CESKA ZEMEDELSKA UNIVERZITA V PRAZE
Fakulta agrobiologie, potravinovych a prirodnich zdroj

Katedra agroenvironmentalni chemie a vyzivy rostlin

Biofortifikace repky olejné (Brassica napus L.) selenem:
tri arovné aniontové kompetice v systému puda-rostlina

doktorska disertaCni prace

Autor: Ing. Lukas Praus
Skolitel: prof. Ing. Jifina Szakova, CSc.

Konzultant:  prof. Ing. Pavel Tlustos, CSc., dr. h. c.

Praha 2020



Prohlaseni

Prohla8uji, Ze jsem disertacni praci na téma: ,Biofortifikace fepky olejné (Brassica
napus L.) selenem: tii urovné aniontové kompetice v systému puada-rostlina®
vypracoval samostatné a pouzil jen pramen, které cituji a uvadim v pfilozeném seznamu

literatury.

V Praze dne Podpis



Podékovani

Na tomto misté bych rad vyjadfil své diky prof. Ing. Jifiné Szakové, CSc.
a prof. Ing. Pavlu TlustosSovi, CSc., dr. h. ¢. za odborné vedeni prace, pfinosné
konzultace, cenné rady a pratelsky pfistup. Dékuji téz vSem ¢Elenum Katedry
agroenvironmentalni chemie a vyzivy rostlin za jejich mnohdy nezisthou pomoc

rozlicné povahy.



OBSAH

1 UVOD 1
2 LITERARNIi PREHLED 3
2.1 VYZNAM SELENU VE VYZIVE HOSPODARSKYCH ZVIRAT 3
2.2 VYZNAM SELENU VE VYZIVE CLOVEKA 3
2.3 SELENV PUDE 5
2.3.1 Predikce chemické speciace Se 6
2.3.2 Experimentalni frakcionace a speciace Se 7
2.3.2.1 Vodorozpustny podil Se 9
2.3.2.2 Nespecificky adsorbovany Se 9
2.3.2.3 Specificky adsorbovany Se 10
2.3.2.4 Organicky vazany Se 11
2.3.2.5 Rezidualni Se 12
2.3.3 Redukéni a oxidaéni pfemény Se 12
2.4 SELEN A ROSTLINY 13
2.41 Vyznam Se pro vySsi rostliny 13
2.4.2 Pr¥ijem a metabolismus Se 14
2.5 BIOFORTIFIKACE SELENEM 16
2.5.1 Agronomicka biofortifikace 17
2.5.1.1 Aplikace Se do pudy 18
2.5.1.2 Foliari aplikace Se 19
2.5.1.3 Alternativni metody biofortifikace 20
2.5.2 Biofortifikace fepky olejné 21
2.6 OSUD EXOGENNIHO SELENANU V PUDE 22
2.6.1 Vliv aplikace hnojiv na osud exogenniho Se 24
2.6.1.1 Vliv aplikace mineralnich hnojiv 24
2.6.1.2 Vliv aplikace organické hmoty 26
2.7 KVANTITATIVNi STANOVENI SELENU TECHNIKOU ICPMS 28
2.7.1 Spektralni interference (SI) 28
2.7.2 Nespektralni interference (NI) 29
3 HYPOTEZY A CILE PRACE 30




4 PUBLIKOVANE PRACE

32

4.1 PUBLIKACE I: Fast abiotic sorption of selenates in soils: pitfalls of batch sorption data

acquired by inductively coupled plasma quadrupole mass spectrometry

4.2 PUBLIKACE II: Role of sulphate in affecting soil availability of exogenous selenate
under different statuses of soil microbial activity

4.3 PUBLIKACE lll: Rapeseed biofortification with selenium: How do sulphate and

phosphate influence the efficiency of selenate application into soil?

32

48

56

4.4 PUBLIKACE IV: Efficiency of foliar selenium application on oilseed rape as influenced

by rainfall and soil characteristics 71
5 SOUHRNNA DISKUZE 87
5.1 RYCHLA ABIOTICKA SORPCE SELENANU V PUDACH 87
5.1.1 Nespektralni interference pfi stanoveni Se v padnich vyluzich technikou ICPMS 87
5.1.2 Vsadkové sorpéni experimenty a aniontova kompetice 89
5.2 STABILIZACE EXOGENNIHO SELENU V PUDE 91
5.2.1 Kratkodoby inkubacni experiment 91
5.2.2 Dlouhodoby inkuba¢ni experiment 93
5.3 BIOFORTIFIKACE REPKY OLEJNE - APLIKACE SELENANU DO PUDY 96
5.4 BIOFORTIFIKACE REPKY OLEJNE - FOLIARNI APLIKACE SELENANU 99
6 ZAVER 102
7 SEZNAM POUZITE LITERATURY 104
8 PRILOHY 122




SEZNAM OBRAzZKU

Obrazek 1. Primérné koncentrace Se v krevnim séru &i plazmé zdravych dospélych
obyvatel vybranyCh zemi..........cooouuiiiiiiii e 5

Obrazek 2. Eh - pH diagram Se-O-H systému zkonstruovany za podminek: aktivita
10" mol I" Se, iontova sila 1 =0 pfi 25 °C @ 10° Pa.....ccccoveveeeeceeeeeeen. 7

Obrazek 3. Pocet védeckych publikaci indexovanych v databazi Web of Science mezi

léty 1984-2019 nalezenych dle uvedenych klicovych hesel......................... 13
SEZNAM TABULEK
Tabulka 1. Disociacni konstanty kyselin pfi 25 °C ........oovvviiiieeiiiiiieeeee e 6
Tabulka 2. Prehled vyuziti ptd v jednotlivych experimentech.......................................... 87



SEZNAM POUZITYCH ZKRATEK A SYMBOLU

formy selenu:
Seanorg
Senzo
Senesp.ads
Seorg
Se€pot fyto
Serezigual
Serozp
S€spec.ads
Set
Se’

Se-ll

SeIV

SeVI

Se0;*

Se0,*

anorganické specie selenu

vodorozpustny podil Se

nespecificky adsorbovany podil Se

organické specie selenu

potencialné dostupny Se rostlinam

rezidualni formy Se

snadno rozpustny podil Se v pudé

specificky adsorbovany podil Se

celkovy obsah Se

selen v elementarni formé

formalni oxidacni Cislo Se v dané slouceniné je -II
formalni oxidacni Cislo Se v dané slouceniné je +IV
formalni oxidacni Cislo Se v dané slouceniné je +VI
selenicitanovy anion; v SirSim kontextu pouzivano i pro selenicitan
bez rozliseni mezi Se0;> a HSeOy

selenanovy anion; v Sir§im kontextu pouZzivano i pro selenan

formy ostatnich prvki:

PO,*

analytické techniky:
ETV-ICPMS

EXAFS

GCMS
HG-ICPMS

orthofosfore€nanovy anion, v Sir§im kontextu pouzivano i pro
fosfore€nany bez rozliSeni jednotlivych hydrogensoli
siranovy anion; v SirSim kontextu pouzivano i pro siran
vodorozpustny podil prvku ,X*

prvek ,X“ vazany v organickych slou€eninach

podil prvku X extrahovatelny ve Stavelanovém cCinidle

celkovy obsah prvku ,X*

ICPMS, kde se pro zavadéni analytu do plazmatu vyuziva
elektrotermické vaporizace (ETV)

rentgenova spektrometrie studujici jemnou strukturu na kratkovinné
strané& absorp¢ni hrany

plynova chromatografie s hmotnostni spektrometrii

ICPMS, kde se pro zavadéni analytu do plazmatu vyuziva

generovani hydridd (HG)

vi



SEZNAM POUZITYCH ZKRATEK A SYMBOLU (POKRACOVANI)

HPLC
HPLC-ICPMS
ICPMS

PCR

XAS

vysokoucinna kapalinova chromatografie

spfazena technika HPLC a ICPMS

hmotnostni spektrometrie s induk&né vazanym plazmatem
technika polymerazové fetézové reakce

rentgenova absorpcni spektrometrie

adsorpéni a inkubaéni experimenty:

Ceq
Co
do
d 72
Ky
Qeq

ostatni:
DL
DDP
CHVK
MPE
NI

pH
pKa
POH
QC
SAK
Sl

EU

rovnovazna koncentrace sorbatu ve vyluhu po kontaktu s pudou
vychozi koncentrace sorbatu v roztoku pred kontaktem s pudou
okamzik za¢atku inkubace pudy

72. den inkubace pudy

distribu¢ni koeficient

rovnovazné mnozstvi adsorbovaného sorbatu vztazené na

hmotnost pldy

detekéni limit

doporuceny denni pfijem

chromatograficka vytéznost kolony

metoda postupné extrakce

nespektralni interference

zaporny dekadicky logaritmus aktivity vodikovych iontd v roztoku
zaporny dekadicky logaritmus disocia¢ni konstanty kyseliny
pudni organicka hmota

kontrola kvality (analytickych vysledk()
selenoaminokyselina

spektralni interference

extrakéni udinnost

Vii



STRUKTURNI VZORCE SPECIi SELENU UVEDENYCH V TETO PRACI

“se® O\s H HoH
e -Se 7\ 5%
se? o ° 5 H >se H

selenidovy anion seleniCitanovy anion selenanovy anion dimethylselenid (DMSe)

O

H HH
HK_T_JH HH
H
AN HHH 1 geOH
H Se *H . . . I
H kation trimethylselenonia 0
dimethyldiselenid (DMDSe) (TMSe*) kyselina methylselenicita

H Q
ZH P e}
O N
H O HO|||_-| H OO
N H H O
H o) H
0 Ho Ny N
H o H _kH TN S
JH X N
Se H H™YH
selenocystein (SeCys) selenomethionin (SeMet) adenosin 5'-fosfoselenat

i Q
0 H oH
§ H
RN H Se” H
© |
H H Se
Se” H H
H—|l_|—H Ox : NH
o H
Se-methylselenocystein H _
(SeMetCys) selenocystin (SeCys2)

viii



1 UVOD

Selen (Se) je chemicky prvek ze skupiny chalkogent, polokov, ktery je kladen do
souvislosti s nékolika rozporuplnymi tématy. Tento pro Clovéka a ZivoCichy esencialni
stopovy prvek vykazuje nebyvale tenkou hranici mezi dennimi pfijmy, které jsou
povazovany za nezbytné, optimalni a jiz zpUsobujici chronickou intoxikaci. V urcitych
oblastech svéta jsou nebezpecné vysoké obsahy Se v pidé a vodé namétem vyzkumu
remediaCnich opatfeni. V jinych oblastech jsou relevantnimi tématy boj s deficienci Se
a suplementace potravniho fetézce timto prvkem. Selen zaznamenal Siroky ohlas ve
vyzkumu chemopreventivni aktivity jeho slou€enin. Na strané jedné Se pfedstavuje pro
své elektrické a optoelektronické vlastnosti strategickou surovinu 21. stoleti, na strané
druhé se se zdroji Se zachazi velmi nehospodarné. V nedostateéné mife je Se ziskavan
z hlu8iny z t&Zby a upravy sulfidickych rud a uhli, velké mnozZstvi Se je zna¢né neucelné
spotfebovavano globalnim sklafskym pramyslem (Haug et al., 2007; Ullah et al., 2019).
Celosvétové kapacity produkce Se jsou omezeng, stejné tak moznosti jeho recyklace. Je
tedy otazkou, zda pfi rostouci poptavce po Se bude v budoucnu upfednostnén
technologicky pokrok ¢i nutri¢ni potfeby pfistich generaci.

Biofortifikaci plodin je tfeba vnimat jako nastroj zvySeni toku Se potravnim fetézcem,
ktery pfispéje k lepSimu zdravotnimu stavu dotéenych konzumentid. Mezi hlavni ukoly
vyzkumu agronomické biofortifikace selenem patfi zajiSténi stabilniho obsahu Se ve
sklizni (bezpe&nost) a maximalizace vyuziti Se rostlinou (hospodarnost).

Tato disertacni prace je predkladana jako soubor ¢&tyfech publikovanych ¢lanki
vénovanych vybranym aspektim biofortifikace Fepky olejné selenem, a to metodou
aplikace Na,SeO, do puldy i foliarné. Zadani disertatni prace reaguje na rozSifeny
problém nedostateného obsahu Se v potravinach a krmivech. Hlavnim cilem prace je
studium faktor(s komplexné& ovliviiujicich G&innost biofortifikace. Uginnost biofortifikace pfi
aplikaci Na,SeO, do pldy uUzce souvisi s osudem exogenniho Se vdané pldé.
Biogeochemické vlastnosti Se, jak naznacuje uvodni literarni prehled, jsou velmi
komplikované. Jejich dasledky ve vztahu k ucinnosti biofortifikace vSak nejsou zcela
objasnény, nebyly dosud systematicky zkoumany a jsou obtizné pfedvidatelné.

Mezi vyznamna specifika Se, pfiCemz o vétdiné z nich tato prace pojednava, patfi
oxida¢né-redukéni zmény, kontrastni mobilita jednotlivych specii Se v pidé a rostlinach,
esencialnost a proteinogenni povaha selenoaminokyselin, mikrobialni a rostlinna
biomethylace Se. Né&které z uvedenych specifik souvisi se skuteCnosti, Ze Se ma
podobné chemické vlastnosti s vyrazné biogenni sirou (S). Podobnost vlastnosti
slou€enin Se a S se také odrazi ve sdileni transportnich a metabolickych drah téchto

prvka v zivych systémech. Vyzkum chovani Se v agroekosystémech vyzaduje pranik



znalosti z fady védnich obort (pudni chemie, environmentalni geochemie, mikrobiologie,
vyziva a fyziologie rostlin, péstovani rostlin a analytickda chemie). V tomto

multidisciplinarnim duchu byl sestaven literarni pfehled i koncept celé disertaéni prace.



2 LITERARNI PREHLED
2.1 VYZNAM SELENU VE VYZIVE HOSPODARSKYCH ZVIRAT

Prvotni stimulaci vyzkumu biologickych uc€inkGi selenu (Se) byla snaha farmari
o porozuméni a eliminaci ztrat plynoucich ztoxického puUsobeni Se na hospodarska
zvifata. Jiz zavéry klinické studie Smith et al. (1936) upozorfiovaly na zdravotni rizika
spojena s chronickou expozici vysokym davkam Se zpotravy vyprodukované
v selenifernich oblastech (tj. s vysokym obsahem Se v pudé). Na zakladé téchto poznatku
bylo mozné vysvétlit i mnohé intoxikace a zahadné uhyny zvifat, které se datuji cela
staleti nazpét (Kim a Mahan, 2003).

Na biologickou nezbytnost Se jako prvni poukazali Schwarz a Foltz (1957), a to
objevem pfimé souvislosti mezi pfitomnosti stopového mnozstvi Se a ucinnou ochranou
Zivocisné tkané proti nekrotickému poskozeni, které se rozvinulo na jatrech laboratornich
hlodavcl (Rattus spp.) na dieté sestavajici z Cistého kaseinu. Tento prulom v poznani
zasadné pfispél k roz8ifeni zajmu védecké komunity o Se a jeho slou€eniny a polozil
zaklady pro studium deficience Se v Zivych organismech. Vysledky intenzivniho vyzkumu
etablovaly Se jako esencialni stopovy prvek ve vyzivé savcl, u nichz na bunécné arovni
ve formé selenoproteinli zabezpecuje fadu esencialnich fyziologickych procest, zvlasté
v ramci imunitniho, reprodukéniho a redoxniho systému a metabolismu thyroidnich
hormon( (Rayman, 2002; Hefnawy a Tortora-Pérez, 2010). VycCet prospé&sSnych aktivit Se
zahrnuje  uc€inky  antioxidac¢ni, protizanétlivé, antimutagenni, antikarcinogenni,
antibakterialni, antivirotické, antiparazitarni a antifungalni (Hosnedlova et al., 2017).
Selenizace krmiv, dnes bé&zny nastroj v boji proti deficienci Se, snizuje vyskyt nemoci,
zvysuje plodnost, uzitkovost a kvalitu produkce (Lyons et al., 2007). Jako kriticka hodnota
obsahu Se vrostlinnych krmivech zpuUsobujici zavazné projevy deficience
u hospodarskych zvifat se uvadi 30 ug kg™ susiny (Rimmer et al., 1990). Gupta a Gupta
(2017) uvadi deficitni obsahy Se v krmnych plodinach mensi nez 50-100 pg kg™, zatimco
obsahy 2000-5000 ug kg™ jiz mohou ptisobit toxicky.

2.2 VYZNAM SELENU VE VYZIVE CLOVEKA

Téma deficience Se ve vyzivé Clovéka bylo otevieno az vroce 1979 s diagndzou
Keshanské nemoci (juvenilni kardiomyopatie), jejiz pfi€inou, nikoliv jedinou, je extrémné
nizky denni pfijem Se (3—-11 pg) (Navarro-Alarcon a Cabrera-Vique, 2008). Pfijem Se
nizéi nez 40 ug den™ se povazuje za deficitni (Winkel et al., 2012). Svétové zdravotnické
organizace uvadeéji hodnoty doporu¢eného denniho pfijmu (DDP) Se pro dospélého muze
takto: 55 ug (Institute of Medicine US, 2000), 42 ug (WHO/FAOQO, 2004) a 70 ug (National

Health and Medical Research Council, 2006). Adekvatni pfijem Se indukuje optimalni



expresi selenoproteint, kterych bylo dosud identifikovano v proteomu ¢lovéka 25, z nichz
jen nékolik bylo funkéné charakterizovano (Roman et al., 2014). Selenoproteiny jsou
oblasti aktivniho vyzkumu prevence a 1é¢by zavaznych onemocnéni, zvlasté
kardiovaskularnich, neurologickych a nékterych typu rakoviny (Zwolak a Zaporowska,
2012; Newman et al.,, 2019; Kuria et al., 2020). Inkorporace selenocysteinu (SeCys)
v aktivnim centru namisto cysteinu (Cys) zvySuje redoxni aktivitu pFisluSnych enzyma
(Zhang a Gladyshev, 2009). Hledisko dosazeni maximalni aktivity selenoenzymu( vedlo
k navrhu velmi vysokych DDP selenu, 200-300 pg (Schrauzer a Surai, 2009). Néktefi
autofi vS8ak chemopreventivni u€inky Se rozporovali, ba dokonce zjistili, Ze vySsi
terapeutické davky pouzivané v klinickych a biochemickych studiich (140-300 g den™
Se) zvySuji riziko vzniku diabetu 2. typu a onkologickych onemocnéni prostaty a kuze
(Jablonska a Vinceti, 2015). Rayman (2012) uzavira, Ze zdravi prospésné ucinky pfijatého
Se se projevuji prfedev§im u jedincu s deficitnim nutricnim statutem Se. Voditky
k posouzeni pfijmu a statutu Se na Urovni populace jsou obsahy Se v pudé, krmivech
a zakladnich potravinach s pfihlédnutim k vyZivovym zvyklostem populace. Na udrovni
jedince je vhodnym indexem koncentrace Se v krvi (plné krvi, plazmé&, séru, erytrocytech)
a modi Ci obsah Se ve vlasech a nehtech (KviCala et al., 1995; Fairweather-Tait et al.,
2011). Ideélni odhad skute¢ného statutu Se by vSak mél reflektovat mnozstvi Se, které je
dostupné pro aktivitu funkénich selenoproteind (Thomson, 2004). Klinické studie
dokumentuji, Ze koncentrace Se v krevnim séru a plazmé obyvatel fady zemi
neodpovidaji adekvatnimu pfijmu a statusu Se (Obrazek 1) a zdaleka nedosahuji hodnot,
které by zajistily maximalni vyuziti antioxida¢niho potencialu selenoenzymd (Rayman,
2002). Podle indext Se publikovanych v Kvicala et al. (1995; 2008) je také pfijem Se
obyvateli Ceské republiky znepokojivé nizky. Combs (2001) odhadl, Ze deficienci Se je
zasazeno 0,5-1 miliarda svétové populace. Navic v navaznosti na predik&ni modely zmén
klimatu ve 21. stoleti se riziko deficience Se v globalnim méfitku muze dale zvySovat
(Jones et al., 2017).
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Obrazek 1. Prumérné koncentrace Se v krevnim séru i plazmé zdravych dospélych
obyvatel vybranych zemi. Chybové uUselky reprezentuji smérodatné
odchylky primérd jednotlivych klinickych studii provedenych v dané zemi
(n = 3). Upraveno z kompilace dat v Combs (2001). Spodni hranice optimalni
koncentrace Se v krevnim séru &ini 95 ug I (Kvicala et al., 2008).

2.3 SELENV PUDE

Obsah Se v zemské kufe je v priméru velmi nizky (0,05 mg kg™), kolisa véak dle typu
hornin, v nichZ lokaln&, napk. v nékterych bfidlicich, miZe dosahovat az stovky mg kg™
(Fordyce, 2013). Transport Se z hornin je fizen biogeochemickymi procesy, které jsou
zodpovédné za nerovhomérnou distribuci Se na zemském povrchu (Fernandez-Martinez
a Charlet, 2009). Mate¢na hornina je tradi€né povaZovana za hlavni proménnou
ovliviujici obsah Se v piidé (Gondi et al., 1992; EI-Ramady et al., 2015). Nové poznatky
vSak zduraznuji opomijeny vyznam dvou redistribu€nich procesu, atmosférické depozice
a volatilizace Se, které uzce souvisi s klimatem (Sun et al., 2016). Celkovy obsah selenu
(Sew) Vpudach miZe lokalné nabyvat extrémnich hodnot < 0,01 mg kg’ nebo
> 1000 mg kg™ (Winkel et al., 2012). B&Zné obsahy Se,, se pohybuji mezi 0,1 a 5 mg kg™,
pficemZ celosvétovy primér &ini 0,4 mg kg™ v susiné pdy (Bitterli et al., 2010). Této
distribuci se blizi vysledky systematické analyzy zemé&délského ptidniho fondu v Ceské
republice (pramér Sey 0,39 mg kg™'; rozmezi 0,16—1,65 mg kg™') (UKZUZ, 2010). Obsahy
Sewt < 0,6 mg kg™ povaZuji Lyons et al. (2003) za deficitni, jiné zdroje uvadéji nizsi hranici
deficitu 0,125 mg kg™ (Fordyce, 2013) & 0,05 mg kg™ (Wadgaonkar et al., 2018). Ptdy
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s obsahem Sey > 5 mg kg’ se oznaduji jako seleniferni (Wadgaonkar et al., 2018).
Ukazatele deficience zaloZzené na hodnotach pudniho Sey: je tfeba interpretovat jako
informativni parametry pro ucely zakladniho monitoringu. Teprve s konceptem biologické
dostupnosti Se lze relevantné posuzovat mnozZstvi Se, které vstupuje do potravniho
fetézce terestrickych ekosystému. Zemédélské pudy v oblastech jiz zminéné Keshanské
choroby vykazuji nizké, nikoliv extrémné nizké Sey (v praméru 0,136 mg kg™') (Johnson
et al., 2000). AvSak vodorozpustny podil (Seyxo) se v této oblasti pohybuje v rozmezi
pouze < 6 x 10° az 2,9 x 10° mg kg™. Jinymi slovy, ne vzdy je moZno nalézt silny
korelaéni vztah mezi Sey: v pudé a skuteCnym pfijmem Se plodinami (De Temmerman
et al., 2014).

2.3.1 Predikce chemické speciace Se

Dle fyzikalné-chemickych vlastnosti pud Ize predikovat pouze vyskyt anorganickych forem
selenu (Seanorg), jejichZz chemismus v pudach je velmi komplexni a obtizné oddélitelny od
aktivity pudnich mikroorganismu, ktera spolupodmiriuje oxida¢ni stav a chemickou formu
Se v padé (Haudin et al., 2007). V padnim prostfedi se vyskytuje Se ve ¢tyfech stabilnich
oxidadnich stavech: Se", Se", Se°, Se™ (Natasha et al., 2018). Rozpustnost soli Se
obecné klesa v poradi selenan (Se0,*) > seleni¢itan (SeOs”) > selenid (Se?). Z hodnot
pK, pfislusnych diprotickych kyselin (Tabulka 1) vyplyva, Zze za béznych hodnot pH
pudniho roztoku (pH 4-9) Ize o&ekavat predevsim vyskyt SeO4*, HSeOs, SeOs*, H,Se
a HSe™ (Séby et al., 2001).

Tabulka 1. Disocia¢ni konstanty kyselin pfi 25 °C

kyselina vzorec pKai? pKa,?
selenovodikova H,Se 3,8 14
seleniéita H,SeO; 2,7 8,5
selenova H,SeO, -2,0 1,8

dPtevzato z Séby et al. (2001)

Kromé& pH prostifedi je speciace pudniho Seaneq Velmi senzitivni k hodnoté redoxniho
potencialu Epy, resp. ke stfidani oxickych a anoxickych podminek v Case (Jayaweera
a Biggar, 1996; Fan et al., 2018). Za anoxickych podminek mohou byt stabilni
nerozpustné faze elementarniho Se°, ktery se vyskytuje v nékolika alotropickych
modifikacich (Chen et al., 2006), &i selenidi kovu (Fan et al., 2018). Prostorova variabilita
Ey na urovni pldnich mikroporéznich agregatll rovnéz pfispiva k variabilité specii Se
v pudé (Kausch et al., 2012). Predpovédi speciace Seanog V pfirodnich systémech
zalozené vyluéné na pH a E; parametrech, napf. pomoci E; — pH diagram( (Obrazek 2),

nejsou spolehlivé. Bruggeman et al. (2007) zjistili neoCekavanou stabilitu oxoaniontl Se,
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ackoliv dle termodynamickych rovnovah mél v systému previadat Se°. PFi¢inou nesouladu
mezi takovymi odhady a skute€nou speciaci Se je vliv mikrobialni aktivity a také odliSna
kinetika pldnich procesl a transformaci pro rlizné chemické specie Se (Sharma et al.,
2014).
Eh (V)
1.2

4 HSeO,[-]
1.0 1

| [ [ oblast b&Znych
0.8 - I le—— hodnot pidniho pH
- 1 | aEh
|
|
|

0.6 4 H,SeO,

0.4 .

0.24

|
i

- |
0.0 1 :
| |

|

SeO,[2-]
'0.2 e

E Wy TP |
-0.4

-0.6

-()'8 T L] T 1 L 1 L] T L L 1 1 1

pH
Obrazek 2. Eh - pH diagram Se-O-H systému zkonstruovany za podminek: aktivita 10"
mol I Se, iontova sila | = 0 pfi 25 °C a 10° Pa; pfevzato z Nakamaru

a Altansuvd (2014).

2.3.2 Experimentalni frakcionace a speciace Se

Pojem speciace (speciacni analyza, chemicka speciace) oznacuje postup, ktery ma za cil
rozliSeni a stanoveni jednotlivych forem prvku ve studovaném vzorku na drovni
chemickych individui (Koplik et al., 1997). NejrozSifenéjsi, dnes jiz rutinné pouzivanou,
technikou pro speciaci Se v biologickych a environmentalnich vzorcich je HPLC-ICPMS,
kombinujici razné mdédy chromatografické separace s citlivou hmotnostni detekci Se*
ionth vznikajicich v indukéné vazaném argonovém (Ar) plazmatu (Polatajko et al., 2006).
Vysadni postaveni HPLC-ICPMS pfispélo k ponékud nestastnému vnimani speciace Se

v pludé jako vysledek speciaCni analyzy provedené v pldnich extraktech. V téchto
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vzorcich je zpravidla detekovana pFitomnost SeO;* a SeO,%, ¢asto véak prevazuji rizné,
zejména neidentifikované specie Seqy (Séby et al., 1997; Stroud et al., 2012; Tolu et al.,
2014a; Supriatin et al., 2015). Kvalitativni analyza Se.y technikami HPLC-ICPMS je
omezena na nékolik malo komeréné dostupnych ¢&i laboratorné pfipravitelnych standardd
nizkomolekularnich slouc¢enin (Uden et al., 2004; Pedrero a Madrid, 2009). Zakladni
strukturni jednotkou Se.q v plidé jsou selenoaminokyseliny (SAK), které jsou ve formé
peptidi obsazeny také ve frakci humusovych latek (Kang et al., 1991; Gustafsson
a Johnsson, 1994). Dikazy o uspéSném stanoveni volnych SAK v padé témér neexistuji.
Vyjimkou je selenomethionin (SeMet) zaznamenany Abrams et al. (1990) technikou
GC-MS. Prfitomnost rozpusténého Se., v pudnich extraktech lze odvodit z existence
pudnich mikroorganism( (Gustafsson a Johnsson, 1994) a rozkladajici se organické
hmoty zZivocCiSného a rostlinného plavodu (Kang et al., 1991; Qin et al., 2017). Malo
prozkoumanou formou Se.g jsou volatilni alkylselenidy, napf. dimethylselenid (DMSe)
a dimethyldiselenid (DMDSe). Tvorba, stabilita a zdrzeni DMSe v plidé zavisi na formé
pritomného Se, pudnich charakteristikach (pH, vihkost, teplota), dostupnosti vhodného
zdroje organického uhliku (Corq) @ na aktivité mikroorganismud (Zhang a Frankenberger,
1999; Schilling et al., 2013; Sun et al., 2016). Alkylselenidy se mohou ¢aste¢né rozpoustét
v ptdnim roztoku, podléhaji reverzibilni demethylaci/methylaci nebo se mohou ve formé
kationtu trimethylselenonia (TMSe") adsorbovat v piadé (Zhang a Frankenberger, 2000).
V plidnim roztoku muze byt rozpusténa kyselina methylselenicita, ktera byla navrzena
jako vyznamny meziprodukt mikrobialni methylace Se a oxidace nékterych SAK (Tolu
etal., 2011).

Interpretace pojmu speciace se Casto neopravnéné zaménuje s tzv. frakcionaci prvku
v pudé. Frakcionace Se informuje o distribuci Se mezi jednotlivé biogeochemické pidni
faze, charakterizuje kvalitu vazeb Se a sni spojenou mobilitu a biodostupnost Se
v ptdnim prostfedi (Sharmasarkar a Vance, 1995). Zakladnim nastrojem frakcionace Se
se staly metody postupné extrakce (MPE), které podle definovaného protokolu aplikuji
¢inidla s rostoucim extrakénim ucinkem ¢&i odliSnym mechanismem rozpousténi. Mezi
hlavni nedostatky MPE patfi: i) pfiprava vzorku mize indukovat nezadouci zmény ve
speciaci Se; ii) omezena selektivita Cinidel pro extrakci prvku z definované pudni faze;
iii) vytéznost extrakce nedosahuje 100 %; iv) riziko redistribuce extrahovaného prvku mezi
dalSi ptdni faze; v) zavislost vytéZzku na experimentalnich podminkach extrakce (Favorito
et al., 2017).

Nedostatky MPE spojené s nejistotou asociace Se s konkrétnimi fazemi pfitomnymi
v pdé a neznalosti skutecné chemické speciace Se v pevné fazi pfekonavaji techniky
rentgenové absorpcni spektrometrie (XAS). Aplikace XAS poskytla pfimy dukaz

o pfitomnosti elementarniho Se® v pidé (Pickering et al., 1995; Fellowes et al., 2013).
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Oram et al. (2011) takto stanovili ve rhizosféfe prevladajici oxidacni stavy Se® a Se™.
Velmi uzite€nou XAS technikou je EXAFS (rentgenova spektrometrie studujici jemnou
strukturu na kratkovinné strané absorpéni hrany), ktera zprostiedkuje informaci
o koordinaénim Cisle a vazebné vzdalenosti mezi sousednimi atomy. Spektra EXAFS
pomohla objasnit detailni mechanismus adsorpce oxoaniontlli Se na povrch pudnich
mineralt (Peak et al., 2006) a zpfistupnila studium precipitace a redoxnich zmén specii
Se na fazovém rozhrani roztok — mineralni povrch (Myneni et al., 1997). Nevyhodou XAS
technik je nizSi citlivost, ktera limituje pouZiti pfi kvantitativni analyze. Prakticka
vyuZitelnost pro Udely speciace vyZaduje minimalni obsah Se v pudé 10 mg kg’
(Pickering et al., 1995). Predeslé studie poukazaly na soulad (Qin et al.,, 2017) i na
nesrovnalosti (Favorito et al., 2017) mezi vysledky MPE a XAS speciace v tuhé fazi. Pro
vyzkum Se v pldé se osvédcCila kombinace MPE, XAS a technik chemické speciace
v ptdnim extraktu. Nasledujici kapitoly 2.3.2.1 az 2.3.2.5 se primarné vénuji frakcionaci

Se v pudé a odkazuji na fadu praci aplikujicich zminéné kombinované pfistupy.

2.3.2.1 Vodorozpustny podil Se

Vodorozpustna frakce selenu (Sep,o) reprezentuje nejsnaze rozpustné formy Se v pidé.
Prestoze podil Seno vykazuje vysoky potencial mobility a dostupnosti v padé (de Ledn
etal., 2003) a s biodostupnosti Se vyznamné koreluje (Dhillon et al., 2007), jeho
kvantifikace nemusi poskytnout nejlepsi predikci pfijmu Se rostlinou (Zhao et al., 2005)
ani nevyhovi ucelim monitoringu statutu Se a jeho zmén v pldach, zvlasté kyselych
s tendenci tvorby redukovanych forem Se (Keskinen et al., 2009). Chemické speciaci ve
frakci Senzo nejéastéji dominuji SeO,* a SeO;* (Séby et al., 1997; Martens a Suarez,
1997; de Leon et al., 2003). Ve vodnych vyluzich byl ojedinéle prokazan také minoritni
vyskyt dalSich Se specii, napf. kyseliny methylselenicité (Tolu et al., 2011). Znaény podil
v Serzo mohou zaujimat neidentifikované specie Se,y (Yamada a Hattori, 1989;
Ochsenkihn-Petropoulou et al., 2003; Tolu et al.,, 2011; 2014a). Podle Supriatin et al.
(2015) extrakce s H,O za horka rozpousti Se asociovany s labilni padni organickou
hmotou (POH). Kvantitativni chemicka speciace Se ve vodnych vyluzich ziskanych pfi 20
a 55 °C v8ak neprokazala zadné vyznamné rozdily (Ochsenkihn-Petropoulou et al.,
2003). Speciace Sewyo a jeho zastoupeni Sey ziejmé zavisi na prevladajicich fyzikalné-
chemickych a biologickych vlastnostech pldy, i proto podil Sey,o nabyva hodnot
z Sirokého intervalu 1-37 % (de Ledn et al., 2003, Tolu et al., 2011).

2.3.2.2 Nespecificky adsorbovany Se
Nespecificky adsorbovany selen (Senespass) pfedstavuje frakci Se, ktera interaguje

s pudnimi ¢asticemi elektrostatickym reverzibilnim mechanismem. Podstatou interakce je



tvorba tzv. vnéjSich komplexd mezi povrchovymi skupinami pudnich €astic nesoucich
kladny naboj a opacné nabitymi oxoanionty Se (Fernandez-Martinez a Charlet, 2009),
typicky Se0,* (Peak a Sparks, 2002; Elzinga et al., 2009). Pro extrakci Sepespads S€
nejvice uplatfiuji slabé roztoky neutralnich soli, nejcastéji chlorid (Dhillon a Dhillon, 1999;
Wright et al., 2003). MnoZstvi Se extrahovana s 250 mmol I' KCI (Zhao et al., 2005) nebo
1000 mmol " NH,CI (Keskinen et al., 2010) siln& korelovala s dostupnym podilem Se
v pludé a pfijmem Se rostlinou. Weng et al. (2011) v8ak takové vztahy pfi pouziti
10 mmol I" CaCl, nenalezli. lontova sila a sloZeni extrakéniho ¢&inidla determinuiji
vytéznost extrakce ovlivnénim disperze a flokulace pldnich ¢astic (Hass a Fine, 2010).
Cast autorli Seyo a Senespads NerozliSuje a uvadi pro oba podily jednotné oznaceni
rozpustny podil Se (Serwp) (Keskinen et al., 2009; Wang et al., 2012). Racionalitu tohoto
sjednoceni podpofili Wang et al. (2019a), kdyz poukazali na velmi podobné extrakéni
uginnosti a distribuce specii Se04*, SeO5* a Se? ve vodném vyluhu a v 250 mmol "' KCI.
Jsou v8ak znamy i relace Senzo >> Sekc (Supriatin et al., 2015). Nové studie postupné
odhaluji vyznam specii Seq4 pro dostupnost Se rostlinam, které se ve velké mife uvolnuji
pravé do podilli Senzo @ Senespass (Weng et al., 2011; Supriatin et al., 2015; Wang et al.,
2019b). Obecné plati, Zze podil Sen, pFedstavuje nejvétsi riziko ztraty Se z puady

vyplavenim (Sharmasarkar a Vance, 1995).

2.3.2.3 Specificky adsorbovany Se

Specificky adsorbovany selen (Segpecads) S€ rovnéz podili na biodostupné pudni zasobé
Se (Xing et al., 2015; Ali et al., 2017). Hlavnim vazebnym mechanismem Segpecags j€
tvorba tzv. vnitinich komplexu, kdy dochazi ke vzniku koordinacné kovalentni vazby mezi
oxoaniontem Se a reaktivnim mistem na povrchu pGdnich mineralt, zejm. (hydr)oxidd
Zeleza (Fe), manganu (Mn) a hliniku (Al) (Fernandez-Martinez a Charlet, 2009) a jilovych
mineralt (Peak et al., 2006). Imobilizace timto mechanismem je typicka pro SeOs*
(Elzinga et al., 2009), SeO,> se adsorbuje jako vnitini komplex v zavislosti na pH
aiontové sile (Peak a Sparks, 2002). Pro vytésnéni Segpecadss Z povrchu minerald se
vyuziva mechanismu ligandové vymény, nejéast&ji s 100-1000 mmol I"" fosforeénanem
(PO43‘) (Dhillon a Dhillon, 1999; de Ledn et al., 2003; Keskinen et al., 2009). Extrakce
pudy s PO,*> neni selektivni Pro Segpecads, zVIaSté pokud této extrakci nepredchazi
odstranéni Se,.,, (Hagarova et al., 2005). Ve vyluhu PO,> byly stanoveny SeOs*, SeO,”
i Seqrg (Sharmasarkar a Vance, 1995; Martens a Suarez, 1997; de Leon et al., 2003; Tolu
et al., 2011; Stroud et al., 2012; Wang et al., 2012;), pfi¢emz plvod Sey se pfedpoklada
z rostlinnych proteint v padé (de Leodn et al., 2003). Koncentrace a pH fosforeénanového
ginidla vyznamné ovliviiuji schopnost desorbovat SeOs” pfi ligandové vyméné, a tedy

i vytézZnost Segpec.ads (Keskinen et al., 2009). Jednostupriova extrakce s PO43'je zakladnim
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nastrojem hodnoceni dostupnosti Se v pudé, jejiz vytézek vyznamné koreluje se skute¢né
pfijatym mnoZstvim Se rostlinami (Lee et al., 2011; Peng et al., 2020). K uvolnéni
Sespec.ads [z€ pouzit dalsi, méné obvykla Cinidla v roztoku, napf. NH4F ¢i NaOH (Keskinen
et al., 2009), zifedénou HCI (Wang a Chen, 2003), NH,OH-HCI (Hagarova et al., 2005),
oxalatovy pufr (Favorito et al., 2017). Plsobeni téchto Cinidel se li§i mechanismem
(ligandové nebo redukéni rozpousténi), a tim také relativné specificky cili na rizné
skupiny (hydr)oxidu kovu v padeé, se kterymi je Se asociovan (Zhang a Moore, 1996; Hass
a Fine, 2010). Vyluhovani pldy okyselenymi roztoky Ize zvySit U¢€innost extrakce o Se
vazany v karbonatech (Hagarova et al., 2005). Selen mize byt adsorbovan na povrchu
kalcitu (CaCO3) nebo mlze byt soucasti jeho krystalové mrfizky nasledkem substituce
Se04* (Reeder et al., 1994) &i SeOs* (Aurelio et al., 2010) za CO5?.

2.3.2.4 Organicky vazany Se

Z hlediska frakcionace v pudé je Se.q nejvice heterogennim a nejobtiznéji definovatelnym
podilem Seyy, a to i z hlediska biodostupnosti. Tyto potiZze vyplyvaji z neznalosti chemické
speciace (Séby et al,, 1997; Qin et al., 2012) a strukturni povahy Se.y. V pudé se
vyskytuje Seqrq ve formé malych molekul (< 1 nm) i €astic koloidnich rozmérd (Weng et al.,
2011; Qin et al., 2012). Studium Seqy komplikuji organomineralni asociace (Tolu et al.,
2014a) a tésna souvislost mezi labilni POH a &innosti pudnich mikroorganisma (Février
et al., 2007). Selektivni extrakce Seqq neni mozna, nebot POH se ¢astecné rozpousti ve
vSech Ccinidlech (Wright et al., 2003). Pfed extrakci Seqy je nezbytné co nejucingji
odstranit anorganicky Sespec.ads (Keskinen et al., 2009), ovSem za cenu ztraty ¢asti Seq4ve
frakcich Ser;; @ Segpecass- Alkalicka hydrolyza POH s 100 mmol I NaOH je
nejrozsifenéjSi metodou extrakce Seqq z pldy (Kang et al., 1991; Wright et al., 2003;
Coppin et al., 2006). Podil Se. v alkalickych extraktech maze byt dale frakcionovan na
Se vazany s fulvokyselinami a huminovymi kyselinami (Abrams et al., 1990; Coppin et al.,
2006; Qin et al., 2012). Selen vazany ve fulvokyselinach je potencialnim zdrojem
biodostupného Se (Qin et al., 2012). Mezi méné tradiCni €inidla pro extrakci Seqq patfi
napf. roztok NasP,O; (Abrams et al., 1990), K;S,0s (Xing et al., 2015), hydroxidu
tetramethylamonia (de Leodn et al., 2003), KCIO; v HCI (Wang a Chen, 2003), NaCIlO
(Zhang a Moore, 1996). Wright et al. (2003) zjistili, ze ve zfedénych roztocich CIO
a S,0¢% se rozpousti také Se’ a selenidy kovi, a tak pouZiti oxidaénich &inidel narazi na
problém se selektivitou extrakce. Ne vzdy speciaci Se v alkalickych extraktech dominuje
Seqg. Tolu et al. (2011) stanovili majoritni zastoupeni SeOs%, coz interpretovali

vyznamnou vazbou mezi Seanorg @ slozkami POH.
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2.3.2.5 Rezidualni Se

Rezidualni selen (Sereziqual) zahrnuje nerozpustné formy Se, které jsou soucasti pevné
matrice pldy a nejsou dostupné rostlinam (Zawislanski a Zavarin, 1996). Zpravidla se do
podilu Seresqua Fadi Se°, selenidy kovii (Se?), latky na bazi fosilniho uhliku, alifatické
biopolymery, humin a velmi stabilni organomineralni asociace (Tolu et al., 2014a; Di Tullo
et al., 2016). Vhodnym ¢&inidlem pro rozpousténi Se’ je CS, (Chen et al., 2006), ktery
v selektivité vynika nad Na,SO; (Wright et al., 2003). Celkem bylo popsano na 50 rGznych
selenidovych mineralt, vpudach se Se® nejéastéji vaze s Cu, Fe, Pb, Ag, Hg
(Wadgaonkar et al., 2018). Podil See,iqua mUze byt kvantifikovan jako rezidualni frakce Se
v poslednim kroku MPE, nejcastéji plsobenim koncentrovanych mineralnich kyselin
s oxidaénimi ucinky (Wang et al., 2012; Favorito et al., 2017). Pro uvolnéni Se vazaného
v krystalové mfizce silikatovych minerald je nezbytné do smeési kyselin pfidat HF
(Sharmasarkar a Vance, 1995; Wang a Chen, 2003).

2.3.3 Redukéni a oxidaéni premény Se
Enzymaticky aparat pudnich mikroorganismi umoznuje fadu transformaci specii Se,
zejm. redukci, oxidaci, methylaci a demethylaci (Ullah et al., 2019). Redukce oxoaniontl
Se a zadlenéni Se ve formé Se™ do aminokyselin je rozsifenou metabolickou schopnosti
mikroorganismu v ramci asimilacni redukce a pfedstavuje hlavni cestu pfemény Seanorg —
Seqrq V pudé (Wadgaonkar et al., 2018). Na redukci oxoaniontd Se se mohou podilet také
pudni bakterie pfi disimilaéni redukci, pfi které SeO,> a SeO;” slouZi jako koneéné
akceptory elektront pochazejicich z organickych substrati podléhajicich oxidaci.
Koneénym produktem disimilaéni redukce je nejéast&ji Se® koloidni povahy & ve formé
nanocastic, které se mohou tvofit intra- i extracelularné (Eswayah et al., 2016). Kenward
et al. (2006) pozorovali redukci SeO,* — Se° odehravajici se na povrchu bunék bakterii
i pfi absenci externich donoru elektrond. Mikrobialni oxidace redukovanych forem Segnorg
na SeO,%, pfipadné na Se0,* za oxickych podminek v ptidé, byla rovnéZ pozorovana, ale
zdaleka nedosahuje vyznamu bioredukce kvili vyrazné niz8i reakéni rychlosti (Lenz
a Lens, 2009). Cetné druhy padnich bakterii a mikroskopickych hub jsou zodpovédné za
produkci volatilnich alkylselenidl. Biomethylace je tedy alternativni transformaci Seanorg —
Seoy, jejiz soucasti je redukce oxoaniontti na Se™ (Peitzsch et al., 2010; Winkel et al.,
2015). Opacny proces, mikrobialni demethylace alkylselenidu, je v padé pravdépodobné
marginalniho vyznamu (Eswayah et al., 2016).

Za vyluéné abioticky proces se povazuje redukce oxoanionti Se katalyzovana
povrchem pudnich minerall, napf. (hydr)oxidd Fe (Myneni et al., 1997) & Mn (Blaylock
a James, 1994). Separace abiotickych a biotickych faktor( ovliviiujicich oxidaéni stav Se

v pudé je obtizna, nebot hodnoty parametrd pH a E €asto pfimo souvisi s mikrobialni
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¢innosti. Vtomto smyslu je velmi specificka padni rhizosféra s vyskytem kofenovych
exudatl, které podporuji mikrobialni aktivitu, snizuji pH a Ey v rhizosféfe (Antoniadis et al.,
2017) a také ovliviuji stabilitu pudnich mineralnich fazi (Blaylock a James, 1994).
Z hlediska zpfistupnéni Se rostlinam je vyznamnou transformaci oxidace redukovanych
forem Se aZz na SeO,* v rhizosféfe, jejiz mechanismus zatim nebyl jednoznaéné
objasnén, mlize zahrnovat mikrobialni i abioticky pfispévek (Oram et al., 2011). Vétsi
biodostupnost Se v rhizosféfe v porovnani s nerhizosférni padou potvrdili Chen et al.
(2010). Munier-Lamy et al. (2007) naopak povazuji rhizosféru za misto intenzivni
imobilizace SeO,?, jejiz rozsah byl zavisly na druhu pé&stované rostliny. Nepochybné plati,
Ze biodostupnost Se souvisi s mnozstvim a kvalitou kofenovych exudatd (Zhang et al.,
2019a). Mineralizace rozpusténé pudni organické hmoty (POH..,), kterou ovliviiuje
i kofenova exudace (Wang et al., 2020a), pravdépodobné pfedstavuje vyznamny zdroj Se
pro rostliny (Supriatin et al., 2016)

2.4 SELEN A ROSTLINY

Rostouci publikacni aktivitu v souvislosti se selenem a rostlinami zfetelné doklada trend
na Obrazku 3.

(A) "selen” a "rostlina"

pocet nalezenych
publikaci
(o]
o
o

Obrazek 3. Pocet védeckych publikaci indexovanych v databazi Web of Science mezi léty
1984-2019 nalezenych dle uvedenych klicovych hesel.

241 Vyznam Se pro vysSi rostliny

Pro absenci esencialnich selenoproteint neni Se klasifikovan jako esencialni prvek pro
vySSi rostliny (Terry et al., 2000), ale bez vyhrad splfiuje atributy pro zafazeni mezi prvky
uzite€né (Pilon-Smits et al., 2009). Mnozi autofi zdokumentovali prospé&sny vliv malého
mnozstvi Se na fyziologické procesy rostlin pfi abiotickém stresu, ktery je doprovazen
tvorbou reaktivnich forem kysliku na bunécné udrovni. Kaur et al. (2014) uvadi pfehled

publikaci vénovanych funkcim Se pfi plsobeni stresu zexpozice tézkym kovim,
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ultrafialovému zafeni, vysokym teplotdm ¢i chladu, pfi stresu ze sucha a zasoleni.
V literatufe jsou zminky o ochranné funkci Se proti patogenim, hmyzu a herbivoriim
(Gupta a Gupta, 2017), je v8ak uc€inna az pfi vy38im obsahu Se ve fytomase. Z hlediska
hospodarského se pozitivni plsobeni Se mlze promitnout do ristu plodin, vynosu
a kvality produkce (Xue et al., 2001; Turakainen et al., 2004; Hartikainen, 2005; Lyons
et al., 2009; Ebrahimi et al., 2015; Ekanayake et al., 2015; Liu et al., 2017; Ulhassan
etal.,, 2019). Expozice rostlin vysokym koncentracim biodostupného Se negativné
ovliviiuje fyziologii a vyvoj rostlin a projevuje se chloré6zami, retardaci rastu, poklesem
vynosu a kvality produkce (Sharma et al., 2010; Guerrero et al., 2014; Schiavon a Pilon-
Smits, 2017; Ulhassan et al., 2019). Toxické pusobeni Se indukuji dva nezavislé
mechanismy: i) oxidacni stres skrze produkci reaktivnich forem kysliku; ii) nezadouci
zmény v primarni struktufe proteinl, kdy dochazi k nespecifickému zaclenéni SeCys
a SeMet misto sirnych analogt cysteinu a methioninu (Van Hoewyk, 2013). U nékterych
druht rostlin se vyvinuly obranné mechanismy proti systémové toxicité Se, napf. redukce
oxoaniontt Se na nerozpustny Se® nebo biomethylace SeCys a SeMet vedouci k tékavym
¢i neproteinogennim speciim Se (Sors et al., 2005). Akumulace methylovanych specii Se
(> 1000 mg kg' Se v susing) je fyziologickou adaptaci tzv. hyperakumulatord Se na
seleniferni  prostfedi (Schiavon a Pilon-Smits, 2017). Popsano bylo na 45
hyperakumulujicich druhGl ze Sesti rostlinnych celedi, zpravidla se jedna o vytrvalé
nekulturni byliny. Skupina tzv. sekundarnich akumulatord Se se vyznacuje zvySenou
osvojovaci schopnosti a bez projevu toxicity mohou akumulovat i 100-1000 mg kg™ Se.
Z kulturich plodin se do této kategorie fadi néktefi zastupci z Celedi brukvovitych
(Brassicaceae), napf. brukev sitinovita (Brassica juncea), fepka olejna (Brassica napus),
brokolice (Brassica oleracea convar. italica) (Gupta a Gupta, 2017). Bézné obsahy Se
v ostatnich plodinach, tj. neakumulatorech, péstovanych mimo seleniferni oblasti se
pohybuiji v rozmezi 0,01-1 mg kg™ (Marschner, 1995). Redukce vynosu se miize projevit
u nékterych plodin jiz pfi obsahu Se niz§im nez 5 mg kg™ v susiné fytomasy (White et al.,
2004).

2.4.2 Prijem a metabolismus Se
Pfijem, translokace a distribuce Se v rostliné jsou determinovany druhem rostliny a fazi
jejiho vyvoje, koncentraci a speciaci dostupného Se, fyziologickymi podminkami,
pritomnosti dalSich sloucenin, aktivitou membranovych transportérd a transloka¢nim
mechanismem (Gupta a Gupta, 2017). Rostliny pfijimaji Se z pudniho roztoku primarné
ve formé oxoaniontd.

Transport SeO,”, nejvice biodostupné specie, pfes plazmatickou membranu

kofenovych epidermalnich bunék se uskute&riuje proti elektrochemickému gradientu spolu
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se symportem protond (Sors et al., 2005). Pfijem SeO,* je zabezpe&en siranovym
transportnim systémem z divodu absence viastniho transportniho aparatu pro Se
a vyrazné chemické a fyzikalni podobnosti mezi Se0,* a SO, (Terry et al., 2000). Také
dal$i pohyb a asimilace SeO,* v rostling sdili metabolickou drahu se sirany (Schiavon
a Pilon-Smits, 2017). Skute€nost, Ze membranové transportéry a intracelularni enzymy
nemaji dostate¢nou substratovou specifiénost pro rozliseni SeO,* a SO,%, se odrazi ve
fyziologické kompetici mezi Se a S (White et al., 2004). SniZeni pfijmu Se vlivem
kompetice mezi SeO,” a SO,* pfi vstupu do kofenovych bunék bylo jednoznaéné
popsano v modelovych hydroponickych experimentech s riznymi rostlinami (Zayed et al.,
1998; Hopper a Parker, 1999; Huang et al., 2007; Renkema et al., 2012). Tento jev je
nezadouci v oblastech pad chudych na Se, ale ma ochranny uc&inek pro plodiny rostouci
v selenifernich oblastech s vyskytem vysokych koncentraci mobilniho SeO,* (Lee et al.,
2011). Je znamo, Ze statut rostliny z hlediska vyzivy sirou (S) fidi genovou expresi
transportér(l sirant SULTR1;1 a SULTR1;2, tj. transportérti zG¢astnénych na pfijmu SO,*
(Se0,?%) zrhizosféry (Takahashi et al., 2011; Schiavon a Pilon-Smits, 2017). Nizké
intracelularni a extracelularni  koncentrace SO,* indukuji expresi také dalSich
transportérd, konkrétné SULTR4;1 a SULTRA4;2, které jsou zodpovédné za transport S0,%
(Se0,*) zvakuol do cytoplazmy (Parmar et al., 2007), a SULTR2;1 s podilem na
translokaci SO,* (Se0,%) xylemem (Shinmachi et al., 2010; Schiavon et al., 2015).
Jednotlivé SULTR transportéry se lisi v afinité vaci dvojici SO, a SeO,* (Sors et al.,
2005). Podminéna indukce a rdzna uroven aktivity SULTR jsou dulezitym vychodiskem
k interpretaci vysledk(l novych studii, ve kterych aplikace SO,> nedekané& zvysila
translokaci (Liu et al., 2016) i akumulaci (Golob et al., 2016) Se v rostlinach. Ve shodé
s vySe uvedenym jsou vysledky Stroud et al. (2010a), jejichZ regresni model predikce
obsahu Se v zrnu p3enici seté (Triticum aestivum) vyznamné spoléhal na parametr
kvantifikujici dostupny podil S v ptidé. Po absorpci v kofenech je SeO,* translokovan
xylemem v nezménéném stavu do listli, kde vstupuje do chloroplasti a je metabolizovan
(Terry et al., 2000). Aktivace SeO,* enzymem ATP sulfuryldzou je prvnim a zarovef
rychlost uréujicim krokem asimilace SeQ,%, jejiz vyznamnymi meziprodukty jsou postupné
adenosin fosfoselenat, SeO;> a Se” (Schiavon a Pilon-Smits, 2017). Za ucasti Cys
syntazy vznika z Se” proteinogenni SeCys (Sors et al., 2005), ktery zaujima centralni
pozici v metabolismu SAK (Gupta a Gupta, 2017).

Na rozdil od SeO,* jsou pfijem a asimilace SeOs;* na molekularni Grovni malo
prozkoumany. Pfijiem SeOs* z pudniho roztoku je rovnéZ povazovan za aktivni transportni
proces (Li et al., 2008), ackoliv podle star§ich publikaci ast kapacity pfijmu SeOs* na
metabolické energii zavisla neni (Terry et al., 2000). Z kompetice mezi SeOs* a PO,* se

usuzuje, ?e se na pfijmu SeOs;> dominantn& podileji membranové transportéry
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pro fosforeénany (Hopper a Parker, 1999; Liu et al., 2018). Translokace SeOs* je
omezena, vétSina zlstava v kofenech, kde se rychle metabolizuje na Seqy (de Souza et
al., 1998; Li et al., 2008).

Rostliny jsou schopny pfijimat také malé molekuly Sey, pravdépodobné permeazami
uréenymi pro transport aminokyselin (Schiavon a Pilon-Smits, 2017). Pfijem a translokace
SeMet byly prokazany v riznych plodinach pfi hydroponické kultivaci (Abrams et al.,
1990; Zayed et al.,, 1998; Kikkert a Berkelaar, 2013). Vyhony rostlin vystavené SeMet
vykazovaly vy$Si obsahy Se v porovnani s Na,SeO, variantou (Kikkert a Berkelaar, 2013).
Uginnost translokace Se méla véak opaény trend Na,SeO, > SeMet (Zayed et al., 1998;
Kikkert a Berkelaar, 2013).

Selen muze vstupovat do rostlin také foliarné. Oxoanionty Se nejdfive pasivné
difunduji skrze hydrofilni péry kutikuly a v menSi mife skrze stomata, nasledny vstup do
bunék mezofylu je jiz aktivni proces vyuzivajici specifické transportéry (Yang et al., 2019).
Redistribuce Se z listd do generativnich organt zavisi na specii Se aplikované v postfiku.
Selen z foliarni aplikace SeO,* je ve floemu podstatné mobilngjsi v porovnani s SeO5*
(Poggi et al., 2000; Boldrin et al., 2013). V souladu stim se v polnich podminkach
akumulovalo méné Se v zrnu rdznych plodin, pokud byl foliarné aplikovan SeOs* (Ducsay
et al., 2016; Deng et al., 2017). Carey et al. (2012) pfi folidrni selenizaci ryze seté (Oryza
sativa) zjistili, Ze redistribuce Se floemem z aplikovanych SAK svou rychlosti vyrazné
prevysila varianty s oxoanionty Se.

Nehledé na zplsob vstupu, adekvatni pfijem Se rostlinami pFiznivé ovliviuje
metabolismus dusikatych a uhlikatych latek (Hajiboland a Sadeghzade, 2014; Lara et al.,
2019). Plati i obracené, Ze pfijem makrozivin muze ovlivnit speciaci Se v plodinach
(Duncan et al., 2017).

2.5 BIOFORTIFIKACE SELENEM

Biofortifikace selenem znamena implementaci strategii, jejichZz cilem je zvySeni obsahu
Se v jedlych ¢&astech rostlin, v produktech ZivociSného plvodu a houbach (Wu et al.,
2015). Mezi biofortifikacni metody se Fadi suplementace krmiv hospodafskych zvifat,
aplikace selenizovanych hnojiv a Slechténi odrdd plodin s vy$Si UCinnosti osvojeni Se
(Lyons et al., 2005). Alternativnim fortifikaCnim pFistupem, ktery cili vyhradné na ¢lovéka
bez pfimé ucasti agrarniho potravniho fetézce, je vyuziti primyslovych biotechnologii
produkujicich selenizované potraviny, napoje a dopliiky vyZivy (Poniedzialek et al., 2017;
Adadi et al., 2019). Haug et al. (2007) se zabyvali pfehlizenou problematikou efektivniho
vyuziti celosvétove limitovanych zdroju a kapacit vyroby Se pro Ucely eliminace deficience
Se v lidské populaci. Z jejich bilan¢nich vypoctd vyplyva, Ze zdaleka nejhospodarné;si

metodou je individualni konzumace produktd z procesni fortifikace v potravinarském
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a farmaceutickém pramyslu. Na zakladé znacnych socioekonomickych rozdild, zvlasté
v globalnim méfitku, mize z konzumace téchto produkti profitovat jen Uzky segment
obyvatelstva (Lopes et al., 2017). Timto typem nesystémovosti v8ak netrpi agronomicka
biofortifikace (AB) zemédélskych plodin. Biofortifikace plodin je environmentalné
akceptovatelny zplsob obohaceni celého agrarniho potravniho fetézce selenem, véetné
pokryti nutricnich pozadavkl hospodarskych zvifat, a vyznaluje se biologickou
bezpecénosti, spolehlivosti, dlouhodobou udrzitelnosti a jednoduchosti celého procesu pfi
vynalozeni relativné nizkych nakladl (Lyons et al., 2003; Broadley et al., 2006; Alfthan
et al., 2015; Mathers et al., 2017). Konzumace selenizovanych plodin a z nich odvozenych
potravin nevyZaduje zménu potravnich zvyklosti obyvatel daného regionu, navic je Se
v téchto produktech zpravidla vazan ve formé Se,y (Hart et al., 2011; Poblaciones et al.,
2014; Zhang et al.,, 2019b), ktery vykazuje vyS$Si biologickou dostupnost a ucinnost
v porovnani s Seanorg (Thiry et al., 2012). Selenizace na urovni rostlin navic maze pfiznivé
ovlivnit vynos a kvalitu produkce, jak bylo zminéno v kapitole 2.4.1. Av8ak z hlediska
managementu zasob Se Haug et al. (2007) povaZzuji biofortifikaci plodin za nejméné

efektivni zpusob boje proti deficienci Se.

2,51 Agronomicka biofortifikace (AB)

Ackoliv vyznam pfimého lokalniho toku Se systémem pulda-plodina-Clovék je v moderni
spoleCnosti s pfistupem na svétové trhy ponékud zeslaben, produkce zemédélskych
plodin s adekvatnim obsahem Se zustava prioritou v boji proti deficienci tohoto prvku
(Johnson et al., 2010). Péstovani rostlin fortifikovanych Se adresuje tfi pfiznaéna témata:
(i) plodné navySeni pfijmu Se obyvatelstvem v daném regionu; (ii) navySeni pfijmu Se
hospodafskymi zvifaty na urovni zemédélského podniku; (iii) produkce tzv. funkénich
potravin. Vhodnym kandidatem pro AB na ploSné urovni jsou pfedevSim obilniny. Zajem
o AB dokumentuji pocletné studie v polnich podminkach vénované selenizaci
potravinafsky vyznamnych plodin, napf. kukufici seté (Zea mays) (Chilimba et al., 2012),
pSenici seté (Stroud et al., 2010a), ryzi seté (Lidon et al., 2018), lilku bramboru (Solanum
tuberosum) (Zhang et al., 2019b), sdji lustinaté (Glycine max) (Yang et al., 2003).
Vhodnost pSenice (Triticum sp.), Zita (Secale sp.) a je€mene (Hordeum sp.) k biofortifikaci
z hlediska zastoupeni specii Se potvrdili Stadlober et al. (2001). Jejich zrno, v zavislosti
na druhu, odriddé a ptdé, obsahovalo 62-86 % SeMet, 7-13 % selenocystinu (SeCys2)
ajen 0-8 % netransformovaného SeO,”. Metody AB se jiz nékolik dekad uplatfiuji pfi
selenizaci pastvin (Rimmer et al., 1990) a nové se zkouma jejich potencial pro selenizaci
listové zeleniny a ovoce (Puccinelli et al., 2017a). Biofortifikacni programy byly testovany
v mnoha zemich, nicméné direktivné a celoplo$né se AB uplatfiuje pouze ve Finsku a na

dobrovolné bazi na Novém Zélandu (Haug et al., 2007). Dulezitym predpokladem
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uspésné implementace AB na narodni Urovni je analyza spotfebniho kode obyvatelstva
pro vybér vhodné plodiny k selenizaci (Pappa et al., 2006; Choi et al., 2009; Fairweather-
Tait et al., 2011).

2.5.1.1 Aplikace Se do pudy

Aplikace mineralnich soli Se do pudy je nejrozSifenéjsSi a nejvice prostudovanou metodou
AB, jejiz cilem je zvySeni biodostupného podilu Se v plidé (Hawkesford a Zhao, 2007;
Alfthan et al., 2015). Od pouziti SeOs> pro tyto Udely se postupné upustilo, nebot
vykazuje niz8i ucinnost translokace (kapitola 2.4.2) a vy$Si miru imobilizace v pudé
(kapitola 2.6) v porovnani s SeO,*, coz potvrdily vysledky nadobovych (Boldrin et al.,
2013; Kikkert et al., 2013; Ali et al., 2017) i polnich pokusl (Galinha et al., 2015; Jiang
et al., 2018; Silva et al., 2019) se stejnymi davkami Se ve formé Se0;% a Se0,%. Pro
dosaZeni dostateéného obsahu Se v zrnu obilnin (> 100 pg kg™) v polnich podminkach se
nejéastéji doporuduje davka SeO,* ekvivalentni s 4-13 g ha™ Se (Lyons et al., 2003;
Broadley et al., 2006; Hawkesford a Zhao, 2007; Ros et al, 2016). Z pokusu
s odstupriovanou davkou v SirSich mezich vyplyva, Zze obsah Se ve hlizach brambor
(Turakainen et al., 2004), v zrnu pSenice (Broadley et al., 2010) ¢i kukufice (Chilimba
etal, 2012) je linedmi funkci davky SeO,”, tudiz lze aplikaéni davku Se snadno
optimalizovat. Nevyhodou tohoto typu biofortifikace je niz8i ucinnost osvojeni Se
plodinami z pfidaného SeO4* do plidy (Stroud et al., 2010b; Tremblay et al., 2015; Ros
et al., 2016), ktera Casto nepievy3uje 10 % (Haug et al., 2007). Nepfiznivy je také Casové
omezeny Gginek SeO,”, jednorazova aplikace zajisti adekvatni obsah Se v plodinach
nejCastéji pouze v prvnim, vyjimecné také ve druhém roce (Stroud et al., 2010b; Tremblay
et al., 2015).

Jako vzorovy pfiklad uspésné AB na narodni Urovni Ize pfedstavit feSeni alarmujiciho
deficitu Se ve Finsku, kde v 70. letech 20. stoleti &inil denni pfijem Se pouze 25 ug
(Alfthan et al., 2015). Na zakladé vladniho rozhodnuti zacali finsti producenti od roku 1984
do vSech vicesloZzkovych mineralnich hnojiv ur€enych k aplikaci k obilninam povinné
pridavat Na,SeO, v mnozstvi 16 mg Se kg™ susiny hnojiva (Hartikainen, 2005). Timto
opatfenim se vyznamné zvySil obsah Se ve vSech zemé&délskych produktech podél celého
produkéniho fetézce; napt. v zru p$enice jarni z pivodnich 10 pg kg”' na 250 pg kg™
(Eurola et al., 1990), v hovézim mase se obsah Se zvysil az 18x a v mlécnych vyrobcich
az 10x (Eurola et al., 1991). Na zakladé pravidelného monitoringu zmén obsahu Se
v zemédeélskych plodinach, vodé, krmivech a potravinach rostinného i zivociSného puvodu
a v lidské krevni plazmé byl obsah SeO4* v hnojivech v minulosti operativné regulovan
(Alfthan et al., 2015). Velmi dulezité zavéry, které potvrdily bezpe€nost a udrzitelnost

finské praxe, publikovali Keskinen et al. (2011), ktefi na stanovistich pravidelné hnojenych
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Se04* po dobu 13 let Zjistili jen mirnou, &asto statisticky nevyznamnou akumulaci Se
v pudé, a to pfedevSim v rostlindm méné &i zcela nedostupné pudni zasobé. Zkusenosti
z Finska v3ak nelze volné prevadét do podminek stfedoevropskych ¢&i jinych
agroekosystéma, nebot pudni fyzikalné-chemické a klimatické faktory podminuji zakladni
pudni procesy a vynos plodin. Pro porozuméni chovani SeO,* v ptidach konkrétnich
lokalit jsou role sbéru dat z agronomické praxe a viceletych polnich pokusl nezastupitelné
(Lyons et al., 2004; Broadley et al., 2006).

Dal$i moznost vnosu Se do pudy predstavuji hnojivé zavlahy se zvySenou
koncentraci oxoaniontll Se (Bafuelos, 2002; Mora et al., 2015; Nawaz et al., 2017) nebo
poskliziiové zbytky &i odpadni rostlinné materidly s vysokym obsahem Se (Ajwa et al.,
1998; Bafuelos et al., 2015; Wang et al., 2018). Pozvolny rozklad rostlinné biomasy
v pudé je pfislibem déletrvajiciho selenizacniho u¢inku, vyznam téchto materiall je vSak
silné limitovan lokalni dostupnosti. K vyvoji a nasledné aplikaci pomalu uvolfujicich se
forem Seanorg doSlo také v oblasti granulovanych mineralnich hnojiv (Gupta, 1995;
Broadley et al., 2010; Tremblay et al., 2015).

2.5.1.2 Foliarni aplikace Se

P¥i biofortifikaci rtiznych plodin postfikem ve formé roztoku SeO,* nebo SeOs* na povrch
porostu bylo zpravidla dosazeno vys$Si ucinnosti nez pfi aplikaci téchto soli do pudy, jak
vyplyva z pfimych srovnavacich studii obou aplikacnich metod (Galinha et al., 2015;
Thavarajah et al., 2015; Ngigi et al., 2019). Pro zajisténi optimalniho obsahu Se ve sklizni
je tedy zapotfebi nizSi hektarova davka Se. VySsi ucinnost foliarni aplikace Ize vysvétlit
absenci nezadoucich fyzikalné-chemickych a mikrobialnich mechanismd imobilizace
exogenniho Se v pudé ¢&i ztrat Se z dosahu kofenl (Kapolna et al., 2012).

Na rozdil od aplikace Se do pldy nelze v literatufe dohledat jednoznacny konsenzus
ohledné specie Se doporuc€ené k foliarni aplikaci. Je-li hlavnim kritériem volby akumulace
Se v jedlych &astech rostlin, vyznamné vy$si obsahy Se byly dosazeny zpravidla s SeO,*
(Kapolna et al., 2009; Deng et al., 2017; Zhang et al., 2019b). Z polnich pokusl Galinha
etal. (2013) vyplyva, Ze vysledek porovnani Gginnosti foliamé aplikovaného SeO,*
a SeO,> v téze fazi vyvoje pSenice byl geneticky podmin&n péstovanou odridou. Je-li
kritériem volby uc€innost Zadouci biotransformace Seanorg — Se€og Ve vynosotvorném
organu, pro nékteré plodiny byl zaznamenan vySSi obsah Se.q pfi aplikaci Se0s*
(Kapolna et al., 2012; Zhang et al., 2019b).

Zasadnim faktorem je spravné nacCasovani postfiku vzhledem k vyvojové fazi
porostu. Zatimco u obilnin bylo nejvy$si Gginnosti postfiku SeO,* dosaZeno pfi pozdéjsi
aplikaci, tj. ve fazi pred nalévanim zrna (Deng et al., 2017; Wang et al., 2020b), u hliz

brambor akumulace Se prubézné klesala spolu s pozdéjSim datem aplikace (Zhang et al.,

19



2019b). Pfi zmeskani optimalniho terminu foliarni aplikace muze byt Gcinnost
biofortifikace nizka, a to z divodu nedostate€ného Casu pro redistribuci Seqy z listl
floemem do zrna (Boldrin et al., 2013). Vyvojova faze v dobé postfiku dale ovliviiuje obsah
netransformovaného Seanorg V rostliné (Deng et al., 2017; Zhang et al., 2019b). Mezi
obsahem Se v jedlych ¢astech rostlin a mnozstvim foliarné aplikovaného Se plati linearni
vztah (Poggi et al., 2000; De Vita et al., 2017). Provedeni postfiku vyZaduje
technologickou kazen, nebot pfimy kontakt list s roztokem o nepfimérené koncentraci Se
zpusobuje nekrotické poskozeni (Kapolna et al., 2009).

Zavislost ucinnosti selenizace na klimatickych podminkach bé&hem a po folidrni
aplikaci a ekonomicky vynucené spojeni aplikace Se s jinym pojezdem po poli jsou
dalSimi specifiky, které se musi zohlednit pfi planovani realizace této metody (Aspila,
2005). Foliarni aplikace je méné efektivni metodou pro plodiny s mensi mérnou plochou
listd, resp. s mensi pokryvnosti povrchu pudy. V oblastech ¢astého vyskytu stresu rostlin
nasledkem sucha a tepla, ktery snizuje funkéni plochu listd, doporuéuji Lyons et al. (2005)
upfednostnit aplikaci Se do pudy.

Pfi biofortifikaci hliznatych a bulevnatych okopanin a kofenové zeleniny je nezbytné
uvazit rozsah redistribuce Se do podzemnich organu (Kapolna et al., 2009, Zhang et al.,
2019b). Uginnost akumulace Se vpodzemnich organech Ize zvysit pFidavkem
modifikatord do roztoku SeQ,*, napf. humusovych latek (Poggi et al., 2000). V porovnani
s aplikaci samotného Se0Q,*, koaplikace SeO,* + SO, (Golob et al., 2016) & SeO,*
+ mocCovina (Ramkissoon et al., 2019) zvySila obsah Se v semenech pohanky tatarské

(Fagopyrum tataricum), resp. v zrnu pSenice.

2.5.1.3 Alternativni metody biofortifikace
Pro uplnost vy¢tu metod AB je nutno uvést selenizaci osiva, tj. maceni a obalovani (Wang
et al., 2020b). OSetfeni osiva zlstava velmi malo prozkoumanym pfistupem k selenizaci.
Navzdory vysledkim nepocetnych praci, napf. Nawaz et al. (2017), které naznacily pfinos
maceni osiva v roztoku Na,SeQ,, se Sirsi uplatnéni téchto metod v praxi nepfedpoklada.
Naopak, pfidavek SeO,* do Zivného roztoku pfi hydroponickém pé&stovani vhodnych
druht listové zeleniny (Malorgio et al., 2009; Tomasi et al., 2015), aromatickych bylin
(Puccinelli et al., 2017b) a ovoce (Lee et al., 2007; Mimmo et al., 2017) nabizi vyznamny
aplika¢ni potencial pro produkci funk&nich potravin. Hydroponické systémy vynikaji
v moznostech kontroly a optimalizace pfisunu Se v ase a minimalizace ztrat Se
(Puccinelli et al., 2017a). Ve vyzkumu funkénich potravin se klade duraz na identifikaci
novych slou€enin Se s prospéSnymi biologickymi ucinky (Pyrzynska, 2009). V popfedi
zajmu jsou specie s vysokou chemopreventivni aktivitou, napf.

Se-alkylselenocysteiny, Se-alkenylselenocysteiny a jejich y-glutamyl derivaty (Block et al.,
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2001). V souvislosti s jejich vyskytem jsou nejCastéji citovani zastupci ¢eledi amarylkovité
(Amaryllidaceae) (Wrébel et al., 2004) a brukvovité (Brassicaceae) (Wiesner-Reinhold
etal., 2017). NejvySSich obsahl bioaktivnich latek je dosahovano pravé
pFi hydroponickych kultivacich. Avila et al. (2014) stanovili obsah Se-methylselenocysteinu
(SeMetCys) v mladych vyhonech brokolice a kvétaku (Brassica oleracea var. botrytis)
vy$8i nez 100 mg kg™ Se v susiné.

Zatim zcela nevyuzity potencial dfima v metodach tzv. genetické biofortifikace. Ve
své zakladni a celospole€ensky pfijatelné podobé se jedna o prostou selekci a Slechténi
odrid dané plodiny, které vykazuji vy$si miru akumulace Se (Zhu et al., 2009; De Vita
et al., 2017). Velky pokrok v oblasti biofortifikace Se slibuje genové inZenyrstvi a produkce
transgennich rostlin. Prvotni pozornost je soustfedéna na geny kédujici enzymy
a transportéry metabolismu S, jejichz manipulace by snizila substratovou kompetici mezi
S a Se (a jejich intermediaty), napf. zvySenim selektivity vic¢i Se. Zasah do genomu by
mohl ovlivnit G&innost v8ech kritickych diléich procest, tj. pfijem a translokace SeO.”,
redukce SeO,> — Se0,%, transformace Seanorg — Seorg, akumulace v jedlych €astech
rostlin (Hawkesford a Zhao, 2007; Malagoli et al., 2015).

2.5.2 Biofortifikace repky olejné

Tato olejnina, poskytujici na proteiny bohaté pokrutiny a extrahovany Srot, tj. vedlejsi
produkty vznikajici ve velkém méfitku pfi zpracovani fepky na olej, je vyhodnym
kandidatem na zafrazeni do biofortifikacniho programu s vyhledem na zkrmovani Srotu
a pokrutin. Toto tvrzeni Ize podloZit nasledujicimi uvahami: (i) fepka vykazuje znacnou
osvojovaci schopnost pro Se (Baruelos et al., 1998; Dhillon a Dhillon, 2009); (ii) témé&rf
100 % akumulovaného Se v semenech pfechazi do fepkového Srotu (Liu et al., 2017);
(iii) vedlejsi produkty ze zpracovani fepky se pouzivaji jako pfimési do krmnych davek
prezvykavcl (Thomke, 1981) i nepfezvykavcl (Clandinin a Robblee, 1981); a (iv) fepka
produkuje glukosinolaty (Davik a Bakken, 1999), jejichz Se analogy maiji vySSi bioaktivni
ucinky (Matich et al., 2012). Zajem o fFepku dokumentuje fada praci zabyvajicich se
riznymi aspekty jeji selenizace, napf. modelovanim predikce akumulace Se (Kikkert
et al., 2013), vlivem koaplikace selenan( a siran(i na ptijem SeO,* (Renkema et al., 2012;
Kikkert etal.,, 2013; Liu et al., 2016; 2017), translokaci Se (Renkema et al., 2012;
Ebrahimi et al., 2015; Liu et al., 2016), vynosem, fyziologickymi parametry a kvalitou
semen (Seppanen etal., 2010; Sharma et al., 2010; Ebrahimi et al., 2015; Liu et al.,
2017), speciaci Se v semenech (Seppanen et al., 2010; Bafiuelos et al., 2012), vlivem
abiotickych faktort prostfedi (Johnsson, 1991; Renkema et al., 2012) a volbou rliznych
kultivari fepky (Nezami a Bybordi, 2012). Specia¢ni analyza technikou HPLC-ICPMS

zZjistila SeMet jako hlavni specii Se v enzymatickych hydrolyzatech selenizovanych semen
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fepky (Seppanen et al.,, 2010; Baruelos et al., 2012; Balan et al., 2013). Spolehliva
identifikace a strukturni charakterizace neznamych specii Se vyZaduje spfaZeni
chromatografické separace s tzv. mékkymi ionizaénimi technikami v kombinaci

s tandemovou hmotnostni spektrometrii s vysokym rozliSenim (Ruszczynska et al., 2017).

2.6 OSUD EXOGENNIHO SELENANU V PUDE

Po aplikaci do pldy, nej¢astéji ve formé Na,SeQO,, selenan rychle pfechazi pro svou
vysokou rozpustnost v polarnim prostfedi (Séby et al., 2001) do pudniho roztoku, ¢imz se
stava soucasti velmi mobilniho a rostlinam pohotové dostupného podilu Se.,. Timto
zasahem zvenci je naru$ena distribu¢ni rovnovaha Se mezi kapalnou a pevnou fazi pady,
stejné tak rovnovaha mezi Se,,, a ostatnimi frakcemi nativni zasoby Se v plidé (Sespec.ads,
Seorg, S€°%, Sercziaual). Potinaje vstupem do pudy SeO,” podléha fyzikalng-chemickym
a mikrobialnim procesim, které spéji k postupnému ustanoveni nové dynamické
rovnovahy (Di Tullo et al., 2016; Wang et al., 2017). Tyto procesy Ize souhrnné oznadcit
jako stabilizaci Se v pidé a dochazi pfi ni k poklesu mobility a biodostupnosti Se s ¢asem
vlivem komplexnich imobilizacnich mechanism( (Li et al., 2016). Tyto mechanismy
zahrnuji adsorpci, precipitaci, komplexaci, okluzi organickou hmotou, oxidaéné-redukéni
zmény a ruzné biotransformace (Wang et al., 2017). RozliSeni a stanoveni pfFispévku
jednotlivych simultanné probihajich mechanismu je obtizné. Z kinetického hlediska je
mozno cely proces popsat dvéma fazemi (Li et al., 2016).

V prvni fazi je osud SeO4* (i SeO;*) v plidé Fizen predevsim rychlou abiotickou
imobilizaci (Vuori et al., 1994; Loffredo et al., 2011; Garcia-Sanchez et al., 2014). Rozsah
imobilizace oxoaniontl Se béhem této faze koreluje s fyzikalné-chemickymi pudnimi
parametry, které podmifiuji adsorpéni kapacitu pad, tj. hodnota pH, obsah jilnatych ¢astic,
(hydr)oxida Al a Fe, obsah POH a specificky mérny povrch (Vuori et al., 1994; de Abreu
etal.,, 2011; Fan a Zhao, 2018). Podle Vuori et al. (1994) trva prvni faze ve finskych
zemeédélskych pudach, pfevazné kyselych, dny az nékolik tydnd. Odhady se vSak velmi
liSi v zavislosti na experimentalnim designu, ptdnich charakteristikach a koncentracich
Se04* uplatnénych v jednotlivych studiich. Pfi imobilizaci zaloZzené na elektrostatické
interakci mezi SeO, a ptdnimi &asticemi (hydr)oxid(i Fe se v modelovych experimentech
s intenzivné promichavanymi pudnimi suspenzemi ustanovuje adsorp¢ni rovnovaha
prakticky okamzité, resp. do 5 minut (Duc et al., 2003; Jang et al., 2015). V realnych
systémech v polnich podminkach se uplatfuji kinetika rozpousténi granule hnojiva a
difuze (Basu et al., 2010), které limituji kontakt SeO,* s pudnimi &asticemi. V pudach
alkalickych m(ize byt vyznam rychlé po¢ateéni abiotické imobilizace Se0,* vyrazné mensi
(Wang etal., 2017) nebo zcela zanedbatelny (Fio et al., 1991). Hlavnim zdrojem

kvantitativnich dat o retenci exogenniho SeO,> v ptd& jsou vsadkové sorpéni
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experimenty. VétSina publikovanych hodnot distribuéniho koeficientu Ky (definovaného
vztahem R1), fadové 10" az 10" L kg™, potvrzuje slabou adsorpci SeO,* v evropskych
pudach (Vuori et al., 1989; Ggaard et al., 2006; Loffredo et al., 2011; Soderlund et al.,
2016; Smazikova et al., 2019). Pddy tropickych klimatickych oblasti s vyznamnou
aniontovou vyménnou kapacitou dosahuji hodnot Ky v rozmezi 10° az 10% L kg™ (Gabos et
al., 2014; Lessa et al., 2016).

Ki = Qeq/ Ceq (R1)
kde Qe [ug kg'] je rovnovazné mnozstvi adsorbovaného Se (SeO,*) vztazené na
hmotnost pady; Ceq [HG I"] je rovnovazna koncentrace Se (SeO,%) ve vyluhu po kontaktu
s pudou.

Vyznam pFispévku abiotickych mechanismu, pozdéji v ramci prvni faze jde predevsim
o kineticky limitované procesy jako je tvorba vnittnich komplext a redukce SeO,*, se
s ¢asem snizuje ve prospéch imobilizace zprostfedkované padnimi mikroorganismy (Vuori
et al., 1994; Loffredo et al., 2011; Garcia-Sanchez et al., 2014), tj. asové neohraniteny
zacCatek druhé faze stabilizace Se v pidé. O pfimé souvislosti mezi imobilizaci oxoaniont(
Se a aktivitou padnich mikroorganismG vypovidaji mikrobialné indukované zmény ve
speciaci Se (Dungan a Frankenberger, 1999), v extrahovatelnosti Se z pudy (Darcheville
et al., 2008), v hodnotach Ky (Février et al., 2007), v kinetice sorpce (Garcia-Sanchez et
al., 2014), a to zvlasté v prostfedi rhizosféry (Munier-Lamy et al., 2007). Obecné pro
rychlost stabilizace Se v plidé plati SeOs*> > SeO,> (Peng et al., 2019). Zatim nebylo
objasnéno, zda primarni pfiginou je pevné&jsi adsorpce SeOs* na pldni mineralni
komponenty (Duc et al., 2003), vy$si afinita SeOs* k organické hmoté& (Bruggeman et al.,
2007; Keskinen et al., 2013; Martin et al., 2017) nebo skute¢nost, Ze rychlost mikrobialni
asimilaéni redukce neni limitovana rychlosti prvniho kroku SeO,> — SeOs* (Eswayah et
al., 2016).

Novy pohled na vyzkum stabilizace exogenniho Se zpfistupnilo vyuZiti technik
ICPMS a HPLC-ICPMS pro sledovani osudu izotopové obohacenych oxoaniontid Se
pfidanych do pady. V pilotni studii Tolu et al. (2014b) byla ustanovena distribuéni
rovnovaha "’Se (z aplikace "SeO;*) mezi kapalnou a pevnou fazi pidy po 1 mésici
inkubace. Nicméné&, chemicka speciace a frakcionace 'Se nebyly stabilni ani po
3 mésicich, ¢imz byla zpochybnéna validita poznatk(i o chovani Se v pudé odvozenych
z kratkodobych inkubacénich pokusl. Navazujici studie (Di Tullo et al., 2016), trvajici
2 roky v polnich podminkach, vyzdvihuje vyznam pomalych difuzi Fizenych procesu,
jejichz vysledkem byla redistribuce ""Se smérem k velmi stabilnim frakcim. Jak dokladaiji
dalsi autofi, i bez vyuziti izotopového znaceni se frakcionace Se jevi jako uziteCny pfistup
ke studiu osudu exogenniho Se0,* (Keskinen et al., 2011; Wang et al., 2017) i Se0;*
(De Feudis et al., 2019) v pudé.
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Na zakladé vySe citovanych praci |ze akceptovat, Ze proces stabilizace Se v plidé je
ovliviiovan padnimi charakteristikami a je ukoncéen, kdyz exogenni Se splyne s distribuci
a speciaci nativniho Se. Podle predikénich modeld mGze navozeni tohoto stavu po
jednorazové aplikaci Se v mnoZstvi nékolika stovek pg kg™ trvat desitky let (Di Tullo et al.,
2016; Wang et al.,, 2017). Nutno pfipomenout, Ze mezi faktory ovliviiujici stabilizaci
a distribuci Se v pudé patfi aplikacni davka Se a pfitomnost péstovanych rostlin (Peng
etal.,, 2016). Vtomto ohledu se skuteénym podminkam biofortifikace nejvice pfiblizili
Mathers et al. (2017) a Ligowe et al. (2020), ktefi komplexné zkoumali chovani izotopové
obohaceného SeO,” v systému plda-rostlina po aplikaci realistické davky 10 g ha™” Se
(~4 ug kg pudy). Autordm se podafilo objektivné kvantifikovat pokles biodostupnosti
exogenniho Se s ¢asem, uroven fixace Se v kontrastnich padach i ztraty Se ze systému.
Na ztratach exogenniho Se se podilely vertikalni vyluhovani, volatilizace z pudy a odbér
Se rostlinami (Di Tullo et al., 2016; Mathers et al., 2017; De Feudis et al., 2019). Cast Se
Ize do pudy navratit zaoranim vedlejSich produktl selenizovanych plodin, posklizhovych
zbytkd ¢i meziplodin, a tim po mineralizaci Se.q potencialné zpfistupnit dodatecny zdroj

Se pro naslednou plodinu (Stavridou et al., 2011; Mathers et al., 2017).

2.6.1 Viliv aplikace hnojiv na osud exogenniho Se

Zamérné dosud opomijenym aspektem AB v této praci je vliv hnojiv a organickych
materiald aplikovanych do pady na dostupnost exogenniho Se rostlinam. Hnojeni pldy
muze pulsobit, zvlasté prostfednictvim aniontovych kompetici, na rovnovahy dil€ich
fyziologickych a pladnich procesu s u€asti oxoaniontd Se, a tim ovlivnit celkovou Ucinnost
biofortifikace. Jak vyplyva z nasledujicich kapitol 2.6.1.1 a 2.6.1.2, v systému puda-

rostlina Ize uvazovat nékolik urovni kompetice.

2.6.1.1 Vliv aplikace mineralnich hnojiv

Chemicka podobnost SO4* a SeO,* mliZze byt pficinou velmi komplexniho uginku sirand
na biodostupnost selenanu: (i) sirany pfi kompetici o dostupna sorp¢ni mista v pudé
udrzuji selenan v ptdnim roztoku (Goh a Lim, 2004; Lefévre a Fédoroff, 2006); (ii) SO,*
snizuji mikrobialni imobilizaci Se inhibici transportu SeO,* do buné&k pidnich
mikroorganism( v ramci sdileného transportniho systému pro oba oxoanionty (Lindblow-
Kull et al., 1985; Aguilar-Barajas et al., 2011) a také inhibuji vyuziti SeO,* plidnimi sulfat-
redukujicimi bakteriemi pfi disimiladni redukci (Zehr a Oremland, 1987); (iii) SO4* snizuji
pfijem selenanu rostlinami pfi kompetici o rhizodermalni transportni systém (White et al.,
2004; Renkema et al., 2012); (iv) stav rostliny z hlediska vyzZivy sirou reguluje expresi

gen(l transportértd SO4*, a tedy i SeO,* (Parmar et al., 2007; Schiavon a Pilon-Smits,
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2017). Lze pfedpokladat, ze ve skutecnosti se uplatfiuji vSechny Urovné (i—iv) simultanné
a navenek se projevi pouze jejich kombinovany aditivni efekt.

V souladu s tim se fada autorl omezila na konstatovani, zda aplikace S0,% snizila &i
zvySila dostupnost Se rostlinam, a sva zjisténi opiraji o navrh hlavniho mechanismu
pusobeni (i-iv). Ve vétsing polnich i nadobovych experimentt byl po koaplikaci SO4*
a Se0,* zaznamenan pokles obsahu Se v plodinach, a to s odkazem na prevladajici
mechanismus (iii) (Mikkelsen a Wan, 1990; Lyons et al., 2005; Liu et al., 2017; Santiago
et al., 2018). Opaény u&inek SO,* popsali Kikkert et al. (2013), vyraznéji pro fepku
olejnou v porovnani s pSenici. Autofi hypotetizovali vyznam aniontové kompetice dle
mechanismu (i) a (i) a dale prokazali, ze SO,* vyté&siiuji nativni Se z piidni zasoby, coz
pfispélo k vyS§Simu pfijmu Se rostlinami. Poprvé v polnich podminkach na disledky
komplexnosti interakci mezi SO,> a SeO,*, zahrnujici pudni i fyziologické procesy na
v8ech urovnich (i—iv), upozornili Stroud et al. (2010b). Fyziologicky fenomén (iv) byl v této
studii vyuZit k interpretaci protichtidnych tginki SO4* na dostupnost Se p$enici, ktera byla
péstovana v padé s dostate¢nou ¢i limitujici zasobou S. Relevance mechanismu (iv) pro
ovlivnéni pfijmu SeO,* byla jednoznaéné prokazana v rostlinach pSenice pé&stovanych
v plidé chudé sirou pfi studiu exprese SO,* transportéri metodou PCR spojenou
s reverzni transkripci (Shinmachi et al., 2010).

Hnojeni PO,*> muze interferovat s u&innosti aplikace SeO,* predevsim na drovni (i),
tj. analogicky se sirany. FosforeCnany se vyznacuji silnou sorpéné-kompeti¢ni schopnosti
vytésniovat Se zpudniho sorpéniho komplexu (Nakamaru et al., 2006). Mobilizace
nativniho Se a/nebo preferenéni obsazeni sorpénich mist v ptidé PO,* mohou vysvétlit
vy$8i udinek biofortifikace rtiznych plodin pfi koaplikaci SeO,* a PO,> (Zhang et al., 2017;
Ngigi et al., 2019). Vyznam PO,* je zfejmy i z &etnych studii, ve kterych se jako indikator
biodostupnosti Se objevily obsah dostupného P v pudé, mira nasyceni sorpéniho
komplexu fosforem nebo kapacita ptidy sorbovat PO,*> (Nakamaru a Sekine, 2008; Eich-
Greatorex et al., 2010; Lee et al., 2011). V pfipadé ¢asté redukce SeO,*> — SeOs* v pudé
nebo pfimé aplikace SeO;* prichazi v Gvahu také kompetiéni troven (iii), tj. soutéz PO,>
s SeO;* vramci fyziologického pfijmu rostlinou (Hopper a Parker, 1999). Tento
kompeti¢ni mechanismus (iii) spolu s ,fedénim“ Se v biomase (vétSi vynos pSenice po
aplikaci PO,*) povazovali Nie et al. (2020) za primarni pfi¢inu poklesu UG&innosti
biofortifikace pfi koaplikaci PO,> a SeOs;*. Naopak zadouci vliv PO,> na uginnost
selenizace jilku vytrvalého (Lolium perenne), a to podle kompeti€¢niho mechanismu (i),
publikovali He et al. (1994). Vyznamnou roli mechanismu (i) podpofili i dalSi autofi (Liu
et al., 2004; Zhang et al., 2017; Peng et al., 2020), ovSem pouze pfi aplikaci relativné
nizgich davek PO,*. Srostouci davkou NaH,PO, & NH,H,PO,, kterou doprovazelo

snizeni pH pudy, byla pozorovana nizsi akumulace Se v tolici vojtéSce (Medicago sativa)
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a pSenici jako projev zvy$ené imobilizace SeOs* adsorpci (Zhang et al., 2017; Peng et al.,
2020).

Adsorpci oxoaniontd Se mohou potencialné zvysit vSechna mineralni hnojiva snizujici
pldni pH. S vyssi aktivitou H* v ptidnim roztoku dochazi k protonizaci funkénich skupin na
povrchu pudnich minerall, coz usnadruje jejich interakci s oxoanionty Se (Fernandez-
Martinez a Charlet, 2009). Teoreticky mohou inhibovat adsorpci, pfedevSim selenanu,
jakakoliv hnojiva v€etné téch, ktera obsahuji zna¢né indiferentni anionty (NO3 a CI'), a to
vlivem vzrustajici iontové sily padniho roztoku (Wu et al., 2000). Navic, za specifickych
podminek muze NO; kompeticné inhibovat mikrobialné zprostfedkovanou i abiotickou
redukci Se0,* (Fellowes et al., 2013) a tim udrZovat Se v mobilni formé.

Pfi aplikaci granuli mineralnich hnojiv obohacenych o SeO,? se skryté uplatiuji jevy,
které ucinnost biofortifikace snizuji. Ramkissoon et al. (2019) se domnivaji, Ze za pokles
uginnosti miZe byt zodpovédna redukce SeO,> — SeOs;” v anoxickych mikrozénach,
které se vytvofily vlivem osmoticky fizeného toku pudni vody smérem k rozpoustéjici se

granuli.

2.6.1.2 Vliv aplikace organické hmoty
Dllezitym impulzem pro vyzkum vlivu vstupu organickych latek do pudy na uc€innost
biofortifikace byla existence uméry mezi obsahem nativnhiho Se a POH (Roca-Perez et al.,
2010; Gabos et al., 2014). Interpretace tohoto vztahu je obtizna, nebot obsah POH muze
korelovat s potencialni biodostupnosti nativniho Se vyznamné negativné (Xing et al.,
2015) i vyznamné pozitivné (Xiao et al., 2020). Pro vyuziti na zemédélské pudé Ize
tradi¢né uvazovat nasledujici materialy: zbytky vypéstované biomasy a vedlejsi produkty
z jejiho zpracovani, statkova hnojiva, kaly rGzného puvodu a komposty (Goss et al.,
2013). V minulosti byl zkouman vliv téchto materiali na zmeénu biodostupnosti Se
pfedevsim v selenifernich padach, vyuziti takovych poznatkd v souvislosti s exogennim
Se je sporné. Po jednorazovém pfidavku hnoji odlisného plvodu byla zjisténa nizSi
akumulace Se v semenech rGznych plodin (Dhillon et al., 2010; Sharma et al., 2011).
Nizsi transfer Se z pudy do zrna obilnin nalezli Wang et al. (2016) na poli pravidelné
hnojeném kompostem po dobu 20 let oproti ostatnim variantam vé&ného pokusu. VySsi
biodostupnost Se po aplikaci chlévského hnoje je obecné méné C&astym pfipadem
(McGregor et al., 2008; Lacatusu et al., 2013). Mechanismy pusobeni organickych
materiall navrzené ve vySe uvedenych studiich se lisi a byly ¢asto podany bez dlikazu.
Podle Coppin et al. (2009) pevné &astice POH (> 50 uym) maiji pfevazné jen funkci
nosild menSich mineralnich &astic (< 3 um), na kterych se realizuje vlastni adsorpce
oxoaniontd Se. Dinh et al. (2017) uvedli, Ze s mobilitou a biodostupnosti Se v padé

nejvice a velmi komplexné interferuje POH,o,, v Sirokém spektru molekulovych hmotnosti
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(10'-10° Da), jejimz latentnim zdrojem v pidé je iaplikace organickych materiald
(Sharma et al.,, 2011; Wang et al., 2019b). Z ddvodu pusobeni pfevazné odpudivych
elektrostatickych sil I1ze s pfimou interakci mezi oxoanionty Se a ¢asticemi POH pocitat
jen omezené, nejvice za podminek protonizace aminoskupin na NH;" (Saada et al., 2003;
Yamani et al., 2014). Vznik aduktll neznamé struktury sestavajicich se z SeOs* a
rozpusténych polysacharidi demonstrovali voltametrickou metodou Ferri a Sangiorgio
(1999). Mustkové kationty (napf. Fe**) mohou interakci mezi zaporné nabitymi &asticemi
zprostiedkovat za vzniku ternarnich komplexti typu humusova latka<—>mustkovy
kation—oxoanion Se (Bruggeman et al., 2007; Martin etal., 2017). Vyznamnym
zastupcem POHo, jsou nizkomolekularni karboxylové kyseliny. O tom, zda se projevi
jejich inhibiéni (kompetice o sorpéni mista nebo ztrata sorp&nich mist) nebo zesilujici
(vznik specifickych povrchovych komplext €i precipitatd nebo indukce abiotické redukce)
ucinek na imobilizaci Se, rozhoduje jejich molekularni struktura, jak dokladaji experimenty
v jednoduchych systémech obsahujicich oxoanionty Se, konkrétni karboxylovou kyselinu
a modelovy adsorbent (Wijnja a Schulthess, 2000; Favorito et al., 2018; Fang et al.,
2019).

Aplikace organické hmoty ovliviiuje ucinnost biofortifikace prostfednictvim mnoha
proménnych: zménou aktivity a diverzity mikroorganismu (Calderone et al., 1990; Tian et
al., 2015), zménou fyzikalné-chemickych parametrd pud (Blanchet et al., 2016; Gémez-
Brandon etal., 2016) a pUdni struktury (Kausch a Pallud, 2013), vnosem dalSiho
exogenniho Se (Lacatusu et al., 2013). Pfidavek hovéziho hnoje snizil dostupnost Se
z exogenniho SeO,* rostlinam kostfavy rakosovité (Festuca arundinacea) a fepky olejné
jako dlsledek stimulace mikrobidlni asimilaéni redukce SeO,* (Ajwa et al., 1998).
Naopak, sorpéni kompetice mezi anionty POH,,, z kravského hnoje a oxoanionty Se
zvysila ucinnost selenanu pfi biofortifikaci pSenice v experimentu @gaard et al. (2006). Pfi
koaplikaci SeO,* se slamou se produkty rozkladu fytomasy v pGdé asociovaly
s exogennim Se, struktura a vznik téchto specii (Se-POH,q,,) zatim nebyla objasnéna
(Wang et al., 2019b). P¥i stabilizaci Se v pudé se speciace a frakcionace Se-POH;q,
dynamicky vyviji od Se asociovaného s nizkomolekularni POH,.,, (hydrofilni kyseliny,
fulvokyseliny) k asociacim s vysokomolekularni POH,.,, (huminové kyseliny). Pribéh této
transformace zavisel na vlastnostech experimentalnich pud, avSak vzdy vedl ke snizeni
ucinnosti selenizace pSenice (Wang et al., 2020a).

Nehledé na spravnost diskutovanych mechanismu interakce, je zfejmé, Ze kvantita
a kvalita (slozeni, aromaticita a funk&éni skupiny) POH hraji vyznamnou roli pro

biodostupnost exogenniho Se v padé (Coppin et al., 2006; Wang et al., 2020a).
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2.7 KVANTITATIVNi STANOVENIi SELENU TECHNIKOU ICPMS

Nizké detekéni limity (DL), rychld multiprvkova analyza, Siroky dynamicky lineami rozsah
a pfesnost méfeni jsou hlavni atributy, které ucinily z hmotnostni spektrometrie s indukéné
vazanym plazmatem (ICPMS) velmi atraktivni techniku pro stopovou/ultrastopovou
elementarni analyzu biologickych a environmentalnich vzorkld. V nasledujicim textu,
nebude-li uvedeno jinak, je zkratkou ICPMS minéna nejrozSifenéjSi konfigurace vybavena
jednim kvadrupdlovym hmotnostnim filtrem.

Spravné stanoveni velmi nizkych koncentraci Se (< 1 pg I'") patfilo v minulosti mezi
obtizné aplika¢ni oblasti ICPMS, a to ze dvou duvodu: (i) vysoka hodnota prvniho
ioniza¢niho potencialu (1. IP) Se (9,75 eV) je pFicinou nizké Ginnosti ionizace Se — Se*
(~33 %) v Ar plazmatu (Jarvis et al., 1992); (ii) vS8ech 6 stabilnich izotopl Se je zatizeno

spektralnimi interferencemi z Ar plazmatu a matrice vzorku (May a Wiedmeyer, 1998).

2.7.1 Spektralni interference (Sl)

Hlavni omezeni kvadrupodlovych ICPMS spociva v nedostate¢ném rozliSeni iontd o blizké
hmotnosti, resp. blizkém podilu hmotnosti ku naboji (m/z). V pfipadé Se trpi jeho hlavni
izotopy ®Se a %°Se zavaznymi spektralnimi prekryvy s dimery “°Ar®Ar a “°Ar*°Ar*
a s mnoha dal$imi polyatomickymi ionty (PFiloha 1) a také izobarickymi prekryvy ("°Kr*
a %°Kr*), &imz vznika fale$né pozitivni signal (Guo et al., 2013). Pfiloha 1 uvadi rozliSovaci
schopnost konvenénich hmotnostnich analyzatord a rozliSovaci schopnost nezbytnou pro
rozliSeni typickych Sl pfi stanoveni Se (Feldmann et al., 2000; Elwaer a Hintelmann,
2008). Vyuziti elektrotermické vaporizace (ETV-ICPMS) nebo generovani hydridd
(HG-ICPMS) pro zavadéni analytu do plazmatu v plynné formé snizuje intenzitu Sl
z komplexnich  matric (McCurdy et al., 1993; Lam et al, 1999). Instalace
koliznich/reak&nich cel do instrumentace ICPMS zasadné eliminovala spektralni pfekryvy
®Se a ¥Se s polyatomickymi ionty. Olesik a Gray (2014) testovali 13 r(iznych
koliznich/reak&nich plyna (CH,4, O,, H,, CH3F, CoHs, N2O, NH3, SFg, Xe, Ne, N,, CO a Ar)
uziteCnych pfi stanoveni Se, rovnéz popsali mechanismy odstranéni Sl. V jejich vyctu
chybi v koliznim modu univerzalné pouzivané He, které sice ucinné sniZuje signal
“OAr*®Ar* diskriminaci dle kinetické energie iont(i (Bishop et al., 2015), ale vy$§i citlivosti
a lepSich DL se standardné dosahuje s H,, pfipadné se smésmi H, + He (Darrouzes
etal., 2005) & s CH; nebo NH; (Sucharova, 2011). DalSim nedostatkem He je jeho
neschopnost zamezit interferencim s dvojnasobné nabitymi ionty kovl vzacnych zemin
(Jackson et al., 2015), jejichz obsah v pGdach a biologickych vzorcich Casto nelze
zanedbat (Tyler, 2004). Za predpokladu optimalizace plazmatu a parametrd reakéni cely
Ize k uginné eliminaci prekryvu, napt. *Gd?* a ®Se, vyuzit reaktivni plyny H,, CH4 nebo

NH; (Sucharova, 2011; Jackson et al.,, 2015). NejvySsi Uroven kontroly vzniku
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a odstranéni polyatomickych i izobarickych interferenci umoznuji ICPMS systémy se
dvéma kvadrupdly (ICPMS/MS). Pfednosti tandemového ICPMS/MS pfi stanoveni Se
(na m/z 94) v obtiznych matricich pfi méfeni v O, médu s vyuzitim posunu ®Se —
83e'0" prezentovali Bishop et al. (2015) a Jackson et al. (2015).

2.7.2 Nespektralni interference (NI)

Mineralizaty vzorkl( rostlin z kyselého rozkladu na mokré cesté a vyluhy pad roztoky
kyselin, zasad a soli pfedstavuji komplikované matrice majici potencial zpUsobit rizné
typy NI kdekoliv na cesté analytu mezi zmlZzovalem a iontovou optikou (Agatemor
a Beauchemin, 2011). Mezi problematické vlastnosti téchto roztokd patfi: (i) vysoka
koncentrace anorganickych kyselin, ktera ovliviiuje tvorbu aerosolu a energetiku plazmatu
(Aguirre et al., 2014); (ii) vysoké koncentrace matri¢nich prvkd o nizké hodnoté 1. IP
a/nebo o vysoké atomové hmotnosti, jenz mohou potlaCovat signal analytu (Fraser
a Beauchemin, 2000; Colon et al., 2011; Mariet et al., 2011), nejCastéji pfekroCenim
mezniho prostorového naboje viontovém paprsku (tzv. space charge efekt) nebo
posunem v ionizaCnich rovnovahach analytu v plazmatu; (iii) nezanedbatelna koncentrace
Crozp zesilujici intenzitu signalu Se, a to zvy$enim abundance Se® v plazmatu
mechanismem pfenosu naboje z C* specii (Hu et al., 2004; Kovadevi¢ a Goessler, 2005;
Grindlay et al., 2013). Pfenosem naboje z S* a P* na atomy Se se zabyvali Garcia-Poyo
et al. (2015) a Grindlay et al. (2016). Korekce NI ve slozitych matricich metodou interni
standardizace &asto selhava (Ejima et al., 1999; Moellmer et al., 2007). ReSenim je
uplatnéni vhodné kalibracni metody, napf. pfidavku standardu nebo pfizpisobeni matric
(tzv. matrix matching). Kalibrace metodou izotopového fedéni, za pfedpokladu absence Sl
na monitorovanych izotopech, spolehlivé eliminuje vliv matrice, v&etné vlivu na transportni
ucinnost, a koriguje progresivni drift signalu i okamzitou nestabilitu ICPMS systému
(Kleckner et al., 2017). Alternativni strategie eliminace NI zahrnuji upravu vzorkd pro
separaci analytu z matrice ¢i odstranéni vyznamného interferentu nebo vyuZziti jiného

systému zavadéni vzorka (Dams et al., 1995; Aguirre et al., 2014).
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3 HYPOTEZY A CILE PRACE

S ohledem na komplexnost vztaht ovliviiujicich uc€innost biofortifikace selenem byly

hypotézy a cile prace navrZzeny na nékolika udrovnich, které se liSi poctem

experimentalnich proménnych majicich vliv na dostupnost Se rostlinam.

Hypotéza ¢. 1

Rychla abioticka sorpce SeO,* mulzZe prispét ke snizeni vyluhovani Se z orniéni vrstvy,

¢imz potencialné zvysi ucinnost aplikovaného hnojiva ve formé selenanu.

Cile na arovni I:

(1a) kritické zhodnoceni padnich vyluhi coby matrice zplsobujici nespektralni
interference pfi méfeni koncentrace Se technikou ICPMS

(1b) identifikace a zmirnéni nasledkl metodickych slabin, které se mohou vyskytovat ve
vsadkovych sorpénich experimentech a mohou zkreslit sorpéni data naméfena
ICPMS

(1c) kvantitativng vyhodnotit rychlou abiotickou sorpci SeO4* ve vybranych pudach

(1d) objasnit vliv siranu, fosforeCnanu a dusiCnanu na rozsah abiotické imobilizace
Se0,* v plidé

Hypotéza €. 2

Hlavnim ¢&initelem sniZujicim mobilitu a dostupnost pfidaného SeO,* ve vybranych

pudach je imobilizace zprostfedkovana pudnimi mikroorganismy.

Cile na arovni ll:

(2a) sledovani zmé&n mobility a dostupnosti Se v ptidé s dasem po aplikaci SeO4*

(2b) objasnit vliv siranu, fosfore€nanu a labilniho organického uhliku na rozsah abiotické
i mikrobialni imobilizace Se04* v pudé

(2c) ovéfit redoxni stabilitu pfidaného SeO,* v potencialné rostlinam dostupné pldni
zasobé
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Hypotéza €. 3

Racionalni aplikace siranovych a fosforednych hnojiv spolu s SeO,* nesnizi G&innost

selenizace fepky olejné.

Cile na urovni lll:
(3a) zhodnoceni komplexniho pudniho a fyziologického Ucinku siranu a fosfore€nanu na
ucinnost biofortifikace fepky olejné selenem

(3b) posouzeni vlivu vyzivného stavu rostliny z hlediska siry na pfijem a distribuci Se
v fepce olejné

(3c) speciacni analyza Se v fepce olejné a potencialni vliv siranu a fosfore¢nanu na
speciaci Se

Hypotéza €. 4

Uginnost foliarni selenizace fepky olejné vyznamné zavisi na puadné-klimatickych
charakteristikach stanovisté.

Cil na drovni IV:

(4a) sledovani distribuce foliarné pfijatého Se v rostliné na dvou raznych stanovistich
v zavislosti na fazi vyvoje fepky v polnich podminkach
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ABSTRACT ARTICLE HISTORY

Low selenium (Se) dietary intake has encouraged the development of Received 14 November 2017
fortification strategies such as SeO,* application to arable land. Selenate Accepted 12 August 2018
is highly mobile in soil systems, but it is not known whether fast abiotic KEYWORDS

retention could reduce Se loss from topsoil after Se0,* fertilisation. This Selenium; soil sorption;
work explicitly aims at fast abiotic Se0,>” sorption in three soils exposed anion competition; ICP-MS;
to 20-1250 g L~" Se in a 24-h batch experiment. This study demon- interferences

strated the susceptibility of Se sorption data to distortion when induc-
tively coupled plasma quadrupole mass spectrometry (ICP-QMS)
measurements suffered from non-spectral interferences induced by con-
comitant elements in an aqueous soil-derived matrix. The distribution
coefficient (Ky), not exceeding 2 L kg™ at any Se level, was shown to be a
useful indicator for the extent of ion competition for sorption sites
depending on the Se0,* concentration employed. Sorption experiments
conducted in the presence or absence of nitrate (10 mM), sulphate
(0.52 mM) and phosphate (0.21 mM) allowed three phenomena explain-
ing different Se0,* retention behaviours found even between similar
Cambisols to be proposed. Finally, we showed that the co-application of
sulphate or phosphate with SeO,> might decrease Se sorption from
150-170 pg kg™' to a net release from native Se pool.

Abbreviations: 1° IP: first ionisation potential; RSD: relative standard
deviation

Introduction

Selenium (Se) is an essential trace element whose metabolites carry out a number of important
protective functions at the cellular level and contribute to good health (Navarro-Alarcon and
Cabrera-Vique 2008). The application of SeO,* to arable land has been proved as a viable method
for correcting inadequate daily Se intake via the consumption of fortified agricultural products
(Alfthan et al. 2015). In addition to a low crop recovery of Se fertilisers reported in field trials (Stroud
et al. 2010; Tremblay et al. 2015; Ros et al. 2016), the effect of SeO,* addition ensuring an adequate
Se content in a crop can be limited to one or two growing seasons (Stroud et al. 2010; Tremblay
et al. 2015). According to current knowledge, a gradual decrease in the bioavailability of Se0,*
freshly added to agricultural soil slowly approaches a state in which exogenous and native soil Se
can no longer be distinguished from each other in terms of Se availability and soil fractionation (Li
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et al. 2016; Wang et al. 2017). Meanwhile, SeO42’ is subjected to diverse immobilisation phenom-
ena, transformation into reduced Se species, or leaching away from the root zone. Soil distribution
and plant uptake of selenate greatly differ from those of organic Se forms (Se,g) and selenite
(Kikkert and Berkelaar 2013; Ali et al. 2017). Thus, a change in Se speciation controls the efficiency
of Se0,* fertilisers. Moreover, the principal role in Se aging has to be assigned to soil microorgan-
isms, as Se,.y predominates the Se species found in soils (Tolu et al. 2014; Supriatin et al. 2015).
Unlike those studies, this work targets a very early stage of SeQ4> fertilisation when non-equili-
brium dissolution takes place around a fertiliser granule, SeO,> enters soil solution, and experi-
ences abiotic interactions with soil particles. Kinetic models fitting SeO,* sorption in soils have
successfully described fast initial sorption followed by kinetically controlled interactions that may
include microbially-mediated processes (Loffredo et al. 2011; Garcia-Sanchez et al. 2014). Sorption
studies on European soils using Se in an amount equivalent to less than 1000 pg kg™ (soil) or
1000 pg L' (soil suspension) are scarce in the literature (Eich-Greatorex et al. 2010; Soderlund et al.
2016), particularly those employing variable initial SeO,> concentrations (Loffredo et al. 2011;
Smazikova et al. 2017). They indicate values of distribution coefficient (K;) covering three orders
of magnitude up to 70 L kg™, strongly depending on the initial Se concentration employed.
Natural iron (Fe) and aluminium (Al) (hydr)oxides have been recognised as the most important
Se0,% sorbents, with the exception of organic-rich soils (Tolu et al. 2014). Sorption mechanisms on
those minerals may include inner-sphere complexes (Zhang et al. 2018), outer-sphere ones (Elzinga
et al. 2009) or a continuum of both mechanisms as affected by pH (Zhang et al. 2018). Anion
competition with sulphate and phosphate acts on Se0O,* sorption equilibrium in bulk soils (Goh
and Lim 2004; Eich-Greatorex et al. 2010). Additionally, non-specifically-sorbing anions, such as
NOs~, may also decrease the sorption of SeO,% on soil minerals (Wu et al. 2000).

An investigation into a low sorption extent (K; < 10 L kg™") of SeO,* in a batch study requires high
accuracy and precision of Se determination in soil-derived matrices. All six selenium isotopes, which
constitute this hard-to-ionise element (HIE; 1°* IP = 9.75 eV), suffer from spectral interferences in mass
spectrometry techniques possessing a low resolution capability such as an ICP-QMS (Guo et al. 2013).
Moreover, a highly complex matrix such as a soil leachate might have the potential to cause a wide
range of non-spectral interferences emerging anywhere between a nebuliser and ion optics, falling into
various categories, as summarised by Agatemor and Beauchemin (2011). Furthermore, easy-to-ionise
elements (EIEs), whose salts are often added for ionic strength adjustment, have been predominantly
reported to suppress the signal of analytes (Fraser and Beauchemin 2000; Colon et al. 201 1; Mariet et al.
2011). On the contrary, positively charged carbon species in the plasma are expected to enhance the Se
signal (Hu et al. 2004; Kovacevi¢ and Goessler 2005; Grindlay et al. 2013).

Our hypothesis is that fast abiotic mode of SeO,* retention may participate in the reduction of
Se loss caused by leaching away from topsoil, thus contributing to a higher efficiency of selenate
fertiliser. The objectives of this study were: (i) to evaluate soil leachates as a matrix inducing non-
spectral interferences in Se determination by ICP-QMS; (ii) to identify and alleviate the methodo-
logical weaknesses that emerged in conventional batch design as having the potential to bias Se
sorption data acquired by ICP-QMS; (iii) to determine the ability of three Czech soils to retain SeO,4*
by a fast abiotic sorption mechanism; and (iv) to examine the ability of phosphate, sulphate and
nitrate to alter the extent of such a retention mechanism.

Material and methods
Bulk soil characteristics

Three arable soils, as typical representatives of agricultural land resources in the Czech Republic
(Table 1), two Cambisols and Chernozem, were collected from topsoil (0-20 cm) at experimental
stations in Humpolec (HUM-soil) and Lukavec (LUK-soil), both in the Vysocina Region, and in
Prague-Suchdol (SUCH-soil), a suburban area of the capital, respectively. The particle size
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distributions (sand:silt:clay) of the given soils on a mass percentage basis were 50.6:43.6:5.8;
59.7:37.1:3.2; and 26.0:71.8:2.2, respectively. The soils were air-dried in an oven (35°C), homoge-
nised by sieving (2 mm), and stored in plastic bags in the dark at laboratory temperature until use.
Soil physicochemical characteristics were determined as follows: pH in a 1:14 (m/v) suspension
(soil:10 mM NaNOs); water-extractable carbon in a 1:10 (m/v) suspension shaken on a tube rotator
(30 rpm) for 16 h, centrifuged (2680 x g for 12 min), and measured on a continuous flow
colorimetric analyser (Skalar SAN** System, Skalar, Netherlands); water-extractable sulphur in a
1:10 (m/v) suspension shaken (30 rpm) for 1 h, centrifuged (2680 x g for 12 min), and analysed by
inductively coupled plasma optical emission spectrometry (ICP-OES; Agilent 720, Agilent
Technologies Inc., USA); and ammonium oxalate-extractable Fe, Al, and phosphorus (P) according
to Sheldrick (1984), and analysed by ICP-OES. Total soil carbon (C) and nitrogen (N) contents were
measured on an elemental analyser CHNOS (Vario MACRO cube, Elementar Analysensysteme
GmbH, Germany). The pseudototal Se content was determined in 0.50 g of soil exposed to a
microwave-assisted wet digestion (Discover SP-D, CEM Corp., USA) at 180°C for 18 min, employing
8 mL of HNOs-HCI (both Analpure®, Analytika, Czech Republic) acid mixture 1:3 (v/v) (ISO 2012),
after which Se was measured in a diluted digest by inductively coupled plasma quadrupole mass
spectrometry (ICP-QMS; Agilent 7700x, Agilent Technologies Inc., USA).

Soil leachate characteristics

The soil leachates were prepared as follows: 1.0 g of soil and 14.0 mL of 10 mM NaNO; were
transferred into 15-mL polyethylene centrifuge tubes, shaken on a tube rotator for 24 h (30 rpm),
centrifuged (2680 x g for 12 min), and passed through a membrane filter (0.2 pum, Nylon). This
procedure yields filtrates with approximately the same chemical composition as samples from the
sorption experiment, with the exception of Se (see below). Soil anions were determined in the
filtrates diluted with water (1:12 v/v) using an ion chromatography system (ICS-1600, Dionex, USA)
equipped with an lonPac AS11-HC (Dionex, USA) anion-exchange column and a conductivity
detector. Chromatographic conditions are described in detail in Mercl et al. (2017). The concentra-
tion of sodium (Na), potassium (K), calcium (Ca), magnesium (Mg), sulphur (S) and P in centrifuged
and filtered (KA-5 paper, Papirna Perstejn, Czech Republic) soil leachates was measured by ICP-OES.

ICP-QMS technique and non-spectral interferences

A quadrupole mass filter, a pneumatic nebuliser (MicroMist), and an octopole collision cell pres-
surised with helium (He) constitute the characteristic components of the ICP-MS employed in this
study. The operating conditions were set as follows: radio frequency power = 1550 W, carrier argon
(Ar) flow rate = 1.08 L min~", auxiliary Ar flow rate = 0.90 L min~’, plasma Ar flow rate = 15.0 L
min~', collision He flow rate = 7.0 mL min~', and sampling depth = 7.0 mm. The acquisition
parameters were: points/peak = 1, replicates/sample = 3, integration time = 3 s, and sweeps/
replicate = 20. The instrument was tuned on a daily basis to achieve the count ratios for
140Ce’®0/'%Ce < 0.75% and '*°Ce?*/'*°Ce* < 1.8% when aspirating soil leachate spiked with
cerium (Ce) to obtain a concentration of 1 ug L™' Ce. The instrument was calibrated using a six-
point calibration curve in the range from 2.5-500 pg L' Se by the suitable dilution of certified
reference material (CRM) containing 1.000 g L™ of Se (ASTASOL-Se®, ANALYTIKA, Czech Republic).
The limits of Se detection (LODs) of 0.1-0.2 pug L™' were estimated based on three times the
standard deviation of the five-fold diluted unspiked soil leachate divided by the slope of the
calibration curve (AMC 1987). A preliminary interference study was needed to demonstrate that
germanium (Ge) as an internal standard does not bias Se concentration measured in soil-derived
matrices.

The suspension consisting of 1.0 g of soil and 14.0 mL of H,O, manipulated in the same manner
as for the determination of macroelements provided stock soil leachate in this experiment. The
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Table 2. Detailed explanations of the treatments employed in the interference study.

abbreviation abbreviation

SUCH RM reference matrix = SUCH (5X) (KS)2 T mM K,SO,

W Milli-Q water Mg1 0.08 mM Mg(NOs),
Na1 0.2 mM NaNO; Mg2 0.80 mM Mg(NOs),
Na2 2 mM NaNOs3 S1 0.1 mM (NH,4),S04
Na3 10 mM NaNO; S2 1T mM (NH,4),S04
CH1 0.04% (v/v) CHCl5 P1 0.01 mM NH4H,PO,4
CH2 0.20% (v/v) CHCl5 P2 0.10 mM NH4H,PO,
(KS)1 0.1 mM K,S04

stock leachate was serially diluted with water (2.5-, 5-, and 10-fold dilution) and spiked with NaNOs,
K5SO,4, NH4H,PO,, (NH,4),SO, or Mg(NOs), solutions (Table 2) to record any specific influence of
these salts on the signal response of Se (25 pg L™') and Ge (10 ug L") spiked as CRMs (ASTASOL-
Se® and ASTASOL-Ge®, ANALYTIKA, Czech Republic) into soil leachates. The salt additions were
intended to simulate the composition of soil filtrates from the sorption experiment and to inspect
the ions which are suspected of a matrix interference causality in soil-derived matrices at natural or
elevated concentrations. Interferences induced by chloroform spikes up to 0.20% (v/v) were also
monitored. The deviations between Se and Ge behaviour in the plasma were studied in terms of
their axial profile by changing the sampling depth in the range from 4.0-13.0 mm.

Sorption experiment

Selenate solutions in 10 mM NaNOj; at Se concentrations of 20, 50, 100, 250, 500 and 1250 ug L’
were prepared by the dilution of an Se stock solution (1.0 g L' Se) which was obtained by the
dissolution of solid Na,SeO, (Sigma-Aldrich, Germany). Centrifuge tubes (15-mL) were filled succes-
sively with 1.0 g of soil, 14.0 mL of Se0,* solution and 28 L of chloroform suppressing microbial
activity. The tubes were shaken on a tube rotator (30 rpm) for 24 h, centrifuged (2680 x g for
12 min), and then filtered (KA-5). The amount of Se sorbed per unit mass of soil (Qeq) was
calculated as the difference between the amounts of Se initially present and remaining in the
aqueous phase after 24 h, as measured by ICP-QMS in five-fold diluted samples and related to soil
mass. The sorption data were fitted to Freundlich isotherms (Eq. 1) and the distribution coefficient
(Kg) was calculated for each Se level (Eq. 2):

Qeq:KfXCeqUn (1)

Ka=Qeq/Ceq (2)

where K and n are empirical constants and C.q is the aqueous Se concentration, as determined
after 24 h. Additionally, shifts in SeO4> sorption equilibria were evaluated in the experimental soils
exposed to 500 pug L' Se in various background electrolytes as follows: i) 10 mM NaNOs + 0.52 mM
(NH4)2SOg4; ii) 10 mM NaNOs + 0.21 mM (NH4),HPO,; and iii) no ionic strength adjustment. In order
to demonstrate a potential influence of filtration efficiency on the extent of Se0,* sorption, the
centrifuged leachates were filtered through a KA-2 and KA-5 filter paper in parallel, with a particle
capture of = 8 and = 3 pum, respectively, and a membrane filter (0.2 um, Nylon).

Data quality assurance

Unless otherwise specified, all chemicals used were of analytical reagent grade purchased from
Czech manufacturers. High purity water (= 18.2 MQ cm™') originating from a Milli-Q purification
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system (Millipore, SAS, France) was used for sample preparation and dilution throughout this study.
All glass and plastic ware were soaked in 1.6 M HNO; for 24 h and rinsed with Milli-Q water prior to
use. The 7°Ge and 7%Se signals of any sample employed in the interference and sorption study,
including matrix-matched calibration and quality control (QC) samples, were corrected for based
on the procedural blanks being virtually their own matrix without any Se and Ge spike; thus, the
native Se released into a soil leachate was automatically subtracted. All experiments were con-
ducted in triplicate if not otherwise stated. For QC purposes, 400 pL of standard reference material
(NIST 1640a, USA) was spiked into a mixture consisting of 400 uL of undiluted soil leachate and
1200 pL of H,O to ensure the trueness of Se determination.

Results and discussion
Reference soil matrix

As can be seen from Table 3, the 10 mM NaNOs soil leachates (1:14, m/v) appear as a complex
matrix containing elements that potentially induce non-spectral interferences in Se determination,
although their concentrations are markedly lower than those commonly employed in other ICP-MS
interference studies (Fraser and Beauchemin 2001; Colon et al. 2011; Mariet et al. 2011; Garcia-Poyo
et al. 2015) except for Na. Figure 1a shows absolute signal intensities (/,ps) of “2Se spiked into
variously diluted soil leachates and Milli-Q water. Firstly, the five-fold diluted SUCH-soil leachate
was chosen as a reference matrix (RM). The + 2 x RSD value from measurement of nine indepen-
dently prepared RMs spiked with 25 pg L' Se and 10 ug L™ Ge had defined count intervals + 5.4%
(Se) and + 3.6% (Ge); within them, no serious matrix interference was considered by agreement
throughout this study. Milli-Q water had the lowest response to Se spiking (Figure 1a). All "3Se
signals acquired in soil-derived matrices were found within the calculated count interval. The most
pronounced negative (—3.0%) and positive (2.3%) biases of "2Se compared to RM were observed in
the HUM- and LUK-soil leachates, respectively, at 2.5-fold dilution. A decline in these 785e biases at
five-fold dilution (—1.4% and 0.4%, respectively) indicates a matrix effect of interference causality
rather than being a consequence of measurement uncertainty. Figure 2a features the relative signal
intensity (/) ratios of "°Ge/’®Se as obtained for matrices under investigation, related to the
72Ge/’®Se belonging to RM spiked with Se and Ge. Any I, ratio falling outside the range from
0.915-1.095 was supposed to warn of severely systematically biased Se signals due to internal
standardisation using Ge. In this study, the two boundary /. values of "°Ge/’2Se were liberally
proposed based on the + 2 X RSD interference criterion introduced in this section, assuming that
the signal deviations would equal the paired values {-5.4% (Se) and 3.6% (Ge)} or {5.4% (Se) and
—3.6% (Ge)}. The two most outlying /e values of 2Ge/’®Se at a particular dilution ratio were
calculated again for HUM-soil (1.013) and LUK-soil (0.957) at a 2.5-fold dilution, indicating an
inability of 7°Ge to compensate “2Se signal robustly. Nevertheless, no /.o ratio deviated from the
suggested interval.

Matrix interferences

Figure 1b depicts the influence of NaNO5 and CHCl; spikes on “3Se signal. The highest Na spike
(10 mM) into RM suppressed /. of “2Se by 11.6%. The sensitivity loss practically vanished if 2 mM
of Na or less was pipetted into RM. A shift in ionisation equilibrium (SIE) seems to be the leading
suppression mechanism, as explained by Fraser and Beauchemin (2001) who measured at 20 mM
of Na in a matrix. It is straightforwardly comprehensible that Ge (1°* IP = 7.90 eV) and Se (1%
IP = 9.75 eV) are affected by SIE to an unequal extent; the /.o of 72Ge/”8Se (~ 1.09 for SUCH-Na3) in
Figure 2b confirms that. Axial signal profiles (data not shown) indicated that the relative suppres-
sion of 78Se signal in the presence of 10 mM NaNO; was more severe with decreasing sampling
depth compared to the axial profile of germanium, corroborating an SIE-based mechanism.
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Figure 1. Signal intensity (/,ps) of 783e (25 ug L acquired in (a) different soil leachates and Milli-Q water, (b-c) spiked SUCH-
soil leachates or synthetic aqueous matrices as compared to reference matrix, where the number in the parenthesis stands for
dilution factor, symbols for treatments are explained in Table 2. The error bars indicate standard deviation (n = 3).

Accordingly, the /.o of 7°Ge/”®Se higher than unity (Figure 2b) appears to be inconsistent with so
called space-charge effect, because a lighter "°Ge™ should suffer from defocusing outside the
central ion beam with a higher probability (Fraser and Beauchemin 2000; Mariet et al. 2011).
Colon et al. (2011) found that relative arsenic (“°As) signal suppression (the difference between
1°" IPos and 1°° IPse < 0.1 eV) was more pronounced compared to 72Ge in a matrix containing
217 mM of Na; thus, this observation is in line with our results.

The 0.20% (v/v) CHCls spike increased I, of “2Se by 54.1%, while the lower spike rate decreased
the enhancing ability to 10.4% (Figure 1b). It should be noted that CHCIl; rapidly volatilises from a
sample; the tubes were therefore unscrewed just before sample aspiration and this routine was
also followed in the sorption experiment. The presence of carbonaceous species (C*) from CHCl; in
the plasma was unambiguously related to the Se sensitivity gain observed at almost any sampling
depth (data not shown). The general notation Se + C'ipecies — S€' + Copecies €XpPresses the
underlying mechanism known as charge transfer effect (CTE). Selenium signal enhancements up
to a factor of 4 were achieved in the studies conducted at a high concentration of organic carbon
(Corg), commonly starting from one order of magnitude higher than in our work (Hu et al. 2004;
Kovacevi¢ and Goessler 2005; Grindlay et al. 2013). To the best of our knowledge, the CTE for Ge
facilitated by C'species has not yet been described. Our measurement after 0.20% and 0.04% (v/v)
CHCl; addition revealed /.o values of 7°Ge/’3Se equal to 0.681 and 0.926, respectively (Figure 2b),
implying a specific Se-related effect. We also recorded a slight increase in I,ps of the ">Ge signal
(5.0%) in the SUCH-CH2 treatment, but an improved sample introduction efficiency in the presence
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Figure 2. Relative signal intensity ratio (/) of ">Ge (10 ug L™")/”%Se (25 ug L™") acquired in (a) soil leachates and Milli-Q water,
(b-c) spiked SUCH-soil leachates or synthetic aqueous matrices as compared to reference matrix, where the number in the
parenthesis stands for dilution factor, symbols for treatments are explained in Table 2. The error bars represent the uncertainty
of 72Ge/”®se ratio calculated as a sum of particular relative standard deviations (n = 3).

of organic solvent cannot be excluded. The treatments combining Na and CHCIs spikes led to a
qualitatively predictable additive effect on the resulting /s of "2Se (Figure 1b), whereas the
72Ge/’®Se ratio was dictated mainly by Coq (Figure 2b).

A conventional batch sorption experiment involves Se determination both in soil-derived and
synthetic aqueous matrices. Unfortunately, the /.o of 72Ge/”8Se measured in the leachates SUCH-
Na2 (0.998) and SUCH-Na2CH1 (0.968) compared to correspondent synthetic aqueous matrices
W-Na2 (1.12) and W-Na2CH1 (1.02) may discourage the use of Ge for Se signal compensation,
despite a five-fold dilution. Hence, we have integrated a full-scale matrix-match approach (MMA)
into the sorption experiment, i.e. all samples aspirated into ICP-QMS share the same matrix
composition, being a five-fold diluted soil leachate. The combination of MMA and sample dilution
provides more robust sorption data regardless of soil properties and plasma conditions, and
decreases salt loading of ICP-MS susceptible parts. A considerable negative signal drift exceeding
10% within 2.5 h was occasionally recorded when aspirating soil leachates. A suitable drift
compensation, which improved measurement accuracy based on the QC samples and decreased
RSD values of replicated samples, proved to be the application of two particular coefficients taken
as the arithmetic mean of both values. The coefficients were individually calculated for each sample
measured based on: (i) monitoring of >Ge as an internal standard; and (ii) fifth-order polynomial
fitted to "°Ge signal response over time (data not shown).

The concentration of individual elements in the RM can be estimated by dividing the values
from Table 3 by five. The data in Figures 1c and 2c were acquired after spiking the RM with selected
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salts (Table 2). The addition of (NH,4),SO,4 or NH,4H,PO, did not significantly change any interference
parameter evaluated. In the literature, S* and P* were proved to participate in the CTE with Se in
the plasma (Garcia-Poyo et al. 2015; Grindlay et al. 2016). However, the S and P concentrations in
those studies substantially exceed ours. Both K (2 mM) and Mg (0.80 mM) spikes, each along with
Na (2 mM), induced a slight “3Se suppression, by 4.4% and 5.6%, respectively (Figure 1c). All of the
l,e; ratios lie within the tolerable interval (Figure 2c); furthermore, they allowed the prevailing
suppression mechanism forced by EIEs to be deduced. The /.o of 2Ge/”®Se for Na2(KS)2 treatment
deviated noticeably (~ 1.05). The crucial property of the Ge-Se pair fitting that behaviour should be
linked to their different 1° IP; a mechanism related to SIE may be speculated. On the contrary, the
Na2Mg2 treatment impacted both 7?Ge and ®Se to approximately the same extent, giving an /e
ratio of 0.990.

Sorption experiment

The absence of an apparent sorption plateaux (Figure 3) suggests that the available sorption sites
were not completely saturated under the conditions employed. The parameters yielded from data
fitting into empirical sorption models are shown in Table 4. The “1/n’ coefficient belonging to HUM-
soil (0.616) gave rise to a different isotherm subtype, with a convex curvature, in contrast to LUK-
soil (1.03) and SUCH-soil (1.14), making it difficult to compare Se0,* sorption between the soils.
Based on the coefficient of determination (R?), selenate sorption in HUM- and SUCH-soil was
adequately described with the Freundlich isotherm (R? = 0.973 and 0.974, respectively). Sorption

500
¢ HUM-soil

400 *  LUK-soil
m  SUCH-soil

Se sorbed (released) [ug kg'1]

-100 T T T T T T
0 200 400 600 800 1000 1200 1400

Ceqof SelugL™"]

Figure 3. Selenate sorption in the three experimental soils fitted to Freundlich isotherms (10 mM NaNOs, 23 + 2°C). The error
bars indicate standard deviation (n = 3).

Table 4. The parameters of Freundlich isotherm and distribution coefficients (Ky) calculated for selenate sorption in the studied
soils.

G lug L
Freundlich isotherm 20 50 100 250 500 1250
ke 1n R? distribution coefficient
soil  [Lkg™"] [L kg™
HUM  3.68 0616 0973 -019+032 1.1+03  046+006 054+023 032+012 023 +0.06

LUK 0.170 1.03 0848 -034+0.16 035%+0.10 -0.09+ 035 -0.06+0.16 0.35+0.09 0.20+ 0.07
SUCH 0.099 1.14 0974 —-0.04 +0.82 0.01 = 0.31 0.14 + 0.66 0.07 £ 0.16 0.31 +0.04 0.27 + 0.05
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in LUK- and SUCH-soil showed a similar Q.q/Ceq pattern to each other, being obviously sigmoid
(Figure 3), although the Freundlich equation fitted poorly to the data for LUK-soil (R = 0.848). An
S-type curve was also observed by De Abreu et al. (2011), who investigated a tropical soil in
suspension with Se0,* at high initial concentrations (C) in the range of 0.1 to 20 mg L™' Se in
30 mM NaNOs. Similarly, Pezzarossa et al. (1999) noticed a sigmoid curve for cultivated
Mediterranean soils (C; were 1 to 100 mg L™' Se without any ionic strength adjustment).
Shaheen et al. (2013) reported the advantage that the K4y approach can provide in complex
sorption systems, where competition for sorption sites exerts a strong influence on sorption
equilibrium. As a consequence, the fitting of a simple empirical model, such as the Freundlich
isotherm, can be hampered as is obvious in the case of LUK-soil at low C; of SeO42‘ (Figure 3). The
lowest Ky values at the lowest C; (Table 4) support the irrelevance of the kinetically controlled
abiotic reduction of Se0,* to strongly sorbing selenite (SeO5%) in the course of the experiment.
Bruggeman et al. (2007) found the long-term stability of SeO,* in a microorganism-free aqueous
alkaline medium containing dissolved humic substances, even at a low redox potential of about 0
mV, implying an inconsistency between real and predicted Se speciation based on thermodynamic
calculations. Another benefit of the Ky approach consists of the possibility of distinguishing the
participation of high and low affinity sorption sites in dependence on C; of a sorbate (Shaheen et al.
2013). Thus, it may help to interpret the difference in sorption behaviour at C; < 250 pg L™' Se
between both Cambisols (Figure 3), exhibiting limited differences in both bulk physicochemical
characteristics (Table 1) and corresponding aqueous leachates (Table 3). We suppose that the
underlying phenomenon may be related to a single or combined effect of (i) a higher saturation
degree of high affinity sorption sites with phosphate species in LUK-soil, which can be estimated
from DPS index (Eich-Greatorex et al. 2010), leaving a lower capacity to retain SeO,% at a low G,. (ii)
An enhanced formation of ion pairs in HUM-soil (a higher concentration of Ca and Mg in its
leachate) may facilitate the interaction between SeO,> and negatively charged surface sites.
Although CaSeO, (aq) and MgSeQO, (aq) have a relatively low stability constant (pKs ~ 2.0 and
2.2, respectively), the consequences of such a complexation in environmental studies have been
already noticed (Parker et al. 1997). (iii) Soil organic matter such as coatings on mineral grains and/
or competitive effects of dissolved organic species may prevent SeO,* sorption, the highest water-
extractable C content in LUK-soil supports that assumption. The K4(SeO,%) values at higher G
(= 500 pg L' Se) for the three soils resemble each other (Table 4). A similar equalising effect on Ky
with increasing C; of Se0,> was remarked by Loffredo et al. (2011) for two soils. Moreover, these
researchers demonstrated an Al hydroxide as a viable sorption component in alkaline media, which
helps to explain how alkaline SUCH-soil can retain SeO,> abiotically.

At a G of 500 pg L' Se, the induced anion competitions impacted SeO,* retention to a
different extent among the soils (Figure 4). Sulphate (50,%) significantly inhibited SeO,* sorption
in HUM- and SUCH-soil. In addition, an amount of native soil Se released in the latter soil has
yielded a negative net balance of Se retention. Discussion of the stronger S0,%/5e0,*> competition
operating in HUM-soil compared to LUK-soil offers three explanations, corroborating all of the
three above assumptions. Namely, (i) sulphate competes with SeO4> for high affinity sorption sites
in HUM-soil, whereas this type of site is already occupied in HUM-soil by strongly sorbing
phosphates; ii) the formation of ion-pairs such as CaSO, (aq) with pK, ~ 2.3 (Parker et al. 1997)
competes with CaSeQ, (aq) for Ca®* in HUM-soil more severely than in LUK-soil; and iii) dissolved
Corg in LUK-soil prevents Se0,% from retention in a manner where SO,% addition did not induce an
additional inhibitory effect. Noteworthy, in the sorption experiment conducted without NaNO;
addition, a significant increase in SeO42' retention was observed only in HUM-soil (Figure 4),
suggesting that non-specifically-sorbing NO3;™ occupied a considerable portion of anion exchange
capacity in this soil. None of the Se-amended soils exposed to 0.21 mM phosphate showed a
positive net balance of Se retention; evidently, Se solubilisation and/or desorption from native soil
pool have dominated at that phosphate concentration. Analogously, Zhang et al. (2017) reported a
decrease in soil exchangeable Se, iron oxide-bound Se, and organic matter-bound Se after
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Figure 4. Influence of anions in background electrolyte on Se0,> sorption in the three soils if exposed to 500 ug L~ Se. The
values below the bars represent individual equilibrium pH. The error bars indicate standard deviation (n = 3). The Greek letter 6
indicates the significantly different values from the value characterizing sorption in the reference treatment of a given soil
(paired t-test at a 0.05 significance level).
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Figure 5. Ability of three different filters to affect the Se concentration measured in a sample leaving centrifuge at the end of
the sorption experiment (C; = 500 ug L~ Se). The error bars indicate standard deviation (n = 3). The Greek letter & indicates the
significantly different values from the value acquired after using KA-5 filter as the reference treatment of a given soil (paired
t-test at a 0.05 significance level).

phosphate application in a pot experiment. Our findings confirmed a stronger phosphate inhibitory
effect on the build-up of Se in a soil in comparison to 5042', as found by Goh and Lim (2004) at an
equal concentration (< 2 mM) of PO4> and SO,*. Figure 5 examines the relative Se concentration
determined in filtered samples, as impacted by the filter's particle capture ability. The use of the
KA-5 filter (= 3 um) did not bias sorption data as against a 0.2 um membrane filter. The efficiency of
the KA-2 filter (= 8 pum) seems to be insufficient, at least for HUM-soil, which indicates the
importance of pm-sized soil particles for Se0,>” sorption. However, even smaller colloidal particles
including dissolved organic matter have been also documented as carriers of oxyanions (Chen et al.
2008; Kamei-Ishikawa et al. 2008).

Several soils with K4(SeO4>) ranging from 0.1 to 2 L kg™, as in our study, have been reported
worldwide (Eich-Greatorex et al. 2010; De Abreu et al. 2011; Gabos et al. 2014; Lessa et al. 2016).
Essential soil characteristics at least indirectly related to the amount of available sorption sites may
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occasionally appear useful as explanatory variables in those studies, particularly among highly
contrasting soils. Nevertheless, our results imply that abiotic Se0,* retention may be barely
assignable to individual basic soil characteristics. Finally, we support the conclusion of Eich-
Greatorex et al. (2010) who emphasised the effect of P soil status on Se availability from selenate.
We suggest that the SeO,* retention is spatially limited to those soil particles which are not: i)
saturated with phosphate; and ii) in contact with soil solutions rich in sulphate and phosphate,
typically after the application of S and P fertilisers.

Sorption data reliability

Although the sorption experiment was only performed in triplicate, the final batches were pre-
ceded by a number of testing batches where the whole experimental procedure was optimised to
achieve the lowest possible RSD of replicated samples. Nevertheless, it can be easily calculated that
even a small uncertainty in Ceq measurement may produce considerable RSD of K4. The precision of
Se0,> sorption data, as presented in this study, approaches count statistics following on from ICP-
QMS at a given Se level, implying that a better precision would be hardly attainable using this
analytical technique. The spiking procedure described in the method section yielded an Se
concentration of 3.9 + 0.1 ug L' (n = 3), demonstrating acceptable trueness of Se determination
in soil-derived matrices.

Conclusion

The selenium signal acquired in diluted soil-derived aqueous matrices by ICP-QMS suffered mostly
from an insignificant suppression effect. Nevertheless, sodium salt (10 mM) and chloroform (0.20%
v/v) added to the soil suspension to adjust the conditions of the batch sorption experiment
induced serious non-spectral interferences. An external calibration in conjunction with a sample
dilution and Ge internal standardisation did not avoid the risk of systematically biased SeO,*
sorption data. Thus, the matrix-match approach had to be integrated into whole experimental
design. The experimental soils differed in the ability to retain SeO,” if exposed to lower Se
concentrations (20-250 pg L™"), exhibiting contrasting sorption pattern even in two Cambisols
resembling their physicochemical characteristics. At higher Se04* concentrations (500-1250 pg L™
Se), the relative variability in sorption among soils decreased, peaking at 350 ug Se kg™' in
Chernozem. The phenomena at the solid-liquid interface in individual soils, which are not acces-
sible for evaluation at a macroscopic level, were reflected in different extent of Se04*> competition
with sulphate and nitrate for sorption sites. Phosphate co-application with SeO,* led to a net Se
release from the soil native pool in all three soils. The fast abiotic soil retention of freshly applied
Se0,* may reduce Se loss caused by leaching away from the topsoil; however, this soil’s ability is
strongly conditioned by the S and P soil status.
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Abstract: We investigated sulphate application, different statuses of soil microbial activity and their joint effects
as variables associated with changes in potentially plant-available selenium (Se ) and soil Se fractionation during
the course of an incubation study. The time-resolved behaviour of added selenate (400 pg Se/kg as Na,SeO,) in
two agricultural soils was elucidated by means of single extraction (50 mmol/L NH,H,PO,), sequential extraction
procedure (SEP) and chemical speciation analysis in phosphate extracts. The decrease in phosphate-extractable Se,
a consequence of soil aging, was inhibited by sulphate (by 34% and 29% in Chernozem and Cambisol, respectively)
and by gamma-irradiation (by 46% and 20% in Chernozem and Cambisol, respectively) after 72 days of incubation as
compared to the control treatments. Glucose amendment dramatically decreased Se_ only in the Chernozem. After
1 year, the initial soil treatment with respect to inhibited or stimulated microbially-mediated processes substantially
controlled the distribution pattern of exogenous Se as observed using the SEP. Application of sulphur fertilisers and
sources of labile organic matter is thus an essential agronomic practice to correct unfavourable amounts of Seppa.

Keywords: micronutrient; soil extraction; immobilisation; bioreduction; anion competition; sterilisation

Human health issues in both seleniferous and se-
lenium (Se)-deficient areas are primarily related to
the amount of Se available in the soil (Fordyce 2013).
Selenate (Ser_) represents a chemical species for
effective crop biofortification with Se (Hawkesford
and Zhao 2007, Ducsay et al. 2016); on the other
hand, it poses a risk due to its high mobility in the soil
environment, especially under oxidising and alkaline
pH conditions (Nakamaru and Altansuvd 2014). Once
exogenous SeOf" emerges in a soil (fertilisation or
contamination event), its redox stability depends on
the soil pH, redox potential (Eh), microbial activ-
ity, and microbial community structure (Fellowes
et al. 2013, Nakamaru and Altansuvd 2014). The
conversion of SeOZ‘ to selenite (Ser_), elemental
Se (Se?) or even selenide (Se?") is an integral part of
soil aging and decreases the bioavailability of Se in
soil (Li et al. 2016). Several weeks up to months after

Ser_ input into soil, SeO:_ can still be detected
in various extracts as the predominant Se species
(Keskinen et al. 2010, Fellowes et al. 2013, Wang et
al. 2019). Moreover, it may last up to several dec-
ades, until the exogenous Se merges into the native
distribution in soil (Wang et al. 2017). It has been
well documented that sulphate oxyanion and organic
matter sources may interfere with SeOZ‘ behaviour
in soil in both a microbial-driven (Aguilar-Barajas
et al. 2011, Fellowes et al. 2013, Wang et al. 2019)
and an abiotic manner (Goh and Lim 2004, Favorito
et al. 2018, Praus et al. 2019b). Thus, it is essential
to explore the impacts of agronomic practices on
the fate of exogenous Ser’ and potentially plant-
available selenium (Seppa) in particular soils.
Against this background, the objective of the present
study is to elucidate the effects of added sulphate
and labile organic matter on temporal changes in the

Supported by the European Regional Development Fund, Project No. CZ.02.1.01/0.0/0.0/16_019/0000845, and by
the Czech University of Life Sciences Prague, Project No. CIGA 20172019.
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availability of exogenous SeO:_ in soil. We designed
an incubation experiment on two arable soils to ad-
dress the following hypotheses: (i) distinct statuses
of soil microbial activity largely control the stabili-
sation of exogenous Se in soil aging processes; (ii)
sulphate inhibits SeOf" from entering unavailable
Se reserves in soil; (iii) both labile organic matter
and sulphate amendments significantly alter the Se
chemical fractionation in soil.

MATERIAL AND METHODS

Soils and soil analysis. Two arable soils, a
Chernozem (silty loam) and a Cambisol (sandy loam),
were collected from the topsoil (0—20 cm) at experi-
mental stations in Prague-Suchdol and Humpolec,
respectively, both in the Czech Republic. The soils
were air-dried in an oven at 35°C and passed through
a 2-mm sieve. Following the soil pretreatment,
6 kg of each soil were obtained for soil characterisa-
tion and the incubation experiment. Soil PHy;, o at
a solid:liquid ratio of 1:5 (w/w) was 8.1 and 5.6 for
Chernozem and Cambisol, respectively. The other
chemical characteristics were as follows: Seaqua _— 347
and 219 pg/kg; Fe . 0 oxalate 1617 and 4461 mg/kg;

L, mmonium oxalate 1372 and 1814 mg/kg; Cy;,, 62 and
102 mg/kg; Sy, 15 and 22 mg/kg; Py 40, 3 96 and
89 mg/kg, in Chernozem and Cambisol, respectively.
The description of the methods employed and ad-
ditional physicochemical properties of the soils can
be found in Praus et al. (2019a, In Press).

Incubation experiment. The thoroughly homoge-
nised soil samples were weighed into 18 polyethylene
vessels (per soil type) in an amount equivalent to 150 g
dry weight (DW). As indicated in Table 1, six of
the vessels (per soil type) were exposed to 27 kGy
of y-irradiation (cobalt-60). Individual aqueous so-
lutions of KZSO4, KH2P04, (NH4)ZSO4, glucose and
Na,SeO, were prepared and mixed in a manner
that the spraying of these solutions provided the
soil treatments described in Table 1. Soil moisture
was set to 55% of water-holding capacity by the ad-
dition of high-purity water (HPW). Sealed vessels,
in triplicate per treatment, were incubated at 23 +
2°C under light/dark (8 h/16 h) cycles for 10 weeks.
To maintain aerobic or semi-aerobic conditions, gas
exchange between the vessel interior and the ambi-
ent atmosphere was allowed once a week. Irradiated
treatments were strictly manipulated in a laminar
flow box using a flame-sterilised stainless-steel spoon.
After 1.5, 8.5, 24 and 72 days of incubation, ~15 g of

moist soil were withdrawn from each vessel for the
determination of the parameters of interest.

Soil analysis over a 10-week incubation period.
Four grams of each treatment were weighed into a 50-
mL polypropylene centrifuge tube and shaken with
24 mL of 50 mmol/L NH,H,PO, (without pH adjust-
ment) on a reciprocating shaker (200 rpm) for 2 h.
The soil suspensions were then centrifuged (7000 x g)
for 10 min and filtered (KA-5 paper; particle cap-
ture of > 3 um, Papirna Perstejn, Perstejn, Czech
Republic). The selenium concentration in 5-fold
diluted (HPW) filtrates was measured using
inductively-coupled plasma mass spectrometry
(ICPMS; Agilent 7700x, Agilent Technologies
Inc., Santa Clara, USA), operated in helium
mode. Quality control for the determination of
Se was performed by analysing a standard ref-
erence material (SRM 1640a, Trace Elements
in Natural Water, NIST). Selected 50 mmol/L
phosphate extracts sampled during the 15t and the 4th
campaign were subjected to inorganic Se speciation
analysis conducted on the same day as the extrac-
tion. First, an aliquot of the extract was filtered
(0.20 pm, NYLON) and 2.5-fold diluted (HPW);
1 mL of the filtrate was pipetted into a 1.5-mL
glass vial for Se speciation analysis. The concen-
tration of total Se in the remaining filtrate was
measured by ICPMS. Anion exchange high-per-
formance liquid chromatography (AE-HPLC),
coupled to ICPMS via a PEEK capillary tubing,
was used for Se speciation. Standard solutions of
0.5, 2, 5, 20, 50 and 100 pg/L Se of both selenate
(SeVl) and selenite (Se'V) were prepared by dis-
solution and dilution of Na,SeO, (Sigma-Aldrich,
Steinheim, Germany) and NaZSeO3 (Fluka, Neu-
Ulm, Germany) with HPW. The chromatography
system (Agilent 1260, Agilent Technologies Inc.,
Santa Clara, USA) was equipped with an analytical

Table 1. Supply of elements to individual treatments
of the incubation experiment

Treatment Se S P (& N
(n=3) (ng/kg) (mg/kg)

Control 400 - - - -
S,00 400 100 - - -
S5oPso 400 50 50 - -
ScoPsoCaaoNyy 400 50 50 440 44
y-control 400 - - - -
Y-S100 400 100 - - -
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column Hamilton PRP-X100 (150 mm x 4.6 mm,
10 pm; Hamilton Company, Reno, USA), which
was isocratically eluted (1.00 mL/min) by an aque-
ous mobile phase (pH 8.5) containing 25 mmol/L
(NH,),HPO, (Supriatin et al. 2015). The sample
injection volume was 100 pL, and the column was
heated to 30°C. Soil PHy,0 and DW were monitored
throughout the incubation period.

Fractionation of soil Se using sequential extrac-
tion. After the last sampling in week 10, five soil
treatments in triplicate (per soil type) were allowed to
age for another 52 weeks. In addition to the treatment
described above, the soils were moistened twice to
avoid dryness. We used a slightly modified sequential
extraction procedure (SEP) proposed by Wright et al.
(2003) and tested by Keskinen et al. (2009) to estimate
soil biogeochemical fractions with which exogenous
Se was associated at the end of the incubation. Soil
aliquots (~2.5 g) were successively extracted with
10 mL of the following solutions: (i) 100 mmol/L KCl
for 1 h (soluble Se); (ii) 100 mmol/L (NH,),HPO, at
pH 8.0 for 2 h (adsorbed Se); (iii) 100 mmol/L NaOH
for 3 h (organically associated Se); (iv) 100 mmol/L
Na,SO, at pH 7 for 4 h (elemental Se); (v) aqua regia
at 180°C for 18 min (residual Se). During the first four
steps, the suspensions were shaken on a tube rotator
(30rpm, 23+ 2°C) and subsequently centrifuged (2680 x g
for 10 min) and filtered (KA-5 paper). Soil samples
were rinsed with 10 mL of 100 mmol/L KCl between
individual steps, and the rinse was added to the
extract of the preceding step. Oven-dried (35°C)
reweighed soil residues arising from step four were
exposed to aqua regia microwave-assisted digestion
(Discover SP-D, CEM Corp., Matthews, USA). All
supernatants were diluted up to 20-fold (HPW) and
analysed for Se by ICPMS. Native (non-incubated)
soils were also subjected to the same SEP for com-
parison.

Statistical analysis. The statistical significance
of differences between Se_ determined in a given
treatment at t, ., and the referential seppa estimated
for t, in a given soil was tested using a one-sample
t-test. The statistical significance of differences in
SelDPa (i) among soil treatments at a given sampling
time and (ii) among soils of a given treatment sampled
at t, ,—t.,, were evaluated by a one-way analysis of
variance (ANOVA), followed by Holm-Sidak’s mul-
tiple comparison post-hoc test. The P-values < 0.05
were considered significant. All statistical analyses
were executed using SigmaPlot 11.0 (Systat Software,
Inc., San Jose, USA).
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RESULTS AND DISCUSSION

Soil extraction using phosphate anions is useful in
monitoring changes in the potentially plant-available
selenium reserves (Keskinen et al. 2010). The esti-
mated Se_immediately after SeOf’ input into both
experimental soils (at time t;) is depicted by hori-
zontal dashed lines in Figure 1 (the sum of Se -, and
Sepo4 from native soils (Table 2), plus the addition of
400 pg/kg Se in the form of SeOZ_). In both soils, Se
recovered at t, ., did not significantly differ from the
estimated Se,paatty. In general, Seppa decreased pro-
gressively with incubation time, regardless of soil type
and treatment (Figure 1). The reduction in Seppa in
acidic Cambisol became significant in a shorter time
as compared to Chernozem. Interestingly, comparing
only the percentage of decline in Se = between t;,and
t,,q in both soils brought unexpectedly consistent
results; the declines were 30-31% for control treat-
ments, 20-21% for S, and 26% for S_,P.,. When
the same comparison was performed for treatments
where microbial activity had been induced/sup-
pressed, the declines for Chernozem and Cambisol
were different (77% and 38% for Ssops()c44oN44’ 17%
and 24% for the y-control, respectively). Sulphate
addition to y-irradiated soils smoothed out the dif-
ferences in Seppa between both soils. The results of
the one-way ANOVA executed on extraction data
collected from individual soil treatments at the same
sampling time are not shown because the differences
among treatments were predominantly insignificant.
Nevertheless, there were some noteworthy rela-
tionships between soil treatment and Seppa. Firstly,
sulphate addition (S,,) suppressed the conversion
of exogenous Se to an unavailable soil reserve in
both soils (Figure 1), namely by up to 48 pg Se/kg in
Cambisol (t,,;) and up to 45 pg Se/kg in Chernozem
(t,,q) as compared to the corresponding control
treatments. Combined amendment (S.,P ) followed
the effect of sulphate (S, ), but at a lower intensity.
Easily available sources of C and N (SSOP50C44ON44)
to soil microorganisms decreased Sep , dramatically
only in the Chernozem, as early as at tg .4. On the
contrary, y-rays (y-control) decreased irreversible Se
immobilisation by up to 62 pg Se/kg in Chernozem
(t;54) and by up to 38 pg Se/kg in Cambisol (t,,,)
as compared to non-irradiated controls. The addi-
tion of sulphate to y-irradiated soil (y-S,,,) did not
intensify the effect of y-rays. Table 3 depicts the
proportional distribution of SeOf‘ and SeOg_ in
50 mmol/L NH, H,PO, soil extracts from the incuba-
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Figure 1. Selenium (Se) extractable with 50 mmol/L (NH,),HPO, from individual soil treatments at four differ-
ent sampling times. Different letters indicate significant differences among Se extractabilities determined in a
given soil and a given treatment at different sampling times. Vertical dashed lines represent an estimation of
phosphate-extractable Se at t,. DW — dry weight

tion experiment. The amounts of Se(V) and Se) ex-  and 374 + 15 pg/kg and 9 + 2 pg/kg in Chernozem,
tracted att, ., regardless of the soil treatment (n =4),  respectively. These results imply a short-term stability
were 390 + 11 pg/kg and 7 + 0 pg/kg in Cambisol  of SeO42_ in both soils and an acceptable procedural

Table 2. Soil selenium (Se) fractions operationally defined by a sequential extraction procedure

KCI- (NH,),HPO,- NaOH- Na,SO,- Aqua regia-
;l:e_at;;lent extractable extractable extractable extractable extractable
(ng/kg soil dry weight + standard deviation)
Chernozem
Control 206 + 12 68 + 4 287 + 18 16 £ 3 168 + 18
Sloo 271+ 22 26 £2 216 £ 15 71 182 + 15
S 20 + 10 68 +7 289 + 14 34+2 172 £ 21
y-control 3334 28 30:+£2 206 + 21 0+0 162 + 13
Y—Smo 293 + 24 303 182 £ 12 0+0 166 + 4
Native soil 11+1 25+ 0 157 + 1 1 | 162 + 8
Cambisol
Control 163 + 19 73 +£8 174 + 10 12,20 203 + 12
Sm() 2093 63 + 2 177 % 1 10+1 145 + 14
BBl W, 134 + 16 45+ 0 195 + 17 21 +4 193 + 25
y-control 293 + 14 60 + 8 168 + 3 5x1 144 + 12
Y5100 299 + 16 34+5 142 + 13 9+1 130 + 4
Native soil 5t 1 25 £1 137°% 3 11 | 57%3
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Table 3. Distribution of Se¥) and Se(VD anions in phosphate soil extracts

Incubation time
Treatment (n = 3)

SeV) selenite Se(VD selenate  Unidentified/lost

(days) (ng/kg soil DW + SD)
ok 15 8.4+0.5 369 + 18 22
SO 72 146 +1.3 266 + 15 21
% % 1.5 7.3+ 0.6 395 + 27 4
50" 50 72 10.1 0.5 277 + 28 35
Chernozem
15 8.9+ 0.9 363 + 17 30
P

S50P50Caa0Naa 72 57.1 + 6.2 21 +5 21
15 11.7 + 0.2 368 + 29 50

y-control
72 16.8 + 1.0 285 + 23 62
et 15 7.3+0.6 384 + 23 3
EOSRE0 72 12.0 + 0.9 262 + 26 27
o 1.5 7.6+ 1.0 388 + 14 6
507 50 72 11.2 + 1.1 270 + 30 35

Cambisol

5 7.2+0.6 381 + 36 24
S50P50Caa0Naa 72 10.2 + 2.0 193 + 21 63
— 15 6.7+ 0.5 405 + 38 8
Y 72 12.2 + 0.5 272 + 25 43

recovery of Ser'. At t,q @ consistent decline in
extractable Se(V) down to 272 + 8 pg/kg (six treat-
ments) was recorded in both soils where microbial
activity had not been stimulated. This consistency
in the occurrence of the main Se species with such
a low standard deviation corroborates the identical
availability of Se in both soils at t., ;, as mentioned
above. The proportion of Se™V) in soil extracts in-
creased clearly between t, ., and t,,, (Table 3). The
most contrasting changes in Se speciation during soil
aging were noticed in the S, )P, C,, /N, treatment,
especially in the Chernozem, where Se(VD decreased
to 21 + 5 pug/kg and Se"Y) increased to 57 + 6 pug/kg.
The differences observed in the time-dependent Se
extraction pattern between y-irradiated and non-
irradiated control treatments (Figure 1) proved that
soil microorganisms were involved in the immobilisa-
tion of SeO:" in both soils. Similarly, Garcia-Sanchez
et al. (2014) have reported a substantial microbial
contribution to the kinetically controlled sorption of
SeOZ‘ at non-sterile conditions as against autoclaved
soil. Our y-treated soils (27 kGy), by no means, could
be considered free of surviving microorganisms.
Blankinship et al. (2014) have decreased the count
of colony-forming units (CFU) only from 107 to
10%/g per day after exposure of the soil to y-radiation
(54 kGy). Thus, even in y-irradiated soils, a biotic
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mechanism of SeOZ' immobilisation should not
be omitted. Praus et al. (2019b) have investigated
a fast abiotic sorption of SeO‘f’ in both soils un-
der investigation in the present study and found no
or a weak retention of SeOZ‘ where the difference
between the soils was, in most cases, insignificant.
Although both soils substantially differed in pH
and oxalate-extractable Fe and Al (Material and
methods), we did not observe contrasting values
of Seppa acquired in their control treatments over
72 days of incubation (Figure 1). This finding might be
explained by the extraction method used; phosphate
may significantly release adsorbed Se oxyanions on
soil particles (Keskinen et al. 2009). Thus, our Se
data are probably insensitive to adsorbed Se. Neither
soil pH fluctuation in a particular treatment over
the course of incubation (< 0.3 pH unit, data not
shown) or differences in pH among treatments at a
given time (< 0.5 pH unit) are likely to be important
influential factors. According to Figure 1, sulphate
(8,40 interfered with slow irreversible abiotic reten-
tion and/or microbial immobilisation of Se during
soil aging in both soils. The importance of the latter
mechanism is emphasised by the fact that the Seppa
in y-control resembles that in S, ), indicating that
a drop in viable microorganisms (y-rays) as well as
sulphate-selenate competition for transport into mi-
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crobial cells (Aguilar-Barajas et al. 2011) had the same
consequence, preventing SeOZ‘ bioreduction. When
assuming the enrichment of the phosphate extract
in Se032‘ at the expense of SeOZ‘ in SgPesCaioNys
in Chernozem (Table 3), we hypothesised that the
addition of glucose helped to overcome a lack of
electron donors and, along with a favourable soil pH
(approx. 8), induced the pronounced bioreduction of
SeOZ’, in which SeO327 appears as an intermediate
product. Moreover, a supportive role of decreasing
soil Eh after oxygen depletion at conditions of boosted
microbial activity should be mentioned. Fellowes et
al. (2013) have observed a microbial-driven reduction
of exogenous SeOf’ in a microcosm experiment even
at oxic conditions when employing seleniferous soil.
Selenite and elemental Se® phase were intermediate
and final products of the reduction, respectively.
The overall Se recovery of the SEP, calculated as
the sum of Se extracted in five consecutive extraction
steps (XSe) from a particular treatment divided by
its sub-total soil Se content increased by 400 pug/kg,
was in the range of 78-100% for Chernozem and
95-108% for Cambisol. In Chernozem 550P50C440N44,
the higher portion of Se unrecovered in the SEP may
be attributed to Se biomethylation when the soil
was amended with organic compounds (Zhang and
Frankenberger 1999) at favourable pH conditions.
Keskinen et al. (2010) have shown that chloride extrac-
tion represents a sensitive indicator of Se plant avail-
ability in soil. Consistently for both Se-fortified soils,
the highest yields of Se, ., (nearly 50% of XSe) were
achieved in y-irradiated treatments, being notably
higher than those in the regular controls and slightly
higher than those in the S, treatments (Table 2).
The lowest Se, was acquired in S_,P.,C,,,N,, (3%
of ¥Se in Chernozem). Incorporation of phosphate
extraction after Se ., determination allows to distin-
guish ligand-exchangeable Se (specifically adsorbed
Se oxyanions, mainly Seogz_) from non-specifically
adsorbed and soluble Se fractions. Several treat-
ments, especially those of Cambisol, exceeded the
Sepo4 determined in corresponding native soils,
implying that specific adsorption is a relevant mecha-
nism for Se immobilisation. Interestingly, sulphate
addition significantly decreased Se,,
Chernozem. We believe this observation stems from
the pronounced reduction of Se(VV to Se) in acidic
Cambisol within 1 year of incubation; consequently,
sulphate does not effectively compete with SeO32_ for
soil sorption sites (Goh and Lim 2004). Selenium
extractable with a hydroxide solution traditionally

only in the

represents organically associated Se fractions in soil
(Wright et al. 2003). We assume that Se,,,, can be
used as an index of Sea\norg — Se_ ., biotransformation
in our study. From this point of view, the high values
of Se o determined especially in the Chernozem
(control and S_ P C,, N,,) indicate an extensive
microbial-driven incorporation of exogenous Se
into soil organic matter (SOM). Straightforwardly,
sulphate amendment and y-irradiation significantly
decreased Sey,;; in the Chernozem as compared
to the control (Table 2). The selenium fraction re-
covered with Na,SO, was low in all treatments and
soils (max. 4—6% of XSe). We used the SEP refined
by Wright et al. (2003), providing improved selectiv-
ity of sulphite towards elemental Se®. The highest
SeNansoz Were determined in S P, C,, N,
ments, which offer a direct link between boosted
microbial activity and the reduction of exogenous
Se to the Se® phase. The most resistant fraction

€ squaregia MY comprise recalcitrant Seorg and metal
selenides. In the Chernozem, no treatment exhibited
an increase in Se, . .0, after 1 year of soil aging,
whereas in the Cambisol, this Se fraction more than
doubled in the control and S.,P.,C,,,N,,
compared to un-selenised soil. A significant decrease
in Seaqua wgha induced by sulphate and y-rays, in the
Cambisol (Table 2) suggests that the recalcitrant Se
might be of microbial origin. To resume the results
of SEP, a significant portion of exogenous Se redis-
tributed over the course of the incubation to the Semrg
fraction in the alkaline Chernozem, whereas in the
acidic Cambisol, it emerged in Se . ;thisisin
agreement with the findings of Wang et al. (2017). It
should be kept in mind that the distribution pattern
determined for Se, based on an SEP at a given time,
might be highly sensitive to the amount of exogenous
SeO42' initially present, as Loffredo et al. (2011)
have shown that this parameter largely controls the
rate of SeOf‘ stabilisation, especially in alkaline
soil, where some Se(VD bioreduction was assumed.

Native Se in agricultural soils is frequently present

treat-

treatments

in organic forms or associated with SOM (Keskinen
et al. 2009, Supriatin et al. 2015). Accordingly, the
role of soil microorganisms in the transformation of
exogenous Se must be understood in much greater
detail than is currently available in the literature. We
recommend that Se availability to soil microbiota and
the extent of specific microbial activity should be
acknowledged as important soil variables controlling
the fate of exogenous SeOZ‘ in soils under different
agronomic treatments.
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ABSTRACT ARTICLE HISTORY
The connection between sulphur (S) and selenium (Se) metabolism makes Received 23 November 2018
rapeseed (Brassica napus) an attractive candidate for Se fortification. Accepted 5 March 2019

Unfortunately, fertilizers may interfere with the availability of selenate

KEYWORDS
(Se04%) in numerous ways, including both soil and physiological processes.

Selenium; rapeseed (Brassica

Experiments on two agricultural soils amended with SeO,* (32 pg Se kg™’ napus L.); biofortification;
soil), sulphate and phosphate (each at three levels of supply) were estab- chemical speciation;
lished to elucidate the effect of these anions on the selenization efficiency. selenomethionine

Maximal efficiency in Chernozem soil was roughly two-fold higher (455 pg
Se kg™' seed) than in Cambisol. Sulphate significantly decreased (up to 28%)
the seed Se contents in Cambisol, while an enhancement (up to 33%) was
found in Chernozem. In the Chernozem, the induction of collective S and Se
translocation toward the seed more than compensated for any competition
effects due to the highest sulphate supply. In Cambisol, plant Se distribution
did not follow that of S as closely as in Chernozem. Phosphate did not
significantly alter the fortification efficiency. Resistance of rapeseed proteins
to protease hampered a quantitative investigation of changes in Se specia-
tion under different S supplies. Nevertheless, protein-bound selenomethio-
nine was the predominant Se storage form and traces of other Se species
were also identified.

Introduction

The daily human intake of selenium (Se) does not reach the recommended dietary allowance (RDA)
of 55 pug Se in many areas across the globe (Institute of Medicine (US) 2000). Thus, the essential
biological features of this microelement are not fully realized (Navarro-Alarcon and Cabrera-Vique
2008). Rather than looking for new Se dietary sources, a reasonable selenate (Se042') application to
arable land could increase Se content in current edible products in a safe manner (Alfthan et al.
2015). Rapeseed (Brassica napus L.) as cake or meal, a protein-rich, large-scale by-product of oil
presses, is a strong candidate for Se biofortification. This is because: (i) a considerable Se acquisition
ability of this plant species has been recognized in phytoremediation studies (Dhillon and Dhillon
2009); (ii) nearly 100% of the Se accumulated in seed can be detected in rapeseed meal (Liu et al.
2017); and (iii) rapeseed by-products have been fodder for livestock for decades (Thomke 1981).
Previous research on Se enrichment of B. napus with SeO,* supplied to roots has covered
a number of issues, including: predictive modelling of Se accumulation (Kikkert et al. 2013),
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anion competition with sulphate (SO4*) during uptake (Renkema et al. 2012; Kikkert et al. 2013; Liu
et al. 2016, 2017), Se translocation within the plant (Renkema et al. 2012; Liu et al. 2016), phytomass
yield, physiological parameters and seed quality (Seppdnen et al. 2010; Sharma et al. 2010; Liu et al.
2017), and Se chemical speciation in B. napus (Seppanen et al. 2010; Bafuelos et al. 2012). The
selenate-sulphate relationship in a soil-plant system may seem so complex that a single study can
hardly address all levels of Se-S interaction. Sulphate is known to: (i) prevent SeO,* adsorption at
the soil particle-solution interface (Goh and Lim 2004; Praus et al. 2019); (ii) inhibit SeO,4* transport
into microbial cells (Lindblow-Kull et al. 1985), and inhibit the utilization of Se0,> as a final electron
acceptor by sulphate-reducing bacteria (Zehr and Oremland 1987), both processes restricting
transformation of SeO,% into less available Se species in the soil; and (iii) inhibit SeO42' uptake
by roots due to selenate-sulphate antagonism at the level of plant membrane transporters (White
et al. 2004; Renkema et al. 2012), although multiple transport pathways with diverse sulphate/
selenate selectivity have also been proposed (White et al. 2004). Apart from these factors affecting
Se content in plant tissue in a straightforward way, some physiological phenomena related to
S nutritional status have also been observed, namely S-starvation (Li et al. 2008; Stroud et al. 2010)
and sulphate-induced Se accumulation and/or translocation (Renkema et al. 2012; Liu et al. 2016).
Selenium fortification of B. napus, a high S-demanding crop, raises the question as to whether
induced Se translocation from vegetative tissues could counterbalance lower Se content in seed
caused by SO, fertilizers. Other variables of SeO4> and SO, coapplication which may affect the
biofortification efficiency, such as soil type, phosphate fertilizers, and changes in chemical specia-
tion of Se in plants, have been largely omitted in the works cited above. On this basis, we examined
the effect of two contrasting soils enriched in SeO4> (32 pug Se kg™ soil) and fertilized with
sulphate and phosphate in a full 2 x 3 factorial design, using B. napus as a model plant. The
study was designed to elucidate: (1) the aggregated soil and physiological effect of sulphate/
phosphate anions on Se biofortification of B. napus; (2) the uptake and distribution of Se in mature
B. napus as affected by S nutritional status of the plant; and (3) the potential influence of S and
P fertilizers on the selenocompounds detected in B. napus.

Material and methods
Soils and soil analysis

Two arable soils, Chernozem (silty loam) and Cambisol (sandy loam), were collected from topsoil
(0-20 cm) at experimental stations in Prague-Suchdol (50°7'40.2”N, 14°22'33.0”E); and in Humpolec
(49°33'11.2"N, 15°20'56.2"E), respectively, both in the Czech Republic. A 1 kg sample of each soil
was air-dried in an oven at 35°C and passed through a 2 mm sieve prior to subsequent analysis. Soil
physicochemical characteristics were determined as follows: pH of a 1:14 (m/v) suspension
(soil:10 mM NaNOs); water-extractable carbon (C) in a 1:10 (m/v) soil suspension shaken on
a tube rotator (30 rpm) for 16 h, then centrifuged (2680 x g for 12 min), and measured on
a continuous flow colorimetric analyser (Skalar SAN** System, Skalar, Netherlands); water-
extractable S in a 1:10 (m/v) suspension shaken (30 rpm) for 1 h, centrifuged (2680 x g for
12 min), and analysed by inductively coupled plasma optical emission spectrometry (ICP-OES;
Agilent 720, Agilent Technologies Inc., USA); ammonium oxalate-extractable iron (Fe) and alumi-
nium (Al) according to Sheldrick (1984) and soil available phosphorus (P), calcium (Ca) and
magnesium (Mg) using the Mehlich 3 method (Mehlich 1984), all quantified by ICP-OES. Total
contents of C and nitrogen (N) were measured on an elemental analyser CHNOS (Vario MACRO
cube, Elementar Analysensysteme GmbH, Germany). The pseudototal Se was determined in
0.50 g of soil exposed to microwave-assisted wet digestion (Discover SP-D, CEM Corp., USA) at
180°C for 18 min, using 2 mL HNOs and 6 mL HCI (both Analpure®, Analytika, Czech Republic), then
Se was measured in a diluted digest by inductively coupled plasma quadrupole mass spectrometry
(ICPMS; Agilent 7700x, Agilent Technologies Inc., USA).
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Plant experiments

Field-moist soils, sieved through a mesh of 10 mm, were weighed into plastic bowls in an
amount equivalent to 4750 g dry weight (DW). Individual nutrient solutions of NH;NO3, KNOs,
(NH4)>S0,4, K;HPO, and Na,SeO, were prepared and mixed in @ manner that spraying of these
solutions provided the soil treatments described in Table 1. Thoroughly homogenized soils
were transferred into plastic pots (5 dm?®) in triplicate, sown with spring oilseed rape (Brassica
napus L. ‘Blanice’) at 20 seeds per pot, and placed on benches in a vegetation hall (roofed
shelter with open sidewalls) on 26" of March 2016. Young seedlings were thinned to three
plants per pot during development of leaves (BBCH growth stage 12-19). Soil moisture was
kept at 55-60% of water holding capacity by addition of deionized H,O, based on visual
inspection and regular re-weighing of pots. In addition to initial fertilization, three corrective
doses of N (in total 800 mg) were supplied as a NH4;NO3 solution into soil at BBCH growth
stage 30-69. The plants were harvested at maturity, 127 days after sowing (BBCH growth stage
89-97), then separated into roots, stems and pods, rinsed with deionized H,O, allowed to dry
naturally, and weighed.

Plant tissue analysis

Total content of elements

Microwave-assisted digestion procedures were employed to prepare the samples for total Se (UltraCLAVE
IV, Milestone Ltd., Germany) and P and S (Discover SP-D) determination in individual plant tissues. For this
purpose, 200 mg (weighed to an accuracy of 0.1 mg) of air-dried and ground root, stem or unprocessed
whole seed was digested in 5 mL HNOs at 250°C for 30 min (Se) or at 200°C for 20 min (P and S). The
elemental concentrations were measured in diluted digests by ICPMS (Se) or ICP-OES (P and S). The ICPMS
was a single quadrupole device equipped with a concentric nebulizer (MicroMist) and an octopole
reaction cell pressurized with H, to eliminate interfering polyatomic species at m/z 78; the data were
acquired based on the Se external calibration 0.1, 0.5, 1.0, 5.0, 10.0 pug L', aspirating 20 pg L' Ge as an
internal standard. The instrument was tuned using a solution containing 1 pug L™ of elements of interest
to achieve 3800 cps (78Se), the ratio of oxide ions < 0.90% (156/140) and doubly charged ions < 1.20% (70/
140). Validation of the total content determination was through analysis of two certified reference
materials (CRM), Peach leaves (NIST, SRM-1547) containing 1371 + 82 mg kg_1 P and 0.2%
S (information mass fraction value), and Pine needles (NIST, SRM-1575a) containing 0.099 + 0.004 mg
kg_1 Se. From our analysis of these CRMs, we obtained the following mass fraction values (n = 3):
1311 85 mg kg™’ P, 0.18 + 0.01% S and 0.095 + 0.003 mg kg™ Se.

Analysis of selenium chemical speciation

Seeds and roots from plants grown in Chernozem were frozen in liquid nitrogen and finely ground
with an ultra-centrifugal mill (ZM 200, Retsch, Germany). The extraction of Se species was con-
ducted by enzymatic hydrolysis, comprising 100 mg plant tissue, 20 mg protease (P-5147, type XIV,

Table 1. Nutrient supply to individual treatments of the pot experiment.

Treatment Se N K S P
n=3 Mg pot_1 mg pot_1 mg pot_1 mg pot_1 mg pot_1
SepSoPs2 = 500 300 = 32
SoP32 153 500 300 = 32
SoPea 153 500 300 - 64
SoPos 153 500 300 & 96
Sa3P32 153 500 300 43 32
Sa3Pea 153 500 300 43 64
S43Pg6s 153 500 300 43 96
S128P32 153 500 300 128 32
S128Pea 153 500 300 128 64
S128Pos 153 500 300 128 96
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Sigma Aldrich) and 3000 mg high purity water (= 18.2 MQ cm™'; Milli-Q purification system,
Millipore, SAS, France) weighed into a 15-mL centrifugal tube. Both an ultra-sound assisted
extraction (10 min pre-incubation at 37°C in a water bath followed by sonification for 6 x 30 s)
and an incubation procedure (horizontal shaking at 37°C in a water bath for 16 h) were tested for
extraction efficiency. The hydrolysate was centrifuged (3760 x g for 10 min), then filtered (0.20 pm,
NYLON) and the first aliquot (0.500 mL) was subjected to speciation analysis within 18 h after the
extraction. Total Se was measured by ICPMS from the second aliquot (1.00 mL) after acid digestion.
An ion pairing-reversed phase (IP-RP) high-performance liquid chromatography (HPLC) coupled to
ICPMS via a PEEK capillary tubing was used for Se speciation. Standard solutions at 0.1, 0.5, 1.0, 5.0
and 10.0 pg/L Se of each chemical species to be analysed were prepared by dissolution and
dilution of Se-(methyl)selenocysteine hydrochloride (SeMetCys), seleno-L-methionine (SeMet),
seleno-L-cystine (SeCys2), Na,SeOs (SelV), and Na,SeO, x 10H,O (SeVI; all purchased at Sigma
Aldrich, Steinheim, Germany) with Milli-Q water, which had to be acidified with HCl to facilitate
dissolving of SeCys2. The chromatography system (Agilent 1260, Agilent Technologies Inc., USA)
was equipped with an analytical column Nucleodur C18 Pyramid (250 X 4.6 mm, 5 pm; Macherey-
Nagel, Germany), which was isocratically eluted (1.00 mL min™') by an aqueous mobile phase
(pH 5.2) containing 2.5% (v/v) methanol, 25 mM ammonium acetate, and 1 mM tetrabutylammo-
nium phosphate, differing from Kubachka et al. (2017) only in the quaternary ammonium salt used.
The sample injection volume was 20 uL and the column was heated to 30°C.

Data analysis

The statistical significance of P and S amendments affecting Se content in rapeseed plants was
tested by one-way analysis of variance (ANOVA) after the Shapiro-Wilk's test for normality. The
ANOVA was followed by Holm-Sidak's multiple comparison post hoc test. The search for Se-
P-S interrelations in plant tissue was based on Pearson’s product-moment correlation coefficients.
The p-values < 0.05 were considered significant. All statistical analyses were executed using
SigmaPlot 11.0 (Systat Software, Inc., USA).

Results and discussion
Soil characteristics and biomass yield

Soil physicochemical characteristics are listed in Table 2. Analysis of the seed and pods planted in both
soil types showed two general trends: (i) the amount of SO, applied was the variable that had the
greatest positive effect on yields (treatments SoP35 X S43P35 X S128P32, SoPea X Sa3Pss X S15Pss, and Sp
Pos X S43Pos X S128Pos; Table 3); (ii) the effect of phosphate was mostly statistically insignificant or even
inhibitory (SoP32 X SoPes X SoPoe, Sa3P32 X S43Pe4q X S43Pos, and Sq28P35 X S128Pes X S128Pgs). The plants
under S-starvation conditions (SgPs; X SoPgs X SoPgs) exhibited stunted growth, leaf interveinal
chlorosis, anthocyanin enrichment, and spoon-like leaves indicative of S deficiency (Schnug and
Haneklaus 2005). These symptoms were especially evident in Cambisol where SoPe4 and SoPge pro-
duced only deformed pods with no developed seeds. A severe physiological disorder related to
Cambisol was also evident in SyP3, plants that had considerably lower MHI values (Table 3); otherwise,
MHI was fairly stable between both soils of a particular treatment. A precise diagnosis of the growth-

Table 2. Physicochemical characteristics of the soils used in the pot experiment.

Se C N Fe Al (& S P Ca Mg
(total) (oxal) (H,0) (Mehlich3)
Soil pH g kg™ g kg™ mg kg™ mg kg™’ mg kg™’

CHER. 8.0 347 +£14 206+08 18 =*=0.1 161764 137226 62+0 153+10 96+6 8830+ 240 238 +11
CAMB. 6.0 219+5 202+0.0 20=*0.0 4461 =106 1814 +37 102+3 220+06 894 158545 143 =*6
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Table 3. Yield categories of rapeseed grown in potted soils.

roots stems seed+pods
Treatment modified harvest
n=3 g pot™' DW (+ SD) index MHI?
Chernozem
SeoSoP32 77 +03 222 +0.7 19.7° + 0.8 0.40
SoPs, 77 +0.8 26.1 + 1.2 23.0° + 0.8 0.40
SoPes 89 + 0.6 237 +16 22.9° + 1.1 0.41
SoPos 76+ 0.8 26.0 + 2.5 19.0% + 0.7 0.36
S43P32 6.0 + 0.2 19.4 +1.2 32.2°+ 2.0 0.56
S43Pesa 6.9 + 0.7 219 +20 29.0° + 0.8 0.50
S43Pos 73+03 244 + 0.5 28.4° +0.5 0.47
S128P32 51+ 0.5 19.5 + 0.6 38.19 + 05 0.61
S12Psa 58 + 0.3 17.8 + 1.1 3949 + 14 0.63
S12aPos 64 + 0.1 18.6 +0.3 38.8¢ + 0.9 061
Cambisol
SeoSoP32 97 + 0.4 262 + 1.7 9.0 + 1.3 0.20
SoP3z 76 + 0.4 27.9 + 2.1 1012 £ 1.2 0.22
SoPea 6.0 + 0.4 15.9 + 0.8 - -
SoPos 67 £ 05 221 +03 = -
S43P32 7.7 £09 26.1 + 1.6 31.9°4 + 05 0.49
S43Pesa 9.8 + 0.7 273 +20 341° + 1.0 0.48
S43Pog 9.9 + 0.8 284 +19 3139+ 10 0.45
S128P33 79 +0.7 23.0+1.2 454 + 1.2 0.60
S128Pea 6.8 + 0.6 212 + 05 49.6° + 0.7 0.64
S128Pos 84 + 06 24.0 +1.2 487° +1.3 0.60

@ Calculated as follows: (Mseeds + Mpods)/ (Mroots + Mstems + Mseeds + Mpods)-

Different letters stand for significant differences among treatments in a given soil
(p < 0.05).

DW and SD mean dry weight and standard deviation, respectively.

limiting factors and discrimination between physiological and soil-related phenomena were beyond
the scope of this study, but clearly no decrease in the seed and pod yield was observed if the amount of
sulphate applied exceeded that of phosphate (S;5gP35 X S128P64 X S128Pos). Several authors have shown
an increase in the content of selected micronutrients in plant tissue after addition of S fertilizers (Islam
2012; Barczak et al. 2018), mainly emphasising their soil acidifying effect. Moreover, S-containing
metabolites common in the Brassicaceae family play an active role in microelement translocation
(Irtelli et al. 2009) or have the potential to mitigate plant stress (Fatma et al. 2014). Selenium fortification
showed a slight promotion of seed and pod yields in both soils (SegSeP32 X SoPsy).

Phosphorus content in plant tissue

Total phosphorus (P, content in plant compartments varied widely among the treatments,
especially in roots and stems, 0.3-5.5 g kg~' and 0.2-5.3 g kg~' DW, respectively (data not
shown). The range of P content in seed was narrower, 6.2-10.9 g kg~ (Figure 1). Our results
confirmed a high P mobility within B. napus, where seed acted as a final storage organ. In our
study, P accumulation, S nutrient status and biomass yield were evidently interrelated; therefore,
we have defined three categories based on the MHI values. The plants cultivated under the highest
S128 supply (MHI > 0.60) were similar to each other in seed P content regardless of P application
rate (Figure 1). Moreover, P was transported from roots and stems upward in a very efficient way.
The P content in plant tissues grown under S43 supply (0.45 < MHI < 0.59) increased unevenly with
P dose, leaving a considerable amount of P in vegetative organs (data not shown). The stressed
plants receiving So (MHI < 0.44) had a P uptake pattern that resembled plants found under S,3
conditions; however, they could accumulate more than 10 g kg™' P in seed. An excessive P uptake
might exacerbate S starvation in soils with low available S, and also reduce the efficiency of
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Figure 1. Phosphorus and sulphur concentration in rapeseed seed grown in two potted soils. Each pot (4750 g of soil DW)
received 153 pg Se with the exception of control treatment without Se addition (SepSoPs5). Subscripts indicate the amount of
S and P (mg) supplied to each pot. Different letters stand for significant differences among treatments within the same soil
(n = 3; p < 0.05); error bars are standard deviation; DW mean dry weight.

S fertilizers (Aulakh and Pasricha 1977). In general, soil P in Cambisol was slightly more plant
available as compared to Chernozem. Certainly, the spraying of 10' mM phosphate solution on
alkaline Chernozem might trigger precipitation of Ca-P phases. Nevertheless, the dependence of
phosphate solubility on H* activity in soil water has multiple variables to consider (Devau et al.
2011), aspects that are beyond the scope of this work. The addition of Se did not significantly
influence seed P content (SeySoP3> X SoPsa).

Sulphur content in plant tissue

Sulphur content in root, stem and seed tissue was in the range of 0.40-1.03 g kg™, 0.52-1.15g kg™, and
1.51-2.40 g kg™' DW, respectively. Such seed S contents were lower than those previously reported for
field-grown commercial B. napus, although values as low as 2.1 g kg™' have also been encountered (Sarda
et al. 2013). Raising the S supply from 0 to 43 mg pot ™' was not reflected by an increase in seed S content
(Figure 1). Although a minor effect of S biodilution could not be excluded, this effect might be
a consequence of B. napus up-regulating the gene expression of high-affinity sulphate transporters
(SULTR1;1 and SULTR1,2) in roots when S supply is limiting in order to maximize the uptake of any
available extra-cellular SO4%. In addition, SULTR4;1 and SULTR4;2 transporters are co-expressed under
S deprivation to promote vacuolar SO4* efflux (Parmar et al. 2007; Zhang et al. 2015). Therefore, the
response of the S distribution pattern to S application might be obscured by compensatory mechanisms
in the plant to ensure the development of viable seed. Such strategies are supported by a lower degree of
variability in seed S content observed in B. napus cultivated under diverse conditions as compared to that
found in vegetative organs (Sarda et al. 2013). Our study was consistent with this observation. The highest
S rate, 128 mg pot“, had a significantly increased seed S content (Figure 1); however, the corresponding
plants had the lowest S level in the stem (data not shown). That implied a sulphur redistribution
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mechanism toward the seed, described for B. napus cultivated under limiting S supply (Dubousset et al.
2010), was active in these treatments. Notably, in the S;,g treatments, the ratio of the seed/roots
S contents in Chernozem (4.75 on average) contrasted with that from Cambisol (1.86), suggesting
a lower S translocation/remobilization efficiency for the roots grown in the latter soil, since the seed
yield along with S content could not justify that finding. This could be partially explained by an enhanced
allocation of endogenous 5042' and S, to roots, as documented by Abdallah et al. (2010) who cultivated
B. napus in an S-deficient hydroponic solution. Phosphate application rate did not impact S levels in the
seed of Sy and S,; plants (SoPs> X SoPssa X SoPos and SszsPss X SasPes X SasPog); however, some
S-P interference did occur under S;,g supply (S128P3> X Si28Pesa X S128Pos). The decrease in seed
S content as affected by Se fortification was found to be statistically insignificant (SeoSoP32 X SoPs2).

Selenium content in plant tissue

B. napus grown in the absence of exogenous Se exhibited very low Se content in plant tissue,
confirming poor plant availability of native Se in both soils (Figure 2). The seed Se contents in the
control treatment (SeoSoPs2) were 89 pg kg™' and 24 pg kg™' DW in Chernozem and Cambisol,
respectively, reflecting an expectedly higher Se availability in alkaline soil with lower Feg,, and Algya
contents (Table 2). The application of 153 ug Se pot ™ in the form of SeO4*" successfully increased the
seed Se content, peaking at 455 pg kg™ in Chernozem and at 245 pg kg™' in Cambisol. We do not
believe that differences in anion competition, soil adsorption or root uptake are the primary factors

Cambisol treatment Chernozem
Z2- b
S128P96
seed
1 stem S126Pes 24 b
B root
73— b
St et
C
S43P96
S43P64
S43P32 H—" Aﬂ; b,d
SOP%
SOP64
SOP32
a& Se,SyPs; %a
T T T T T T T T T T
600 500 400 300 200 100 O 0O 100 200 300 400 500 600

Se concentration [ug kg'1 DW]

Figure 2. Selenium concentration in rapeseed tissue grown in two potted soils. Each pot (4750 g of soil DW) received 153 ug Se
with the exception of control treatment without Se addition (SegSoP3,). Subscripts indicate the amount of S and P (mg)
supplied to each pot. Different letters stand for significant differences among treatments within the same soil (n = 3; p < 0.05);
error bars are standard deviation; DW mean dry weight.
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responsible for the higher Se fortification efficiency of Na,SeO, in Chernozem, since there were
considerable differences in tissue Se contents between the two soils regardless of S-P treatment
(Figure 2). More likely, the lower Se availability in Cambisol suggested a pronounced reduction of
Se042' to selenite (Se032'), or even a transformation to Seq, in this soil. Selenite is less mobile than
Se0,* mainly due to a stronger interaction with soil particles (Fernandez-Martinez and Charlet 2009).
Nevertheless, both SeOs% and small Seorg molecules may be taken up by plants from soil solution,
although they may vary in their translocation capacity (Kikkert and Berkelaar 2013). In this study,
although the results did not achieve a level of significance, the seed Se content increased with the
amount of phosphate co-applied only in Cambisol (S43P35 X S43Ps4 X S43Pog and S;5gP35 X S126Pes X S128
Pos), supporting the existence of selenite-phosphate or Se,4-phosphate competition for soil sorption
sites. Moreover, the overall mobilizing effect of phosphate could be attenuated by antagonism
between phosphate and SeO5* during plant uptake (Hopper and Parker 1999) or could be related
only to native soil Se content. Interestingly, Zhang et al. (2017) reported that Se accumulation,
translocation and content in wheat (Triticum aestivum) vegetative organs declined when phosphate
was added to selenite-fertilized soils, while the opposite was true for selenate-treated soils. As for
Chernozem, phosphate reduced seed Se content in So plants, less markedly with S43, and did not affect
S12g treated plants (Figure 2), indicating a role for sulphur in Se utilization. The impact of S fertilizers on
the efficiency of crop fortification with SeO,% soil application cannot be generalized, since SO,*" has
a dual effect: (i) it helps to maintain Se in a plant available form (Stroud et al. 2010; Kikkert et al. 2013);
and (ii) it inhibits root Se uptake (Hopper and Parker 1999). Recently, Liu et al. (2017) investigated the
response of field-grown B. napus fortified with SeO,> at a rate of 60 g Se ha™' along with 60 kg S ha™" as
sulphate. Seed Se decreased by 40% as a consequence of anion competition for root uptake, confirm-
ing the findings on Se0,%"S0,% antagonism found with B. napus in soilless culture (Renkema et al. 2012;
Liu et al. 2016). However, we revealed an inhibitory effect of SO,* on seed Se content only in Cambisol
(SoP32 X S43P32 X S128P32, S43Pea X S128Pea, and Sa3Pos X S128Poe). It should be noted that both Se04% and
Se05% may occur simultaneously in a soil, and sulphate may decrease fortification efficiency of both Se
oxyanions (Liu et al. 2017). A contradictory effect of SO,* was found in Chernozem where seed Se
content increased substantially despite any potential Se biodilution. While the positive influence of
SO,* was rather ambiguous in P55 plants, it became more evident in Pg, and Pog plants, especially in S5
Pos X S128Pssa and Su3Pos X Sq-8Pge treatments (Figure 2). Selenium remobilization from vegetative
tissues to seed was encouraged by exogenous SO, as can be seen in S43 stems, but a higher supply of
P suppressed Se transport. The S;,g plants showed a pronounced Se remobilization from stems and
roots grown in Chernozem, being less dependent on P application. Our results were in line with those
reported by Renkema et al. (2012) and Liu et al. (2016), who significantly improved Se translocation in
B. napus fed hydroponically with SeQ,* if the plants were exposed to SO,%. A facilitating effect of SO,
may not be exclusive to the Brassicaceae family. Golob et al. (2016) found higher Se contents in all
compartments of Tartary buckwheat plants (Fagopyrum tataricum) when a foliar spray containing SeO4>
and SO, at a molar ratio of 1:1 was applied, as compared to treatment with a sulphate-free solution.
Apart from the SO,% dual effect, plant nutritional status has been suggested as a variable accounting for
the different responses to Se-S interactions (White et al. 2004; Stroud et al. 2010). Shinmachi et al. (2010)
studied the consequences of S starvation promoting SeO,” uptake and redistribution in wheat as a result
of altered gene expression of the sulphate transporter family. At first glance, the concept of S starvation
seemed to be incompatible with our Se-richest seeds having grown under the highest S supply, but the
S128 treatment might still represent a suboptimal S supply, and this situation might have been exacer-
bated during plant growth.

Despite many variables affecting Se fortification efficiency, we tried to draw relations between
Se and S or P content in B. napus grown under various S and P supplies in 2 soils based on
Pearson’s correlation coefficients. The most noteworthy results are summarized in Table 4. The
paired values of S and Se contents taken from all plant tissues and treatments of Chernozem were
positively correlated to each other (p = 0.011, r = 0.545), as compared to Cambisol which showed
no correlation (p = 0.939, r = —0.018). If only S;,5 treatments, exhibiting a high degree of Se
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Table 4. Pearson’s correlation coefficient notifying a degree of linear dependence
between S and Se as well as P and Se contents in rapeseed tissue.

Tiisiie Traathiant Chernozem Cambisol
n p-value r p-value r

S/Se all all @ 21 0.011 0.545 0.939 —0.018
ratio all Si28 9 < 0.001 0.985 0.054 0.658
roots all @ 7 0.001 0.944 0.161 —0.593
stems all @ 7 < 0.001 0.959 0.006 0.898
seed all @ 7 0.200 0.551 0.004 -0.914
P/Se all all @ 21 0.004 0.606 0.132 0.340
ratio all Si28 9 < 0.001 0.986 0.108 0.571
roots all @ 7 0.004 0.918 0.008 0.890
stems all @ 7 0.002 0.936 0.002 0.944
seed all @ 7 0.233 —0.519 0.055 0.744

? SeSoP32, SoPsas SoPos Were excluded

remobilization, were evaluated a strong positive correlation was found in Chernozem (p < 0.001,
r = 0.985) and a weaker one in Cambisol (p = 0.054, r = 0.658), supporting an influence of
phosphate supply in the latter soil. Another difference between the 2 soils consisted in the
opposite direction of the S/Se correlation coefficients calculated for roots (Table 4). The fact that
Se distribution in B. napus cultivated in Cambisol followed that of sulphur to a lesser extent by
comparison to plants in Chernozem suggested an interference in the sulphate-selenate metabolic
pathway, or more likely that a portion of Se acquired by B. napus was a reduced Se species,
probably Se05% or Seorg. The Se and S contents in stem tissue, a reservoir where S from both roots
and leaves can be temporarily stored, were strongly positively correlated in both soils. In seed, the
positive S/Se dependence was weaker in Chernozem (p = 0.200, r = 0.551) and turned negative in
Cambisol (p = 0.004, r = —0.914). The reason for such an S/Se discrimination during the seed filling
stage and ripening could not be explained without a temporal knowledge of the participation of
individual S and Se intermediates in a particular metabolic/transport pathway, including their role
in substrate competition. The data in Table 4 show a resemblance between the corresponding P/Se
and S/Se correlations calculated for Chernozem-grown B. napus, with one exception being the
negative correlation in seed. Apparently, the final Se-S-P distribution in vegetative tissues pro-
ceeded without any specific discriminatory effect in that soil. In Cambisol, the P/Se correlations in
vegetative organs were similar to those calculated in Chernozem. Interestingly, the seed P/Se
correlation coefficient, analogously to S/Se, was of opposite sign for the 2 soils (Table 4), implying
a distinctive feature of Se-S-P storage management during seed development and ripening. If
much of the Se was present as a reduced species in Cambisol, this would be consistent with Li et al.
(2008) who showed that SeOs% and Se0,* differed greatly in the easy of assimilation and transport
within plants.

Analysis of selenium chemical speciation

Selenium extraction efficiency varied widely depending on the plant tissue and S supply, which had
a range of 19-57% of total Se content (Table 5). There was no significant difference between the
efficiency of ultrasound-assisted extraction and the incubation procedure (p > 0.05; data not shown).
Enzyme-supported Se extraction efficiency previously reported for B. napus seed or meal falls into the
same range achieved in our study (Banuelos et al. 2012; Baldn et al. 2014), but it has also been
reported to be close to 100% (Seppanen et al. 2010). All the authors cited above relied on protease
type XIV, in agreement with our experiment. Low Se. extraction efficiencies could be primarily due
to the decreased solubility of Se-containing proteins. Two major storage proteins in B. napus,
cruciferins and napins, differ substantially in their isoelectric points (Wanasundara 2011). Lower
protein extractability from rapeseed meal under acidic conditions was documented by Sari et al.
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Table 5. Selenium chemical speciation in rapeseed tissue grown in Chernozem.

SeCys2 SeMetCys SeMet Se(lV) Se(VI) E.E. CR.
Treatment
n=2 ug Se kg~' DW (+ SD) %
Roots
SepSoPs2 nd. n.d. 125+05 15+06 14+01 43 38
SoP3; nd. n.d. 796 +32 46+10 11+01 46 38
Sa3P3> n.d. n.d. 81165 120+0.1 22+06 55 41
S12aP12 nd. n.d. 164 +05 48+02 12+03 29 46
Seeds
SeoSoP32 nd. n.d. 39+ 1.1 nd. 0.7 £ 0.7 19 27
SoP32 33 +0.1 n.d. 431 +04 nd. 06 +00 22 47
Sa3P32 133+ 04 n.d. 1329 £ 25 nd. 03+02 47 72
S:5aPss 104 + 0.3 n.d. 1594 + 7.8 nd. 07+03 57 66

E.E. and C.R. denote extraction efficiency and column recovery, respectively.
DW, SD, and n.d. mean dry weight, standard deviation, and not detected,
respectively.

(2013). Although Seppanen et al. (2010) and Balan et al. (2014) employed similar extraction condi-
tions buffered at pH 7.5, their extraction efficiencies were not consistent. There are also additional
factors to consider, mainly seed wall structure/integrity, and the content of oil and phenolic
compounds, that have a potential to modify protein extractability (Sari et al. 2013). Our results
suggested that higher seed Se content and S supply predetermined higher Se extractability. For seed
extractions, Se column recovery was as low as 27% for SepSoPs, and reached up to 72% for selenium
treated plants (Table 5), while the recovery from root extracts was more uniform, measuring 41 + 4%.
Selenium column recovery was difficult to determine and in some studies was not considered. Our
low recoveries were not surprising given that the level of enzymatic hydrolysis for rapeseed meal
proteins was < 30% (Chabanon et al. 2007; Zhou et al. 2016). These two research groups analysed
their findings by size-exclusion chromatography (SE-HPLC) with the hydrolysates being a mixture of
peptides in the molecular weight range up to 10,000 Da. The pH-controlled ability of rapeseed
proteins to form complexes with phytic acid (Wanasundara 2011), salts of phytic acid being
a common P species in seeds, may also contribute to a lower extraction efficiency and column
recovery. Figure 3 shows a chromatogram obtained after injection of a standard solution at 0.5 pg
Se L' of each Se species, giving a satisfactory detection capability in the sub-parts-per-billion (ppb)
concentration range. Individual Se species in B. napus extracts were identified by comparison with
the retention times (tg) of the available standards and by a spiking procedure. The distribution of Se
species had to be corrected due to the high levels of SeMet (80 + 2 ug Se kg™'), Se(IV; 15 + 0 pg
Se kg™'), and Se(VI; 42 + 1 pg Se kg™") in the protease as quantified in triplicate in control samples.
Selenomethionine was by far the main Se species detected in enzymatically hydrolyzed roots and
seeds regardless of S supply, constituting 73-93% of the Se identified, suggesting the importance of
the S metabolic pathway producing methionine. These results were consistent with SeMet contents
in protease-treated rapeseed seeds and meals reported by other researchers (Seppanen et al. 2010;
Banuelos et al. 2012). Banuelos et al. (2012) published chromatographic profiles of Se species in
B. napus seed (Seq: = 1800 pg kg™') harvested from a soil naturally laden with inorganic Se as follows:
66% SeMet, 20% SeMetCys, 14% SeCys2. Moreover, a complementary analysis using bulk X-ray
absorption near edge structure (XANES) spectroscopy corroborated the prevalence of C-Se-C com-
pounds (90-95%), the rest was assigned to RS-Se-SR forms (seleno-diglutathione). Apparently, these
techniques confirmed C-Se-C compound levels and not SeCys2, although both techniques were
capable of detecting the later form. Seppénen et al. (2010) investigated the seed (Sew: = 474 ug
Se kg™") of B. napus grown in soil fertilized with SeO,% (20 g Se ha™'), and the seed (Sei: = 1095 pg
Se kg™") harvested after a combined Se0,* application (20 g Se ha™" into soil and 30 g Se ha™' to the
leaves). Interestingly, 97% of Se.,: was SeMet in the protease-treated seed from the combined Se
supplementation, just soil application resulted in only 66% SeMet; in both cases, no other Se species
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Figure 3. Chromatogram of a rapeseed hydrolysate (solid line) spiked with 8.5 ug Se L™ as SeMet and 0.5 pg Se L' as the
other four species (dashed line). The black arrow indicates the void volume of the column. Chromatographic separation of the
five Se species injected as a mixture of Se standards (0.5 pug Se L' each) is depicted at the top on the right side.

were identified. One might speculate that the pronounced SeMet biosynthesis reflected a luxury Se
uptake or, alternatively, root-absorbed SeO,* underwent a more complex biotransformation in
B. napus as compared to foliar application. A wider range of Se metabolites might partially explain
the low column recoveries we observed. After translocation of Se and S within S;,gP35 plants, the
remaining Se in the roots was poorly extractable, whereas SeMet content in the seed increased along
with a higher Se extraction efficiency as compared to S43P3; plants (Table 5). In addition to SeMet, we
detected SeCys2 in the seed extracts (Figure 3), representing up to 9% of those Se species separable
on the column used. The origin of the C-Se-Se-C compound was believed to be oxidation of seleno-
cysteine (Bafuelos et al. 2012). We only found SeCys2 in seeds of plants treated with Se (Table 5).
Traces of SeO4% in seed might be attributable to the protease given a margin of error in the selenate
subtraction procedure. The minor Se species determined in root extracts were SeOs*, accounting for
up to 21% of Se identified, and whose percentage increased with S supply in selenium treated plants,
and traces of Se0,%. The absence of SeOs* in seeds confirmed its low translocation capacity in
B. napus (Kikkert and Berkelaar 2013). The methylated form, SeMetCys, was not identified in either
seeds or roots.

Conclusion

Soil type and its physicochemical characteristics were shown to be the major factor determining
the efficiency of seed enrichment with selenium. Higher SO,* application rates significantly
decreased Se fortification efficiency for rapeseed grown in Cambisol. By contrast, in Chernozem,
the highest SO, supply maximized seed Se content, showing a strong Se remobilization from
vegetative organs. We proved that Se and S assimilation in rapeseed were significantly interrelated,
particularly when cultivated in Chernozem, most likely through a shared Se0,*/50,> pathway.
A weaker S/Se correlation found for rapeseed grown in Cambisol implied that at least a portion of
Se taken up by plants was not Se04*, thus deviating from a SO4* assimilation pathway. Seed Se
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content was not significantly affected by phosphate supply (this conclusion was drawn based on
the S;,5 plants to avoid misinterpretation due to severe S deprivation). Low Se extraction efficiency
from rapeseed tissues and low column recovery hampered the quantitative elucidation of the
impact of S supply on Se speciation in root and seed tissues. The widely used speciation technique
incorporating protease extraction and HPLC-ICPMS separation/detection has to be reconsidered
when encountering protease resistant tissues. Selenomethionine was the main Se species detected
in protease-treated roots and seeds grown in Chernozem regardless of S treatment. Finally, we
strongly recommend that generalization on the effects of S and P fertilizers on Se fortification
efficiency via Se0,* application into soil should be avoided, at least until the main Se species in
a given soil are taken into account.
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Se deficiency in crops, humans, and animals. This study investigated the 2016

response of oilseed rape to foliar application of selenate solution in a Accepted 19 December 2016

microscale field experiment conducted at two locations differing in soil KEYWORDS

and climatic conditions but with comparable total Se contents. Sodium Selenium; Brassica napus L.;
selenate (Na,SeO,) was applied at two rates (25 and 50 g Se ha™'). The foliar application; nutrient
potential effect of Se application on the uptake of essential elements was uptake

also evaluated. The foliar Se application resulted in an effective stepwise
increase in the Se contents of all the plant components studied
(leaves > stems > roots > siliques ~ seeds), as expected. No significant
influence of Se fortification on the other investigated macro- and micro-
elements was observed. However, the soil and climatic conditions influ-
enced the Se uptake, such that a higher Se content was observed in
plants grown in the most acidic location (Cambisol soil) that had a higher
oxidizable carbon content and higher average annual rainfall compared
to the less acidic location (Luvisol soil). These observations indicated the
necessity to optimize the Se application for the particular soil and
climatic conditions to achieve a maximum biofortification effect.

Introduction

Oilseed rape (Brassica napus L.) is a valuable source of oil (45-50% v/v in the mature seeds) and
protein (40% in rapeseed meal) for animal and human nutrition. Additionally, it constitutes a rich
source of health-promoting phytochemicals, such as phenols, flavonoids, hydroxycinnamic acids,
vitamins, fats, and carotenoids (Jahangir et al. 2012). The oil from 00-quality oilseed rape contains
high amounts of C18 fatty acids, including oleic acid (C18:1, 60% v/v), linoleic acid (C18:2, ~30% v/
v), and linolenic acid (C18:3, ~10% v/v). The meal obtained after oil extraction represents a valuable
feedstuff for animal nutrition and a potential protein source for human nutrition. The meal contains
a favorable composition of amino acids, including the essential sulfur (S)-containing amino acids,
methionine, and cysteine (Wittkop et al. 2009). Oilseed rape also has an excellent ability to
accumulate Se (Banuelos et al. 1997). Therefore, this crop can be considered a suitable species
for potential bioremediation of Se-contaminated soil (Bafiuelos 1996).

Se is an essential microelement in humans and animals, but is not considered to be essential for
higher plants, although numerous studies show benefits from Se addition to plants (Lyons et al.
2009). Se acts as a growth regulator, antioxidant, anti-senescent, abiotic stress modulator, and
defensive molecule against pathogens at low concentrations in plants. Increases in antioxidant
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enzyme activity associated with applied Se have been observed (Hartikainen et al. 2000;
Djanaguiraman et al. 2010). Plants take up selenate via S transporters and assimilate it into
selenocysteine (SeCys) and selenomethionine (SeMet) that perform different roles in the plant
(Ellis & Salt 2003). Klognerova et al. (2015) determined the Se compounds in Se-fortified and control
oilseed rape plants, where SeMet was identified in the fortified plants. In the defatted oilseed rape
meal, the predominant Se compound was SeMet (Seppédnen et al. 2010).

Se can counteract various abiotic stresses induced in plants by cold, drought, intense light,
water, salinity, and heavy metals (Djanaguiraman et al. 2010; Feng et al. 2013; Kaur et al. 2014).
However, at high concentrations (>1 mg kg™'), Se has been shown to cause various toxic
symptoms in plants, which include stunting of growth, chlorosis, withering, and drying of
leaves, decreased protein synthesis, premature and even death of the plant (Kaur et al. 2014).
At 10 mg kg™ ' of soil, Se resulted in significant yield loss of ryegrass (Lolium perenne)
(Hartikainen et al. 2000).

Se uptake by plants is affected by a complex of soil physicochemical parameters. For instance,
Johnsson (1991) showed pH, and clay contents influenced Se availability. According to Moreno
Rodriguez et al. (2005), soil Se is predominantly associated with humified organic material.
Generally, in humid regions and acid soils, Se predominantly exists as its inorganic form, selenite,
whereas, under well-aerated conditions in the alkaline soils of semiarid regions, it is present as
selenate. Selenite is tightly adsorbed on sesquioxides and clay minerals in acid soils, hence its
availability for plants is limited. On the contrary, selenate is poorly adsorbed and remains available
for plants (Cuvardi¢ 2003). Thus, the soil application of selenate resulted in higher Se contents in
Lolium perenne and Lactuca sativa compared to selenite (Cartes et al. 2005; Pezzarossa et al. 2007).
Cultivation of oilseed rape in Se-rich soils can result in a deterioration of seed quality, where the
soil amendments with organic matter, such as farmyard manure, can lead to a significant increase
in oil concentration and alter the proportion of various fatty acids in the seeds (Sharma et al. 2011).
The beneficial effect of low Se contents on the yield of Brassica rapa seeds were observed by Lyons
et al. (2009).

In contrast to seleniferous soils, low soil Se levels characterize some regions, including Middle
Europe and the Czech Republic (Szakova et al. 2015). The potential improvement in the Se status of
Se-deficient areas has been intensively investigated. For instance, the feeding of Se-enriched
oilseed rape biomass can lead to improved Se status in animals. Bafiuelos & Mayland (2000)
reported increased Se contents in tissues and excreta of lambs fed oilseed rape biomass containing
4 mg Se kg™'. Biofortification with Se-containing fertilizers was recommended as a relatively fast
and efficient approach to improve the Se contents of crops (Hawkesford & Zhao 2007). Also,
seleniferous organic matter originating from Se-rich and, or, Se-supplemented areas can act as a
slow-release Se fertilizer (Ajwa et al. 1998). Broadley et al. (2010) studied the potential to increase
the Se concentration in wheat (Triticum aestivum) via selenate fertilizers, where the total recovery
(grain and straw) of added Se was 20-35% when supplemented at 10 g Se per ha. Among the other
available methods of Se enhancement in crop production, foliar application is frequently used
(Aspila 2005).

The main objective of this study was to assess the response of oilseed rape plants to foliar Se
supplementation under different agronomic and climatic conditions in order to identify the most
important parameters affecting the efficiency of Se biofortification. This investigation evaluated the
response of oilseed rape plants grown at two different locations to foliar selenate solution
application as affected by (i) Se rate, (ii) reproductive stage, and (iii) soil and climatic conditions.
Among various biochemical and physicochemical factors connected with the potential impact of
selenization on the plant organism, the potential interactions of Se with macro- and micronutrients
in plants are not frequently investigated. Drahonovsky et al. (2016) reported ambiguous changes in
essential element contents in selenized wildlife plants. In the case of crops, various changes in the
nutrient contents in wheat, oilseed rape, and broccoli after Se supplementation were observed
(Filek et al. 2010; Sindeléfova et al. 2015). Thus, as a second objective, the potential effect of
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increasing the Se uptake in oilseed rape plants on the uptake and distribution of other essential
macro- and microelements was estimated, as well.

Material and methods
Experimental design

Two locations in the Czech Repubilic differing in both climatic and soil physicochemical parameters
were chosen for a microscale field experiment. Location A was the Crop Research Institute
experimental station at Humpolec (49°33'16"N, 15°21'2"E), which is characterized as follows:
altitude, 525 m above sea level; average annual temperature, 7.0°C; average annual rainfall,
665 mm; soil type, Cambisol; texture, sandy loam; cation exchange capacity (CEC), 90 mmol(+)
kg_1; oxidizable carbon (Cg,) content, 1.24%; and pH (CaCl,), 5.1. Location B was the Czech
University of Life Sciences experimental station at Cerveny Ujezd (49°33'16"N, 15°21'2"E), which
has the following characteristics: altitude, 398 m above sea level; average annual temperature, 7.7°
C; average annual rainfall, 493 mm; soil type, Luvisol; texture, loam; CEC, 118 mmol(+) kg_1;
oxidizable carbon (C,,) content, 1.01%; and pH (CaCl,), 6.5 (Vasdk et al. 2015). Pseudototal (Aqua
regia-soluble) Se contents were 0.66 + 0.08 mg kg™ ' (location A) and 0.72 + 0.07 mg kg™ (location
B), respectively.

At each location, the winter oilseed rape (B. napus) seeds of the variety DK Exquisite were sown
on 12 subplots (10 m? each) laid out in a completely randomized design with four repetitions for
each treatment. Fungicides and insecticides were regularly applied during the vegetative phase
according to the requirements. A water solution of analytical grade sodium selenate (Na,SeQ,) was
applied to each variety at the beginning of stem elongation as follows: (i) C — untreated variant; (ii)
Sel - added at a rate equivalent to 25 g Se ha™'; (iii) Se2 — added at a rate equivalent to 50 g Se
ha™'. Three plants from each subplot were randomly harvested in (i) full flowering, (ii) end of
flowering, and (iii) full maturity. The stems, leaves, and roots were separated and weighed. In the
last sampling, mature seeds and siliques were also separated. At location B, no leaves were
sampled from the mature plants because of senescence. The harvested plant biomass was gently
washed with deionized water, freeze-dried, finely ground using a laboratory mortar (Retsch SM100,
Germany), and kept in a dry place until the analyses. The composite soil samples (depth 0-25 cm)
were collected at each subplot together with the mature plant samples. Soil samples were dried at
20°C, ground in a mortar, and passed through a 2-mm plastic sieve. The pseudototal (i.e. Aqua
regia-soluble) contents of Se, soil pH, and CEC levels in the soil were determined as described
elsewhere (Szadkova et al. 2015).

Analytical methods

The freeze-dried and homogenized plant samples were decomposed in a microwave-assisted wet
digestion system with focused microwave heating (Discover SPD-Plus, CEM Inc., U.S.A.). An aliquot
(~0.5 g of dry matter) of the plant sample was weighed into a quartz-glass digestion vessel (35 mL
volume). Then, 10 ml of concentrated Analpure® nitric acid (Analytika Ltd., Czech Republic) was
added; the mixture was heated at a maximum power of 300 W, at 202°C, and 21 bar for 8 min. After
cooling, the solution was quantitatively transferred to plastic tubes, filled to 50 mL with deionized
water, and kept at laboratory temperature until measurement (Kelly et al. 2013). Data quality was
assured by analyzing the standard reference material of peach leaves (NIST 1547). The Se content
of the digests was measured by inductively coupled plasma mass spectrometry (ICP-MS, Agilent
7700x, Agilent Technologies Inc., U.S.A.) using a collision cell to decrease potential spectral inter-
ferences. The operating conditions were as follows: RF power of 1550 W, sampling depth of 8 mm,
plasma gas flow of 15.0 L min™', auxiliary flow of 0.9 L min™", helium collision cell flow of 8 L min™".
An ASX-500 autosampler, a three-channel peristaltic pump, and a Micromist nebulizer equipped
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the ICP-MS. Inductively coupled plasma-atomic emission spectrometry (ICP-AES, Agilent 720,
Agilent Technologies Inc.,, U.S.A.) equipped with a two-channel peristaltic pump, a Struman-
Masters spray chamber, and a V-groove pneumatic nebulizer made of inert material was used to
determine Cu, Fe, Mn, Zn, P, and S in the digests under the following experimental conditions:
power of 1.2 kW, plasma gas flow of 15.0 L min~", auxiliary flow of 0.75 L min™', and nebulizer flow
of 0.9 L min~'. Flame atomic absorption spectrometry (F-AAS, Varian 280FS, Varian, Australia) at air
flow of 13.5 L min™', acetylene flow of 2.2 L min~', burner height of 13.5 cm, and nebulizer uptake
rate of 5 mL min~'was used for Ca, Mg, and K determination in the digests.

Statistics

The analytical data were processed using Microsoft Office Excel 2007 and Statistica 12 CZ statistical
software. Statistical significance was determined by one-way analysis of variance at a = 0.05
followed by Tukey’s test. Pearson’s correlation coefficient was used to assess the association
between variables (a = 0.05).

Results and discussion
Selenium uptake and translocation in plants

Figure 1 shows the Se contents of the oilseed rapeseeds were significantly affected by both the Se
rate and location. De La Luz Mora et al. (2008) reported a decrease in white clover (Trifolium repens)
growth when Se rate was higher than 20 g ha™'. However, they included selenite into the adhesive
solution used to coat the seeds before sowing. Thus, the plants were in direct contact with
enhanced Se content from the beginning of the vegetation period. At the Se2 rate, the seed Se
contents reached a maximum of 0.40 + 0.07 mg kg~ ' at location A and 1.05 + 0.28 mg kg™

location B. Although the total Se contents in the soil at both locations were comparable
(0.66 + 0.08 vs. 0.72 + 0.07 mg kg™, see Experimental design), the slightly higher Se contents at
location B compared with location A was also reported at the untreated plots C. Klognerova et al.
(2015) studied the effect of cultivation area on both total Se contents and the proportions of Se
compounds identified in Se-fortified oilseed rape plants. At soil pH < 6, plants show a higher Se
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Figure 1. The Se contents in the mature siliques and seeds of the oilseed rape according to the individual locations and
application rates; the averages marked by the same letter did not significantly differ at p < 0.05 within individual treatments;
n=4,
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uptake from added Se fertilizer in soils with high organic matter content than with loam (Eich-
Greatorex et al. 2007). Moreno Rodriguez et al. (2005) observed a high mobile pool of Se in alkaline
soils (pH 7.1-9.0). In our study, the cultivation of oilseed rape at location A, which was more acidic
(pH 5.1) and had a higher C,4 content than location B, presented lower Se bioavailability, where the
presence of less available selenites can be assumed (Mikkelsen et al. 1987). Other factors, such as
the transpiration pool, can affect the uptake and translocation of Se in oilseed rape plants
(Renkema et al. 2012). The Se contents in siliques did not significantly differ from the seeds
(Figure 1).

The foliar application of Se resulted in a stepwise increase in the Se contents in all the plant
components, including the roots (Figures 2-4), as expected. The Se contents were highest in the
leaves > stems > roots. A similar trend was reported in broccoli (Brassica oleracea convar. italica), at
identical Se rates (Sindelafova et al. 2015). Expectably, a different pattern is observed if the soil Se is
the main Se source for plants. A higher Se accumulation in roots compared to shoots was observed
in oilseed rape as well as in other crops (Molndrova & Fargasova 2009). Our previous results on Se-
supplemented broccoli (Sindelafova et al. 2015) and various wildlife plants (Drahonovsky et al.
2016) showed that, in many instances, the Se2 rate (50 g Se ha™') did not increase the plant Se
contents compared to the lower rate (25 g Se ha™'). In the oilseed rape plants, the increasing Se
rate led to a stepwise enhancement of the Se content although the differences were not always
significant. Thus, oilseed rape confirmed a considerable Se accumulation ability in concurrence
with Bafuelos (1996) and Banuelos et al. (1997). During vegetation, the Se contents in the stems
and leaves tended to decrease due to the dilution effect of the growing plant biomass. In roots, the
Se contents tended to decrease only in the mature plants.

The literature frequently discusses the response of plant Se uptake in the context of the Se
compound used for the fortification. Sharma et al. (2010) cultivated oilseed rape plants in soil
treated with either selenite or selenate and found that the plants were stressed more in the
selenate- compared to selenite-treated soil. A lower Se uptake by the oilseed rape plants after
soil selenite compared to selenate application was also reported by Kikkert et al. (2013). A similar
response in oilseed rape plants was reported by Seppanen et al. (2010) after foliar application of
both compounds. Ebrahimi et al. (2015) compared the impact of selenate and organic (Se-enriched
stems and leaves residues) Se applications on the growth and Se concentrations in various plant
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Figure 2. The changes in Se contents in the flowering stage of the oilseed rape during the vegetation time according to the
individual locations and application rates; the averages marked by the same letter did not significantly differ at p < 0.05 within
individual treatments; n = 4.
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Figure 3. The changes in Se contents in the end of flowering stage of the oilseed rape during the vegetation time according to
the individual locations and application rates; the averages marked by the same letter did not significantly differ at p < 0.05
within individual treatments; n = 4.
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Figure 4. The changes in Se contents in the maturity stage of the oilseed rape during the vegetation time according to the
individual locations and application rates; the averages marked by the same letter did not significantly differ at p < 0.05 within
individual treatments; n = 4.

tissues of oilseed rape during its development from the rosette to the seed-filling stage. The results
showed that inorganic Se was more bioavailable than its organic forms, resulting in higher Se
contents in plants after inorganic Se application. For the individual inorganic Se compounds,
differences in their bioavailability were reported, as well. In our previous investigation (Rusova
et al. 2013), the foliar application of selenite (50 g Se ha™") resulted in Se seed contents between
0.325 and 0.353 mg kg™ at location A and between 0.222 and 0.377 mg kg~ at location B. Thus,
the results confirmed a lower Se uptake if applied as selenite than selenate. Moreover, no
differences were reported between Se accumulation at locations A and B, indicating improved
uptake of selenite at location A, where selenites may dominate Se speciation in the soil. Thus, these
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findings indicate that the soil and climatic conditions should be considered to establish the most
effective Se fortification of plants. Under selenite-favorable soil conditions (e.g. low pH, high
humidity), selenites seemed to be more available for plants compared to the soils with expected
occurrence of selenates, even if the Se compound was applied to the plant leaves. This aspect
needs to be investigated and confirmed by further research.

The association between the macro- and microelement contents in the oilseed rape plants

The Se biofortification of plants is frequently associated with possible alterations and disbalances in
uptake and translocation of other essential macro- and microelements. Tables 1-4 summarize the
effects of location, vegetation stage, and plant component on the essential element contents in
oilseed rape plants. Among the nutrients investigated, the interactions between Se and S are
among the most discussed because they compete for biochemical processes and share similar
chemical properties. Wheat plants (Triticum turgidum L. var durum cv ‘Kyle’) exposed to selenate
and sulfate showed increased accumulation and translocation under hydroponic conditions at high
relative humidity (78%) than when exposed to selenate without sulfate or biselenite (Renkema
et al. 2012). Also, an antagonism between Se and S uptake in oilseed rape and Arabidopsis thaliana
was shown by Arthur et al. (1992) and White et al. (2004). In our instance, there was no significant
effect of Se addition on S accumulation in the plants, which was probably due to the low levels of
added Se that were insufficient to significantly change the high S plant contents. The highest S
contents were found in leaves and the lowest in the roots and stems. Except for leaves with the
opposite pattern, the S contents in vegetative plant components decreased during vegetation,
showing a minimum in the mature plants.

For other investigated elements, Se application did not significant changes in the nutrient
contents, although there is evidence documenting the effect of Se on the uptake and distribution
of nutrients in plants. For instance, Zembala et al. (2010) observed decreasing Mg and P concen-
trations in selenate-treated rape roots grown in soilless culture, while the Zn concentrations
increased in both the roots and shoots. Inter-element interactions in the oilseed rape plants
were investigated by Szczepaniak et al. (2015) under field conditions, where Mg acts to balance
excess Ca. Additionally, Mg concentration is negatively impacted by Mn. On the contrary, a
decrease in Zn accumulation but an increase in the uptake of Se, Fe, and Na by wheat plants
cultivated under drought stress was observed by Nawaz et al. (2015) after foliar Se application. The
changes in K content in Se-supplemented oilseed rape seedlings due to an excess of Se ion inflow
were reported by Filek et al. (2010) in soilless culture. The effects of Se supplementation on the
uptake and translocation of macro- and micronutrients by wheat (7. aestivum) plants was investi-
gated by Guerrero et al. (2014), who found that an increased Se uptake by the plants, impacted, in
particular, the Ca, Fe, Zn, and Mn contents in the roots. No systematic influence of the addition of
Se (25 and 50 g Se ha™') on the intake of other essential elements was observed in broccoli
(Sindelafova et al. 2015). However, various responses in essential element contents of individual
wildlife plants were found by Drahonovsky et al. (2016), confirming differences among individual
plant species. Evidently, the associations between the elements are affected by many factors, such
as plant species, Se application rate, cultivation conditions, and soil characteristics. However, no
alterations in the essential element uptake and distribution in oilseed rape seemed to confirm the
relatively high tolerance of oilseed rape to the enhanced Se contents, as previously demonstrated
by Barnuelos et al. (1997).

Gao and Ma (2015) investigated the interactions among the macro- and micronutrients in the
oilseed rapeseeds. Increasing P supply decreased grain Fe and Zn accumulations but had no effect
on Mn and Cu. Contradictorily, our results showed a positive correlation between Zn and Mn
(r = 0.61 and 0.76, respectively, at locations A and B), and no significant association between Zn
and Cu. This finding could be explained by the relatively low content of Zn in the seeds (Table 1)
and the soil at both locations (127 and 70 mg Zn kg™ at locations A and B, respectively) (Dvorak
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et al. 2003). In a previous study, an increased Zn uptake by oilseed rape plants resulted in
depressed Fe and Mn contents in the leaves (Ebbs & Kochian 1997). Also, Wang et al. (2009)
found that P, Cu, Fe, Mn, and Mg contents decreased with increasing Zn contents, particularly in
the roots. In the seeds, increasing K, Fe, and Zn contents in oilseed rape plants with increasing
macronutrient status was observed by Bybordi and Ebrahimian (2013). Olama et al. (2014) reported
a decreasing translocation rate of microelements to the aboveground biomass in the order
Mn > Zn > Cu > Fe. Our study confirmed a limited translocation of Cu and Fe because these
elements were predominantly retained in the roots (Table 4), whereas the highest Zn and Mn
contents occurred in the leaves (Table 2).

Similarly, as in the instance of Se, significant changes in nutrient contents in the individual plant
components took place during the plant development from flowering to full maturity (Tables 2-4).
Rose et al. (2007) compared the P and K uptake by the spring oilseed rape plants, where maximum
P accumulation by all investigated oilseed rape cultivars occurred during late flowering (84 d after
sowing), whereas maximum accumulation of K occurred 73 d after sowing. The maximum nutrient
uptake occurs during flowering to early ripening of oilseed rape plants, according to Malhi et al.
(2007). Increasing K and decreasing Fe contents with plant growth was observed by Miller-Cebert
et al. (2009). Nelson et al. (2016) reviewed the aspects of phenological adaptation of oilseed rape to
changing environment and found that flowering is the critical phenological stage that has been
most widely studied. Maximum crop yield is achieved by maximizing the duration of the pre-
flowering biomass accumulation phase and, subsequently, the yield potential. Thus, sufficient
nutrient supply in the flowering stage is crucial to achieving the maximum oilseed rape yield,
and at this stage, maximum nutrient contents occur in the plant stems. In leaves, the Ca, Fe, Mg,
Mn, and S increased with plant growth, whereas the Cu, K, and P decreased. These findings are in
some aspects contradictory to the mentioned literature sources documenting the importance of
particular soil conditions and the nutrient supply.

Significant relationships were reported between Se content and lipid content in the rape-
seeds harvested from seleniferous soil, where reduced proportion of unsaturated fatty acids was
observed when Se content of the soil was high (Sharma et al. 2011). Thus, the potential
imbalance of the nutritional value of the selenized rapeseeds should be taken into account.
Although oilseed rapeseeds possess some anti-nutrition properties (Zukalova & Vasak 2002), the
addition of defatted rapeseed meal at up to 14% of the total diet did not lead to any harmful
effect on the biochemical and hematological response of rats (Tvrda et al. 2015). Moreover,
Myska et al. (2016) showed increased Se levels in the kidneys of rats fed a diet containing
selenized rapeseed meal compared to the control animals. The Se addition seemed to improve
utilization of essential elements, such as P, S, and Zn, compared to the defatted rapeseed meal-
containing diet without Se fortification.

Conclusions

This study confirmed reasonable response of the oilseed rape plants on the foliar Se biofortification
without any detrimental effect of the enhanced Se uptake. Thus, oilseed rape crop could be used to
improve the Se status in Se-deficient soils. Selenized rapeseed could also be a suitable dietary
component for livestock. However, to achieve the stable and reproducible levels of Se in the
oilseed rape production, detailed elucidation of the soil parameters leading to the optimum Se
level in plants by further research is needed.
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5 SOUHRNNA DISKUZE

Diskuze vyznamnych okolnosti feSeni disertaCni prace, komentare k vysledkim, pInéni
cili a k rozhodovani o hypotézach jsou vécné strukturovany do étyfech nasledujicich
podkapitol. Na mnohych mistech jsou zminény souvislosti, jejichz porozuméni bylo
umoznéno teprve kombinaci poznatkl z pfedlozenych publikaci. Kapitoly 5.1. az 5.3. jsou
vénovany tfem diléim drovnim aniontové kompetice (publikace I-lll), které zakonité
pusobi v kazdém systému plda-rostlina pfi agronomické biofortifikaci metodou pridavku
Se04* do pudy. V kapitole 5.4. jsou shrnuty vysledky z foliami aplikace SeO,* v polnich
podminkach (publikace IV). Vyznamnym hlediskem feSeni prace bylo porovnavani
vysledkul ziskanych pro jednotlivé pidy. Prehled vyuziti pad v dil€ich experimentech uvadi
Tabulka 2.

Tabulka 2. Prehled vyuziti ptid v jednotlivych experimentech

puda
kambizem | kambizem Il  ¢ernozem luvizem
experiment stanovisté

Humpolec Lukavec SF:E;];;I ésgsgy
interferen¢ni studie (ICPMS) o
abioticka adsorpce (vsadkovy) . o o
kratkodoby inkubaéni . .
dlouhodoby inkubac&ni . .
nadobovy vegetaéni (fepka) . o
polni vegetaéni (fepka) . o

5.1 RYCHLA ABIOTICKA SORPCE SELENANU V PUDACH

Selenanovy anion je v pudach velmi mobilni, resp. nachylny k vertikalnimu vyluhovani
v promyvném rezimu, coz predstavuje riziko snizeni ucinnosti biofortifikace pfi aplikaci Se
do pudy. Vyznamnym faktorem udrzujicim ziviny v rostlinam dostupné pudni zasobé je
sorpce iontd na tzv. pudni sorpéni komplex. Aniontové vymeénna kapacita pid naseho
klimatického regionu je v3ak nizka. Nezodpovézenou otazkou zustava, zda rychla

abioticka sorpce stopového mnoZstvi SeO,% muize prispét k vy$si uginnosti biofortifikace.

5.1.1 Nespektralni interference pri stanoveni Se v padnich vyluzich
technikou ICPMS

Kvantifikace velmi slabé sorpce SeO,* v pudach (K4 zpravidla < 5) pomoci kratkodobych

(= 48 h) vsadkovych sorpcnich experimentl klade vysoké naroky na pfesnost a spravnost
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stanoveni koncentrace Se v pudnich vyluzich. Napf. hodnota Ky(Se) &i parametry
sorpcnich izoterem kriticky zavisi na rozdilu hodnot Ceq — Co, pfiemz C.q se stanovuje
v ptdnim vyluhu, kdezto C, (vychozi koncentrace Se) ve vodném roztoku pfed kontaktem
s pudou. Pokud vliv matrice zatizi stanoveni Ceq i jen relativné malou chybou, vypoctené
hodoty Ky budou vyrazné zkresleny. Tato Uvaha nas pfivedla k nezbytnosti vySetieni viivu
chemickych charakteristik pad a cCinidel, ktera se pfidavaji do pudni suspenze v ramci
vsadkoveého sorpcniho experimentu, na vyskyt NI pfi stanoveni Se technikou ICPMS.

Modelovou matrici byl zvolen Zfiltrovany (£ 3 um) padni vyluh pfipraveny extrakci
1,00 g pudy s 14,0 ml ultracisté H,O. Indikatorem vyskytu NI byla zvolena nestabilita
hodnot podilu absolutnich intenzit (l.s) signalt ?Ge a "®Se (z pridavku 10 pg I'' Ge
a 25 ug I Se). Redéni vyluht 5% pro naslednou interferenéni studii a sorpéni experiment
bylo zvoleno kompromisem mezi projevem vlivu matrice pfi fedéni 2,5x a poniZzenim
proceduralniho DL pfi fedéni 10x. Zadani interferencni studie bylo: (i) stanoveni
koncentrace  vybranych potencialnich interferentd ve  Zfiltrovanych  vyluzich
1:14 (m/v) v 10 mmol I" NaNO; z jednotlivych pad (tj. v matrici vzorki nasledného
sorp&niho experimentu) a vyhodnotit vliv téchto a zvySenych koncentraci matriénich prvku
na vyskyt NI pfi kvantifikaci Se technikou ICPMS; (ii) ovéfeni vlivu NaNOj; a chloroformu
(CHCI3), které se pridavaji do pudni suspenze pro regulaci iontové sily a inhibici
mikrobialni aktivity.

Z vysledkld vyplynulo, Ze ¢inidla pfidavana do pudni suspenze v ramci sorpcnich
pokusl jsou hlavni pfi¢inou vzniku NI. Jmenovit¢ 10 mmol I NaNO; snizil lps °Se
0 12 %, zatimco 0,2 % (v/v) CHCI; zvysil signal ®Se o 54 %. Na zaklad&é monitorovani
poméru l.,s 2Ge/’®Se byl navrzen také hlavni interferenéni mechanismus. Po pridavku
10 mmol I"" Na se pomér signalt °Ge/"®Se vychylil k hodnotam > 1, coZ neni v souladu
se ,space charge” efektem, nebot podle Fraser a Beauchemin (2000) by mél tento
mechanismus vyrazngji snizit uginnost transmise leh&iho "?Ge*. Podezfivat Ize tedy
mechanismus posunu ioniza¢nich rovnovah, tzn. vy3si elektronova hustota v plazmatu
zpusobena vyssi koncentraci Na* ovlivni rovnovahu Se < e + Se” vice nez ionizaci Ge,
coz je v souladu s vlastnosti 1.1Pse > 1.1Pg.. NaSe zjisténi neni v rozporu s pozorovanim
Colon et al. (2011), ktefi zaznamenali vy$$i miru suprese signalu °As (1.IPxs ~ 1.IPs)
v porovnani s "?Ge s rostouci koncentraci Na v syntetické vodné matrici. Teorii
o nestejném ovlivnéni ionizace Se a Ge podpofilo také monitorovani axialniho profilu
signalu ®Se a "?Ge (data neprezentovana). Relativni suprese signalu ®Se vyvolana
pFitomnosti 10 mmol " Na v ptdnim vyluhu byla zesilena vlivem zmen$ovani ,hloubky
vzorkovani“ (sampling depth) zfetelné vice v porovnani se supresi signalu "“Ge.

Vyznamné vy$si l.s °Se spolu s hodnotami °Ge/®Se < 1 po pridavku CHCl,
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koresponduji s mechanismem pfenosu naboje z C*, pfitemz Ize predpokladat, ze Ge
timto typem NI netrpi (Grindlay et al., 2013).

Diskuze mechanism0 NI a kvantitativni porovnani jejich projevl s literarnimi daiji je velmi
obtizné, v interferen¢nich studiich byly zpravidla testovany podstatné vy3si koncentrace
matriénich interferentt (Hu et al., 2004; Colon et al., 2011; Mariet et al., 2011; Garcia-
Poyo et al., 2015) neZ v této studii. Navic, zavaznost projevu NI zavisi na provoznich
podminkach ICPMS systému (Tan a Horlick 1987) a vysledny vliv komplexni matrice je
dan kombinaci interferencnich mechanismlt (Kim et al.,, 1990). Pfi kombinovanych
pfidavcich NaNO; + CHCI; byl v naSi studii pozorovan aditivni ucinek protichidnych
interferenénich mechanismu na l.ps °Se, kdezto pomér ’Ge/"®Se byl vice Fizen pfenosem
naboje z C*. Ani fedéni interferentd 5x (t. 2 mmol I" Na a 0,04 % CHCIl;) zcela
neodstranilo vychyleni "*Ge/’®Se, proto nebylo mozné spoléhat se pfi stanoveni sorpce
Se04* v pudé na béznou korekci signalu Se pomoci Ge ve funkei interniho standardu.
Z tohoto duvodu byl do celého schématu vsadkové sorpéniho experimentu integrovan
robustni pfistup ,sjednoceni matric*, pfi kterém kazdy vzorek k méfeni (vCetné
kalibracnich roztok(i a QC vzorkl k ovéreni spravnosti méreni) mél stejnou matrici, a to 5x

zfedény vyluh 10 mmol I NaNOj; + 0,2 % CHCl; z pfislusné puidy.

5.1.2 Vsadkové sorpcéni experimenty a aniontova kompetice

Za podminek experimentu, tj. kratka expozice (24 h) a aplikace CHCI;, Ize imobilizaci
Se04* v posuzovaném systému povazovat za vysledek abiotické adsorpce na pldni
¢astice. Z prubéhu funkci Qeq = f(Ceq), tj. sorpénich izoterem, bylo zfejmé, Ze pfi vychozich
koncentracich SeO,> (20-1250 pg I" Se) nedoslo k nasyceni sorpéni kapacity
experimentalnich pid. Rozdilna mira imobilizace SeO,* pfi nizkych C, (< 250 pg I Se)
v jednotlivych pidach vedla ke konstrukci izoterem konvexniho i konkavniho typu, coz
znemoznilo vyuZziti jednotného empirického modelu ke kvantitativnimu popisu sorpénich
dat. Zvlasté prekvapivé se jevi rozdily v adsorpci Se zjisténé pfi nizkych C, v kambizemi |
a ll, pro které byly stanoveny podobné fyzikalné-chemické vlastnosti determinujici
adsorpci aniontt v padé (pH, Feoxa, Aloxa, Mira nasyceni fosforem). Podle Hinz (2001)
muze esovity tvar kfivek popisujicich sorpci v kambizemi Il a v ¢ernozemi indikovat silnou
kompetici v t&chto ptdach. Esovité izotermy zaznamenali pfi studiu adsorpce SeO,? také
Pezzarossa et al. (1999) a de Abreu et al. (2011), pfi¢inam v8ak nevénovali pozornost.
V komplexnich sorpénich systémech, kde kompetice vyznamné ovliviiuje sorpéni
rovnovahy, doporucuji Shaheen et al. (2013) vyuzivat k popisu sorpce radéji modely
zaloZené na konceptu Ky. PFi vy$sich Co (= 500 g I Se) se rozdilné kapacity jednotlivych
pud adsorbovat SeO,* jiz neprojevily, prestoze imobilizovana mnozstvi Se ve vsech

pudach s rostouci Cy dale stoupala. Analogického vlivu C, si povSimli také Loffredo et al.
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(2011), v jejichZ experimentu se mnozstvi adsorbovaného SeO,* v kontrastnich pldach
vzajemné vyrovnala jiz pfi 80 pg I Se. Dle Sastre et al. (2006) je pficinou rozdild
v adsorpci sorbatu pfi nizkych C, saturace omezeného poctu sorpcnich mist s vysokou
afinitou vuc€i sorbatu. V systémech bez vyrazné kompetice se zpravidla dosahuje
nejvyssich hodnot Ky pfi nizkych Co sorbatu (Shaheen et al.,, 2013). Toto tvrzeni
napovida, Ze pfi adsorpci SeO,* v nasich pudach se uplatnila kompetice vyznamné,
nebot pfi Co = 20 ug I'" Se nebyla imobilizace zaznamenana vibec, nejvy$si hodnota K
v kambizemi | a Il byla zji$t&na pfi 50 ug I'' Se a v &ernozemi aZ pii 500 pg I' Se.

Samotné koncentrace SO,*, PO,*, CI a NO; stanovené ve vyluzich
experimentalnich pad k objasnéni rozdilného chovani SeO,* vlivem aniontové kompetice
vSak nepfispély. Na projevy kompetice a na rozdilnou kvalitu sorpce v pudach poukazaly
vysledky pokusl pfi zménénych koncentracich kompeti€nich aniontd pfi konstantnim
Co=500 pg I"" Se. Pfi absenci 10 mmol I'" NOs v plidni suspenzi se adsorpce SeO,*
v kambizemi | zvySila pétkrat, zatimco u ostatnich pud vliv absence nebyl prokazan. Dle
zastoupeni aniontd ve vyluzich se Ize domnivat, Zze v nativni kambizemi | byl
nezanedbatelny podil aniontové kapacity sorpéniho komplexu obsazen SO,* a CI.
V experimentu s pfidavkem 10 mmol I'' NO5™ byl sorpéni komplex kambizemé | saturovan
hlavné NO; (méné SO,* a CI), tj. anionty, se kterymi je SeO4* schopen U&inné soutézit
o sorpéni misto, proto se pfi nizké C, nejvice SeO,> adsorbovalo v této pudé. Za
podminek bez 10 mmol I" NOs™ nebyl sorpéni komplex této pidy saturovan a po ptidavku
Se04* méla kambizem | vy$8i kapacitu adsorbovat tento anion. Naproti tomu v nativni
kambizemi Il byl pravdépodobné podstatny podil aniontové kapacity obsazen pevné
poutanymi speciemi, napf. aniontovou formou C,q a PO,*, o ¢emz sv&d&i nejvyssi
obsahy Ci20, Pt @ Poxar Zz€ vSech pud. Anion NO3; nebyl schopen tyto specie efektivné
vyté&snit ani pfi 10 mmol I'" NO5", malo efektivni byl také SeO,* pfi nizkych Co. V souladu
s popsanou situaci se absence 10 mmol I’ NO; zvy$enim adsorpce SeO,”
v kambizemi Il neprojevila. PFi adsorpci SeO,* v &ernozemi se rovnéz uplatnila aniontova
kompetice, kterou navic zesiluje niz8i pocCet kladné nabitych sorpénich mist, ktery Ize
ocCekavat v pudé o vyrazné vysSim pH a nizSich obsazich Fegya a Aloxal.

PFi vynucené kompetici s 0,52 mmol I' SO, byl pozorovan pokles adsorpce
selenanu v pidé v pofadi ¢ernozem > kambizem | > kambizem |l, coz je v souladu
s poznatky uvedenymi vyse. V kambizemi Il byla zfejmé &ast SeO,* poutana k sorpénim
mistim o vysoké afinité, o ¢emz svédCi omezena reverzibilita adsorpce. Sorpcni
experimenty potvrdily znamou skutednost, e SO,* snizuje miru imobilizace SeO,*”
v pidé (Stroud et al., 2010b; Kikkert et al., 2013) a dale upfesnily, ze SO,* kompeti&né
blokuje rychlou abiotickou adsorpci SeO4* b&hem prvni faze stabilizace exogenniho Se
|-1

v ptd&. P vynucené kompetici s0,21 mmol PO,> nebyla adsorpce SeO,”
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v experimentalnim systému méfitelna. Pro koncentrace Se v suspenzich kambizemi byl
zjistén vztah Cy < Ceq, ktery vypovida o desorpci €i rozpousténi nativniho Se. Podobné
Goh a Lim (2004) zkoumali vliv SO, a PO,*> (< 2 mmol "' oba anionty) na adsorpéni
rovnovahy SeOQ,*, piitemz fosforednan snizil imobilizaci Se G&inng&ji. K objasnéni
,zaporné“ adsorpcni bilance Ize vyuzit poznatk(l Zhang et al. (2017), v jejichz studii byl
nativni Se vytésnén zraznych frakci (Sepespads; S€specads; S€org) PUSObenim
PO,*. Souhlasit Ize také se zavéry Eich-Greatorex et al. (2010), ktefi dostupnost
exogenniho SeO,> vztahovali kmife nasyceni sorpéniho komplexu fosforem
a k dostupnosti P v ptidé. Mira adsorpce SeO,* v experimentalnich ptidach je v souladu
s rozmezim hodnot Ky (0,1-2 L kg™') zji§ténym jinymi autory (Eich-Greatorex et al., 2010;
de Abreu et al., 2011; Gabos et al., 2014; Lessa et al., 2016).

Ackoliv pfi vy8Sich Co, které mohou simulovat stav v pddnim roztoku bezprostfedné
po aplikaci Se04*, jsme stanovili imobilizaci Se odpovidajici 100-300 pg kg”' Se, tato
schopnost pud velmi citlivé reaguje na pfitomnost kompeti¢nich aniontll. Lze uzavfit, ze
mechanismus rychlé abiotické adsorpce SeO,* by mohl pfispét ke snizeni vyluhovani Se
z orniéni vrstvy pouze za predpokladu, e pudni &astice: (i) nejsou saturovany PO,> &i
Corg; (ii) nejsou v kontaktu s pudnim roztokem o vysoké koncentraci aniontl, zvlasté PO,*
a SO4%. Splnéni té&chto predpokladd v redlnych polnich podminkach je nejisté a navic

obtizné slucitelné s aplikaci mineralnich i organickych hnojiv.

5.2 STABILIZACE EXOGENNIHO SELENU V PUDE

5.2.1 Kratkodoby inkuba€ni experiment
V tomto experimentu byly inkubovany dvé z pfedchozich pud (kambizem | a ernozem)
s Se04* v mnozstvi 400 ug kg”' Se po dobu dvou mésicli. Zvolena davka SeO,* priblizné
koresponduje s maximalni sorpéni kapacitou pld zjiSténou v predeslém vsadkovém
pokusu. Tento typ experimentu se vyznacuje realnym pomérem pevné pudni faze ku
roztoku a svym trvanim by mél postihnout abioticky i mikrobialni pfispévek k imobilizaci
Se04*. Navrzené varianty pokusu mély objasnit vliv kompetiénich anionttl (SO,* a PO,*)
na relativni vyznam téchto dvou pfispévkl. Pudy ozarené y paprsky (27 kGy) €i s pfidavky
snadno dostupného zdroje Co,y a NH," byly koncipovany jako varianty inhibujici,
resp. stimulujici padni mikrobialni aktivitu. Ke sledovani zmén mnozstvi Se v potencialné
rostlinam dostupné pudni zasobé (Sepots10) byla vyuzita extrakce pad s 50 mmol I HPO*
(Keskinen et al., 2010).

Po 1,5 dnech (dy5) inkubace se exogenni Se vobou pldach nachazel témér
vyhradné v podilu Sepgtst, a to stale ve formé Se04?%, jak potvrdila speciaéni analyza
HPLC-ICPMS. S Casem se podil Septnto SNiZoval, cozZ je v souladu s projevy stabilizace

Se v pudé (Wang et al., 2017). Nasledujici diskuze pficin poklesu Seyqt 11 j€ zaloZzena na
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porovnavani chovani exogenniho Se v kontrolnich variantach a variantach s rdznymi
aditivy. Fluktuace hodnot pH v konkrétni varianté v pribéhu inkubace (< 0,3 jednotky pH)
ani rozdily v pH mezi variantami v daném &ase (< 0,5 jednotky pH) nebyly povazovany za
vyznamné proménné. Zjisténi, ze relativni poklesy Sepotc mezi do a dz, dosahly velmi
podobnych hodnot v obou ptidach pro varianty kontrolni (30 a 31 %), s pfidavkem PO4>
(31 a 32 %; data nejsou souclasti publikace I, vysledky jsou uvedeny v Pfiloze 2)
a s pfidavkem SO,* (20 a 21 %), je prekvapivé. V &ase d7, se na plidni zasobé Sepot fyto
v kontrolnich variantach podilel hlavné Se0,%, a to ve stejném absolutnim mnoZzstvi
v obou plidach. Stabilitu exogenniho SeO,* v pohotové dostupné plidni zasobé& popsali
také Keskinen et al. (2010) pfi selenizaci rostlin v desetitydennim vegetaénim nadobovém
pokusu.

Z vlivu PO,> ve funkci pudniho aditiva a nasledn& extrakéniho ginidla Ize
hypotetizovat, Ze abioticka specificka adsorpce Se byla pro sniZeni Sepsste V OboOU
pudach marginalniho vyznamu. VySSi obsahy Sey.tc zaznamenané po aplikaci S0,*
tedy zfejmé souvisely s kompetici pfi ucasti mikroorganismu. Dukazy o vlivu &innosti
pudnich mikroorganismu poskytly varianty s gluk6zou a zafenim gama. Pozitivni stimulace
vedla ke kontrastnim poklesim Sepustc vV Obou pudach (38 a 77 %). Indukovatelny
potencial pld ke ztraté Seyoirto MUZe mit nékolik pFicin, vSechny jsou spjaty s €innosti
mikroorganism(: (a) bioredukce (asimilacni i disimilaéni); (b) biomethylace; (c) stimulace
mikrobialni aktivity vedla k navozeni anoxickych podminek a nasledné k abiotické redukci
Se0,” — Se0s”. Dramaticky pokles rozpuéténého Se.nor ZjiStény predevsim ve vyluhu
gernozemé a zvyseni koncentrace SeO;* na Ukor SeO4* nejsou v rozporu s mechanismy
(a—c). Rozdily Vv Sepotntoe MmMezi ozafenymi a neozafenymi kontrolnimi variantami
v jednotlivych €asovych bodech svédCi o uc€asti mikroorganisml. Analogicky Garcia-
Sanchez et al. (2014) popsali pFispévek pudnich mikroorganismil k imobilizaci SeO,*
v nesterilnich podminkach v porovnani s pudou oSetfenou v autoklavu. Fellowes et al.
(2013) indikovali mikrobialni redukci exogenniho SeO4* rovnéz i za oxickych podminek,
pficemz SeOs” zastaval roli meziproduktu. Vy$$i mikrobialni aktivitou Ize interpretovat
plvod prekvapivé vyssich koncentraci SeOs* v Sernozemi, ttebaze intenzivnéjsi redukce
Se" — Se" byla otekavana v kyselé kambizemi. Relativni hodnoty poklesu Sepoto
v ozafené ernozemi (17 %) a kambizemi | (24 %) se bliZily hodnotam z pfidavku SO4*.
Ptidavek SO,* k ozafenym ptdam Gginek y paprski dale nezvysil. Pokles mikrobialni
aktivity i kompetice siran-selenan v ramci bunééného transportu (Aguilar-Barajas et al.,
2011) maji stejny dasledek, inhibuji bioredukci a biomethylaci exogenniho Se. Navic se
potvrdilo, Ze ztrata Seposto V Cernozemi vice zavisi na pudnich mikroorganismech
v porovnani s kambizemi I. Nutno podotknout, Ze pokles Sepnio ZjiSt€ny v 0zafenych

pudach nelze a priori pfiitat pouze abiotickym procesim. Pfi absorpci davky zareni
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v nasem pokusu lze uvazovat snizeni poctu zivotaschopnych mikroorganismi o nékolik

fadd, nikoliv vSak na nulu (Blankinship et al., 2014).

5.2.2 Dlouhodoby inkubaéni experiment

Jednim z pfistupu ke studiu stabilizace exogenniho Se v pudé jsou MPE, jejichz extrakéni
protokol byl modifikovan sohledem na biogeochemicka specifika Se. V tomto
experimentu byly inkubovany kambizem | a ¢ernozem po dobu 62 tydnl. Na zakladé MPE
dle Wright et al. (2003) byl pidni Se rozdélen do péti operativnhé definovanych podilu:
Serozps Sespec.ads; S€org, S€° @ S€resiauai. Sledovan byl dlouhodoby viiv pfidavku SO,* a PO,*
a vliv podminek podporujicich ¢€i naopak inhibujicich pudni mikrobialni aktivitu na
vyslednou frakcionaci Se v plidé. Pfi hodnoceni se vychazelo z pfedpokladu, Ze v Case
inkubace do bylo 100 % pfidaného SeO,* ve frakci Serop. Pro srovnani byly sekvencné
extrahovany také plidy neinkubované bez ptidavku SeO,*.

Se z frakce Sey, do méné mobilnich a biodostupnych frakci, ¢imz byl pfedlozen dalSi
ddkaz o ucasti pudnich mikroorganismi na stabilizaci Se v obou pudach. Dramaticky
pokles Se.,, az na uroven nefortifikovanych pud byl zaznamenan v ¢ernozemi ve varianté
stimulované mikrobialni aktivity, coz svéd¢i o zna¢né predispozici této pidy k mikrobialni
imobilizaci Se. V kontrolnich fortifikovanych variantach byl vSak Se vice imobilizovan
v kambizemi nez cernozemi. V kambizemi se pravdépodobné projevil také abioticky
pFispévek k imobilizaci Se. V souladu s kompeti¢nim u€inkem na urovni mikroorganismu
(napf. soutéZ mezi Se0,* a SO,* o buné&ény transportni systém) byly po aplikaci siranu
zaznamenany vySsSi hodnoty Serp, tedy vySSi mobilita Se. V kambizemi Ize ocCekavat
tendenci k abiotické redukci SeO,> — SeOs> a obecné k vy$si mife adsorpce Se (nizsi
pH, vy$si obsahy Feowm a Aloa), pficemz SO,* neni schopen G&inné inhibovat pevnou
adsorpci SeOs” (Goh a Lim, 2004), i proto mohl byt vliv siranu na Serozp v této plidé méné
vyznamny.

Frakce Segpecass byla v obou pldach minoritni, pfesto bylo mozné redistribuci
exogenniho Se z Ser,p — Segpecads Spolehlivé detekovat. V €ernozemi tato redistribuce
zjevné souvisela s pudnimi mikroorganismy, nebot ozafeni i pfidavek SO4* ji uginné
blokovaly. Ug&ast mikroorganism(i na adsorpci oxoaniontll Se je zatim velmi malo
prozkoumana. V tomto sméru lze hypotetizovat imobilizaci Se na povrchu bunék bakterii
(Kenward et al., 2006) nebo v extracelulamim polysacharidovém bakterialnim sekretu
(Gupta a Diwan, 2017). Predpoklada se, Ze b&hem interakce dochazi k redukci Se"
— Se" — Se’ a Ze kyselé pH prostfedi interakci usnadiiuje. Experimentalni éernozem ma

vSak pH ~ 8. V kambizemi souvislost mezi Segpec.aqs @ Mikroorganismy nebyla zjisténa, coz
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podporuje domnénku, ze v této pudé se na imobilizaci Se podilel vyznamné i abioticky
mechanismus.

Redistribuce Sen,, — Seqy je dlleZitym ukazatelem mikrobidlni biotransformace
S€anorg — Se€org. Vysoké hodnoty Se,y stanovené v Cernozemi indikuji rozsahlou
inkorporaci exogenniho Se do POH, pfitemz pridavek SO4* &i ozareni vedly k poklesu
Seqq, tedy kinhibici biotransformace Se. V kambizemi byla frakce Sey vyrazné méné
zastoupena a nereagovala na inhibitory biotransformace.

Dle mnozstvi Se zachyceného ve frakci Se® Ize usuzovat, Ze redukce Se0,> aZ na
Se® byla v obou ptdach marginalnim procesem, nebo alternativné mohl byt Se° pouze
meziproduktem pfi tvorb& Seresqua. VYyt€Znost extrakce Se’ zietelné sledovala trend
mikrobialni aktivity v jednotlivych variantach v pofadi stimulace > kontrola > inhibice.

Hodnoty Seresiqua Upozornily na rozdilny biogeochemicky osud Se v obou pudach.
Zatimco v €ernozemi Sereziqua NAbyval stejnych hodnot pro fortifikované i nefortifikované
varianty, v kambizemi byl See;iqua V¥Znamnou cilovou frakci pro redistribuci Se. Rozsah
redistribuce byl signifikantn& niz&i v ozarenych variantach a po aplikaci SO,%, z eho? Ize
odvodit souvislost mezi Seeiqua @ Mikrobialni ¢innosti v kambizemi.

Vliv pfidavku PO,* na frakcionaci Se v pldach nebyl zahrnut do publikace II,
kompletni vysledky inkubace jsou prezentovany v Pfiloze 3. Aplikace PO,> snizila
mobilitu/dostupnost Se v Cernozemi, jak dokumentuje pokles Ser,. V porovnani
s variantou kontrolni nemé&l PO,> na distribuci Se v ostatnich frakcich vliv, a tak nebylo
mozné objasnit, kam byl Se z Se;, redistribuovan. Ani z dostupné literatury neni zfejme,
zda pridavek PO,*> mohl aktivovat mikrobialni biomethylaci, ktera by vysvétlila ztratu Se
z experimentalniho systému. Naproti tomu v kambizemi se distribuce Se po pfidavku
PO,* shodovala s distribuci v kontrolni variantg, vdetné Senzp. V obou pudach
s pridavkem PO,* zplisobilo ozafeni inhibici redistribuce Serop do dalSich méné mobilnich
frakci, avSak ne tak uc€inné jako v ozarfenych kontrolach &i ve variantach kombinujicich
ozareni a SO42.

Celkova relativni vytéznost MPE ze souctu nativniho a exogenniho Se v pldach
napfi¢ variantami Cinila 78-100 % v ¢ernozemi a 91-108 % v kambizemi. V pfipadé
variant s aplikaci labilnich organickych latek do pudy s pfiznivou hodnotou pH Ize ztraty
Se pravdépodobné pficitat jeho biomethylaci (Zhang a Frankenberger, 1999).
Z hmotnostni bilance za celé trvani inkubace vyplynulo, Ze stimulaci mikrobialni aktivity
v éernozemi mohl volatilizovat Se v mnoZstvi az 160 pg kg'. Vjinych studiich byla
intenzita volatilizace Se vyrazné nizsi (Dhillon et al., 2010), av3ak Calderone et al. (1990)
pfi inkubaci selenifernich sedimentt (pH ~ 8) naméfili kumulativni produkci volatiliniho
selenu 250-580 pg kg™ (dle zdroje Corg) za 20 tydnd.
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V souladu s naSimi vysledky byl v polnich fortifikaCnich studiich, které se zabyvaly
osudem redlnych aplikaénich davek SeO,” (do 10 g ha' Se), zaznamenan narust
mnozstvi Se v omezené dostupnych ¢i nedostupnych frakcich s Casem (Keskinen et al.,
2011; Mathers et al., 2017). Tito autofi pfi interpretaci dat ponékud pfFehlizeli ulohu
mikroorganismu, ackoliv Darcheville et al. (2008) jiz dfive jednoznacné popsali jejich
zasadni vliv na distribuci Se v padé. Podobné i Wang et al. (2017) se primarné zabyvali
pouze abiotickymi faktory, pfiemz na zakladé dat z ro¢ni laboratorni inkubace &inskych
zemédélskych pud rtizného typu s SeO,* (1000 pg kg™ Se) identifikovali hodnotu pH jako
nejvyznamnéjSi proménnou ovliviujici proces stabilizace Se v pidé. V padach alkalickych
a neutralnich byl Se vyznamné redistribuovan do Se.q frakce, zatimco v padach kyselych
do Se€reziqua, COZ je zcela ve shodé s nadimi vysledky pro alkalickou ¢ernozem a kyselou
kambizem. V kazdoro¢né fortifikovanych kyselych finskych pladach byla zjisténa mirna
akumulace Se pfedevSim v Seqg @ Sereiqual frakcich (Keskinen et al., 2011). Je nezbytné
zddraznit, Ze ekvivalent davky SeO,* v nasem experimentu (400 ug kg™ Se) by odpovidal
nerealné aplikaci nejméné 750 g ha” Se. Nase vysledky MPE po roce inkubace, véetné
zdanlivé vysokych hodnot Sey., v kontrolnich fortifikovanych pidach (163 a 206 pg kg™
Se), tedy nejsou nutné v rozporu s vyraznou fixaci Se (70-80 %), kterou pozorovali
Mathers et al. (2017) pfi inkubaci SeO,* (16 pg kg' Se) v pH neutralnich britskych
pudach po 160 dnech, ani se zpravidla jednoletym uCinkem agronomické fortifikace
(Stroud et al., 2010b; Tremblay et al., 2015).

Na zakladé inkubacnich experimenti, predevS§im dle variant s ucelové
modifikovanymi drovnémi aktivity padnich mikroorganism@, jsme prokazali, ze
nejvyznamnéjsim Cinitelem stabilizace exogenniho Se v posuzovanych pudach byla
¢innost pudnich mikroorganismu. V ¢ernozemi byl stanoven vyS8Si obsah mobilniho Se
a mikrobialné podminéna redistribuce Se sméfovala pfedevSim k organicky vazanym
formam, které mohou po mineralizaci pfedstavovat latentni zdroj Se pfistupny rostlinam
(Wang et al., 2012; De Feudis et al.,, 2019). V kambizemi Ize oCekavat niz8i uc€innost
selenizace plodin, a to z dlivodu niz§i mobility Se a redistribuce, z ¢asti také mikrobialné
podminéné, do rezidualni frakce pudniho Se, ktera neni rostlinam dostupna. P¥i planovani
pudni aplikace SeO,” je nutné kalkulovat s vlivem koaplikovanych hnojiv na uginnost
selenizace plodin. Aplikace SO,* inhibovala imobilizaci Se v obou piidach, snadno
rozlozitelné organické latky mély opaény efekt. Domnivame se, Ze SO4* i organické latky
interferuji hlavné s mikrobialn& zprostfedkovanou imobilizaci Se. Aplikace PO,* zp(isobila
neznamym mechanismem pokles snadno dostupného Se v &ernozemi, v kambizemi

vyznamny vliv nebyl pozorovan.
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5.3 BIOFORTIFIKACE REPKY - APLIKACE SELENANU DO PUDY

V ramci precizniho nadobového pokusu ve vegetacni hale byly v kambizemi | a E¢ernozemi
péstovany rostliny fepky olejné (jarni odriida 'Blanice’). Pfed vysevem byl do pud
aplikovan Na,SeO, v mnozstvi 32 ug kg”' Se, zakladni hnojeni (N, P, K) a proménné
davky SO, a PO, (Uplné faktorialni uspofadani, dva faktory, tfi Grovné&). V tomto
experimentu muze byt U¢innost selenizace fepky ovlivnéna aniontovou kompetici na tfech
urovnich: (i) abioticka pudni, (ii) fyziologicka mikrobialni, (iii) fyziologicka rostlinna. Data
byla ziskana z prvkové analyzy (Se, S, P) jednotlivych rostlinnych ¢asti sklizenych pfi plné
zralosti fFepky a z chemické speciace Se obsazeného v semeni.

Vynos semen a $eduli v obou plidach velmi pfiznivé reagoval na hnojeni SO4.
Dostupnost S definovala tfi kontrastni urovné z hlediska vynosu a hodnot skliziovych
indexd. Rostliny nehnojené S vykazovaly zakrnély rast, mezizilkkovou chlorézu,
anthokyanové zbarveni a Izicovity tvar listl, tj. symptomy deficience S (Schnug
a Haneklaus, 2005). V kambizemi pfi nedostatku S v kombinaci s nadbytkem P rostliny
nevytvofily semena, na druhou stranu, za podminek nejvy$Si davky S byl v této pudé
zZjistén vysS8i vynosovy potencial (az o 26 %) v porovnani s ¢ernozemi. Absolutni hodnoty
obsahu S v semeni citlivym indikatorem dostupnosti S nebyly, ziejmé z divodu adaptace
fepky na nizkou dostupnost S regulaci genové exprese SO4* transportéri. O U&asti
mechanismu zvySené ucinnosti translokace/redistribuce S svéddily vysoké poméry
obsaht S v semeni ku vegetativnim organim fepky sklizené z €ernozemé. Podminénou
aktivaci redistribu¢niho mechanismu popsali také Dubousset et al. (2010) pro fepku
pé&stovanou pfi nizké dostupnosti SO,. AZ na vyjimky se sklizfiové indexy v obou plidach
ve stejné varianté hnojeni vyznamné neliSily, coz je dllezity pfedpoklad porovnatelnosti
ucinnosti selenizace v obou plidach. Fosfor nebyl limitujicim prvkem vynosu, naopak
nejvyssi davky PO,> inhibovaly riist fepky.

Velmi nizké obsahy Se (24 a 89 pug kg’ Se) stanovené v semenech sklizenych
z nefortifikované kambizemé a &ernozemé potvrdily nizkou biodostupnost nativniho Se
v obou pudach. Vyznamné vySSi obsahy Se v semeni a také ve stoncich a kofenech
sklizenych z nefortifikované ¢ernozemé jsou v souladu s vy3Simi obsahy Se ve frakci
Serop a Seqrg V nativni Cernozemi v porovnani s kambizemi (publikace II).

Aplikace Na,SeO, signifikantné zvysila obsahy Se v semeni (az 245 a 455 ug kg
Se), v kambizemi byla dosazena vyrazné niz8i ucinnost selenizace. | tyto vysledky bylo
mozné pfedpovidat dle pfedchazejici inkubacni studie (publikace Il), kterd odhalila
markantni redistribuci Se mimo dostupnou ¢i potencialné dostupnou pudni zasobu pfi
stabilizaci exogenniho Se v kambizemi. Lze pfedpokladat, Ze vySSi hodnoty Ser,, @ Seqrg

ve fortifikované ¢ernozemi mohou vysvétlit vy$si i€innost selenizace v této pade.
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Celkovy vliv SO, na uginnost fortifikace plodin nelze a priori zobecnit, nebot siran ma
protichtidné G&inky: (i) udrzuje SeO,* v rostlinam dostupné plidni zasobé&; (ii) inhibuje
pfijem SeO,* kofenovymi bufikami. Inhibice dle mechanismu (ii) je &asto uvadénou
pFicinou snizeni pfijmu Se plodinami pfi koaplikaci Se0,* s SO4* (Hopper a Parker, 1999;
Lyons et al., 2005; Liu et al., 2017; Santiago et al., 2018). V naSem pokusu Ize projev této
kompetice uvazovat pouze v kambizemi, a to s vyhradou, nebot s rostouci davkou S0~
se zvySovala produkce biomasy a nelze tak vyloucit vliv fedéni Se v biomase.
V €ernozemi byly nejvyssi obsahy Se v semeni pfekvapivé zjistény pfi nejvysSich davkach
SO,%*. Z dlouhodobého inkubaéniho experimentu (publikace Il) bylo vyvozeno, Ze
imobilizace exogenniho Se v ¢ernozemi Uzce souvisela s €innosti mikroorganisma a ze
uginek SO, na stabilizaci Se se podobal G&inku y zafeni, které inhibovalo mikrobialni
imobilizaci. Takové plsobeni siranu vSak nevysvétluje specifickou distribuci Se v
rostlinach fepky péstované v éernozemi s nejvyssi davkou SO,%, ktera svédéi o vyrazné
remobilizaci Se z vegetativnich organi do semen. Nutno poznamenat, Ze remobilizace Se
ve fazi nalévani zrna je bézny fyziologicky proces (Keskinen et al., 2010; Ebrahimi et al.,
2019), ovéem jeho Ucelové vyuZiti prostfednictvim specifické dostupnosti SO, neni
prozkoumano. Nase vysledky nalézaji oporu ve studiich Renkema et al. (2012) a Liu et al.
(2016), ktefi v hydroponickych podminkach pozorovali usnadnénou translokaci Se ze
selenanu v fepce, pokud byl do Zivného roztoku pfidan také SO,>. O vy$§i Gginnosti
foliarni aplikace SeO4* publikovali Golob et al. (2016) pfi pokusech s pohankou, ktefi do
postfiku pfidavali SO,%. Je zfejmé, Ze tento dosud malo prozkoumany fenomén primarné
souvisi s fyziologii rostliny a zavisi na speciaci dostupného Se a S.

Celkovy vliv hnojeni P na ucinnost selenizace v obou padach nebyl vyznamny, bylo
v8ak mozné identifikovat nékolik trendd a souvislosti. V kambizemi byly s rostouci davkou
PO,> zaznamenany mirné vyssi obsahy Se v semeni. Jak bylo prezentovano v publikaci |,
pridavek PO,*> blokoval vkambizemi abiotickou adsorpci SeO.,*, resp. vytésnil Se
z nativni pldni zasoby, a to vice nez v ¢ernozemi. V Eernozemi pfi nejvyssi davce siranu
hnojeni P nemélo vliv na Gginnost selenizace, ovéem pfi niz§ich davkach SO,* spolu se
vzristajici davkou PO,* obsah Se v semeni mirné klesal. Pokles mobility/dostupnosti Se
v &ernozemi byl pozorovan po aplikaci PO,* také v inkubaénim pokusu (kapitola 5.2).

Jiny pohled na pfijem, translokaci a distribuci Se v fepce zpfistupnily vypodcty
Pearsonova korelaCniho koeficientu, ktery kvantifikoval linearni vztah mezi obsahem Se
a S ¢i Se a P vrostliné. Pfi hodnoceni vSech vzorkl, nehledé na ¢ast rostliny a variantu
pokusu, bylo zjisténo, Ze obsahy Se a S vyznamné kladné korelovaly ve fytomase
vypéstované v ¢ernozemi, nikoliv v kambizemi. Vztah Se-S byl zvlasté velmi tésny pfi
nejvy$si davce SO,* do &ernozemé (p < 0,001; r = 0,985) a méné vyznamny v kambizemi

(p = 0,054, r = 0,658). Skutecnost, Ze distribuce Se v fepce z kambizemé nekopirovala
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distribuci S tak tésné jako pfi péstovani v ¢ernozemi, napovida, Zze €ast pfijatého Se jiz
nebyla ve formé& SeO,* (tzn., nebyla vyuZita metabolicka draha SO,%), nybrz ve formé
redukované, napf. SeOs*> nebo malé molekuly Seqrg. Obé tyto redukované formy mohou
byt absorbovany kofeny rostlin, lidi se vSak v ucinnosti translokace a snadnosti asimilace
(Li et al., 2008; Kikkert a Berkelaar, 2013). Dal$i markantni rozdil mezi padami se projevil
ve vztazich Se-S v semeni a kofenech, korelaCni koeficienty v kambizemi nabyvaly
zapornych hodnot. Obsahy Se a P v jednotlivych vegetativnich organech Fepky
vypéstované v Cernozemi, stejné jako Se a S, vyznamné kladné korelovaly. Rozvodem
asimilatl do semen se tyto relace ztracely. V kambizemi obsah Se v jednotlivych ¢astech
fepky sledoval distribuci fosforu vice nez siry. Bohuzel, bez detailni znalosti za¢astnénych
transportnich a metabolickych drah na molekularni arovni, véetné Se, S a P intermediatl
a jejich roli v substratovych kompeticich, je diskuze zjisténé odlisné fyziologické
diskriminace a distribuce Se-S-P velmi obtizna.

Konvenéni pfiprava vzork(l rostlinného materialu pro speciacni analyzu Se,
tj. proteinogenniho prvku, zahrnuje enzymatickou hydrolyzu, jejiz u€elem je uvolnéni SAK,
které jsou detekovany technikou HPLC/ICPMS. Dosazenéa extrakéni Gginnost (EU) selenu
v zavislosti na rostlinné ¢asti Cinila jen 19-57 % z Sey. Jinymi autory specifikované EU
z fepkového semene i Srotu pfi pouziti téZ proteazy a podobnych extrakénich podminek
nabyvaji srovnatelnych hodnot s nasi studii (Bafiuelos et al., 2012; Balan et al., 2014).
VytéZku téméf 100 % dosahli, nikoliv vZdy, jen Seppanen et al. (2010). Hlavni pfiinou
nizké EU je omezena rozpustnost zasobnich selenoproteint fepky (Wanasundara, 2011;
Sari et al., 2013).

Z pohledu kvantitativnino se problematicky jevila také nizkd chromatograficka
vytéZnost kolony (CHVK) pro Se v rozmezi 27-72 %. Nizké CHVK nejsou pFekvapive,
stupefi enzymatické hydrolyzy protein( z fepkového Srotu muze byt < 30 %, hydrolyzaty
tak predstavuji smési peptidi o molekulové hmotnosti az 10 000 Da, nikoliv vyhradné
volné aminokyseliny (Chabanon et al., 2007; Zhou et al., 2016).

Hlavni specii Se stanovenou v fepce vypéstované v Cernozemi byl SeMet, zastupuijici
73-93 % identifikovaného Se v hydrolyzatech semen a kofenu. Tento vysledek potvrzuje
sdileni biosyntetické drahy selenu se sirou, jejiz produktem je sirny analog methionin
(Hawkesford a De Kok, 2006). Selenomethionin byl hlavni specii Se v fepkovém semeni,
pokrutinach &i Srotu také v dalSich studiich (Seppanen et al., 2010; Bafiuelos et al., 2012;
Balan et al., 2014). Na vyskytu dalSich specii se tito autofi jiz neshodli, nej¢astéji byly dale
nalezeny SeCys2 a SeMetCys. V semeni nasi fepky byly stanoveny SeCys2 (az 9 % Se)
a stopy SeO,*, zatimco SeOs;> a SeMetCys nebyly detekovany. Zjisténa absence
nezadoucich forem Seanorg je dUleZitym parametrem Uspésné biofortifikace. Nizké a velmi

variabilni hodnoty EU a CHVK znemoznily kvantitativni vyhodnoceni vlivu S a P hnojeni
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na speciaci Se v semeni. Neni napf. jasné, zda vyS3i hodnoty SeMet stanovené v semeni
po vy$si davce SO,* byly zplisobeny zvysenou biosyntézou SeMet nebo zvySenou EU
selenu. Bez vyrazné budouci optimalizace proteolyzy se HPLC/ICPMS jevi méné
vhodnou technikou speciace Se ve fytomase fepky.

Racionalni hnojeni SO,* a PO,> neni pfekazkou Usp&$né selenizace fepky. P¥i
aplikaci SeO,* do pudy ma v8ak predevéim SO, potencial ovlivnit G&innost biofortifikace.
V kazdé pudé je nutné pocitat s poklesem ucinnosti biofortifikace kvuli kompetici selenan-
siran pfi pfijmu Se kofeny rostlin. Nezadouci uCinek této kompetice muze byt
kompenzovan nékolika dal$imi mechanismy pisobeni SO4?, jejichZ projev kriticky zavisi
na fyzikalnich, chemickych a biologickych vlastnostech pid. Ke kompenzaci snizeného
pFjmu selenanu dochazi, pokud SO,> soucasné dokaZe inhibovat redistribuci Se do
rostlinam nedostupnych frakci v pidé. Ke zvySeni translokace a akumulace Se v semeni
fepky dochazi také vramci autoregulaéni odpovédi rostliny na metabolickou potfebu
S a specifickou dostupnost S v pidé. Praktické vyuziti a spoléhani se na tyto fyziologické

procesy je potencialné znacné rizikové.

5.4 BIOFORTIFIKACE REPKY - FOLIARNI APLIKACE SELENANU

Pfi foliarni aplikaci SeO,* je podstatna &ast kompetiénich a imobilizaénich procest
lokalizovanych v padé eliminovana a lze ocekavat vysSi efektivitu vyuziti aplikovaného Se.
Nabizi se vSak otazka, do jaké miry ovliviiuje stanovisté (tj. kvalita pud a klimatické
podminky) vysledny obsah Se vrostliné pfi aplikaci na list. Nezbytnymi pfedpoklady
porovnani ucinnosti selenizace na vice stanovistich jsou péstovani téze odridy dané
plodiny, foliarni oSetfeni porostu ve stejné fenologické fazi vyvoje a stejnou davkou Se. Za
timto ucelem byl zalozen maloparcelkovy polni pokus s fepkou olejnou (ozima odrGda
'DK Exquisite') na dvou stanovistich s odliSnymi puadné-klimatickymi  podminkami.
Experimentalni ptidy kambizem | (Humpolec, Kraj Vyso&ina) a Luvizem (Cerveny Ujezd,
StfedoCesky kraj) se vyznacovaly velmi podobnymi obsahy nativniho Se, liSily se viak
v jeho dostupnosti rostlinam, jak potvrdily obsahy Se stanovené v kontrolnich variantach
bez postfiku Na,SeO,. V biomase sklizené v dobé kvétu, na konci kveteni a v pIné zralosti
byl sledovan vliv davky SeO,* (25 a 50 g ha™ Se) aplikované na za&atku faze dlouZivého
ristu na obsah a distribuci Se v rostlinach fepky. Dale byl vyhodnocen potencialni vliv
selenizace na pfijem a distribuci vybranych makro- a mikroprvk( v fepce.

Na obou stanovistich se obsah Se v rostlinnych organech zvySoval s rostouci
davkou SeO,*. Vyznamné vyssi akumulace Se v semeni byla zaznamenana ve sklizni
z luvizemé (1050 ug kg™ Se) v porovnani s kambizemi (400 pg kg™ Se). Také pro obsahy
Se v Sesulich bez semene, ve stoncich a kofenech platila nerovnost luvizem > kambizem.

Klognerova et al. (2015) realizovali své polni pokusy také v Cerveném Ujezdé a Humpolci,
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pfi€emz vlastnosti stanovisté vyznamny vliv na celkovy obsah Se v semeni pfekvapivé
nemély (v luvizemi primér ¢&inil 650 ug kg~ Se, v kambizemi 610 pg kg™ Se pfi 50 g ha™
Se), jejich fepka v&ak byla foliarné o$etfena SeOs*. Podobné& Seppanen et al. (2010)
nezjistili statisticky vyznamné rozdily mezi semeny ze dvou stanovist pfi foliarni aplikaci
SeOs%. Pokud byl aplikovan SeO,*, semeno fepky vypéstované v Urodné&jsi pudé
obsahovalo vyznamné vice Se, coZ je v souladu s naSimi vysledky. Dle uvedenych
poznatki nelze prehlédnout, Ze pfi foliari aplikaci SeO,* Gginnost selenizace vice
zavisela na pldnich vlastnostech stanoviété v porovnani s aplikaci SeOs*. Bohuzel,
jednoznaénou identifikaci pfi¢in niz$i Gginnosti selenizace s SeO,* v kambizemi nas
experimentalni pfistup neumoznil. Pro stanovisté s kambizemi Ize spekulovat méné
uginnou absorpci SeO,* listy, niz$i uginnost remobilizace Se z listdl & vy$si intenzitu
volatilizace alkylselenidi z fepky (Winkel et al., 2015). Vyloucit nelze ani vliv Se, ktery
nebyl zachycen povrchem rostlin a dopadl na pldu, pfi€emz v kambizemi se pfedpoklada
ucinnost padni aplikace Se podstatné nizsi.

Ve vegetativnich organech byly obsahy Se zjistény takto: listy > stonky > kofeny, coz
odpovida distribuci Se po foliami fortifikaci jinych plodin (Sindelafova et al., 2015; Zhang
et al., 2019b; Wang et al., 2020b). P¥i aplikaci SeO,* do pudy byla v&ak akumulace Se
v kofenech fepky vyznamna (publikace IlIl), zvlasté v kambizemi. BEhem vegetace obsahy
Se v listech a stoncich na obou stanovistich postupné& klesaly. Hlavni pfiinou byla
remobilizace Se v rostling, nelze v8ak vylou€it minoritni vliv volatilizace Se ¢i fedéni Se
v biomase. Cilem redistribuce Se, zvlasté ve fazi nalévani zrna, jsou generativni organy,
jak demonstrovali Keskinen et al. (2010) pro pSenici a Ebrahimi et al. (2019) pro fepku.
V obou citovanych studiich byl SeO,* davkovan do pldy, Ize se v8ak domnivat, Ze
pocinaje remobilizaci Se z listd, v jejichZ chloroplastech je Seanog asimilovan (Terry et al.,
2000), jsou rozdily v pohybu Se rostlinou v zavislosti na zplsobu aplikace Se stirany.

Podle hrubého odhadu ¢&inil ekvivalent aplikaéni davky SeO,> do kambizemé
v nadobovém pokusu (publikace Ill) 60-100 g ha™ Se pfi dosaZeni maximalniho obsahu
Se v fepkovém semeni 245 ug kg', coZ je pfiblizné poloviéni obsah Se v porovnani
s foliarni aplikaci pfi 50 g ha™' Se (tatdz kambizem z Humpolce). A&koliv srovnavani
vysledki nadobového a polniho pokusu je zavadéjici, byla potvrzena vysSi Ucinnost
aplikace Se na list.

Vliv selenizace na obsah vybranych makro- a mikroprvk(i v semeni fepky nebyl
prokazan. V opac¢ném smyslu muze byt u€innost selenizace ovlivnéna predevsim pfFijmem
a metabolismem siry (publikace Ill). V ¢asnéjSich fazich vyvoje fepky byly stanoveny
vySSi obsahy S ve vegetativnich organech pfi péstovani v kambizemi, avSak v semeni jiz

nebyly rozdilné obsahy mezi stanovisti patrné. Takové chovani indikuje nizSi ucinnost

100



remobilizace S do generativnich organd na stanovisti s kambizemi, coz muize mit
souvislost s niZz8i akumulaci Se v semeni na tomto stanovisti.

Nase vysledky ukazaly, Ze uginnost selenizace fepky pfi foliarni aplikaci SeO,* tzce
souvisela s pudné-klimatickymi charakteristikami stanovisté. Bez pfizplsobeni aplikacni
davky lokalnim podminkam bude velmi obtizné dosahnout Zadoucich hodnot obsahu Se

ve sklizni.
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6 ZAVER

Tato prace byla vénovana vyzkumu vybranych faktor(, které limituji uinnost agronomické
biofortifikace Ffepky olejné selenem. Pozornost byla zaméfena pfedevSim na projevy
aniontovych kompetici, jejichZz vyznam roste pfi aplikaci hnojiv na bazi SO,* a PO,>.
Aplikace Se do pudy ve formé& SeO,* vedla k vyznamnému zvySeni akumulace Se
v semeni fepky. Dil€i zavéry potvrzuji obecnou platnost konceptu stabilizace Se v pudé
s Casem, kterd se projevuje postupnou imobilizaci exogenniho Se, resp. zménou jeho
frakcionace, sméfujici k malo az nedostupnym formam Se v pudni zasobé. Anionty
z hnojiv podminuji dostupnost Se v padé, jeho pfijem a translokaci v rostlinach vyrazné
komplexné&ji, neZ bylo prezentovano v pfedchozich studiich. Vysledna uacinnost
biofortifikace je ovlivnéna kombinaci nékolika, &asto protichidnych, mechanismu
pUsobeni anionttl, které interferuji s procesem stabilizace Se v ptidé. Ugelné zvolena
provazanost jednotlivych pokusi a volba proménnych pfi vyuziti stale stejnych
experimentalnich pad vyrazné pfispély k objasnéni kompeti¢niho vztahu selenan-siran na
tfech nezavislych Uurovnich. Vyznamnym objevem je usnadnéna translokace Se
z vegetativnich organd do semen, ktera byla pro fepku dosud popsana pouze
v hydroponickych podminkach. Uginnost translokace se zvySovala s aplikaéni davkou
SO,*. Tento mechanismus se podilel na kompenzaci obvyklého poklesu UG&innosti
selenizace plodin pfi koaplikaci SO4* a SeO4* do plidy.

Otazka ucinnosti biofortifikace Uzce souvisi s vyzkumem biogeochemického osudu
Se04* v pudé, s mnoZstvim Se vstupujicim do pudy a se stabilitou oxidagniho stavu Se".
Raznorodost, slozitost a rdzna intenzita za€astnénych jeva komplikuji definovani obecné
platnych vztah( pro predikci vlivu hnojeni pud na ucinnost biofortifikace podle zakladnich
fyzikalné-chemickych vlastnosti pud. Daraz by mél byt kladen na individualni posouzeni
situace v dané pudé. Metoda postupné extrakce pouzita v této studii byla dostate¢né
citiva pro sledovani zmén frakcionace Se v Case a jeji vysledky byly uziteéné
pfi interpretaci vyvoje dostupnosti Se rostlinam fepky. Mezi kliCové parametry ovliviujici
stabilizaci Se v pldach patfi rozsah mikrobialni transformace Seanorg — Se€org, j€jiZ VyZznam
byl mnohymi autory prehlizen. Z vysledkd vyplyva, Ze dostupnost SeO,* pldnim
mikroorganismm je limitovana pfedevsim dostupnosti siranl. Aplikace mineralnich hnojiv
dramaticky sniZuje adsorpéni schopnost ptdnich &astic poutat SeO,* abiotickym
iontovyménnym mechanismem. Naopak, v nékterych ptdach mohou pridavky SO,*
a PO,* zvy$ovat koncentraci Se v ptidnim roztoku vyt&snénim Se z nativni ptidni zasoby.

PfedloZzena prace upozornila na rizika vlivu matrice spojend se stanovenim
koncentrace Se v pudnich vyluzich technikou ICPMS. Interpretaci vysledkd speciaéni

analyzy Se technikou HPLC-ICPMS limitovala nizka ucinnost hydrolyzy selenoprotein
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a nizka vytéZnost chromatografické kolony. Uspé&$nost biofortifikace byla potvrzena
absenci nezadoucich forem Segnog VSemeni. Hlavnim produktem asimilace Seanorg
viepce byl pravdépodobné SeMet vazany v polypeptidovych fetézcich. Po
vylisovani/extrakci oleje ze semen bude mozné ziskat vedlejSi produkt bohaty na Seqy,
jehoz zkrmovani navysi pfijem Se hospodarskymi zvifaty.

Foliarni aplikace SeO,> je prislibem vy$si Gginnosti biofortifikace plodin, nebot je
eliminovan vliv imobilizaénich mechanismi Se a aniontovych kompetici lokalizovanych
v ptdé. Nicméné, dle ziskanych vysledk( Uc€innost selenizace fepky vyznamné zavisela
i na padné-klimatickych faktorech stanovisté, s vlivem pldy zprostfedkovanym na drovni

fyziologie rostlin je tedy nutné kalkulovat i pfi aplikaci SeO4 na list.
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Pfiloha1. RozliSovaci schopnost hmotnostniho analyzatoru pro rozliSeni typickych
spektralnich interferenci pfi stanoveni Se technikou ICPMS

Pfiloha 2.  Extrahovatelny selen v50 mmol ' (NH,),HPO, z jednotlivych variant
v zavislosti na dobé inkubace pudy

Priloha 3.  Frakcionace plUdniho Se stanovena metodou postupné extrakce
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PRILOHA 1.

RozliSovaci schopnost hmotnostniho analyzatoru pro rozliSeni typickych spektralnich
interferenci pfi stanoveni Se technikou ICPMS?

izotop abundance .potenciéllrntta - potFebSé rozliSovaci schopnost
[%] interferujici specie m/IAm
Se 0,89 BArEAr* 9475
scrrert 7922
OArtS? 9511
"“Ge" 56938
®Se 9,37 BAreAr* 12145
OArBArt 7083
OArSCIHY 3825
“OArhg* 7405
®Ge* 34571
®Ar‘°Ca* 6947
"Se 7,63 BAreArHY 5749
OArClt 9190
®Se'H* 10797
83e 23,77 “OAreAr* 9970
OArSArHHY 2755
OArRCI'H? 4142
"Se'H* 7471
BKr 25192
%3¢ 49,61 OAr‘oAr* 9688
“OArCa* 9455
34816016014O+ 1984
OArBArHHY 3297
OKr 549254
823¢ 8,73 OAr°Ar'H'H* 3455
348160160160+ 2283
%zn'e0" 19316
81Br'H* 11055
B2Kr 25393
hmotnostni analyzator rozliSovaci schopnost m/Am
kvadrupélovy ~300
magneticky sektorovy ~10000

3 Kompilace z Feldmann et al. (2000) a Elwaer a Hintelmann (2008)
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PRILOHA 2.

: ¢ernozem | kambizem : 72d
| | B 24 d
| kontrola | 85d
! I &= 1,54
| a
| |
| |
la
:
|
|
|
la
|
|
|a
|
|
a
500 400 300 200 100 0 0 100 200 300 400 500

extrahovatelny Se z pldy [ug kg']

Extrahovatelny selen v 50 mmol I' (NH4),HPO, z jednotlivych variant v zavislosti na dobé&
inkubace pudy. Ruzna pismena znaci statisticky vyznamné rozdily (p < 0,05) mezi
extrahovatelnostmi Se stanovenymi v dané padé a dané varianté pfi rizné dobé
inkubace. Vertikalni Carkované &ary znazorfiuji odhad mnozstvi Se extrahovatelného
roztokem HPO,> v dané puadeé v Case ty.
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PRILOHA 3.

Frakcionace pldniho Se stanovena metodou postupné extrakce podle Wright et al. (2003)

Varianta Serozp Sespec.ads Seorg Seo Serezidual
n=3 ug kg v susing + o
cernozem
kontrola 206 + 12 68 +4 287 + 18 16+ 3 168 + 18
S100 271 + 22 26 +2 216 + 15 71 182 + 15
Pioo 1328 71+8 263 + 17 21 +1 186 + 10
S50P50C440N44 20+ 10 6817 289 + 14 34 +2 172 £+ 21
y-kontrola 333 +£28 30+£2 206 £ 21 0+0 162 £ 13
v-SmOa) 293 + 24 30+£3 182 +12 00 166 + 4
Y-P100 246 + 2 26 + 1 202 +9 00 158 + 16
nativnipt‘]dab) 111 250 157 £ 1 1+1 162 + 8
kambizem |
kontrola 163 + 19 73+8 174 £ 10 120 203 +12
S100 209+ 3 6312 177 £1 10 +1 145 + 14
Pioo 164 + 11 55 +1 170 + 14 16 +2 188 +7
S50P50Ca40Nss 134 £ 16 45+0 195 + 17 21+4 193 + 25
y- kontrola 293 + 14 60+8 168 + 3 5+1 144 + 12
Y-S100 299 + 16 34+5 142 +13 9+1 130+ 4
Y-P100 254 + 4 23 +4 145 + 20 8+2 134 +9
nativni plda 5+1 25+ 1 137 £3 1+1 573

2 pismeno y znadi o$etieni y paprsky, dolni index davku prvku v mg kg'1

®) piida bez ptidavku Na,SeO., neinkubovana
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