlings, whole fresh roots or cotyledons were stained. We
observed root apex and root in the zone of differentiation, where
root hairs appear. ROS and RNS/NO were stained using CellROX®
Deep Red Reagent (644¢x/665¢m, Life Technologies Corporation)
and 2,3-diaminonaphthalene (Sigma-Aldrich) forming highly flu-
orescent 1H-naphthotriazole product (365ex/415¢m) in accordance
with manufacturer’s instructions. Stock solution of CellROX® Deep
Red Reagent in DMSO was diluted by PBS buffer (0.05M, pH
6.8) to final concentration of 5uM and samples were stained
for 60 min at 37°C. Stock solution of 2,3-diaminonaphthalene in
0.62M HCI was used diluted by PBS buffer (0.05M, pH 6.8) to
the final concentration of 250 M. After incubation, samples were
washed three times by PBS buffer and observed. Amplex® Ultra-
Red (568¢x/681em N, Life Technologies Corporation) was used to
visualize hydrogen peroxide in accordance with manufacturer’s
instructions. Briefly, plant tissues were incubated in a working
solution that consisted of 50 .l of 10 mM Amplex® UltraRed stock
solution in DMSO, 100 .l of horseradish peroxidase (10U/ml in
0.05 M PBS buffer, pH 6.0, Sigma-Aldrich, USA) and 4.85 ml of reac-
tion buffer (0.05M PBS, pH 6.0). Plant tissues were incubated for
30 min at room temperature and dark to avoid accelerated oxida-
tion. After incubation, plant tissues were carefully washed three
times with PBS buffer (0.05 M, pH 6.0) and observed. Lipid peroxi-
dation was visualized by BODIPY® 581/591 C11 lipid peroxidation
sensor (581ex/591em N, Life Technologies, USA) where oxidation
of the polyunsaturated butadienyl portion of the dye results in a
shift of the fluorescence emission peak from 590 to 510 nm accord-
ing to manufacturer’s instructions. Stock solution in ethanol was
diluted by PBS buffer (0.1 M, pH 7.4) to a final concentration of
4 M. Samples were stained for 30min at RT and darkness to
avoid accelerated oxidation. Thereafter, they were washed three
times and observed. The fluorescence of BODIPY® 581/591 C11 was
acquired simultaneously using dual excitation (485 and 581 nm)
and detection (510 and 591 nm). Final images represent merges
of 510 and 591 nm emissions. All staining were carried out in the
dark to avoid possible light-accelerated oxidation. Total thiols were
stained with monochlorobimane (Sigma-Aldrich, USA). Stock solu-
tion of monochlorobimane (394¢x/490em) in methanol (11 mM)
was used to prepare working solution. Working solution was pre-
pared immediately prior to use by diluting stock solution with PBS
(0.05M, pH 7.2) to a final concentration of 50 wM. Samples were
stained for 20 min in the dark at room temperature, washed three
times to remove excess of staining solution and observed [21].
Fluorescence microscopy was done with Axioscop 40 microscope
(Carl Zeiss, Germany) equipped with appropriate set of excita-
tion/emission filters.
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2.4. Assay of antioxidative enzymes and stress parameters

Fresh tissue was homogenized with small amount of inert
sand using cold mortar and pestle in 50 mM potassium phosphate
buffer (pH 7.0, 1g FW/5ml). After centrifugation, supernatants
were used to measure enzyme activities and stress parameters.
Ascorbate peroxidase (APX) and guaiacol peroxidase (GPX) activ-
ities were measured as the oxidation of ascorbate and guaiacol
at 290 and 470 nm, respectively [23,24]. Glutathione reductase
(GR) activity was assayed as the reduction of GSSG at 412 nm |[7].
Catalase activity was measured as the reduction of H,0, to water
monitored at 240 nm [24]. Proteins were quantified according to
Bradford method with BSA as standard at 595 nm [25]. Owing to
extremely low biomass of seedlings (see tables), whole seedlings
(not separated to shoot and root) were extracted for the assay of
antioxidative enzymesin selected treatments. One sample included
200-400 seedlings. ROS (hydrogen peroxide and superoxide radical
content) were measured using TiCl4 and hydroxylamine method,
respectively [23,24]. TBARS were quantified in homogenates pre-
pared with 0.1% trichloroacetic acid with TBA method monitored
at 532 and 600 nm [26]. Spectrophotometry was carried out with
Agilent/HP DAD UV/Vis 8453 spectrophotometer.

3. Results and discussion
3.1. Mn uptake by plants and impact on mineral nutrients

In 7-week-old chamomile, Mn excess affected neither shoot nor
root biomass after 7 days of exposure probably owing to higher
biomass of these plants at the beginning of exposure to Mn (ca.
210mg DW per average shoot and 60 mg DW per average root).
Plants also showed no necrosis or chlorosis and roots were with-
out symptoms of increased lignification (free of brown color). In
accordance, 5-day-old barley plants exposed to 183-18,300 wM of
Mn revealed no alteration of shoot dry weight [27]. On the con-
trary, 22-day-old cucumber exposed to 600 WM Mn over 11 days
showed depleted shoot and root dry biomass [28]. These data indi-
cate variable sensitivity of plants to Mn excess, depending probably
more on the given species than on applied Mn concentration. It
also seems that chamomile is Mn-tolerant species and we therefore
tested responses of seedlings to Mn excess (see below).

Mn uptake by plants is relatively fast process and Mn is quickly
accumulated in shoots [1]. This was also visible in chamomile plants
and Mn amount increased concentration-dependently (Fig. 1). We
also observed that considerable part of root Mn was surface-bound,
especially at high exogenous Mn doses (difference between total
and intra-root Mn content, Fig. 1). Shoot and root Mn accumulation
in chamomile was lower compared to similar (600 M) application
of Mn to cucumber [28]. Generally, shoot Mn uptake was higher
but root Mn accumulation was lower at 100 WM Mn compared
to previously tested metals using similar concentrations (120 uM
Cd or Cu, [23]). Owing to various culture conditions and ontoge-
netic stages, direct comparison of metal content with literature
is often problematic. For this reason, translocation factor (TF) has
been introduced, expressing metal shoot/root ratio ([29] and the
references therein). Based on the data in Fig. 1, TF is 0.31, 0.35 and
0.34 in 100, 500, and 1000 wM Mn treatment, respectively, while
lower TF values for Cd were previously observed (ca. 0.1 [29]). Our
TFvalues for Mn are lower than those found in cucumber plants [28]
where higher amount of Mn in shoots was observed. We assume
that lower TF may contribute to higher chamomile tolerance to Mn
excess in comparison with other species.

Excess of metals usually affects accumulation of essential min-
eral nutrients. This fact has also been observed under Cu and
Cd excess in chamomile [23]. Mn excess revealed more negative
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Fig. 1. Uptake of manganese by 7-week-old Matricaria chamomilla plants after 7
days of exposure to Mn2* applied through hydroponics. Data are means # SDs (n=4).
Values within each graph followed by the same letter did not differ significantly
according to Tukey’s test (P<0.05). Control and all treatments contained 2.03 wM
Mn?* as micronutrient in basic Hoagland solution. “intra-root” Mn was quantified
after washing with Na,-EDTA (see Section 2).

impact in shoots and depletion of Ca, Mg and Fe was observed
(Table 1). In the roots, only Ca and less-pronouncedly Cu amounts
were depressed. This overall depression is in contradiction to
impact of Cu and Cd that stimulated Fe uptake [23]. On the other
hand no effect of Mn on K* accumulation (Table 1) in comparison
with previously tested metals indicates low toxicity. Our data fit
well with those observed in cucumber plants exposed to 600 .M
Mn, where no impact on K* but depletion of Ca, Mg, Fe and Cu was
reported [28].

3.2. Impact of Mn on oxidative stress and antioxidative enzymes
in plants

Content of H,0, was preferentially elevated in shoots while
superoxide in roots of Mn-exposed plants (Fig. 3). This may partially
explain why ROS formation was visibly enhanced in all three Mn
doses in roots but not in shoots (Fig. 2). Superoxide also increased
preferentially in roots while H,0, in shoots of Mn-exposed rice
seedlings [6]. Higher ROS formation could induce peroxidation of
lipids. This was observed in Mn-exposed chamomile (TBARS con-
tent or more specifically mainly malondialdehyde gives signal in
this assay, Fig. 3) but with substantially lower intensity compared
to previously tested metals [7,11]. This Mn-evoked peroxidation of
lipids was also visualized using specific fluorescent reagent, shown
as increase in green color within cross sections of tissue (Fig. 2A
and B). In agreement, increase in ROS production was followed by
accumulation of TBARS in 600 uM Mn-exposed cucumber leaves
[28].
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Fig. 2. Fluorescence microscopy of ROS (using CellROX), RNS/NO (using 2,3-diaminonaphthalene), lipid peroxidation (using BODIPY 581/591 C11) and total thiols (using
monochlorobimane) in 7-week-old Matricaria chamomilla shoots (petioles, 2A) and roots (2B) after 7 days of exposure to Mn?* applied through hydroponics (C - control,
100, 500 and 1000 - wM of applied Mn). Three individual cross sections were stained and representative photos are shown. Bar indicates 100 wm. (For interpretation of the
references to colour in the text, the reader is referred to the web version of this article.)
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Table 1

Quantitative changes of selected mineral nutrients in 7-week-old Matricaria chamomilla plants after 7 days of exposure to Mn?* applied through hydroponics. Data are

means & SDs (n=4).

Control 100 uM 500 wM 1000 pM

Shoots

K(mgg-! DW) 89.4 + 3.70a 90.7 £ 2.69a 86.8 + 3.04a 84.2 £+ 2.81a
Na (mgg~! DW) 4.35 £+ 0.18a 3.99 £ 0.33a 3.96 + 0.11a 4.11 4+ 0.23a
Ca(mgg ' DW) 5.58 + 0.33a 5.68 + 0.21a 4,55 + 0.25b 4.48 + 0.29b
Mg (mgg~' DW) 3.86 + 0.25a 3.16 £ 0.22b 3.02 £ 0.15b 2.75 £ 0.16b
Fe (ngg ! DW) 134.5 + 7.43a 101.4 + 6.64b 92.4 £ 5.60b 91.9 £ 2.63b
Zn (pgg ! DW) 48.2 + 0.79a 48.2 +£ 1.97a 46.7 + 3.54a 51.9 + 2.45a
Cu(pgg™' DW) 9.51 + 0.34a 9.08 £ 0.52a 9.36 + 0.32a 8.87 £ 0.61a
Roots

K(mgg~!' DW) 91.5 + 5.43a 94.7 + 4.63a 87.5 + 3.84a 87.3 +£4.83a
Na (mgg~' DW) 4.96 + 0.28a 4.74 +£ 0.51a 5.08 + 0.13a 5.52 + 0.41a
Ca(mgg ! DW) 3.27 £0.17a 3.19 + 0.26a 2.79 £ 0.11ab 2.31 £ 0.27b
Mg (mgg~! DW) 1.12 +£ 0.13a 1.45 £+ 0.20a 1.28 £ 0.17a 1.35 £+ 0.30a
Fe (mgg~' DW) 2.53 £ 0.41a 2.45 £ 0.45a 2.57 + 0.26a 2.86 + 0.24a
Zn (pgg ! DW) 100.8 + 4.42a 107.3 £ 5.13a 97.1 &+ 3.94a 103.7 £ 5.27a
Cu(pgg™' DW) 44.1 + 3.63a 41.1 £ 2.37ab 35.1 + 1.68b 33.3 + 3.86b

Values within rows followed by the same letter(s) are not significantly different according to Tukey’s test (P<0.05).

Assay of ROS-related parameters after 7 days (and subsequent
various time dynamics) could be a reason for low APX activity
we observed (Fig. 3). Low stimulation of APX activity was also
found after prolonged exposure to high Mn doses (mM) in rice [6]
and lower Mn doses (M) in pea seedlings [3]. In contrast, GPX
activity was depleted at high Mn concentrations though typically
not lower than control value was found (Fig. 3). This could be a
reason for observed increase in ROS formation (Fig. 2). Leaves of
cucumber treated with 600 .M Mn also showed slight increase in
GPX activity [28]. Assay of class III peroxidase activity in maize
revealed no impact on specific oxidative/peroxidative activity in
roots treated with 1 mM Mn [9]. On the other hand, metals such
as Cd and Cu markedly stimulated oxidative stress [7]. Relatively
low enhancement of oxidative stress observed under high Mn doses
(Figs. 2 and 3)indicates low toxicity of this metal though symptoms
are well visible after staining with fluorescent reagents (Fig. 2).

Involvement of nitric oxide in Mn toxicity is poorly known
[12]. Visualization of NO/RNS in chamomile showed unequivocally
increase upon exposure to Mn in both shoot and root tissue (Fig. 2).
In agreement, NO donor (SNP) ameliorated Mn-induced increase in
H,0, and TBARS inrice [12]. In terms of histology, it was found that
phloem is involved in distal signaling via production and transport
of NO under stress conditions and that Ca is involved in this pro-
cess [22]. We observed intensive NO signal in vascular tissue and
an increase in 100 and 500 wM Mn but also decrease in the high-
est Mn treatment concomitantly with Ca depletion preferentially
in shoots (Fig. 2 and Table 1). On the other hand, changes in hor-
izontal distribution of NO signal revealed increasing trend mainly
in the roots.

Staining of total thiols revealed slight increase in shoots (Fig. 2A)
while the highest Mn concentration caused visible reduction in
roots (Fig. 2B). In accordance, decrease in glutathione content was
observed inrice [6] and pea [3] seedlings. Because this method does
not discriminate between low molecular thiols and peptides con-
taining —SH group, it gives mainly information about sum of thiols.
However, these qualitative data are in agreement with depleted GR
activity in chamomile roots (Fig. 3), indicating shift in glutathione
reduction. This observation, together with depleted GPX activity,
could contribute to the highest ROS formation and lipid peroxida-
tion in 1000 wM Mn treatment (Fig. 2).

3.3. Responses of seedlings to Mn excess

In contrast to 7-week-old plants mentioned above, seedlings
germinated directly on filter paper with Mn showed reduced root

length and root dry weight (Table 2) and brown color was visible on
the roots cultured with 1000 wM Mn. This brown color indicates,
the most probably, elevated lignification and this is typical response
of roots to elevated metal concentration [30] as well as the main
reason for reduced growth [31,32]. Quantification of Mn in residual
solution confirmed that Mn was sufficiently available to seedlings
through filter paper (Table 2). Germination was not affected and
shoot length or dry weight was affected only by 1000 wM Mn. Sur-
prisingly, studies using seeds sown directly to treatment solution
are rare in terms of Mn effect. One such study that used a pea
has shown decrease in shoot and root FW/DW after exposure to
50-250 M Mn [3]. This indicates higher tolerance of chamomile
seedlings to Mn excess. Mentioned restriction of growth may suf-
ficiently be explained by substantially higher Mn accumulation in
seedlings than in plants: it was several times higher in both shoot
and root tissue (Fig. 1 and Table 2). Accordingly, TF was also higher
than that observed in 7-week-old plants (0.57,0.56 and 0.47 in 100,
500 and 1000 wM treatment, respectively). We note that similar
previous comparison of chamomile older plants and seedlings did
not reveal such high difference in shoot Cr content [33], indicating
specificity of Mn uptake. Mn (and Fe) content detected in control
seedlings (Tables 2 and 3, no exogenously added Mn) clearly arises
from seeds during germination.

Root tips and upper part of primary roots were stained owing
to direct contact with Mn solutions. Mn-enhanced ROS formation
and lipid peroxidation was observed (Fig. 4A and B) while NO pres-
ence, in contrast to 7-week-old plants, strongly decreased at high
(500 and 1000 pM) but increased at 100 WM Mn treatment. How-
ever, NO fluorescence decreased less-pronouncedly in upper parts
than in root tips. Similar observation was recorded in Cu-exposed
Arabidopsis roots where 5 WM Cu evoked higher fluorescence than
25 and 50 uM Cu with sharper decrease of signal in the elonga-
tion zone [5]. This is another indication that Mn-induced oxidative
stress relies on different mechanism(s) compared to other metals.
Fluorescence of total thiols was visibly elevated in whole roots,
reinforcing their significance in seedlings’ tolerance to Mn excess
(Fig. 4). Overall, root responses of seedlings to increasing exoge-
nous Mn concentrations in terms of oxidative stress were similar
to 7-week-old plants while changes of NO presence were contra-
dictory.

3.4. Impact of exogenous nitric oxide on Mn toxicity in seedlings

Owing to above-mentioned decrease of NO in seedlings, the
highest Mn dose (1000 wM) was investigated after addition of NO
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Fig. 3. Quantitative changes of hydrogen peroxide, superoxide, TBARS (MDA) and antioxidative enzymes (ascorbate peroxidase - APX, guaiacol peroxidase — GPX, glutathione
reductase — GR) in 7-week-old Matricaria chamomilla plants after 7 days of exposure to Mn?* applied through hydroponics. Data are means + SDs (n=3). Other details are as
in Fig. 1.

Table 2
Effect of three manganese (Mn2*) concentrations on germination and selected characteristics in Matricaria chamomilla seedlings cultured on Petri dishes over 7 days (see
Section 2 for details). Data are means + SDs (n =20 for shoot and root length, and n =3 for other parameters).

Applied Mn concentrations (M) Control 100 500 1000

Final Mn concentration (M) nd 8.55 + 0.83c 136.2 £ 14.7b 405.7 + 13.8a
Germination rate (%) 89.6 £1.52a 90.7 £ 3.21a 92.0 + 4.35a 92.3 + 4.04a
Shoot dry weight ™™ 6.37+0.41a 6.06 + 0.15a 6.12 + 0.43a 5.03 + 0.25b
Root dry weight 3.13+0.34a 2.29 + 0.26b 1.86 + 0.17b 0.84 £ 0.11c
Shoot length (mm per shoot) 8.11+0.43a 8.29 &+ 0.50a 8.07 + 0.48a 5.71 £ 0.45b
Root length (mm per root) 26.6+1.27a 14.5 + 1.26b 12.4 +£ 0.73b 6.96 + 0.40c
Shoot Mn content (ngg~! DW) 77.8+5.98d 2092.6 + 162.0c 8515.3 + 278.8b 9603.1 + 176.0a
Root Mn content (n.gg~' DW) 34.1+4.26d 3640.2 + 95.3c 15,169 + 1586b 20,277 + 1169a

Values within rows followed by the same letter are not significantly different according to Tukey’s test (P<0.05). nd - not detected. Control - no added Mn.
" Residual Mn concentration of applied solutions.
" One dish contained 100 seeds.
" mg per 100 seedlings.
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Fig. 4. Fluorescence microscopy of ROS, RNS/NO, lipid peroxidation and total thiols presence in the roots of Matricaria chamomilla seedlings after 7 days of exposure to Mn?*
applied through filter paper on Petri dishes (4A - root tip, 4B — upper part/differentiation of root hairs, C - control; 100, 500 and 1000 - M of applied Mn). Three individual
roots were stained and representative photos are shown. Bar indicates 100 pm. Staining reagents are the same as in Fig. 2.
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Fig. 5. Fluorescence microscopy of ROS and RNS/NO presence (using CellROX and 2,3-diaminonaphthalene, respectively) in the root tips and upper part of roots in Matricaria
chamomilla seedlings after 7 days of exposure to 1000 uM Mn?* alone or with the addition of NO donor (sodium nitroprusside/SNP, concentrations 100, 500 and 1000 p.M).
Three individual roots were stained and representative photos are shown. Bar indicates 100 pm.

donor, sodium nitroprusside (SNP). 1000 M SNP reversed nega-
tive impact of Mn to control value at the level of shoot biomass
and shoot length while 500 and 1000 wM SNP improved root
biomass and root length to value higher than in Mn alone (Table 3).
These observations are rather related to lower Mn uptake (Table 3)
than to enhancement of antioxidative enzymes: only APX activity
increased in high SNP treatments while catalase activity was lower
in Mn+SNP in comparison with Mn alone (Table 3). In agreement,
SNP (10 wM) improved growth of Lupinus luteus under Pb and Cd
excess but antioxidative enzymes revealed discontinuous changes
in relation to increasing metal concentrations [14]. Our data show
that under Mn excess, SNP may react with this metal to prevent it
fromreaching the plant organs. On the other hand, SNP also reduced

Table 3

Niaccumulation and improved growth in Brassica napus plants [15].
For complexity, SNP showed both positive and negative impact on
Cd and Cu uptake in our recent study [13].

It has been reported that SNP reduces symptoms of oxidative
stress [14-17]. This ability is concentration-dependent and toxic-
ity of high SNP doses is also known [ 13]. It is therefore not surprising
that lower SNP doses depleted ROS accumulation more efficiently
(Figs. 5 and 6). We note that CellROX® Deep Red Reagent (Fig. 5)
is not specific to particular ROS and should provide information
about ‘generalized oxidative stress’ according to manufacturer. On
the other hand, Amplex UltraRed should indicate H,O,: all SNP
doses depleted H,0, fluorescence after Amplex UltraRed stain-
ing (Fig. 6) including shoots (cotyledons, Fig. 6A) but CellROX

Impact of exogenous nitric oxide (supplied as sodium nitroprusside, SNP in wM) on 1000 .M Mn?*-induced toxicity (Mn) in Matricaria chamomilla seedlings cultured on
Petri dishes over 7 days (see Section 2 for details). Data are means & SDs (n =20 for shoot and root length, and n =3 for other parameters).

Treatment Control Mn Mn +100 SNP Mn +500 SNP Mn+ 1000 SNP
Germination rate (%) 90.3 + 1.66a 91.0 £ 2.37a 92.3 £ 3.57a 91.6 £+ 3.29a 88.7 £ 2.45a
Shoot dry weight 6.85 + 0.59a 5.26 + 0.32b 5.08 + 0.44b 5.31 + 0.28b 7.19 + 0.64a
Root dry weight’ 3.59 £ 0.21a 0.78 + 0.09¢ 0.86 + 0.12c 2.46 + 0.13b 2.74 + 0.26b
Shoot length (mm per shoot) 8.74 £ 0.52a 6.15 £ 0.67b 6.32 + 0.45b 6.54 £ 0.57b 8.55 + 0.49a
Root length (mm per root) 28.1 +£2.34a 7.42 + 0.56¢ 7.86 + 0.63c 17.6 + 1.82b 15.3 + 1.22b
Shoot Mn content (pgg~! DW) 81.4 + 5.28e 9865.7 + 303.4a 7898.3 + 231.6b 5236.6 + 319.2¢c 2923.1 + 177.5d

Root Mn content (gg~! DW) 48.1 £+ 5.63e 20,794 + 1803a
Total catalase activity 1.36 + 0.19¢ 3.43 + 0.36a
Total ascorbate peroxidase activity 85.9 + 7.57b 72.7 £ 5.81b
Total guaiacol peroxidase activity 0.17 £ 0.013b 0.26 + 0.027a
Total glutathione reductase activity 223 £2.29a 23.6 £ 2.87a
Shoot Fe content (ugg~' DW) 80.2 + 5.82d 75.1 + 3.69d
Root Fe content (ngg~! DW) 97.1 £ 9.04c 103.7 + 7.32¢

13,308 + 584.5b

9536.4 + 502.1c

4805.7 + 339.6d

241 £+ 0.30b 229 £ 0.32b 0.98 + 0.13c
77.3 £ 6.09b 123.6 £ 11.0a 129.8 £ 17.2a
0.19 £ 0.031b 0.21 + 0.028ab 0.20 + 0.022ab
21.7 £ 2.64a 22.5 £ 2.54a 24.0 +£ 3.42a
166.7 + 8.62c 469.0 + 17.3a 386.4 + 15.5b
451.0 + 27.8b 2025.9 + 196.7a 2101.1 + 143.4a

Values within rows followed by the same letter are not significantly different according to Tukey’s test (P<0.05). Control - no added Mn.
Total activity means that whole seedlings (shoots +roots) were extracted.

" Explanations are the same as in Table 2.
” wmolmin~! mg~! protein.
“ nmolmin~! mg-! protein.
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control Mn

Mn + 100 SNP

Mn + 500 SNP Mn + 1000 SNP

Fig. 6. Fluorescence visualization of hydrogen peroxide (using reagent Amplex UltraRed) in Matricaria chamomilla seedlings after 7 days of exposure to 1000 uM Mn?* alone
or with the addition of NO donor (sodium nitroprusside/SNP, concentrations 100, 500 and 1000 wM). A - surface of cotyledons, B - root tip, C - upper part/differentiation of
root hairs. Three individual seedlings were stained and representative photos are shown. Bar indicates 100 pm.

staining did not revealed similar response (Fig. 5). Depleted H,0,
level after SNP addition could be a reason for lower catalase activ-
ity (Table 3). It also seems that ‘CellROX® Deep Red Reagent’ is not
an indicator of ‘generalized oxidative stress’ because of mentioned
discrepancies in relation to H,0, signal. However, ‘restoration’
of oxidative stress under 1000 .M SNP in comparison with 100
and 500 wM (Figs. 5 and 6) despite the lowest Mn content in this
treatment confirms that higher SNP doses could provoke damage
though growth was improved (but further time dynamics could be
negative). In accordance, time-dependent responses to SNP appli-
cation under Mn excess were observed [12]. Owing to presence
of Fe in SNP molecule and Fe potential to stimulate ROS gen-
eration through Fenton-Haber-Weiss reaction, we quantified Fe
amount in chamomile seedlings (Table 3) to verify involvement
in ROS ‘restoration’ (Fig. 6). Fe content was higher in Mn+ 100 or
Mn + 500 wM SNP than in Mn alone but neither CellROX nor Amplex
UltraRed staining showed elevated ROS (Table 3 and Figs. 5 and 6).
No clear relation between Fe content and ROS generation was also
found at 1000 wM SNP. This confirms that Fe uptake had no direct
impact on ROS formation under high SNP doses and that NO is
involved in SNP-induced amelioration under Mn excess.

Above-mentioned brown color of 1000 WM Mn-treated roots
was reversed in all three SNP doses (less visibly in 100 uM SNP,
photo not shown). This is in agreement with quantitative changes
of Mn content (decrease of Mn with increasing SNP dose, Table 3)
because it was observed that lignification (visible by brown color)
is time- and concentration-dependent [30]. Reduced H,0, amount
in all SNP treatments (in comparison with Mn alone, Fig. 6) is
another indication of depleted lignification because just H,O, is
essential component of complete lignification process [11]. Overall,
NO donor SNP showed positive impact on Mn toxicity but eventual
negative impacts of high doses on oxidative stress and metal con-
tent/uptake must be considered when judging significance in such
studies.

4. Conclusions

Two ontogenetic stages of chamomile revealed various growth
responses to Mn excess, being negative in seedlings. Parame-
ters of oxidative stress were elevated in both stages, indicating

ontogenetic-independent impact of Mn. Total thiols showed almost
identical responses in plants and seedlings and participation in
amelioration of Mn-induced toxicity is expected. Quantification of
Mn accumulation revealed higher uptake and translocation factor’s
values in seedlings. On the other hand, NO visualization revealed
increase in plants but decrease in seedlings, suggesting regulatory
role in Mn toxicity. Application of NO donor (SNP) to Mn-treated
seedlings partially improved growth, ameliorated oxidative dam-
age and reduced Mn uptake, but negative impact of high SNP dose
was also observed. Field studies are needed to verify chamomile
tolerance and its medicinal value under Mn excess.
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4.3 Vliv anionti, kationtii a pH na akumulaci manganu a jeho toxicitu v zelené
Fase Scenedesmus quadricauda

SVEC, P.; KOVACIK, J.; HEDBAVNY, J.; BABULA, P.; ROTKOVA, G.; KLE-
JDUS, B. Impact of anions, cations and pH on manganese accumulation and toxicity in
the green alga Scenedesmus quadricauda. Water, Air, & Soil Pollution, 2015, ro¢. 227,
¢lanek ¢. 161. ISSN 0049-6979.

Podil autora Svec P.: 65 % textové casti prace a 50 % experimentdlni price

V nasi praci jsme studovali vliv koncentrace tii riznych manganovych soli a vliv pH
prostfedi na modelovy organismus, zelenou mikrofasu Scenedesmus quadricauda, ktera
je soucasti vodniho ekosystému a mé nékteré vlastnosti, které jsou vyhodou pro tuto
praci. Rychle tvoti biomasu a jeji kultivace neni slozitd. Pti zkoumani vlivu koncentra-
ce Mn na jeho pfijem jsme zjistili, Ze u€innost pfijmu byla lepsi u koncentrace 10 uM
Mn (28,3-37,4 %) oproti 100 uM (9,4-11,2 %). Pti srovnani s praci FargaSové (1999),
kde zelena tasa S. quadricauda byla vystavena puisobeni 100 uM Mn, byl ptijem Mn u
koncentrace 100 uM podobny jako v nasem piipadé (15,2 %). Bylo zjisténo, ze u kon-
centrace 10 pM Mn se 1épe pfijal mangan ze siranové soli: pii porovnani s chloridovou
soli byl rozdil vpfijmu Mn signifikantné vyznamny, pficemz pii srovnani
s dusi¢nanovou soli nebyl rozdil v pfijmu manganu jiz tak patrny. To bude zieymé za-
pfi¢inéno vlivem dusi¢nanového aniontu, podobné jako u prace Gopalapillai et al.
(2013), kde byla zkoumana akumulace a toxicita Ni na Lemna minor a bylo zjisténo, Ze
vliv Ca?* jontd na zmirnéni inhibice ristu kofenti zavisi na aniontové &sti vapenaté
soli. Chlorid mél pozitivni Gc¢inek, siran mirn€ negativni a dusi¢nan vapenaty nereago-
val. Tento jev miize byt zpisoben interakcemi nebo afinitou kationtli k danému aniontu
(Gopalapillai et al. 2013). Zvysujici se koncentrace Mn neovlivnila obsah zeleza, po-
dobné jako expozice S. quadricauda kadmiu, respektive meédi (Kovacik et al. 2011;
Stork et al. 2013). Obsah vapniku se mirné zménil v piipadé 10 uM Mn a vyrazné se
zménil u 100 pM.

Aplikovanim Mn doslo ke zméndm v enzymovych aktivitich APX, GR, CAT
a SOD. 10 uM Mn koncentrace u chloridové a dusi¢nanové soli nezptisobila Zadnou
zménu v aktivit€ SOD pii srovnani s kontrolou s vyjimkou 10 uM MnSQO,. Vzajemnym
porovnanim chloridové a dusi¢nanové soli zjistime, Ze aktivita SOD byla signifikantné
vyssi u chloridové soli. V piipadé pouzité 10 uM siranové soli doslo k vyraznému na-

rastu aktivity SOD, coz je stejny efekt, jako u expozice Phaeodactylum tricornutum
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Cu(NOs3); po dobu 24hod. (Morelli et al., 2004), nebo u expozice Chlamydomonas vul-
garis zinkem (Yang et al., 2014). S rostouci koncentraci Mn doslo k signifikantné vy-
znamnému poklesu aktivity SOD u vSech pouzitych soli. Nejvice patrné to bylo u sira-
nov¢ soli, kde byl pokles nejzieteln€jsi. S aplikovanou a zvysujici se davkou Mn se
aktivita APX snizovala, kde k nejvétsimu poklesu doslo u 100 uM MnCl; a Mn(NO3)s.
U MnSQO4 byl pokles aktivity APX stejny v obou koncentracich Mn. Nejnizsi pokles
aktivity APX byl u 10 uM MnCl,. Stejny efekt mél i 10 uM MnCl; na 5 dni stary na-
kli¢eny jeCmen, ktery byl vystaven manganu po dobu 5 dnti, kde také doslo ke sniZeni
aktivity APX se zvySujici se davkou Mn (Demirevska-Kepova et al., 2004), na rozdil
od Brassica napus, Hordeum vulgare, Zea mays a Triticum aestivum, kde doslo ke zvy-
Seni aktivity APX, pii vystaveni vlivu manganu po dobu 21 dnt (Kovacik et al., 2014).
K signifikantnimu narastu aktivity CAT doslo u 10 uM MnCl,. Pti koncentraci 100 uM
anionty. U Mn(NOs), doslo k signifikantnimu poklesu aktivity CAT s rostouci koncen-
traci Mn. U MnSO4 doslo k opacnému efektu, nez u ptedchozich dvou soli. S rostouci
koncentraci Mn se signifikantné zvysila aktivita CAT. Tento efekt byl pozorovan i u
expozice Phaeodactylum tricornutum meédi, kde po 24 h doslo k razantnimu nardstu
aktivity CAT (Morelli et al., 2004). Pii srovnani s kontrolou doslo k signifikantnimu
nartstu aktivity GR u vSech pouzitych manganovych soli a koncentraci s vyjimkou 100
UM chloridu. Pfi stejnych koncentracich Mn?* rostla aktivita GR takto: ClI” < SO,* <
NOjs". Nejvyssi aktivity byly zaznamenany pii koncentraci 10 uM MnSO4 a Mn(NO3)s.
Zvyseni aktivity GR bylo zaznamenano i p¥i expozici P. tricornutum Cu®* (Morelli et
al., 2004), a pfi expozici S. quadricauda Cr** (Kovacik et al., 2015). Tento vzristajici
trend GR aktivity byl také zaznamenan u Brassica napus, Hordeum vulgare, Zea mays
a Triticum aestivum, které byli péstované na manganové piadé, kde doslo také ke zvyse-
ni aktivity GR (Kovacik et al., 2014). Pii srovnani vysledki APX a GR vyplyva, ze
nejvetsi oxidativni stres zpusobila dusi¢nanova stl pii obou koncentracich. Z toho lze
usoudit, ze fasa S. quadricauda je citliva na Mn(NOs),. Z ptilozenych fotografii z flu-
orescencniho mikroskopu je patrné, ze zvysSend koncentrace MnCl, nezpulsobila tak
razantni narist ROS, jako siranovd nebo dusi¢nanova sul. Jak z fotografii, tak
z enzymovych aktivit je vidét, Ze nejvetsi zvySeni ROS v tase zptisobil 100 uM dusic-
nan manganaty, ¢emuz odpovida i signifikantni pokles aktivity SOD, CAT a APX

V porovnani s kontrolou.
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Pti zkoumani vlivu pH na pfijem Mn jsme zjistili, Ze nejlépe se Mn pfijimal ze
siranové soli pfi vSech pH s vyjimkou pH 4,5, kde nebyl signifikantni rozdil mezi tes-
ré biodostupnosti Mn pii vy$sim pH>9,0 (Marschner, 1995). Biodostupnost manganu
ma dvé maxima. Jak jiz bylo zminéno, prvni maximum je v kyselé oblasti. Druhé ma-
ximum je od pH 8,5 a vySe. Zde se mangan nachazi prevazné ve form¢ Mn(OH)y. Tyto
vysledky jsou podobné jako pii pokusu s C. reinhardtii, kde byl zaznamenan nejvyssi
pfijem Mn pii pH 8.0 (Francois et al., 2007) a pfi expozici C. variabilis manganu pfi
pH 5,0 a 7,0, kde byl lepsi pfijem zaznamenan u pH 7,0 (Schenck et al., 1988). Nejhuie
byl pfijiman Mn z dusi¢nanové soli pii pH 6,5 a 9,5 pfi srovnani s ostatnimi solemi
v piislusném pH. Pfi kontrolnim pokusu bez ptitomnosti fasy a pti pH 9,5 jsme dokéza-
li, Ze pfi tomto pH a vodnim prostedi dochdzi k tvorbé nanocastic manganu, které jsou
stabilni (zeta potencial od -30 do -35 mV). Zjistili jsme, Ze tvorba nanocastic je koncen-
tracné zavisla. Pti koncentraci 10 uM byla velikost vytvofenych ¢astic 30 — 60 nm, a
pti koncentraci 100 uM byla velikost ¢astic 65 — 150 nm. Povrch téchto castic byl satu-
rovan volnymi -OH skupinami. To nas vedlo k zavéru, ze Mn mohl byt piijiman i ptes
aniontové porty podobné, jako v praci Campbell et al. 2002, kde autofi dokazali, Ze
Ag® byl pfijat ve form& AgS,03 pies aniontovy port fasou C. reinhardtii.

Pii pH 6,5 se mirné zvysil obsah glutathionu (GSH) u MnSO,. V tomto pH se
GSH u chloridové a dusi¢nanové soli mirné snizilo v porovnani s kontrolou. U pH 9,5
doslo k vyraznému poklesu obsahu GSH s aplikovanou chloridovou soli. MnSO4 a
Mn(NOs3), nezpusobili zadné zmény v obsahu GSH pii pH 9,5. Pfi porovnani vlivu pH
na obsah GSH jsme zjistili, ze pH ma vliv na celkovy obsah GSH. Obsah PC2 nebyl
ovlivnén jednotlivymi aplikovanymi solemi pfii téchto pH, s vyjimkou pH 9,5. Zde do-
Slo k signifikantnimu snizeni obsahu PC2 u pouzité chloridové soli, kde byl obsah PC2
pfiblizné 7x niz8i nez u kontroly a siranové soli, kde byl obsah PC2 pfiblizn€ 3x nizsi
nez u kontroly. Tento pokles PC2 byl ziejmé dusledek poklesu GSH. Mezi jednotlivy-
mi pH nebyla zaznamenana zména obsahu PC2, ktera mohla byt zptisobena vlivem pH.
Jak ukazuje prace Pawlik-Skowronské, kde Stigeoclonium tenue byla vystavena pliso-
beni Zn a Pb z dilni vody pfi rizném pH, byl obsah PC2 signifikantné vyssi u pH bliz-

ko neutralnimu nez pti zésaditém pH (Pawlik-Skowronska 2001). Tato zména obsahu

e 1
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nu, ktery ma dvé maxima biodostupnosti (kyselé a zasadité prostiedi) se tento vliv ne-

potvrdil.

Pro expozici fasy manganu jsme pouzili 100 uM MnSO,, protoze vykazoval
nejvyssi piijem. Pii aplikaci CaCl; a CaSO4 doslo ke snizeni obsahu Mn. Mensi pokles,
i kdyz stale signifikantné vyznamny, jsme zaznamenali i pii pouziti Ca(NO3),. To pou-
kazuje na moZnou soutéz mezi Ca®* a Mn?* pii akumulaci (Issa et al., 1995). P¥i pouziti
draselnych soli byl vidét mirny nartist obsahu Mn u siranové soli a vét§i narist obsahu
Mn u pouzité dusi¢nanové soli. To nasvédéuje tomu, ze K ionty podporuji akumulaci
Mn v Fase nebo alespoii nesoutézi s Mn®* v akumulaci (Gadd et al., 1996). Piitomnost
Mn negativng ovlivnil obsah Ca**. Ke snizeni obsahu Ca** doslo ve viech pripadech
vé&etnd Mn kontroly. Nejvyrazngjsi snizeni bylo u CaCl, (lssa et al., 1995). Pokles Ca®*
Vv kontrole o pfiblizné 30 % naznacuje aktivni vyménu Ca?* za Mn®" v fase. Stejny za-
vér, o vyméng Ca** za Mn*" a naopak, byl zjistén i u lisejnika L. pulmonaria, N. hel-
veticum a L. saturninum, kde pii aplikaci CaCl, k MnCl, doslo ke snizeni obsahu Mn
(Hauck et al., 2006). Obsah drasliku byl vyssi pii aplikaci chloridu a siranu draselného
Vv pfitomnosti Mn, ale i bez pfitomnosti Mn, zatim co dusi¢nan draselny nemél signifi-
kantni vliv na obsah drasliku. Tyto vysledky nasvéd¢uji tomu, Ze draslik opravdu pod-
poruje pfijem manganu a nesoutéZi s nim v piijmu na rozdil od vapniku. Vysledky
Z fluorescencniho mikroskopu naznacuji, Ze poSkozeni plazmatické membrany je zapfi-
¢inéno pifitomnosti manganu. Se zvysujici se koncentraci manganu se zvySoval obsah
ROS, které v nadmérném mnoZstvi zpiisobi poskozeni plasmatické membrany. Nejvice
poskozenou plazmatickou membranu ma fasa pravé v kombinaci KNO3; a MnSOy. Pra-
vé v této kombinaci, jsme zaznamenali i zvySeni obsahu Mn. Z toho mizeme usoudit,
ze dusi¢nan muze ovlivnit akumulaci manganu stejné, jako je to znamé z jinych ptipadi

riznych rostlin vystavenych ptisobeni nadbytku kovi (Kovacik et al., 2011).
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Abstract Accumulation of divalent manganese (Mn)
and its toxicity in the green alga Scenedesmus
quadricauda was studied at circumneutral pH (6.5). A
comparison of two applied concentrations (10 or
100 uM) of MnCl,, MnSQO,, and Mn(NOs), indicated
that mainly sulfate evoked higher Mn accumulation. On
the other hand, nitrate rather depleted antioxidative en-
zyme activities (APX, CAT, SOD), leading to an increase
in ROS formation as proven by fluorescence microsco-
py. Subsequent experiments revealed that increase in pH
(from 4.5 to 9.5) increased also Mn content but typically
depleted amounts of reduced glutathione and
phytochelatin 2. We also measured the size of particles
formed from the manganese salts at pH 9.5. Competitive
experiment between Ca/K salts (CaCl,, CaSOQOy,
Ca(NO3),, KCl, K,SO,4, KNO3) and Mn (as Mn sulfate)
showed a negative relation between Ca and Mn amount
but KNO; stimulated Mn accumulation. Microscopy
revealed that mainly K salts elevated plasma membrane
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damage (Acridine orange staining). Data indicate that
not only pH but also accompanying anion affects Mn
accumulation and that Ca salts may affect Mn toxicity.

Keywords Algae - Antioxidants - Bioaccumulation -
Metals - Oxidative stress

1 Introduction

Manganese (Mn) is a microelement, which is necessary
for a proper function of many organisms. This metal can
be a part of some enzymes and for some of them acts
also as a cofactor (Marschner 1995; Duci¢ and Polle
2005).

Data related to the impact of Mn on algae are only
scarce. For example, it was found that exposure to
manganese (up to 200 uM) negatively influenced the
content of proteins, carotenoids, chlorophyll a, and re-
duced glutathione (GSH) and affected activity of CAT
and GPX in microalga Paviova viridis (Li et al. 2007).
On the other hand, the positive effect of low manganese
concentrations (0—25 nM) was observed in marine alga
Talassiosira (Ushizaka et al. 2011).

The aim of this study was to determine the effect of
three Mn salts used in different concentrations and the
influence of pH on a model organism Scenedesmus
quadricauda. For our experiment, the alga was exposed
to two different concentrations (10 and 100 uM) of
MnCl,, MnSQy,, and Mn(NOs3),. We measured the bio-
accumulation of Mn, changes in mineral nutrients (Ca,
K, Fe, and Zn), and activities of antioxidant enzymes
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(APX, GR, CAT, and SOD). The impact of different pHs
(4.5, 6.5, and 9.5) on the changes in Mn bioaccumula-
tion, contents of GSH, and phytochelatin 2 (PC2) was
also examined. The aim of subsequent experiments was
to study how manganese competes with Ca and K in our
model organism.

2 Materials and Methods

2.1 Algal Culture, Experimental Design, Equipment,
and Statistics

S. quadricauda (Turp.) Bréb. (Chlorophyta,
Chlorophyceae), strain UTEX 76 (originated from The
University of Texas, Austin), was cultured under sterile
conditions on Petri dishes in a cultivation room (25/
20 °C day/night) at PAR ~30 umol m 2 s™' (12/12 h
day/night) in “Milieu Bristol” medium (Kovacik et al.
2015a,b). Algae were collected from the surface of
cultivation medium 4-5 weeks after inoculation,
weighed, and resuspended in 5 mM HEPES buffer
(pH 6.5) in order to achieve 0.2 g fresh weight algal
biomass/50 ml of buffer. Exposure was realized using
50 ml volume of experimental solutions in screw-cap
tubes (Sarstedt, Niimbrecht, Germany). Mn was added
in the form of MnCl,, MnSQOy,4, and Mn(NO3), in the
final concentrations of 10 or 100 uM. Subsequent ex-
periments studied (1) the impact of pH (4.5, 6.5, and
9.5) on the accumulation of Mn and on the contents of
GSH and PC2 and (2) the competition between Ca/K
salts (CaClz, CaSO4, Ca(NO3)2, KCl, KQSO4, KNO3,
100 uM) and Mn (applied as MnSQy, 100 uM). In all
experiments, the incubation time was 24 h, and thereaf-
ter, the algae were centrifuged (5 min, 2000 rpm),
washed twice with HEPES buffer, and the algal pellet
was extracted with respective solvents mentioned be-
low. Processing of samples for the estimation of en-
zymes and metabolites involved cold mortar and pestle
with the addition of inert sand (to achieve complete cell
disruption).

Spectrophotometry was carried out by an Agilent/HP
DAD UV/Vis 8453 fluorescence microscope with
Axioscop 40 (Zeiss, Germany) and for the quantifica-
tion of metabolites with liquid chromatography-tandem
mass spectrometry (LC-MS/MS; Agilent 1200 Series
Rapid Resolution LC system coupled on-line to
Agilent 6460 Triple quadrupole detector with Agilent
Jet Stream Technologies).

@ Springer

ANOVA followed by Tukey’s test (MINITAB
Release 11; Minitab Inc., State College, PA, USA) was
used to evaluate the significance of differences
(P<0.05) between treatments with three 50-ml tubes
for each (n=3). Two independent repetitions of the
whole experiment were performed in order to check
reproducibility.

2.2 Quantification of Manganese and Mineral Nutrients

Samples for determination of total Mn and minerals
were prepared by mineralization of dry material in a
mixture of concentrated ultra-pure HNO; and water
using microwave decomposition (Ethos Sel
Microwave Extraction Labstation; Milestone Inc.) at
200 °C for 1 h. The resulting clear solution was quanti-
tatively transferred to glass flasks and diluted to a final
volume of 20 ml. Measurements were carried out using
an atomic absorption spectrometer AA30 (Varian Ltd.,
Mulgrave, Australia) and the air-acetylene flame
(Kovacik et al. 2014b).

2.3 Assay of Enzymatic Activities and Thiols

To detect the enzymatic activity, fresh material was
homogenized in 50 mM potassium phosphate buffer
(pH 7.0). Ascorbate peroxidase (APX) activity was
measured as the oxidation of ascorbic acid (290 nm),
glutathione reductase (GR) as the reduction of the oxi-
dized glutathione (GSSG) (412 nm), superoxide dismut-
ase (SOD) using kit (catalogue number 19160, Sigma-
Aldrich) according to manufacturer’s instructions, and
catalase as decomposition of H,O, at 240 nm (Kovacik
et al. 2015a,b,c). Proteins were quantified according to
the Bradford method (1976) with BSA as standard.
GSH and PC2 were extracted by 0.1 M HCI and quan-
tified using LC-MS/MS as reported earlier (Kovacik
et al. 2014a).

2.4 Fluorescence Microscopy

Acridine orange (Sigma Aldrich, USA) was used to
monitor the extent of plasma membrane damage of algal
cells. The algal cells were stained by 0.02 % solution (w/
v) of Acridine orange (AO, 502,/526, 650, nm) dis-
solved in PBS for 10 min at RT. After incubation, the
cells were washed three times with PBS to remove
excess staining solution: orange-red color indicates
chlorophyll autofluorescence and green color indicates
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membrane damage evoked by Acridine orange uptake
(Kovacik et al. 2014a). The 2',7'-dichlorodihydrofluo-
rescein diacetate (DCF-DA; Life Technologies, USA)
was used to visualize the general pattern of ROS forma-
tion (Kovacik et al. 2015a,b).

2.5 Determination of Particle Size and Zeta Potential

The average particle hydrodynamic parameters and di-
ameter distribution were determined by a quasielastic
laser light scattering with a Malvern Zetasizer (NANO-
ZS; Malvern Instruments Ltd., Worcestershire, UK).
Solutions were placed into a polystyrene latex cell and
measured at a detector angle of 173°, a wavelength of
633 nm, a refractive index 0f 0.30, a real refractive index
of 1.59, and a temperature of 25 °C (Krizkova et al.
2015).

3 Results and Discussion

3.1 Effect of Mn Dose on Its Accumulation, Mineral
Nutrients, and Antioxidative Enzymes

The experiment with Mn concentrations revealed that
algae exposed to 10 uM Mn had better efficiency

2.5

2.0
g
a
-
- 1.5
Bo
E
-
=
£
S 1.0 |
=
=

D
05 E
F
0.0 | = r ‘
Control Chloride Sulphate
10 pMm

Fig. 1 Content of manganese (mg g ' DW) in Scenedesmus
quadricauda exposed to MnCl,, MnSO,, and Mn(NOs), applied
in two different concentrations (10 and 100 uM) at pH 6.5 over

(quantity received/quantity available x 100 (%)) of Mn
accumulation (28.3-37.4 %) compared to 100 uM (9.4—
11.2 %; Fig. 1). The treatment with higher Mn concen-
tration showed results similar to those observed by
Fargasova et al. (1999) under comparable conditions
(15.2 %). It was found that Mn was the most readily
accumulated from sulfate salt at both concentrations.
The anion portion of the salt affects the effect of the
cation. This fact was proven by Gopalapillai et al.
(2013) who used three Ca salts to ameliorate the toxic
effects at Lemna minor exposed to Ni: each of these
three Ca salts had different effects. The same conclusion
was reached by Ohtani et al. (2001) when Brassica rapa
L. was exposed to Cd: uptake of Cd was dependent on
the interaction between the anionic part of the precipi-
tant and chemical form of Cd in soil. Increasing con-
centrations of Mn did not affect the content of Fe, K, and
Zn (Table 1). A similar impact was observed in
S. quadricauda exposed to Cd, Cu, and Zn (Kovacik
et al. 2010, 2011; Stork et al. 2013). The content of
calcium has been slightly changed under 10 uM Mn and
significantly changed at 100 pM Mn.

Exposure to Mn induced changes in the enzymatic
activity of APX, GR, CAT, and SOD. Furthermore,
10 uM Mn concentration of chloride and nitrate salts
did not cause any changes in SOD activity, compared to

A
B +
h ¢
DE
Nitrate Chloride Sulphate Nitrate
100 pM

24 h. Data are means+SD (n=3). Values followed by the same
letter(s) are not significantly different according to Tukey’s test
(P<0.05)
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Table 1 Content of selected mineral nutrients in alga Scenedesmus quadricauda exposed to MnCl,, MnSOy, and Mn(NO3), applied in two

different concentrations (10 and 100 uM) at pH 6.5 over 24 h

Ca(ug g ' DW)
Control 84.04+798 A
Chloride 76.52+10.62 AB
10 uM Sulfate 9320+13.53 A
Nitrate 75.38+11.75 AB
Chloride 50.05+8.83 B
100 uM Sulfate 5144+695B
Nitrate 68.00+11.67 AB

Fe(mg g ' DW) K (mg g ' DW) Zn (ug g ' DW)
0.181+0.006 A 3.50040.006 A 753247.66 A
0.176+0.013 A 333940232 A 69.88+11.45 A
0.186+0.006 A 355640256 A 61.96+4.67 A
0.180+0.024 A 3.790+0.470 A 71.03+£11.64 A
0.183+0.012 A 2579+0.529 A 69.52+5.68 A
0.180+0.010 A 2.997+0.403 A 79.26+541 A
0.178+£0.006 A 258440309 A 77.91 £5.40 A

Data are means + SD (n=3). Values followed by the same letter(s) are not significantly different according to Tukey’s test (P <0.05)

control (Fig. 2d). The activity of SOD was significantly
higher in chloride salts in comparison with nitrate salts
(for 10 uM). If the 10 uM sulfate salt was applied, the
activity of SOD increased significantly. This fact corre-
sponds to results of Mn content, where the amount of
Mn was higher in case of MnSO,. Similar effects were
observed in Phaeodactylum tricornutum exposed to
Cu(NO3), over 24 h (Morelli and Scarano 2004). A
significant decrease in SOD activity with increasing

06 &
-
E 05
__‘a 04 - B
e
E
E 9
E c c
B |
E 0.2 D
= E E
E o1 e
& ’—1 1
00 : y ’ . ’ 1
Control | Chloride | Sulphate | Nitrate = Chloride | Sulphate | Nitrate
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Fig.2 Changes in antioxidative enzyme activities (4 PX ascorbate
peroxidase (a), GR glutathione reductase (b), CAT catalase (c),
SOD superoxide dismutase (d)) in Scenedesmus quadricauda
exposed to MnCl,, MnSOy4, and Mn(NOs), applied in two
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concentration of Mn has been determined, in particular
when the sulfate salt was applied. This suggests that the
antioxidant capacity was altered.

APX activity decreased with the increasing dose of
Mn salt (Fig. 2a), where the most significant decrease
was noticed in 100 uM MnCl, and 100 uM Mn(NOs),,
compared to control. Both applied concentrations of
MnSO, (10 and 100 uM, respectively) induced similar
decline of APX activity, in comparison to control. The
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Data are means £ SD (n = 3). Values followed by the same /etter(s)
are not significantly different according to Tukey’s test (P <0.05)
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decline of APX activity was the lowest at 10 uM MnCl,.
Similar results were observed in 5-day-old seedlings of
barley exposed to MnCl, over 5 days, where the activity
of APX was decreased with exposure to the increasing
concentrations of Mn (Demirevska-Kepova et al. 2004).
However, also the increase in APX activity was record-
ed in soil experiments with higher plants such as
Brassica napus, Hordeum vulgare, Zea mays, and
Triticum aestivum exposed to Mn for 21 days
(Kovacik et al. 2014b).

A significant increase in CAT activity was observed
after treatment with 10 uM MnCl, (Fig. 2c). On the
other hand, CAT activity was mostly reduced after ex-
posure to 100 uM MnCl,, indicating a high sensitivity
of CAT to chloride anion. The increasing concentration
of Mn(NOs), resulted in a significant decrease of the
CAT activity. The opposite effect was achieved in the
case of MnSO,. Similarly, an enhancement of CAT
activity was found in P. tricornutum after 2 days of
exposure to 10 uM CuSO, (Morelli and Scarano 2004).

Compared to the control sample, a significant in-
crease of GR activity was observed in all the treatments,
except for 100 uM chloride (Fig. 2b). At the same
concentration of Mn>" in different solutions, GR activity
increased from CI™ to NO;s . The highest values of
activity were observed in concentrations of 10 uM
MnSQO,4 and Mn(NOs),. A similar increase of GR activ-
ity was found in S. quadricauda after 24-h exposure to
1 uM Cr** (Kovacik et al. 2015a) and in P. tricornutum
after 2 days of exposure to 10 uM CuSO,4 (Morelli and
Scarano 2004).

Results mentioned above imply that the most striking
formation of ROS is evoked by the nitrate salt at both
concentrations (if compared to salts of the same concen-
tration). It can be concluded that the alga S. quadricauda
is sensitive to nitrate salts. Fluorescence microscopy
(Fig. 3) showed that the increasing concentration of
MnCl, did not increase the content of ROS, when
compared to the sulfate and nitrate salts. This corre-
sponds with the content of Mn during the 10-uM treat-
ments (it is lower than from sulfate and nitrate salts).

3.2 Effect of pH on Mn Accumulation and Content
of Thiols

We found that Mn was the most readily accumulated
from sulfate salt at all pHs: only at pH 4.5, no significant
difference was obtained (Fig. 4). The highest accumu-
lation of Mn in algae exposed to sulfate salt at pH 9.5

control

10 uM chloride 100 pM chloride

10 pM sulphate

100 pM sulphate

10 uM nitrate 100 uM nitrate

Fig. 3 Visualization of reactive oxygen species using 2',7'-
dichlorodihydrofluorescein diacetate in Scenedesmus
quadricauda exposed to MnCl,, MnSO,4, and Mn(NOs), applied
in two different concentrations (10 and 100 uM) at pH 6.5 over
24h

corresponds to good bioavailability of Mn at pH >9.0
(Marschner 1995; Adamczyk-Szabela et al. 2015).
Similar results were found in C. reinhardtii exposed to
Mn, the most noticeable at pH 8.0 (Francois et al. 2007),
and in C. variabilis exposed to Mn at pH 5.0 and 7.0, the
most visible at pH 7.0 (Schenck et al. 1988).

A control experiment (without the presence of alga)
demonstrated that in solutions of all Mn salts (MnCl,,
MnSOy,, and Mn(NOs),) adjusted to pH 9.5, a formation
of MnO, nanoparticles occurred. This is due to the
oxidation of Mn®" to Mn*" occurring at pH 9.5. We
found that properties of nanoparticles depend on the salt
concentration: 10 uM led to formation of particles in the
range 30-60 nm while 100 uM evoked formation of
particles with the size of 65-150 nm. Nanoparticles
were stable with the zeta potential =30 to —35 mV. The
surface of these nanoparticles was saturated with
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Fig. 4 Content of manganese 30

(mg g ' DW) in Scenedesmus
quadricauda exposed to 100 uM 2.5

MnCl,, MnSQOy, and Mn(NO3), )
at three different pHs (4.5, 6.5, 2 20
and 9.5) over 24 h. Data are prd
means = SD (n=3). Values ‘E 1.5
followed by the same letter(s) are 3
not significantly different § 10
according to Tukey’s test =
(P<0.05) 05

AL

A
e

Chloride Sulphate Nitrate Chloride Sulphate Nitrate Chloride Sulphate Nitrate

superfluous —OH groups. This fact suggests that Mn
might be taken up by cells via some anion transporter,
because the total charge is negative, similar to the Ag"
ions in the presence of thiosulfate by algae
C. reinhardtii, where total charge was also negative—
AgS,05 (Campbell et al. 2002). The concentration of

Fig. 5 Content of reduced GSH A 00 |
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phytochelatin 2 (b) (ug g~ ' DW) 350

in Scenedesmus quadricauda
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over 24 h. Control (—Mn) means < 200 |
control without Mn salt. Data are 8
means = SD (n=3). Values § 150 |
followed by the same /letter(s) are -
not significantly different © 100 |
according to Tukey’s test
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pH 45 pH 6.5 pH 9.5

1000 uM caused a precipitation of MnO, in the form of
macroscopic particles and was excluded from further
experiments.

The minimum GSH content was recorded in algae
exposed to Mn chloride at pH 9.5 (Fig. 5a). Similar
changes in content of GSH in the presence of chloride
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Fig. 6 Content of selected nutrients (mg g ' DW) in Scenedesmus
quadricauda exposed to combined treatments (100 uM for each
salt). a Mn content in combination MnSO, with added Ca salts. b
Mn content in combination MnSO, with added K salts. ¢ Ca
content with (+Mn) and without (—Mn) added MnSOy. Asterisk
means compare content of Ca between (—Mn) and (+Mn) for every
salt separately. *P<0.05, **P<0.01, and ***P<0.001. d K
content with (+Mn) and without (—Mn) added MnSO,. Control

salt (100 mM) were observed in Stichococcus bacillaris
exposed to Pb*" for 24 h (Pawlik-Skowronska 2002).
MnSO, and Mn(NOs), did not induce changes in the
GSH content at this pH (9.5). The content of GSH
increased after application of MnSO, at pH 4.5. This
could be caused by the presence of sulfate moieties of

B 1.4
A
12 AB =
B B ]
5

g 1
a
bo
w 0.8
E
=
§ os
H
8
=
£ o4

0.2

i

Mns04 KCI+Mns04 K2504+MnS04 KNO3+MnsO4

D ’

u-Mn O+Mn

A
5
B
A* A
4 L
B -
B B
T ———
3 ——
2
0 |

Control KCl K2504 KNO3

K content (mg g DW)

means algae with and without MnSO, (for ¢ and d). Data are
means = SD (n=3). Values followed by the same /etfer(s) are not
significantly different according to Tukey’s test (P <0.05). Data
were evaluated separately for —Mn (without manganese salt) and
+Mn (with manganese salt). Asterisk means compare content of K
between (—Mn) and (+Mn) for every salt separately. *P <0.05,
**P<0.01, and ***P<0.001

utilized Mn salt. The PC2 content was not affected by
exposure to the different salts and pH, except for pH 9.5.
In this case, the content of PC2 was significantly im-
pacted by the treatment with chloride salt (approximate-
ly sevenfold lower) compared to the control sample. In
the case of sulfate, the content was approximately

ca(NO,), Kel K,SO, KNO,

Fig. 7 Qualitative visualization of cellular damage by fluores-
cence microscopy using Acridine orange staining (red color indi-
cates chlorophyll autofluorescence and green color indicates
membrane damage evoked by Acridine orange uptake) in

Scenedesmus quadricauda exposed to Ca or K salts with or
without Mn added as MnSO,4 (100 uM for each salt). Bar indicates
50 um
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threefold lower than in the control sample. The decrease
in PC2 content after treatment with Cl salt at pH 9.5 can
be explained by low content of GSH utilized as a pool
for PC2 synthesis. Similar results have been observed in
Stigeoclonium tenue exposed to Zn and Pb from mine
water at different pHs, where the content of PC2 de-
creased with increasing basicity of the environment
(Pawlik-Skowronska 2001).

3.3 Impact of Exogenous Ca and K on the Mn Amount

The highest accumulation of Mn was determined as a
result of treatment with 100 uM MnSQ,, and we there-
fore used MnSOy in the subsequent experiment. After
application of CaCl,, CaSO,, and Ca(NOs),, Mn con-
tent decreased (Fig. 6a). It is referring to a possible
competition between Ca>" and Mn*" during accumula-
tion (Issa et al. 1995). We did not notice any changes in
Mn content after application of potassium salts, except
for KNOs. After application of KNOs, the content of
Mn increased (Fig. 6b). It suggests that K ions support
the accumulation in algae or at least it does not compete
with Mn®" (Gadd and Laurence 1996).

The presence of MnSO, has a negative impact on
accumulation of Ca**—the content of Ca®" decreased
(Fig. 6¢). Reduction of the Ca** accumulation has oc-
curred in all cases, including Mn control samples. This
phenomenon was the most obvious in algae exposed to
CaCl, (Issa et al. 1995). The amount of Ca®" in the
control sample decreased for about 30 % (when com-
paring the control samples without added Mn salt (—Mn)
and with added Mn salt (+Mn)) and it is indicating an
exchange of Ca®" for Mn*" in the alga. The same
conclusion was drawn in some lichens, where the appli-
cation of CaCl, together with MnCl, caused the reduc-
tion of the Mn content (Hauck et al. 2006). Volland et al.
(2014) made a similar conclusion when studying the
effect of Ca on Pb toxicity to algae Micrasterias.
Application of potassium salts induced the significant
increase of K™ accumulation, except KNO; (Fig. 6d).
The addition of MnSQO,4 negatively influenced accumu-
lation of potassium in all treatments in comparison
between —Mn (without Mn) and +Mn (added Mn).
The reduction of potassium content was comparable
with the content of potassium in the control sample
without the addition of MnSQ;,.

Acridine orange (AO) staining showed no extensive
impact in treatments without Mn and only weak signal
in Mn alone (Fig. 7, green emission indicates AO bound

@ Springer

to cellular structures). The highest green emission was
visible in KNOj; co-applied with Mn, where the most
damaged plasma membrane is expected. Accordingly,
Mn content increased just in this treatment (Fig. 6b). We
conclude that nitrate affects Mn accumulation and this
phenomenon is known in various plants exposed to
metal excess.

4 Conclusions

We found that the negative effect of Mn on
S. quadricauda depends not only on the concentration
of Mn ions but also on the anionic part of the salt and on
the pH. Higher pH of the solution led to higher accu-
mulation of Mn. The highest ROS production and con-
sequent damage of the plasma membrane was observed
after co-treatment using the combination of KNO5 and
Mn. Amounts of GSH and PC2 were significantly af-
fected by alkaline pH mainly (depletion). Our data sug-
gest that the competition between Mn”" and Ca”" takes
place not only in higher plants but also in green
microalga S. quadricauda. We confirmed the oxidation
of Mn** to Mn*" at pH 9.5.
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5

ZAVER

5.1 Zavér k experimentu s prirozené kontaminovanou pidou manganem

Pfirozené kontaminovana ptida manganem, pouzita v tomto experimentu, méla
Cisté negativni vliv na riist a vyvoj vSech Ctyt péstovanych a testovanych druhti
rostlin.

Vysoky obsah manganu v nadzemnich ¢astech rostlin a celkovy trend piijmu
manganu byl podobny jak v ptidé, tak v pouzitych roztocich.

Nejvétsi obsah manganu byl stanoven vfepce a nejméné¢ manganu bylo
V pSenici.

Nizsi pH (3,7) nemélo hlavni podil na akumulaci manganu rostlinami a tvorbé
ROS.

Zvyseny fluorescenéni signal oxidu dusnatého a celkovych thiold, spolu se zvy-
Senymi aktivitami antioxida¢nich enzymu, mohlo pfispét k ochrané proti nad-
bytku manganu v rostlinach péstovanych v pude¢.

Zapojeni fenolickych latek a alifatickych organickych kyselin do ochrany proti
nadbytku manganu jsme nezjistili.

5.2 Zavér k experimentu se dvéma ontogenetickymi stavy hefmanku lékarského,

vystavenych manganu

Sledovali jsme rtizné rustové odpovédi (délku kotfent, vysku nadzemni Casti a
suchou hmotu) ve dvou ontogenetickych stadiich hefméanku l¢katského, vysta-
ven¢ho nadbytku manganu. Kvantifikace mnozstvi akumulovaného manganu
odhalila vys$i obsah a vy$$i hodnoty transloka¢niho faktoru v kli¢encich
V porovnani se sedmitydennimi rostlinami a to mélo za nasledek negativni od-
povedi klicenci.

Parametry oxidativniho stresu, jako aktivity antioxidacnich enzymi, se zvySo-
valy v obou ontogenetickych stadiich, coz nenaznacuje ontogeneticky zavisly
ucinek manganu.

Celkové thioly ukazali témét stejné odpovédi jak v rostlinach, tak v klicencich a
podileji se na zlepSeni stavu rostlin pfi Mn-indukované toxicité.

Vizualizace oxidu dusnatého ukézala zvysujici se obsah v rostlinach a snizujici
se obsah v kli¢encich hefméanku. Toto zjiSténi naznacuje, Ze se NO podili na

sniZzeni toxicity manganu. Aplikovanim SNP (donor NO) do kultiva¢niho rozto-
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ku ke kli¢enciim péstovanym v nadbytku manganu, doslo k ¢astecnému zlepSeni
rustu, snizilo se oxida¢ni poskozeni a snizil se pfijem manganu. Také bylo zjis-

téno, ze vyssi davky SNP, mély negativni vliv na kli¢ence.

5.3 Zavér k experimentu se sladkovodni mikrorasou Scenedesmus quadricauda,

ktera byla vystavena manganu p¥i rizném pH

V této praci jsme zjistili, ze negativni efekt Mn na Scenedesmus quadricauda
zalezi nejen na koncentraci Mn ionti, ale i na aniontové Casti pouzité soli a na
pH prostiedi. Cim vys§i je pH vodniho prostiedi, tim 1épe se Mn akumuluje.
Nejvyssi produkce ROS pfii vizualizaci a z toho vyplyvajici poskozeni plazma-
tické membrany, bylo zjisténo u pfidaného KNO3; k MnSQ, Vv kultivaénim roz-
toku.

Obsah GSH a PC2 nebyl vyrazn¢ ovlivnén pfitomnosti Mn, ale spiSe hodnotou
pH.

Vysledky potvrdili, Ze kompetice pii akumulaci mezi Mn?* a Ca** probiha nejen
u vyssich rostlin, ale i u zelené mikrotasy Scenedesmus quadricauda. V ptipadé
K" iontd, se tato hypotéza nepotvrdila.

Pii pH 9,5 doslo ke tvorbé nanocastic Mn. Velikost téchto ¢astic je koncentrac-

né zavisla. Cim vyssi koncentrace, tim vétsi ¢astice.

5.4 Shrnuti

Zaveérem miizeme fici, Ze nadbytek manganu je pro péstovani rostlin neptiznivy. Vy-

jimku tvofi pouze rostliny, které jsou k vy$§im davkdm manganu tolerantni. Hodnota

pH ma vliv na dostupnost manganu pro rostliny, ale neznamena to, Ze toto dostupné

mnozstvi musi rostlina pfijmout. Jiné to je u vodnich fas, na které mé vliv i samotné

pH. Pfi porovnani obsahu manganu v hefmanku a v fase, pfi aplikované koncentraci

100 uM, jsme zjistili, ze v sedmitydennim hefmanku bylo v nadzemni ¢asti 350 ug-g'l,

v kofenech 1150 pg-g™ a v fase 1750 pg-g™* Mn. Také jsme zjistili, Ze exogennd prida-

ny oxid dusnaty plisobi pozitivné pii nadbytku manganu a poméha rostlindm se snize-

nim oxida¢niho stresu, ktery je vyvolan nadbytkem manganu, ale aplikovana davka

nesmi byt pfilis velka, jinak plisobi negativné samo SNP.
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Obr. 1: Mangan jako ryzi kov.

Obr. 2: Mapa s lozisky manganu vhodnymi pro tézbu.
Obr. 3: Odbouravani superoxidu enzymem superoxid dismutasou.
Obr. 4: Syntéza glutathionu ze siranu.

Obr. 5: Regenerace glutathionu enzymem glutathion reduktasou.
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9 SEZNAM ZKRATEK
ROS - reaktivni formy kysliku

RNS - reaktivni formy dusiku
OEC - centrum vyvijejici kyslik
BAF - bioakumulaéni faktor

TF - translokacni faktor

DNA - deoxyribonukleova kyselina
RNA - ribonukleova kyselina
PEP - fosfoenolpyruvat

NR - nitrat reduktasa

GR - glutathion reduktasa
APX - askorbat peroxidasa
GPX - guajakol peroxidasa
CAT - katalasa

SOD - superoxid dismutasa
GSH - redukovany glutathion
GSSG - oxidovany glutathion
GSNO - S-nitrosoglutathion

AsA  -kyselina askorbova

PCO - proteinovy karbonyl
MDA - malondialdehyd

SNP - nitroprusid sodny

TBA - thiobarbiturova kyselina
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