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1. Uvod

Psenice (Triticum spp.) je jednou z nejvyznamnéjSich zeméd¢€lskych plodin na svéte,
kterd podstatnym dilem pfispiva k saturaci nutri¢nich potfeb svétové populace. V ramci
Evropského kontinentu je nejvice vyuzivanou obilovinou pro vyrobu mouky a nasledné celé
fady potravin, jako je chléb, pecivo nebo teéstoviny. Botanicky spadd pSenice do tfidy
jednod¢€loznych rostlin (Liliopsida), fadu lipnicotvarych (Poales) a ¢eledi lipnicovitych
(Poaceae). Plodem pSenice je obilka s vyraznou podélnou ryhou. Zakladnimi morfologickymi
Castmi obilky jsou obalové vrstvy s vysokym podilem vldkniny (celuléza, hemiceluldzy),
Skrobnaty endosperm ptedstavujici nejvetsi podil zrna a klicek, ktery se vyznacue vysokym
obsahem lipida.

Jednim ze soucasnych trendtl ve §lechténi pSenice je mj. snaha o zvySeni obsahu nutri¢né
vyznamnych biologicky aktivhich latek, tzv. fytochemikalii. Jedna se zejména o obnoveni
schopnosti intenzivni syntézy karotenoidu (lipofilnich rostlinnych barviv), jez je typicka pro
staré, neproslechténé druhy pSenice (diploidni jednozrnky ¢i tetraploidni dvouzrnky). Déale pak
o introdukci zcela novych genii podminujicich produkci a ukladani antokyant v obilkach do
genomu pSenice. Vysledkem takového Slechtitelského usili jsou tzv. pSenice s barevnym
zrnem. Dle typu a mista uloZeni pigmentt jsou to pfedev§im pSenice se zlutym endospermem,
modrym aleuronem ¢i purpurovym perikarpem. Karotenoidy, antokyany, ale i1 dalsi fenolické
latky vykazuji zna¢nou antioxidacéni aktivitu a pro ¢lovéka, jakozto konzumenta, tak pfinaseji
mnohé zdravotni benefity. Antioxidanty v organismu u¢inné napomahaji predchazet rozvoji
oxidacniho stresu a naslednému poskozeni mnohych biomolekul (nukleovych kyselin, proteinti
nebo lipidh bunéénych membran), které je povazovano za hlavni pficinu rozvoje
tzv. civiliza¢nich onemocnéni - nadorovych, kardiovaskularnich ¢i jinych chorob - spojenych
se starnutim organismu. I proto v soucasné dobé roste zdjem odborné i laické vefejnosti
0 nutricné¢ hodnotné potraviny. Do popiedi zdjmu se tak dostavaji starSi (piivodni) druhy
pSenice, jako je Spalda, pSenice tvrda, jednozrnka, dvouzrnka nebo také nové vyslechténé
pSenice s barevnym zrnem charakteristické zvySenym obsahem karotenoidu ¢i antokyand.



2. Literarni reSerse

2.1 Obiloviny ve vvzivé ¢lovéka

Obiloviny jsou stézejni soucasti lidské stravy, jelikoz piedstavuji bohaty zdroj
sacharidd, proteint, vlakniny a dalSich nutricn€ hodnotnych latek, z nichz mnohé se vyznacuji
vysokou antioxidacni aktivitou (Liu 2007). Tyto latky jsou uloZeny piedevsim v obalovych
vrstvach zrna (otrubach) ¢i klicku, a proto je ¢lovEk piijima zvlasté konzumaci celozrnnych

cerealnich vyrobkl. Adekvatni piijjem antioxidantd ptedstavuje
preventivni opatfeni proti rozvoji mnoha chronickych civiliza¢nich
chorob jako kardiovaskularni onemocnéni, diabetes 2. typu, nékteré
typy rakoviny (tlustého stieva). Mezi tyto antioxidanty patii Siroké
spektrum molekul z tfid karotenoidt, fenolickych latek
(fenolickych kyselin, antokyant, proantokyanidind, lignand,
flavonoidi), vitamint E, fytati, steroltl, betaglukanii a dalSich (Ma
et al. 2014; Laddomada et al. 2015; Liu 2007). Vétsina z nich patii
mezi tzv. rostlinné sekundarni metabolity, tedy slouceniny, které
nejsou piimo nezbytn& nutné pro pribéh zakladniho metabolismu,
rast a vyvoj, ale pomahaji rostlindm pfezit v pfirodé, jelikoz jsou
vyznamnym prostfedkem interakce s okolnim prostiedim
(Cheynier et al. 2013).

V ramci evropského kontinentu je nejvice vyuZzivanou
obilovinou pS$enice, jez slouzi k vyrob¢é mouky a nasledné celé fady
potravin, jako je chléb, pecivo nebo téstoviny (Laknerova et al.
2014; Ficco et al. 2014). Celosvétove pak z hlediska roéni produkce
(za rok 2018 ¢inila 758 mil. tun) zaujima druhé misto hned za
kukutici s celkovou primérnou spotiebou 66,9 kg/os./rok (Statista
2019). V Ceské republice v roce 2016 dosahla spotfeba psenice
podle CSU 122,7 kgl/os./rok v hodnotd zrna (tj. 95,7 kg/os./rok
v hodnoté mouky) (CSU 2018). V poslednich letech je diskutovan
obsah latek s antioxida¢nimi vlastnostmi zvlasté v odriidach psenic
(ale i jinych obilovin jako napiiklad je¢mene, triticale ¢i tritordea,
tedy kiiZenci pSenice s Zitem a pSenice s jecmenem) s netradicné
zbarvenym zrnem. Tyto jsou oproti tradicnim odridam navic
zdrojem karotenoidll a antokyant, dieteticky cennych pfirodnich
pigmentd (Li et al. 2007; Hosseinian et al. 2008; Lachman et al.
2017).

Vétsina v Evropé bézné péstovanych odrid hexaploidni
pSenice seté (Triticum aestivum L.) ma obilky tzv. ¢ervené barvy,
ktera je zptisobena pfitomnosti riiznych derivat katechint a tanina
odvozenych od biosyntézy flavonoidi (Martinek et al. 2014). Mezi
netradicni barevné pSenice patii pSenice se zlutym, purpurovym,
modrym nebo Eernym zabarvenim zrna (viz obrazek &. 1). Zluté

-

standardni barva

zluty endosperm

modry aleuron +
purpurovy perikarp

Obrazek ¢. 1 PSenice
S riznym zbarvenim
ZIna



zbarveni endospermu zplisobené piitomnosti karotenoida (predevsim luteinu a zeaxantinu) je
typické pro diploidni pSenice jednozrnky (Triticum monococcum L.), tetraploidni dvouzrnky
(T. dicoccum Schobl.) a psSenice tvrdé (T.durum Desf.) (Martinek & Vyhnanek 2014).
Purpurova barva zrna je ddna pfitomnosti antokyanti (napt. kyanidin-3-glukosidu ¢i kyanidin-
3-rutinosidu) v perikarpu. Schopnost syntetizovat tato barviva byla do pSenice seté pienesena
kiizenim s tetraploidni pSenici T. turgidum L. subsp. abbysinicum Vavilov), ktera pochazi
z Abyssinské oblasti z Etiopie (Martinek et al. 2014; Martinek & Vyhnanek 2014). Modré
zbarveni je zpusobeno antokyany (pfedevs§im delfinidin-3-glukosidem a delfinidin-3-
rutinosidem) ulozenymi v aleuronové vrstvé. Geny pro tuto schopnost byly do pSenice
preneseny z riznych divoce rostoucich rostlin: pyru pontického (Thynopyrum ponticum Podp.),
T. monococcum ssp. aegilopoides (syn. T. boeoticum) a Thynopyrum bessarabicum (Martinek
& Vyhnanek 2014; Buresova et al. 2015). Cerné (n&kdy téZ oznatované jako tmavé purpurové)
zbarveni zrna je zpisobeno rovnéz pritomnosti antokyant a je dano kombinaci gend pro modry
aleuron a purpurovy perikarp (Béhmdorfer et al. 2018). Rizné zbarveni zrna je znamo také
u dalsich obilovin — je¢mene, ryze, kukufice, ovsa ¢i tritikale (Martinek et al. 2016).

Prvni komeréné vyuzitelné odriidy pSenice s barevnym zrnem byly vyslechtény na
Novém Zélandu a jednalo se o jarni odridy s purpurovym perikarpem (Pp, z angl. Purple
pericarp) Charcoal (registrovana r. 1977), Konini (r. 1981) a Amethyst (r. 1988). Z barevnych
psenic jsou v Ceské republice od roku 2011 registrovany dvé psenice se zlutym endospermem
(Ye, z angl. Yellow endosperm), odridy Citrus a Luteus (Martinek & Vyhnanek 2014), od roku
2018 také psenice AF Jumiko s Pp (UKZUZ 2018). Nejnovéjsi v CR registrovanou odridou
S barevnym zrnem je AF Oxana (r. 2019) s modrou aleuronovou vrstvou (Ba, z angl. Blue
aleurone) (UKZUZ 2019). Na Slovensku jsou registrovany ozimé psenice Bona Dea (r. 2006)
a Bona Vita (r. 2011) ob& s Ye, déale pak od roku 2014 také pSenice PS Karkulka s Pp.
V Rakousku je registrovana ozima pSenice Yello s Ye (r. 2008), hned nékolik ozimych pSenic
s Pp: Indigo (r. 2006), Rosso (r. 2011), Ceraso (r. 2014) a Merlot (r. 2015) a rovnéZz ozima
pSenice s Ba Skorpion (r. 2011). Tyto odrady sice nedosahuji vynosi srovnatelnych s bézné
péstovanymi odriidami tradi¢ni barvy obilek (Martinek et al. 2016), ale jejich zrno pfedstavuje
zajimavou surovinu potencialné vyuzitelnou pro vyrobu tzv. funkénich potravin, tedy potravin
S pozitivnim pfinosem pro zdravi konzumentt (Martinek et al. 2014).

2.2 Karotenoidy

2.2.1 Obecna charakteristika karotenoidu

Karotenoidy jsou lipofilni organické latky ze skupiny tetraterpenoidi slozené z osmi
izoprenovych (2-methyl-buta-1,3-dienovych) jednotek. VSechny karotenoidy mohou byt
povazovany za derivaty lykopenu, od né¢hoz jsou odvozovany hydrogenaci, dehydrogenaci,
cyklizaci, zaclenénim atomu kysliku do molekuly, posunem dvojné vazby ¢i methylového
zbytku a prodlouZzenim nebo zkracenim fetézce (Delgado-Vargas et al. 2000). Dodnes bylo
popsano vice nez 750 karotenoidd, které 1ze systematicky rozdélit do dvou zakladnich skupin
na karoteny (napf. a-karoten, B-karoten, lykopen), Cervené a oranZové zbarvené uhlovodiky
a xantofyly (napf. lutein, zeaxantin), jeZ jsou Zluté zbarvenymi oxida¢nimi derivaty karoteni
a Vv jejich molekule se nachazi kyslik ve form¢ hydroxy-, keto- nebo epoxy-skupiny (Nisar et
al. 2015; Lachman et al. 2017). Karotenoidy tvofi rozmanitou skupinu pigmentti hojné
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rozSitenych v pfirod¢, pfiCemz barva téchto slouCenin je déna pfitomnosti systému
konjugovanych dvojnych vazeb v uhlikatém fetézci (Lu & Li 2008). Primarné se jedna
0 akcesorni pigmenty ve svételné fazi fotosyntézy a dale pak tyto latky chrani rostlinné bunky
pred poskozenim v disledku oxida¢niho stresu. Vytvarenim barvy kvéti, plodii a semen lakaji
(Delgado-Vargas et al. 2000; Hidalgo et al. 2006). Naprosta vétSina karotenoidt se Vv piirodé
nachazi primarn¢ v all-trans konfiguraci, ktera je oproti Cis konfiguraci vice stabilni.
Cis izomery maji odli$né biologické funkce (napf. nizsi aktivitu provitaminu A) (Nisar et al.
2015). Naprosto kli¢ovou roli pak hraji karotenoidy (zvlasté 9-cis-violaxantin nebo
9-cis-neoxantin) jako prekurzory v syntéze abscisové kyseliny (ABA), rostlinného ristového
hormonu (Auldridge et al. 2006; Nisar et al. 2015). Pro ¢lovéka je také velmi vyznamna
biologicka aktivita, resp. Silny antioxidacni G¢inek a role tzv. provitamini A (Hidalgo et al.
2006).

2.2.2 Biosyntéza karotenoidi

Karotenoidy jsou v rostlinach syntetizovany de novo téméi ve vSech typech plastidi
(pfedevS§im na membranach chloroplast a thylakoidl) a k jejich akumulaci dochdzi hlavné
v chloroplastech a chromoplastech (Howitt & Pogson 2006; Nisar et al. 2015). Biosyntéza
karotenoidi je regulovana v pribchu celého zivotniho cyklu rostlin v zavislosti na
momentalnich environmentalnich podminkach a pozadavcich rostliny napt. béhem kliceni, pfi
fotosyntéze, kveteni, tvorbé a dozravani plodi a semen nebo v reakci na rtizné vnéjsi podnéty,
resp. biotické a abiotické stresové faktory. Vlivem plisobeni uvedenych faktorti dochazi
k dynamickym zménam kvalitativniho spektra i kvantitativniho zastoupeni jednotlivych
karotenoid (Howitt & Pogson 2006).

Samotné biosyntéze karotenoidli ptredchazi syntéza prekurzord, dvou izomert
odvozenych od izoprenu, a sice izopentenyldifosfatu (IPP) a dimethylallyldifosfatu (DMAPP)
(Cuttriss & Pogson 2004; Cazzonelli 2011). Ke vzniku IPP a DMAPP mohou vést dvé
nezavislé biosyntetick¢é drdhy, pfiCemz prvni, znamd jako MEP drdha vychazi
z 2-C-methyl-D-erythritol-4-fostatu (MEP), druha, tzv. MVA draha se odviji od mevalonové
kyseliny (MVA) (Cazzonelli 2011). Schéma MEP i MVA biosyntetické drahy je znazornéno
na obrazku ¢. 2. Ackoliv vétSina organisml schopnd syntézy karotenoidd vyuziva bud’
plastidickou MEP, nebo cytozolickou MVA biochemickou dréhu, existuje i nékolik druhti
bakterii, které jsou schopné syntetizovat karotenoidy prostiednictvim obou moZnych
biosyntetickych drah. Rostlinné karotenoidy jsou tvotfeny ze svych izoprenoidnich prekurzort
prevazné cestou MEP. Pivod této biosyntetické drahy u rostlin, tedy eukaryotnich organismd,
je pti¢itan davné endosymbioze kyanobakterie, z niZ se pozdéji vyvinul bunéény plastid (Moise
et al. 2014).

2.2.3 Biosyntéza prekurzori: MEP draha

MEP draha zac¢ina reakci glyceraldehyd-3-fosfatu a pyruvatu, tedy latek pochazejicich
z Calvinova cyklu, poptipadé z glykolyzy, za vzniku 1-deoxy-D-xylulozy-5-fosfatu (DXP).
Syntéza DXP je katalyzovana enzymem 1-deoxy-D-xylulozo-5-fosfat syntazou (DXS)
(Cazzonelli 2011). Dale 1-deoxy-D-xyluldzo-5-fosfat reduktoizomeraza (DXR) katalyzuje
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redukci DXP na MEP za ptitomnosti NADPH. DXP muze byt také pfeménén v dalsi esencialni
metabolity, pyridoxalfosfat nebo thiamintrifosfat. Tento krok je proto uzlem v syntéze vitaminu
B1, Be a izoprenoidd (Moise et al. 2014).

Dalsim enzymem MEP drahy je 2-C-methyl-D-erythritol-4-fosfat cytidyltransferaza
(MCT), ktera katalyzuje pfeménu MEP na 4-(cytidin 5’-difosfo)-2-C-methyl-D-erythritol
(CDP-ME). CDP-ME je fosforylovan enzymem CDP-ME kinazou (CMK) na
4-(cytidin  5°-difosfo)-2-C-methyl-D-erythritol-2-fosfat (CDP-ME-2P), ktery je dale
intramolekularni transfosforylaci, ¢innosti enzymu 2-C-methyl-D-erythritol-2,4-cyklodifosfat
(MECDP) syntazy (MDS), pteveden na MECDP (Moise et al. 2014).

Poslednimi enzymy MEP syntetické drahy jsou 1-hydroxy-2-methyl-2-(E)-butenyl-4-
difosfat (HMBPP) syntaza (HDS) a HMBPP reduktaza (HDR). HDS tidi pteménu MECDP na
HMBPP, ktery je nasledné redukovan enzymem HDR. Mechanismus redukce HMBPP spociva
V postupném pienosu dvou elektront z enzymu na substrat. Pfenosem prvniho elektronu dojde
k vytvofeni allyl radikalu, ptenos druhého pak umozfiuje vytvotfeni ptechodného allyl
karbanionu. Naslednou protonaci C1, nebo C3 uhliku vznika DMAPP, nebo IPP (Bouvier et al.
2005; Moise et al. 2014). Mezi IPP a DMAPP je mozna vzajemna reverzibilni enzymaticka
pfeména katalyzovana izopentenyldifosfat izomerazou (IPPI) (Moise et al. 2014).

2.2.4 Biosyntéza prekurzori: MVA draha

MVA drédha prispiva k produkci karotenoidi piedevSim u organisml z fise
Archaebacteria, Houby a méné Casto pak Eubacteria. Prvnim krokem je kondenzace dvou
molekul acetyl-CoA za vzniku acetoacetyl-CoA, tato reakce je katalyzovana enzymem
acetoacetyl-CoA thiolazou (AACT). Navazani tieti molekuly acetyl-CoA je katalyzovano
3-hydroxyl-3-methylglutaryl-CoA syntazou (HMGS), vznika tak 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA). HMG-CoA je dale redukovan HMG-CoA reduktazou (HMGR) na
mevalonovou kyselinu (MVA). MVA je nasledné postupné fosforylovana, nejprve mevalonat
kinazou (MK) za vzniku mevalonat-5-fosfatu (MVA-P) a fosfomevalonat kinazou (PMK) na
mevalonat-5-difosfat (MVA-PP). Dekarboxylaci fizenou difosfomevalonat dekarboxylazou
(MVD) pak vznika IPP (Moise et al. 2014).

2.2.5 Vlastni biosyntéza karotenoida

Biosyntézu karotenoidll 1ze rozdé€lit do nékolika zakladnich fazi. Prvné je to vznik
geranylgeranyldifosfatu (GGPP), déle syntéza a nasledna cyklizace lykopenu a postupna
oxygenace karotenl za vzniku xantofyli (Smolikova & Medvedev 2015).
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Legenda k obrazku ¢. 2

AACT (acetoacetyl-CoA thiolaza; EC 2.3.1.9), HMGS (3-hydroxyl-3-methylglutaryl-CoA
syntaza; EC 2.3.3.10), HMGR (3-hydroxy-3-methylglutaryl-CoA reduktaza; EC 1.1.1.34),
MK (mevalonat kinaza; EC 2.7.1.36), PMK (fosfomevalonat kinaza; EC 2.7.4.2), MVD
(difosfomevalonat dekarboxylaza; EC 4.1.1.33), IPPI (izopentenyldifosfat izomeraza; EC
5.3.3.2), DXS (1-deoxyxyluldézo-5-fosfat syntaza; EC 2.2.1.7), DXR (1-deoxy-D-xylul6zo-5-
fosfat  reduktoizomeraza; EC 1.1.1.267), MCT (2-C-methyl-D-erythritol-4-fosfat
cytidyltransferaza; EC 2.7.7.60), CMK (4-(cytidin 5’-difosfo)-2-C-methyl-D-erythritol kinaza;
EC 2.7.1.148), MDS (2-C-methyl-D-erythritol-2,4-cyklodifosfat syntaza; EC 4.6.1.12), HDS
(1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat syntaza; EC 1.17.7.3), HDR (1-hydroxy-2-
methyl-2-(E)-butenyl-4-difosfat reduktaza; EC 1.17.7.4)

2.2.5.1 Syntéza GGPP

Karotenoidy jsou syntetizovany postupnymi kondenza¢nimi reakcemi aktivovanych
izoprenovych jednotek IPP a DMAPP. Jelikoz je HDR schopna syntetizovat IPP i DMAPP,
neni vzéjemna preména téchto dvou izoprenoidnich prekurzorti pro organismy vyuzivajici MEP
drahu nijak esencialni. AvSak pro organismy zavislé na MVA draze, je tato schopnost
nepostradatelna. Uvedena reakce je katalyzovana enzymem IPPI (Berthelot et al. 2012).

Kondenzaci tfi molekul IPP ajedné molekuly DMAPP, jez je fizena enzymem
geranylgeranyldifosfat syntdzou (GGPPS) vznika geranylgeranyldifosfat (GGPP) (Cazzonelli
2011; Smolikova & Medvedev 2015), klicovy prekurzor pro biosyntézu karotenoidd,
tokoferold, plastochinond, postrannich fetézci chlorofyld nebo giberelint (Bouvier et al. 2005;
Lu & Li 2008).

2.2.5.2 Syntéza lykopenu

Nésleduje kondenzace dvou molekul GGPP katalyzovana enzymem fytoen syntazou
(PSY), pfi niz dochazi ke vzniku 15-cis-fytoenu, prvniho karotenoidu, ktery je vsak bezbarvy
(Cazzonelli 2011; Smolikova & Medvedev 2015) a je vychozi latkou pro syntézu vSech
ostatnich karotenoidi (Moise et al. 2014).

Od 15-cis-fytoenu k all-trans-lykopenu vedou dvé rizné biochemické drahy. Prvni,
vyuzivana vSemi karotenoidy syntetizujicimi bateriemi, s vyjimkou kyanobakterii, je zaloZena
na jediném enzymu, fytoen desaturaze bakterialniho typu (CRTI). CRTI katalyzuje desaturaci
fytoenu v pozicich 7, 11, 11’ a7’ aizomeraci na dvojné vazbé mezi C15 a C15’. Druha,
tzv. poly-CIS-draha, vyuzivana vys$S§imi rostlinami, zelenymi fasami a Kyanobakteriemi,
zahrnuje Ctyfi po sobé jdouci enzymatické reakce (Yu et al. 2011; Moise et al. 2014)
katalyzované fytoen desaturdzou (PDS), (-karoten izomerazou (ZISO), (-karoten desaturazou
(ZDS) akarotenoid izomerazou (CRTISO), dilezitda je téz svétlem zprostfedkovana
fotoizomerace (Breitenbach & Sandmann 2005). Kazda z uvedenych desaturaz (PDS a ZDS)
fidi vytvotfeni dvou dvojnych vazeb (Yu et al. 2011).

Poly-CIS-draha za¢ina postupnou desaturaci (resp. dehydrogenaci) 11 a 11’ vazeb
fytoenu prostiednictvim enzymu PDS, ¢imz je umoznéna volna rotace. Postupna izomerace na
piilehlych dvojnych vazbach 9 a 9° z trans na cis dava vzniknout nejprve 9,15-di-cis-fytofluenu
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a dale, jiz barevnému, 9,15,9’-tri-cis-{-karotenu. Naslednou izomeraci centralni dvojné vazby,
jez je ftizena enzymem ZISO, vznika 9,9’-di-cis-C-karoten. Dale ZDS ftidi postupnou
stereospecifickou dehydrogenaci na C7 a C7’. Timto zptisobem dochazi ke vzniku dal$ich dvou
dvojnych  cis vazeb, nejprve 7,9,9’-tri-cis-neurosporen  (proneurosporen)  apoté
7,9,9’,7’-tetra-cis-lykopen, tzv. prolykopen (Yu et al. 2011; Smolikova & Medvedev 2015).
Vytvofeny 7,9,9°,7’-tetra-cis-lykopen vSak neni substratem zpracovatelnym - nebo
g-cyklazami. PokraCovani biosyntézy proto vyZzaduje izomeraci piitomného poly-Cis
meziproduktu na all-trans-lykopen, tedy slou¢eninu vhodnou pro naslednou cyklizaci
(Breitenbach & Sandmann 2005).  Reakce  pfemény  vSech  cis-dvojnych  vazeb
7,9,9’,7-tetra-cis-lykopenu vytvoifenych enzymy PDS a ZDS na trans-vazby je fizena
enzymem CRTISO (Yuetal. 2011; Moise et al. 2014). PDS, ZDS a CRTISO rozeznavaji pouze
polovinu molekuly karotenoidl, a proto postupnd desaturace aizomerace muze probihat
nezavisle na kazdé poloviné molekuly zvlast’ (Breitenbach & Sandmann 2005).

2.2.5.3 Cyklizace lykopenu

Cyklizace lykopenu je ptredpokladem tvorby cyklickych karotenoidd. Tato faze je
mistem vétveni metabolické drahy biosyntézy karotenoidii na a- a f-karoten a jejich derivaty
(Cuttriss & Pogson 2004; Moise et al. 2014; Smolikova & Medvedev 2015). Struktura
lykopenu a [-karotenu je znazornéna na obrazku ¢. 3., schéma biosyntézy karotenoidi
zachycuje obrazek ¢. 4.

Obrazek ¢. 3 Struktura lykopenu a -karotenu
(Fraser & Bramley 2004; upraveno)

Oba y-acyklické konce lykopenu mohou podléhat cyklizaénim reakcim za vzniku -, &-
nebo y-jononovych kruhti. Typ a pocet substituentti na jononovych kruzich je nejdilezit¢jSim
kritériem, které¢ urCuje funkci daného karotenoidu. Druh a pocet modifikaci polyenového
fetézce je naproti tomu podstatné vice omezeny (Moise et al. 2014). Karotenoidy obsahujici
alesponi jeden nesubstituovany -jononovy cyklus mohou byt potencialné substratem pro tvorbu
retinolu, tedy vitaminu A, ktery miize byt dale vyuzit k syntéze signalnich molekul, jako je
retinova kyselina ¢i 11-cis-retinal, zrakovy pigment obratlovci (Cunningham & Gantt 2001).

Cyklizaci lykopenu u rostlin a kyanobakterii zajistuji enzymy ze skupiny lykopen
cyklaz (LCY), jez lze rozdélit dle typu vytvareného cyklu na tfi skupiny. Lykopen cyklazy,
které tvofi B-jononové cykly (LCY B), e-jononové cykly (LCY E) (Cuttriss & Pogson 2004)
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a tieti typ tzv. bifunk¢nich lykopen cyklaz, tedy enzymi, které tvofi - nebo e-jononové cykly
(LCY BJ/E) (Moise et al. 2014).

Syntézu B-karotenu zajistuje enzym LCY B, ktery katalyzuje vznik cyklickych
karotenoidd s jononovym cyklem typu B (dvojna vazba je lokalizovana mezi patym a Sestym
uhlikem). Vytvofenim jednoho takového cyklu vznika y-karoten, nasledné syntézou druhého,
na opaéném konci fetézce, vznika B-karoten (Cunningham & Gantt 2001; Smolikova
& Medvedev 2015).

Syntéza a-karotenu probiha taktéz ve dvou krocich. V prvni fad¢ dochazi Cinnosti
LCY E, jez tidi vytvofeni e-jononového cyklu (dvojna vazba se nachazi mezi Ctvrtym a patym
uhlikem), ke vzniku d-karotenu. Nasledn¢ LCY B vytvofi -jononovy cyklus na opaéném konci
fetézce za vzniku a-karotenu (Cunningham & Gantt 2001; Smolikova & Medvedev 2015).

2.2.5.4 Postupna oxygenace karotenii za vzniku xantofylii

Diverzita skupiny xantofyld je dana vytvafenim raznych funk¢nich skupin obsahujicich
kyslik (aldehydicka, ketonicka, hydroxy-, methoxy-, epoxy- nebo karboxy-skupina) (Cuttriss
& Pogson 2004). Nejcastéjsimi substitucemi na cyklech je vytvareni hydroxy-skupin (Davison
et al. 2002). Rtiznymi biochemickymi drahami tak mohou vznikat stovky riznych karotenoida
lisSicich se poétem dvojnych vazeb, obsahem kysliku ¢i prostorovou konfiguraci (Cuttriss
& Pogson 2004).

Hydroxylace B- ae-cyklu a- a f-karotenu je katalyzovana B-karoten hydroxylazami
(HYD B) a g-karoten hydroxylazami (HYD E) (Tanaka et al. 2008). Z B-karotenu tak vznika
nejprve B-Kryptoxantin a dale zeaxantin. Analogicky potom z a-karotenu vznika zeinoxantin
anasledn¢  lutein  (Fraser & Bramley 2004; Lu &Li 2008). Epoxidaci
3-hydroxy-B-cyklu zeaxantinu v pozici C5,6 Cinnosti zeaxantin epoxidazy (ZEP) vznika
anteraxantin, jehoz dalsi epoxidaci v pozici C5°,6° druhého B-cyklu je tvofen violaxantin
(Tanaka et al. 2008). Violaxantin je dale neoxantin syntazou (NSY) pfeménovan na neoxantin
(Cuttriss & Pogson 2004).

Karotenoidy obsahujici ketoskupinu na B-jononovém cyklu, casto syntetizované
kyanobakteriemi vznikaji ¢innosti karotenoidnich ketolaz (CrtO/CrtW). Vytvofenim
4-ketoskupiny na B-jononovém cyklu B-karotenu je produkovan echinenon, nasledné pak
zaclenénim dalsi ketoskupiny do PB-jononového cyklu na opacném konci molekuly vzniké
kantaxantin (Moise et al. 2014).

Kapsantin a kapsorubin, hlavni karotenoidy Cervené papriky, obsahuji ketoskupinu
v fetézci a cyklopentanovy cyklus (x-cyklus), Kkjehoz vytvoteni dochazi z pavodniho
3-hydroxy-5,6-epoxy B-cyklu anteraxantinu nebo violaxantinu ¢innosti  enzymi
kapsantinsyntazy (CCS) resp. kapsorubin syntazy (Fraser & Bramley 2004).
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Legenda k obrazku ¢. 4

IPPI (izopentenyldifosfat izomeraza; EC 5.3.3.2), GGPPS (geranylgeranyldifosfat syntaza; EC
2.5.1.29), PSY (fytoen syntaza; EC 2.5.1.32), PDS (fytoen desaturaza; EC 1.3.5.5), ZISO (C-
karoten izomeraza; EC 5.2.1.12), ZDS ({-karoten desaturaza; EC 1.3.5.6), CRTISO (karotenoid
izomeraza; EC 5.2.1.13), LCY B (lykopen B-cyklaza; EC 5.5.1.19), LCY E (lykopen e-cyklaza,
EC 5.5.1.18), HYD B (B-karoten hydroxylaza; EC 1.14.15.24),
HYD E (e-karoten hydroxylaza;, EC 1.14.14.158), VDE (violaxantin deepoxidaza;
EC 1.23.5.1), ZEP (zeaxantin epoxidaza; EC 1.14.15.21), CCS (kapsantin/kapsorubin syntaza;
EC 5.3.99.8), NSY (neoxantin syntaza; EC 5.3.99.9)

2.2.6 Akumulace karotenoida

Ke kumulaci karotenoidti dochazi v riznych typech plastidi (Howitt & Pogson 2006;
Nisar et al. 2015), chloroplastech, chromoplastech (barevnych plastidech), amyloplastech
(plastidech urcenych pro skladovani Skrobu), elaioplastech (plastidech skladujicich lipidy),
leukoplastech (bezbarvych plastidech) a etioplastech (za tmy tvofenych prekurzorech
a chromoplasty, v ptipadé¢ obilovin, tedy semen s vysokym obsahem Skrobu, pak amyloplasty
(Howitt & Pogson 2006). Thylakoidni membrany chloroplastt poskytuji vysokou kapacitu pro
izolaci askladovani syntetizovanych karotenoidu v chloroplastech. Karotenoidy jsou zde
vazany v podobé pigment-proteinovych komplexti ve fotosynteticky aktivnich membranach
(Zhai et al. 2016), coz je pficinou relativné vysokého obsahu karotenoidl v zelenych ¢astech
rostlin. V chromoplastech naproti tomu vytvaieji interakci s proteiny a polarnimi lipidy
karotenoid-lipoproteinové struktury (globuly, krystaly, membrany, fibrily ¢i tubuly), jez jsou
efektivnim zptisobem ukladani velkého mnozstvi karotenoidt (Li & Yuan 2013; Nisar et al.
2015; Zhai et al. 2016). Tento systém zaroven zabrafiuje hromadéni reakénich produktii
(karotenoidll) na membranach plastidd, tedy v misté vlastni biosyntézy. Jde tak o preventivni
opatfeni proti vzniku negativni zpétné vazby, resp. inhibice biochemické reakce jejim
produktem (Lu & Li 2008; Mellado-Ortega et al. 2015).

2.2.7 Degradace karotenoidi

MV

nespecifickymi mechanismy jako napftiklad (foto)chemickou oxidaci nebo mohou byt fizeny
nespecifickymi enzymy lipoxygenazami ¢i peroxidazami (Walter & Strack 2011; Nisar et al.
2015). Enzymy, jez $tépi specifické dvojné vazby karotenoidd, jsou souhrnné oznaovany jako
karotenoidy S$tépici oxygenazy (CCOs; Carotenoid Cleavage Oxygenases) (Walter & Strack
2011). Produkty zminénych Stépnych reakci karotenoidd jsou nazyvany apokarotenoidy (Lu
& Li 2008), n¢kdy téz degradované karotenoidy. Tyto slouceniny proto obsahuji méné nez
Styficet atomi uhliku a v rostlinach zastavaji riizné biologické funkce (Sivel et al. 2013). Je-li
totiz V molekule apokarotenoidu zachovan dostatecny pocet konjugovanych dvojnych vazeb,
pak ma dana slouc¢enina rovnéz charakter barviva a mize naptiklad slouzit jako rostlinny
pigment. Ptitomnost terminalni karboxylové skupiny navic zvySuje intenzitu barvy a stabilitu
chromoforu. Mezi vyznamna rostlinnd barviva skupiny apokarotenoidi patii bixin (C2s)
odvozeny od lykopenu rozstépenim vazeb mezi uhliky 5-6 a 5°-6” nebo krocin (C20) odvozeny
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od zeaxantinu rozstépenim vazeb 7-8/7°-8 (Walter & Strack 2011). Pro rostliny je téz velice
vyznamna abscisova kyselina (ABA; Cis), ktera je dilezitym fytohormonem, jenz fidi napiiklad
dozravani ¢i tvorbu semen aje zaroven soucdsti rostlinnych stresovych reakci. ABA je
produktem Stépeni 9-cis-violaxantinu a nebo 9-cis-neoxantinu enzymem
9-cis-epoxykarotenoid dioxygenazou (NCED) za vzniku patnactiuhlikatého xantoxinu.
Nasledn¢ dalSimi pfeménami pies aldehyd abscisové kyseliny vznika ABA (Auldridge et al.
2006; Tanaka et al. 2008; Ohmiya 2009).

Z hlediska lidské vyzivy je nejvyznamnégj$im apokarotenoidem vitamin Aj
(all-trans-retinol; C2o), jak je podrobnéji uvedeno v kapitole 2.2.8 (Fraser & Bramley 2004).

2.2.8 Nutri¢ni vyznam Karotenoidu

Karotenoidy jsou diky své polyenové struktufe efektivnimi lapaci volnych radikald
(Berman et al. 2015). Vykazuji tedy vysokou antioxidacni aktivitu, ktera se odviji od chemické
struktury, pficemz roste s poétem dvojnych vazeb, keto-skupin a cyklopentanovych kruht
v molekule (Delgado-Vargas et al. 2000). Karotenoidy jsou proto ¢asto spojovany s prevenci
mnohych nadorovych onemocnéni a kardiovaskuldrnich onemocnéni. Neékteré z téchto
slouéenin rovnéz vykazuji provitaminovou aktivitu (jsou ozna¢ovany jako tzv. provitaminy A),
jez mohou byt metabolicky pfeménény az na retinol (vitamin A). Tato funkce je omezena pouze
na cca 50 karotenoidd, které se vyznacuji pfitomnosti alesponi jednoho nesubstituovaného
B-iononového kruhu, jako jsou napiiklad B-karoten nebo B-kryptoxantin (Fraser & Bramley
2004). Enzym pB-karoten 15,15°dioxygenaza zpusobuje symetrické Stépeni molekuly
B-karotenu na dvé molekuly all-trans-retinalu, ktery je vlivem retinol dehydrogenazy
reverzibilné redukovan na all-trans-retinol. Naslednou izomeraci vznika 11-cis-retinol a jeho
enzymatickou oxidaci dale 11-cis-retinal, ktery vazbou s opsinem dava vzniknout fotoreceptoru
rodopsinu (Sivel et al. 2013). Napiiklad jedna molekula B-karotenu tak miize poskytnout dvé
molekuly vitaminu A, a-karoten pouze jednu, naproti tomu lutein a zeaxantin kvuli hydroxylaci
obou iononovych kruhu aktivitu provitaminu A nemaji. Vitamin A je nezbytny pro spravnou
funkci imunitniho systému a svétlo¢ivnych bun¢k o¢ni sitnice (Berman et al. 2015). Nutri¢ni
deficit vitaminu A se projevuje mnohymi zavaznymi zdravotnimi poruchami od retardace rustu,
pies snizenou imunitni odpovéd’ a vyssi nachylnost k infek¢nim chorobam az po Seroslepost ¢i
uplnou slepotu (Cuttriss & Pogson 2004). Vyznam luteinu a zeaxantinu tkvi rovnéz v ochrané
zluté skvrny oc¢ni sitnice (makuly), kde jsou hojné koncentrovany. Uvedené karotenoidy zde
pusobi fotoprotektivné a antioxida¢né proti volnym radikalim (Fraser & Bramley 2004).

2.2.9 Karotenoidy v pSeni¢ném zrnu

Razné druhy pSenice se vzadjemné vyrazné lisi celkovym obsahem karotenoidl v zrnu.
Konvenéni pSenice obsahuji od 1,36 pg/g (Lachman et al. 2013) do 2,12 pg/g (Hidalgo et al.
2006). Podstatné vys$si mnozstvi karotenoidi pak uvadi studie provedena Abdel-Aalem et al.
(2007) v psenici Spald¢ (4,01 pg/g), dvouzrnce (5,76 pg/g) nebo pSenici tvrdé (6,27 ug/g)
a nejvyssi mnozstvi byla namétena v psenici jednozrnce (9,62 pug/g). Ndolo & Beta (2013) dale
uvadéji celkovy obsah karotenoidli v zrnu purpurové pSenice 2,62 pg/g (vyjadieno jako
ekvivalent luteinu). V ramci zrna (struktura pSeni¢ného zrna znazornéna na obrazku ¢. 5) se
nejvetsi koncentraci karotenoidii vyznacuje klicek, kde Ndolo & Beta (2013) naméfili
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prumérné 2,16 pg/g luteinu
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a aleuronové vrstvé) a 3,09 vousky - :

/ . Stvikra epidermis — J ‘
Mg/g zeaxantinu  (Ctyfikrat Foiodfemnis o
vysS§i koncentrace v porovnani vnitini perikarp i
s aleuronem). 'V endospermu mezokarp

byl denvmi ¢ endokarp
neby . uvedenymi  autory  test (osenient)
zeaxantin detekovan. Klicek spermoderma
vsak piedstavuje pouze 3-5 % hyalinni vrstva

hmotnosti  (Mellado-Ortega ~ ~ endosperm

) aleuronova vrstva (vnéjii endosperm)
& Hornero-Méndez ~ 2019), fkrobnaty endosperm

atak je vtéto casti uloZeno * klicek
ptiblizné jen 5-10 %
zZ celkového obsahu

Obrazek ¢. 5 Rez pseni¢nou obilkou

karotenoida v obilce. Zatimco (Michaelhannan 2018: upraveno)

karotenoidy obsazené
Vv otrubach tvoii cca 20-40 % a nejvétsi podil s cca 60-70 % nese endosperm (Ndolo & Beta
2013).

Nejhojnéji se vyskytujicim karotenoidem v pSeni¢ném zrnu je lutein (Ndolo & Beta
2013; Luthria et al. 2015; Lachman et al. 2017) nejcastéji ve formé all-trans izomeru, avsak
Mellado-Ortega et al. (2015) v pSenici tvrdé zaznamenali i nékteré cis-izomery (9-cis a 13-cis
lutein). Dale byva zastoupen také zeaxantin, v men$im mnozstvi potom [-Kryptoxantin,
B-karoten ¢i anteraxantin (Luthria et al. 2015; Lachman et al. 2017). Lutein ptedstavuje dle
vysledkli Mellado-Ortegy et al. (2015) vice nez 85 % celkového obsahu karotenoidii v zrnu
pSenice tvrdé, podstatné mensi podil zaujima zeaxantin (10,7 %) a - a a-karoten (1,8 a 1,4 %).
Karotenoidy (resp. xantofyly) se v pSeni¢ném zrnu vyskytuji jednak jako volné slouceniny
anebo v podobé esterti s riiznymi mastnymi kyselinami, jejichzZ vznik je umoznén piitomnosti
jedné nebo vice hydroxylovych skupin na jononovych kruzich (Mellado-Ortega et al. 2015;
Ziegler et al. 2015).

Esterované xantofyly vznikajici acylaci prostfednictvim acyl-CoA se vyznacuji vyssi
lipofilitou oproti svym neesterovanym analoglim, coZ umoziiuje lepSi integraci uvnitf
bunéénych membran a plastoglobulti (Howitt & Pogson 2006). Esterifikace xantofyld je
efektivnim zplsobem ochrany pied degradaci vlivem oxidace a UV zéafeni, umoziluje
dlouhodobé skladovani karotenoidti uvnitf rostlinnych bunék (Atienza et al. 2007; Ahmad et al.
2013; Ahmad et al. 2015) a zvySuje jejich stabilitu v procesu vyroby potravin (Fu et al. 2010;
Mattera et al. 2017). Vyzkumem esterovanych xantofylti v obilovinach se zabyvala cela fada
praci (Mellado-Ortega & Hornero-Méndez 2012; Mellado-Ortega et al. 2015; Zeigler et al.
2015; Mattera et al. 2017). V pSenici tvrdé a tritordeu tak byly nalezeny mono- i di-estery
luteinu. Z monoesteri byly identifikovany ptfedevsim Ilutein-3’-O-palmitat, lutein-3-O-
palmitat, lutein-3’-O-linoleat a lutein-3-O-linoleat, z diesterti pak lutein dipalmitat (viz obrazek
¢. 6), lutein linolylpalmitat a lutein dilinoleat (Mellado-Ortega et al. 2015; Mattera et al. 2017).
Ziegler et al. (2015) uvadi navic kyseliny olejovou a linolenovou jakozto dal§i vyssi mastné

18



kyseliny schopné tvorby estert s luteinem. Tito autoii v pSenici jednozrnce identifikovali mj.
lutein-3-O-oleat, lutein-3’-O-oleat, lutein-linolyllinolenat. Pfitomnost esterti luteinu a stupen
esterifikace jsou geneticky fizeny (Ahmad et al. 2015; Ziegler et al. 2015) a vykazuji zna¢nou
mezidruhovou ale i vnitrodruhovou variabilitu (Atienza et al. 2007; Ziegler et al. 2015).

NW
0
N N Y P e N
OY\/\/\/\/\/\/\/
0]

Obrézek €. 6 Struktura lutein dipalmitatu

Schopnost ur€itych genotypt tvofit a ukladat velky podil karotenoidli ve formé esterti by tak
mohla byt vyznamnym faktorem pro vybér genetického materidlu v rdmci mnohych
Slechtitelskych programi.

2.3 Fenolické latky

2.3.1 Obecna charakteristika fenolickych latek

Pojmem rostlinné fenolické latky rozumime piirodni sekundarni metabolity
biogeneticky odvozené jednak od Sikimat-fenylpropanoidové metabolické drahy (vznik
fenylpropanoidi) nebo ,,polyketidové* acetat-malonatové drahy (vznik jednoduchych fenoli).
Uvedené metabolické drahy produkuji obrovské mnozstvi monomernich a polymernich
struktur, jez v rostlinném organismu plni mnozstvi fyziologickych funkci v ramci reprodukce
arustu (Cheynier et al. 2013). Fenolické latky jsou slouceniny obsahujici jedno nebo vice
aromatickych jader s jednou nebo vice hydroxylovymi skupinami (Liu 2007; Goleniowski et
al. 2013) aje mozné je rozdélit podle chemické struktury na: Cs (jednoduché fenoly,
benzochinony), Ce-C1 (fenolické kyseliny a aldehydy), Cs-C2 (acetofenony, fenyloctové
kyseliny), Ce-C3 (hydroxyskoficové kyseliny, kumariny, fenylpropany, chromony), Ce-Cs
(naftochinony), Cs-C1-Ce (xantony), Ce-C2-Cs (stilbeny, antrachinony), Ce-C3-Ce (flavonoidy,
které dale zahrnuji flavonoly, flavony, isoflavony, flavanoly, flavanony a antokyany), (Cs-Cs-
Ce)2,3 (bi-, tri-flavonoidy, dimery a trimery proantokyanidini), (Cs-Cs)2 (lignany, neolignany),
(Ce-Ca)n (ligniny), (Ce)n (katechol melaniny, florotaniny), (Ce-Cs-Ce)n (kondenzované taniny).
Nizkomolekularni fenolické latky se vyskytuji ve vSech vysSich rostlinach, jiné jsou typické
pro urcité skupiny a nékteré jsou velmi druhové specifické (Crozier et al. 2009; Dinelli et al.
2009; Cheynier et al. 2013). Podileji se na zbarveni kvétd a ploda rostlin (Liu 2007).
V potravinach jsou fenoly zodpovédné za chut’, vini, texturu ¢i oxidacni stabilitu (Kaur et al.
2014).

Mezi nejvyznamnéjsi fenoly vyskytujici se v cerealiich patii fenolické kyseliny (Liu
2007; Boz 2015). V obilovinach jsou z vétsi ¢asti pfitomny ve své vazané formé, tedy estericky
poutané na slozky bunéénych stén jako jsou polysacharidy a proteiny (Shao et al. 2014;
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Boz 2015), vykazuji vysokou antioxida¢ni aktivitu a maji mnoho terapeutickych ucinkua
v prevenci chronickych nemoci jako je diabetes, neurodegenerativni choroby anebo rtzné
druhy nadorovych onemocnéni (Shao et al. 2014).

2.3.2 Fenolické kyseliny

Fenolické kyseliny (PAs; Phenolic Acids) Ize rozdélit do dvou zakladnich skupin, na
derivaty kyselin hydroxybenzoové (tj. gallova, protokatechova, gentisova, p-hydroxybenzoova,

vanilovd a syringovd) a hydroxyskoficové (p-kumarova, chlorogenova, kavova, sinapova
a ferulova) (Robbins 2003; Dykes & Roony 2007; Kaur et al. 2014; Luthria et al. 2015; Heleno
pricemz nejvétsi koncentrace se vyskytuji ve vnéjSich vrstvach zralého ovoce, v zeleniné
a obilovinach (Robbins 2003). Mnoho védeckych praci pojednavajicich o fenolickych latkach
se zamé&fuje predevsim na ty obsazené v ovoci, zelening anebo €aji, pficemz obiloviny, jakozto
dalsi vyznamny zdroj téchto latek, ziistavaji Casto opomenuty (Dykes & Roony 2007).

2.3.2.1 Biosyntéza fenolickych kyselin

Na zacatku biosyntézy PAs stoji tzv. Sikimatova draha (viz obrazek ¢. 7), jejiz prvni
reakci je aldolovd kondenzace erytrozy-4-fosfatu (E4P) a fosfoenolpyruvatu (PEP)
katalyzovana enzymem 3-deoxy-D-arabino-heptulosonat-7-fosfat syntazou (DAHPS), kdy
vznika 3-deoxy-D-arabino-heptulosonat-7-fosfat (DAHP) (Tohge et al. 2013). Druha reakce je
fizena enzymem 3-dehydrochinat syntdzou (DHQS) a dochazi pfi ni k intramolekularni vyméné
atomu kysliku (heteroatomu pyranoézového cyklu) se sedmym uhlikem DAHP za vzniku
3-dehydrochinatu. Tteti a ¢tvrta reakce je katalyzovana bifunkénim enzymem 3-dehydrochinat
dehydratazou/sikimat ~ 5-dehydrogenazou (DHD/SDH) ajedna se o dehydrataci
3-dehydrochinatu na 3-dehydroSikimat (vytvoteni prvni dvojné vazby v cyklu) a néslednou
reverzibilni redukci 3-dehydroSikimatu na Sikimat za icasti NADPH jakoZto kofaktoru (Maeda
& Dudareva 2012; Tohge et al. 2013). V poradi patou reakci ptedstavuje fosforylace C3
hydroxylové skupiny Sikimatu na Sikimat-3-fosfat (S3P) vyzadujici pfitomnost ATP, jez je
katalyzovéana Sikimat kindzou (SK). V dal$im kroku je na hydroxylovou skupinu na patém
uhliku S3P navazan enolpyruvét, k ¢emuZ je zapotiebi jiz druhé molekuly PEP a enzymu
5-enolpyruvylsikimat-3-fosfat syntazy (EPSPS) a vznika tak 5-enolpyruvyl$ikimat-3-fosfat
(EPSP). Poslednim krokem Sikimatové drahy je vytvofeni chorismatu eliminaci fosfatu
a odtrzenim vodiku (vytvoteni druhé dvojné vazby), jez fidi enzym chorisméat syntaza (CS)
(Maeda & Dudareva 2012; Tohge et al. 2013). V tomto misté dochazi k vétveni metabolické
drahy, jelikoZ z chorismatu mize byt vytvorena fada vyznamnych latek jako napf. fylochinon
(vitamin K1), kyselina listova (vitamin Bg) nebo aromatické aminokyseliny tryptofan (nasledné
serotonin, indolové alkaloidy ¢i auxiny), fenylalanin (nasledné pak flavonoidy, antokyany,
suberin, lignin, lignany a fenolické kyseliny) a tyrosin (déle betalainy, tokoferoly, aj.). Syntéza
PAs dale pokracuje izomeraci chorismatu pisobenim enzymu chorismat mutazy (CM) na
prefenat. Pro syntézu PAS je dllezity fenylalanin, jehoZ je mozné z prefenatu ziskat dvéma
riznymi cestami, které se vSak od sebe 1iSi pouze potadim probihajicich pfemén. U rostlin
pfevazujici tzv. arogenatova cesta zaCina transaminaci prefenitu cinnosti prefenat
aminotransferazy (PPA-AT) na L-arogenat, jenz je nasledné dehydratovan a dekarboxylovan
na fenylalanin plsobenim enzymu arogenat dehydratazy (ADT). Méné obvykla tzv.
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Obrazek ¢&. 7 Sikiméatova biosynteticka draha
(Maeda & Dudareva 2012; upraveno)

DAHPS  (3-deoxy-D-arabino-heptulozonat-7-fosfat  syntaza; EC 2.5.1.54), DHQS
(3-dehydrochinat syntaza; EC 4.2.3.4), DHD/SDH (3-dehydrochinat dehydrataza;
EC 4.2.1.10/8ikimat 5-dehydrogenaza; EC 1.1.1.25), SK (Sikimat kinaza; EC 2.7.1.71), EPSPS
(5-enolpyruvylsikimat-3-fosfat ~ syntaza; EC 2.5.1.19), CS (chorismat syntaza;
EC 4.2.3.5), CM (chorismat mutaza; EC 5.4.99.5), PDT (prefenat dehydrataza; EC 4.2.1.51),
PPY-AT (fenylpyruvat aminotransferaza; EC 2.6.1.5), PPA-AT (prefenat aminotransferaza,
EC 2.6.1.78), ADT (arogenat dehydrataza; EC 4.2.1.91)

fenylpyruvatova cesta zacind dehydrataci a dekarboxylaci prefenatu cinnosti prefenat
dehydratazy (PDT) za vzniku fenylpyruvatu, z n¢hoz transaminaci fizenou fenylpyruvat
aminotransferazou (PPY-AT) vznika fenylalanin (Maeda & Dudareva 2012).

Schéma biosyntézy fenolickych kyselin z aminokyseliny fenylalaninu je uvedeno na
obrazku ¢.8. Zmolekuly fenylalaninu je enzymem fenylalanin amoniaklydzou (PAL)
eliminovana aminoskupina za vzniku trans-skoficové kyseliny. Taje dale trans-cinamat
monooxygenazou (C4H) hydroxylovana v poloze 4 za vzniku p-kumarové kyseliny. Enzym
p-kumarat 3-hydroxylaza (C3H) poté hydroxylaci v poloze 3 vytvaii kavovou kyselinu.
Ferulova kyselina vznika z kdvové kyseliny methylaci hydroxylové skupiny v poloze 3, jez je
fizena 0-methyl transferazou (OMT). Ferulova kyselina je dale hydroxylovana v poloze 5
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enzymem feruldt 5-hydroxylazou (F5H) na hydroxyferulovou kyselinu, naslednou methylaci
nov¢ vzniklé -OH skupiny vznika sinapova kyselina (Goleniowski et al. 2013; Shahidi & Yeo
2016).

Biosyntéza derivatu L-fenylalanin

hydroxybenzoové kyseliny mtze vést H
mnoha riznymi cestami. Gallova ¢i COOH
4-hydroxybenzoova kyselina mohou byt NH,
napiiklad tvofeny z dehydrosikimové PAL l
kyseliny — meziproduktu Sikimatové o COOH
drahy (Goleniowski et al. 2013; —_— ©/
Widhalm & Dudareva 2015). skoficova kyselina benzoov kysefina
Hydroxybenzoové kyseliny mohou téz C4H l

. . L, COOH
vznikat jako degrada¢ni produkty ~__ COOH
hydI'OX.ySkof'i.COV}'/Ch 1.<yselin o p-kmarov kysclina HO o
(Goleniowski et al. 2013; Widhalm lc3H 4-hydroxybenzoova kyselina
& Dudareva 2015; Shahidi & Yeo COOH

S e . COOH
2016), dale je moznd hydroxylace L /©/
i kavova kyselina

a methylace hydroxybenzoovych HO
kyselin podobnym zplisobem, jako je OH lDMT prctokatechma kyselina
tomu pii syntéze hydroxyskoficov_}'/ch . COOH COOH
kyselin z fenylalaninu. ferulové kyselina
Hydroxybenzoaty = mohou  vznikat Ho OCH

o OCH31 FSH -anilova kyselin
rovnéz jako produkty degradace vanrova kyseina
flavonoidi (Goleniowski et al. 2013). HO %, CCOH
Hlavni cestou biosyntézy derivatd o hydroxyferulova kyselina

benzoové kyseliny je degradace
postranniho fetézce (ztrata acetatu)

., A e ». . COOH COOH
odpovidajicich derivati -, Ho
v . . . sinapova kyselina
hydroxyskoficové kyseliny (Robbins o HO

OCHSl OMT

2003; Heleno et al. 2015). Alternativni OCH; OCH,
cestu pak predstavuje série syringové kyselina
enzymatickych pfemén vychazejici

z 3-dehydrosikimatu, tedy Obréazek ¢. 8 Biosyntéza fenolickych kyselin

meziproduktu  Sikimatové  drahy (Gojeniowski et al. 2013; Widhalm & Dudareva 2015;
(Robbins 2003). upraveno)

PAL (fenylalanin amoniaklyaza; EC 4.3.1.5),

C4H (trans-cinamat monooxygenaza; EC 1.14.13.11),
C3H (p-kumarat 3-hydroxylaza; EC 1.14.18.1),

OMT (0-methyl transferaza; EC 2.1.1.68),

F5H (ferulat 5-hydroxylaza; EC 1.14.13.B32)

2.3.2.2 Nutricni vyznam fenolickych
kyselin

Pro  clovéka  jsou  PAs
vyznamnymi  antioxidanty, jejichZ
konzumace je spojovdna s prevenci
mnoha chronickych chorob, jako jsou diabetes, neurodegenerativni, kardiovaskularni
a nadorova onemocnéni (Verma et al. 2008; Goleniowski et al. 2013; Shao et al. 2014). Boz
(2015) a Zuchowski et al. (2011) uvadgji, ze fenolické latky, zvlasté pak PAS, jsou hlavnimi
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latkami zodpoveédnymi za antioxida¢ni aktivitu celozrnnych cerealnich vyrobka. V pSenici je
nejvyznamngj$i fenolickou kyselinou ferulova kyselina, ktera je velmi efektivnim lapacem
volnych radikdli (peroxidovych, superoxidovych i1 hydroxylovych) a vyznacuje se
I antimikrobidlnimi G¢inky proti nékterym gram-pozitivnim i gram-negativnim bakteriim, ¢imz
ovliviiuje spektrum lidské stfevni mikrobioty (Boz 2015).

Prevazna cast PAS je esterové vazana k polymerim bunécnych stén rostlin (Verma et
al. 2008). Lidsky travici trakt vSak neni dostateéné enzymaticky vybaven ke $tépeni téchto
esterovych vazeb, a tedy uvolnéni poutanych fenolickych kyselin (Heleno et al. 2015).
Acosta-Estrada et al. (2014) uvadéji, ze nerozpustné vazané fytochemikalie odolavaji travicim
procesim v zaludku a tenkém stfevé, a proto je pouze malé mnozstvi ferulové kyseliny
uvolnéno jiz v této casti traviciho traktu (2,6 %). Potravou pfijaté rozpustné volné a rozpustné
konjugované fenolické kyseliny jsou v porovnani svazanymi vstiebavany rychleji (jiz
v zaludku a tenkém stieve¢) (Acosta-Estrada et al. 2014; Heleno et al. 2015) a nasledné podléhaji
fadé¢ enzymaticky fizenych reakei jako napiiklad metylace, sulfatace ¢i glukuronidace
(Heleno et al. 2015). Naprosta vétSina vSak prochazi az do tlustého stieva, kde je ¢innosti
bakterialnich enzymi stfevni mikrobioty (esteraz a xylanaz) uvolnéna z vazeb na slozky obilné
vlakniny (Liu 2007; Acosta-Estrada et al. 2014; Heleno et al. 2015). Nasledné¢ se tak projevuje
jednak jejich lokalni pozitivni ptinos a néktefi autofi pisi i o vstiebavani do obéhového systému
(Liu 2007; Zhang et al. 2012). Antioxida¢ni aktivita vazanych (a posléze uvolnénych)
fenolickych kyselin se tak projevuje predev§im vV koncové ¢asti traviciho systému. Prave vazané
fenolické kyseliny obsazené v celozrnnych ceredlnich vyrobcich jsou Casto oznacovany za
udinny nastroj prevence rozvoje rakoviny tlustého stteva (Liu 2007; Acosta-Estrada et al. 2014;
Shao & Bao 2015).

Bylo vsak také prokazano, ze v dusledku nékterych zpusobi technologického
zpracovani (fermentace, nakli¢ovani, sladovani, extruze ¢i vateni) dochazi k uvolnéni vdzanych
fenolickych latek vcetné fenolickych kyselin (Boz 2015; Acosta-Estrada et al. 2014).

2.3.2.3 Fenolické kyseliny v psenicném zrnu

Fenolické kyseliny jsou nejrozsitenéjsimi fenolickymi latkami v obilovinach
(Boz 2015). Ruzné obiloviny se vzajemné vyznamné 1i§i obsahem PAs. Nejvétsi obsah PAS byl
nalezen v kukufici > je¢meni > psenici > ovsu (Ndolo & Beta 2014). PAS se v pseni¢ném zrnu
nachazeji predevsim ve vnéjsich obalovych vrstvach zrna (Ndolo & Beta 2014; Mazzoncini et
al. 2015), naptiklad v aleuronové vrstvé, kde je jejich obsah mnohonasobné (30-40x) vyssi
oproti endospermu (primérmé 4309 ng/g vs. 122 ug/g) (Ndolo & Beta 2014). Béhem
mlynského zpracovani vétSinou dochézi k odstraiiovani téchto obald, které pfechazeji do otrub,
tedy odpadniho produktu vyroby bilé mouky. Se stupném vymleti tak v mouce klesa obsah PAs
(Mazzoncini et al. 2015). Vyuzitim otrub pfi vyrobé potravin je tak mozné zvysit piijem
vldkniny, antioxidantli z fad fenolickych slou€enin a dalSich nutriéné¢ vyznamnych latek
v populaci (Li et al. 2008; Dykes & Roony, 2007).

Primérny obsah PAS Vv zrnu pSenice (standardni Cervené barvy) se bézné pohybuje
od 547 pg/g (Zuchowski et al. 2011) do 676 pg/g (Li et al. 2008). Vyrazn¢ vyssi hodnoty
(az 0 50 %) pak dosahly ¢ervené pSenice analyzované autory Ma et al. (2016) (842 pg/g) nebo
Fernandez-Orozco et al. (2010) (728-900 pg/g). Li et al. (2008) zjistili, Ze celkovy obsah
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fenolickych kyselin v riznych genotypech pSenic je znacné variabilni (326-1171 ug/g). Tito
autofi v ramci Evropského projektu Healthgrain analyzovali celkem 175 genotypl pSenic,
Z toho 130 ozimych a 20 jarnich pSenic (Triticum aestivum var. aestivum; 664 a 612 ng/g),
10 tvrdych psenic (T. turgidum var. durum; 699 ug/g), 5 genotypti pSenice Spaldy (T. aestivum
var. spelta; 579 pg/g), 5 jednozrnek (T. monococcum; 615 pg/g) a 5 dvouzrnek (T. turgidum
var. dicoccum; 779 pg/g).

Barevné genotypy pSenice obsahuji vyssi mnozstvi fenolickych kyselin oproti tradicné
péstovanym (Li et al. 2005; Ndolo et al. 2013; Ndolo & Beta 2014; Zhang et al. 2018). Ndolo et
al. (2013) nalezli v perikarpu pSenice s purpurovym zrnem o pétinu vyS$i obsah PAs oproti
nepigmentované psenici (3815 vs. 3194 pg/g). Dale pak Ize dle vysledki autorti Li et al. (2005)
sefadit skupiny barevnych psenic sestupné dle PAS v otrubach nasledovné: purpurové, modreé,
cerné a bilé pSenice (3084 > 2842 > 2824 > 1984 ng/g).

V obilovinach se PAs vyskytuji ve tiech riznych frakcich: rozpustné volné (FPAS; Free
Phenolic Acids), rozpustné konjugované (CPAs; Conjugated Phenolic Acids) a nerozpustné
vazané (BPAs; Bound Phenolic Acids) pficemz pro jednotliva stanoveni je tfeba pouzit odlisny
zpusob extrakce. FPAsS a CPAs je mozné extrahovat polarnimi rozpoustédly (obvykle jsou
vyuzivany 80% smési metanolu nebo etanolu s vodou), pfi¢emz konjugaty 1ze pisobenim
hydroxida hydrolyzovat a uvolnit tak danou fenolickou kyselinu. Pro uvolnéni nerozpustnych
vazanych fenolickych kyselin je hydrolyzacni €inidlo (kyselina nebo hydroxid) aplikovano
ptimo na obilnou matrici (Li et al. 2008; Okarter et al. 2010; Fernandez-Orozco et al. 2010;
Boz 2015; Martini et al. 2015; Shao & Bao 2015). FPASs obvykle piedstavuji pouze velmi malou
¢ast (0,1-1,0 %) z celkovych fenolickych kyselin (TPAS; Total Phenolic Acids) v zrnu (Li et al.
2008; Martini et al. 2015). CPAs jsou sdruzeny s mensimi organickymi molekulami jako napt.
s cukry (glukézou), organickymi kyselinami (maleinovou, chinovou nebo vinnou kyselinou)
a dalsimi pfirodnimi latkami (napf. terpeny, steroly) (Robbins 2003; Goleniowski et al, 2013;
Brandolini et al. 2013). Tato frakce v pseni¢éném zrnu obvykle piedstavuje cca 13-22 % z TPAS
(Fernandez-Orozco et al. 2010). PAs mohou byt vazany i na antokyanova barviva uloZena
V obalovych vrstvach zrn barevnych (Pp a Ba) pSenic (Lachman et al. 2017). Samotny
chromofor (antokyanidin) je ¢asto stabilizovan prostiednictvim glykosylace riznymi sacharidy
(glukdzou, galaktozou, arabinozou, aj.) apiipadné dalsi acylace organickymi kyselinami
(octovou, malonovou, p-kumarovou, kavovou, ferulovou). Tim je umoznéno propojeni
jednotlivych ¢asti molekuly antokyanu a tedy vytvofeni tzv. intramolekularni kopigmentace,
kterd zvySuje stabilitu barviva vii¢i zménam pH nebo vysokym teplotdm (Delgado-Vargas et
al. 2000; Escribano-Bailon et al. 2004). BPAs tvofi jednoznacné nejvétsi podil z TPA —
obvykle vice nez 70 % (Fernandez-Orozco et al. 2010). Tyto PAS jsou kovalentn¢ etherovymi
mustky (diky pfitomnosti hydroxylovych funkénich skupin na aromatickych jadrech) nebo
esterovymi vazbami (jejich vytvofeni umoznuje karboxylova funk¢ni skupina) vazany na
strukturdlni sloZzky rostlinnych bunéénych stén, jako je celuldza, hemicelulézy (napf.
arabinoxylany, arabinogalaktany), lignin ¢i pektin (Brandolini et al. 2013; Acosta-Estrada et al.
2014). PAs vazané v bunécnych sténach tvoii fyzickou i chemickou bariéru chranici pred invazi
patogent ¢i napadanim hmyzem a jinymi bylozravymi zivocichy (Liu 2007).

V pSeni¢ném zrnu byla riznymi autory identifikovéana celd fada PAs (ferulova, kavova,
syringova, p-kumarové, vanilova, sinapovd, 4-hydroxybenzoovd, gallova, chlorogenova,
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salicylova; strukturu jednotlivych PAS znazornuje obrazek €. 9), avSak naprosto dominantni je
ferulova kyselina (Dykes & Rooney 2007; Li et al. 2008; Dinelli et al. 2009; Fernandez-Orozco
et al. 2010; Hernandez et al. 2011; Zhang et al. 2012; Brandolini et al. 2013; Ndolo & Beta
2014; Boz 2015; Ma et al. 2016; Zhang et al. 2018), jez tvofi asi 79 % (Okarter et al. 2010) az
89 % z TPASs (Zuchowski et al. 2011).

Dle vysledkd, které publikoval Zuchowski et al. (2011) byla ferulova kyselina (87,1 %)
doprovazena sinapovou, p-kumarovou, vanilovou a 4-hydroxybenzoovou kyselinou (5,7 %;
2,9 %; 2,4 % a 1,9 %). V zrnu se vyskytuje ve tfech riznych frakcich, jako volna rozpustna,
konjugovana a vazana (Li et al. 2008; Martini et al. 2015), pficemz Ma et al. (2016) uvadé;ji
obvykly pomér téchto frakcei 0,1:1:100.

Rs Rs
/ COOH
R COOH Ra

R3 Rz Ha
derivaty benzoové kyseliny derivaty skoficové kyseliny
R2= OH, salicylové k. R4 = OH, p-kumarova k.
R3=R4=Rs= OH, gallova k. R3z=Rs4= OH, kavova k.
R4= OH, 4-hydroxybenzoova k. R3 = OCHjs, R4 = OH, ferulova k.
Rz = OCH3s, Rs= OH, vanilova k. Rs = Rs = OCHj3, R4 = OH, sinapova k.

Rz = Rs= OCHgs, R4 = OH, syringova k.

Obrazek ¢. 9 Fenolické kyseliny identifikované v pSeni¢ném zrnu

(Li et al. 2008; upraveno)

V obilovinéch se ferulova kyselina vyskytuje i ve formé raznych dimeri (5-5-; 8-O-4-;
8-5- a 8-8-; viz obrazek ¢. 10) (Li et al. 2008; Boz 2015; Shao & Bao 2015), trimerti nebo
vySSich oligomert (Pedersen et al. 2015). V obalovych vrstvach zrna zprostfedkovava intra-
nebo intermolekularni propojeni polysacharidovych fetézci ¢i polysacharidii s ligninem
(Renger & Steinhart 2000), ¢imz dochazi k posileni bunéénych stén a zvyseni odolnosti bunék
vici patogeniim (Goleniowski et al. 2013; Pedersen et al. 2015). Vzajemné propojeni fetézct
je znazornéno na obrazku ¢. 11. Li et al. (2008) uvadi podil diferulati na celkovém obsahu
ferulové kyseliny v rozmezi 3-9 %.
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Obrazek ¢. 10 Ferulova kyselina a jeji dimery identifikované v pSeni¢ném zrnu

(Mathew & Abraham 2004; upraveno)

a) 5-O-ferulloyl lignin, b) spojeni ptes 5-5 dimer, c¢) spojeni pies 8-5 dimer

Obrazek €. 11 Propojeni arabinoxylanovych fetézct dimery ferulové kyseliny
(Mathew & Abraham 2004; upraveno)
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2.4 Vliv podminek prostiedi a systému pé€stovani na obsah sekundarnich metabolit

Karotenoidy a fenolické kyseliny patii do skupiny tzv. sekundarnich metabolitl, tedy
latek, které jsou prostredky rostlinné interakce s okolnim prostiedim (Hidalgo et al. 2006;
Goleniowski et al. 2013). Karotenoidy funguji jako atraktanty, lakaji opylovace nebo dalsi
zivocichy, kteti napfiklad napomahaji Sifeni semen (Hidalgo et al. 2006), dale slouzi rostliné
jako antioxidanty ¢i prekurzory pro syntézu abscisové kyseliny (Ohmiya 2009; viz kap. 2.2.7).
Fenolické latky (fenolické kyseliny) jakozto stavebni slozky bunécnych stén tvoti fyzickou
i chemickou bariéru chranici rostlinné buiiky (Dixon & Paiva 1995; Acosta-Estrada et al. 2014),
dale se rovné¢Z vyznacuji antibakterialnimi a antioxida¢nimi vlastnostmi (Acosta-Estrada et al.
2014).

Produkce karotenoidt i fenolickych latek je ovliviiovana jednak vnitinimi faktory
(geneticky) a dale rovnéz vnéjsimi vlivy, resp. ptirodnimi podminkami (Abdel-Aal et al. 2007
Van Hung & Hatcher 2011, Fratianni et al. 2013; de Leonardis et al. 2015; Martini et al. 2015)
i systémem péstovani (Zuchowski et al. 2011). Podminky prostiedi pak pfedstavuji riiznou
urovenn vyskytu stresovych faktorti, at’ uz biotickych ¢i abiotickych, jimz jsou rostliny
vystaveny, a na které musi reagovat (Zuchowski et al. 2011; Ma et al. 2014; Mazzoncini et al.
2015). Obecné tedy stresové faktory indukuji syntézu sloucenin s antioxida¢nim potencidlem
(de Leonardis et al. 2015).

Syntéza a kumulace fenolickych latek je napfiklad charakteristickou reakci na vysokou
intenzitu UV zafeni nebo napadani patogeny, parazity ¢i bylozravci (Dixon & Paiva 1995;
Robbins 2003; Liu 2007; Acosta-Estrada et al. 2014; Martini et al. 2015; Dwivedi et al. 2016).
Tyto slou¢eniny mohou na napadajici organismus ptasobit bud’ pfimo toxicky, nebo naptiklad
vyvolavat sviravou chut’ v tstni dutiné (Shahidi & Yeo 2016). Nékteré druhy rostlin dokonce
vyuzivaji fenolickych latek jako prostfedki Vv konkurenénim boji s ostatnimi rostlinami,
tzv. alelopatie (Goleniowski et al. 2013; Heleno et al. 2015). Pfikladem takovych latek mohou
byt kyseliny kdvova ¢i ferulova (Heleno et al. 2015). Syntéza PAs je disledkem zvySené
aktivity nékterych enzymt, jako napfiklad fenylalanin amoniaklyazy, chalkon syntazy
a fosfoenolpyruvat karboxylazy, které jsou katalyzatory biosyntetické drahy PAs (jak je
podrobné uvedeno v kapitole 2.3.2.1). V kone¢ném dusledku je tak snizovana produkce
tzv. primarnich metabolitd (napf. sacharidi) ve prospéch tvorby obrannych slou¢enin a latek
podporujicich hojeni rostlinnych pletiv (Cheynier et al. 2013).

Zemé&délské plodiny péstované v tzv. ekologickém rezimu, ktery nepouziva prumyslova
hnojiva ani pesticidy, jsou obecné vzato oproti rostlindm konvenéni produkce vystaveny vyssi
urovni pisobeni rozli¢nych stresovych faktort. VIivu systému péstovani (ekologicky vs.
konvenc¢ni) na obsah fenolickych kyselin, karotenoid i dalSich fytochemikalii v riznych
produktech (zelenina, ovoce, brambory) tak byla vénovana zna¢na pozornost (Rembiatkowska
2007; Mitchell et al. 2007; Stracke et al. 2009b; Lairon 2010; Hamouz et al. 2013; Hallmann et
al. 2019).

Baranski et al. (2014) ve svém review uvadi, Ze produkty ekologického zeméd¢lstvi se
vyznacuji vyrazné vys$imi obsahy nejriiznéjSich fenolickych latek (celkovych flavonoidd,
fenolickych kyselin, flavont, flavonolii, flavanonti, antokyantl). Vyssi obsahy fenolickych
sloucenin v produktech ekologického zemédélstvi jsou pfic¢itany zménam rostlinného
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metabolismu v dusledku nedostate¢ného zasobeni dusikem (zakaz aplikace pramyslovych
hnojiv). Dusikovy deficit vede k aktivaci fenylpropanoidové biosyntetické drahy, atedy
intenzivnéj$i produkci bezdusikatych sekundarnich metabolitti jako naptiklad flavonoida c¢i
fenolickych kyselin (Dixon & Paiva 1995; Zuchowski et al. 2011). Podobn¢ pak mohou rostliny
reagovat na nedostatek fosforu ¢i zeleza (Dixon & Paiva 1995).
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3. Cile prace a hypotézy

Cil 1.

Cil 2.

Cil 3.

Cil 4.

Cil 5.

Hypotéza 1.

Hypotéza 2.

Stanovit obsah celkovych polyfenolll v obilkach vybranych odrtid barevnych
pSenic spektrofotometricky.

Identifikovat chromatograficky jednotlivé fenolické kyseliny charakteristické
pro barevné pSenice a jejich zastoupeni v jednotlivych odradach.

Charakterizovat chromatograficky jednotlivé karotenoidy a stanovit jejich obsah
v barevnych odridach psenic.

Stanovit antioxidacni aktivitu v novych odriidach pSenice a vyhodnotit vztah
mezi antioxida¢ni aktivitou a zastoupenim jednotlivych antioxidant
V barevnych pSenicich.

Vytipovat vhodné kultivary barevnych pSenic s vysokym obsahem antioxidanti
a antioxidacni aktivitou pro dalsi Slechténi a vhodnosti pro potravinaiské ucely

Vyvinut¢é HPLC-DAD metody budou vhodné pro analyzu karotenoidi
a fenolickych slou€enin v obilkach barevnych odriid pSenice.

Obilky barevnych odrid pSenice obsahuji karotenoidy (uloZené ptedevsim
v endospermu) a fenolické slouceniny, které se nachazeji hlavné v otrubach
a svrchnich ¢astech zrna.
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ARTICLE INFO ABSTRACT

Keywords: Carotenoids are important phytonutrients responsible for the yellow endosperm color in cereal grains. Five
Barley carotenoids, namely lutein, zeaxanthin, antheraxanthin, a- and B-carotene, were quantified by HPLC-DAD-MS in
Tritordeum

Wheat
Pigmented varieties
Free and esterified carotenoids

otenoid contents were found in

fourteen genotypes of wheat, barley and tritordeum harvested in Czechia in 2014 and 2015. The highest car-

yellow-grained tritordeum HT 439 (12.16 ug/g DW), followed by blue-grained

wheat V1-131-15 (7.46 pg/g DW), and yellow-grained wheat TA 4024 (7.04 ug/g DW). Comparing carotenoid

Tiitein contents, blue varieties had lower whereas purple ones had the same or higher levels than conventional bread
Zeaxanthin wheat. Lutein was the main carotenoid found in wheat and tritordeum while zeaxanthin dominated in barley.
CBTIZAL EompOLL SaAea oy it G ieles The majority of cereals contained considerable levels of esterified forms (up to 61%) of which lutein esters
a-Carotene (PubChem CID: 4369188) prevailed. It was assessed that cereal genotype determines the proportion of free and esterified forms. High
B-Carotene (PubChem CID: 5280489) temperatures and drought during the growing season promoted carotenoid biosynthesis.

Antheraxanthin (PubChem CID: 5281223)
Lutein (PubChem CID: 5281243)
Zeaxanthin (PubChem CID: 5280899)

1. Introduction

Cereals are grasses cultivated for their edible grains, which play an
important role in the human diet, supplying almost 70-80% of energy
requirements. World production of wheat has been steadily increasing,
making it the second most-produced cereal after corn (735.6 million
tons in 2016) with its global consumption of 67 kg/capita/year (FAO,
2017; Statista, 2017). It was not until the last decade that researchers
began to recognize wheat and other cereals as a good source of phy-
tonutrients; among them, phenolic and terpenoid compounds being the
most representative (Borrelli & Trono, 2016). Carotenoids are yellow,
orange and red pigments responsible for the color of most fruits and
vegetables. They are Cy4 isoprenoids with a long conjugated polyene
chain that is responsible for their color and biological activities. Car-
otenoids play an important role in plants in both photosynthetic and
non-photosynthetic tissues, where they assist in light harvesting, pho-
toprotection, or act as signaling molecules, precursors of volatile com-
pounds, colorants and pollinator attractants (Nisar, Li, Lu,

Khin, & Pogson, 2015). Carotenoids are divided into two classes: car-
otenes (which are hydrocarbons) and xanthophylls (oxygen derivatives
of carotenes). Carotenes and xanthophylls are both located in various
types of plastids. They accumulate in high levels in chloroplasts (pho-
tosynthetic tissue) and chromoplasts found in mature fruit, vegetable
and flower tissues. In chloroplasts, carotenoids are associated with
proteins in pigment-protein complexes located in thylakoid mem-
branes. In chromoplasts, carotenoids are deposited in multiple lipo-
protein structures, which differ among plant species and tissues. Fi-
brillar and tubular lipoprotein structures contain xanthophylls in the
form of fatty acid esters located on the a- or P-ionone ring
(Howitt & Pogson, 2006). The esterification (i.e. sequestration of car-
otenoids) does not affect the chromophore properties, protects car-
otenoids from degradation and is a common and effective mechanism to
increase their accumulation in plant tissues (Atienza, Ballesteros,
Martin, & Hornero-Méndez, 2007; Saini, Nile, & Park, 2015).

In cereals, carotenoids occur naturally either in free or esterified
forms (mostly with palmitic and linoleic acid) depending on the cereal

Abbreviations: Ba, blue aleurone; BHT, butylated hydroxytoluene; DW, dry weight; FW, fresh weight; Pp, purple pericarp; TAC, total antt in content; TALC, total a-carotene
content; TBC, total B-carotene content; TCC, total carotenoid content; TLC, total lutein content; TZC, total zeaxanthin content; Ye, yellow endosperm
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4.1 Free and esterified carotenoids in pigmented wheat, tritordeum and barley grains

L. Paznocht et al.

Table 1
Description of cereal genotypes.

Food Chemistry 240 (2018) 670-678

Variety Species Growth type Country of origin® Variety status Grain color
Bohemia Triticum aestivum L. winter CZE released variety conventional red grain (control)
TA 4024 Triticum aestivum L. spring ISR genetic resource yellow endosperm
Purple Feed Triticum aestivum L. spring AUS research germplasm purple pericarp
RU 687-12 Triticum aestivum L. spring CZE breeding line purple pericarp
Konini Triticum aestivum L. spring NZL research germplasm purple pericarp
Purple Triticum aestivum L. spring CND research germplasm purple pericarp
PS Karkulka Triticum aestivum L. winter SVK released variety purple pericarp
UC 66049 Triticum aestivum L. spring USA genetic resource blue aleurone
Tschermak’s B.S* Triticum aestivum L. spring AUT research germplasm blue aleurone
Xiao Yian Triticum aestivum L. spring CHN genetic resource blue aleurone
V1-131-15° Triticum aestivum L. winter CZE breeding line blue aleurone
V1-133-15° Triticum aestivum L. winter CZE breeding line blue aleurone

AF Cesar Hordeum vulgare L. spring CZE released variety standard

HT 439 X Tritordeum martinii A. Pujadas nothosp. nov. spring ESP breeding line yellow endosperm

® Tschermak’s blaukérniger Sommerweizen.
® V1-131-15: (RU-440 X V1-702) x (Citrus X Bona Dea).
€ V1-133-15: RU-440 x UC 66049.

¢ AUS Australia, AUT Austria, CHN China, CND Canada, GZE Czech Republic, ESP Spain, ISR Israel, NZL New Zealand, SVK Slovakia, USA United States of America.

genotype (Lachman, Martinek, Kotikova, Orsék, & Sulc, 2017; Mellado-
Ortega & Hornero-Méndez, 2012; Ziegler et al, 2015). Abdel-Aal,
Young, Rabalski, Hucl, and Fregeau-Reid (2007) reported low levels of
total carotenoids in conventional bread wheat flour (1.94 pg/g), com-
pared to higher values found in spelt (4.01 pg/g), emmer (5.76 ug/g),
durum (6.27 pg/g) and einkorn wheat (9.62 pg/g). Spring and winter
wheat contains predominantly lutein (2.17 pg/g DW) and zeaxanthin
(0.50 pg/g DW), followed by (92)-lutein (0.13 ug/g DW), a- and f-
carotene (0.04 and 0.07 pug/g DW) (Konopka, Czaplicki, & Rotkiewicz,
2006). In addition, some authors like Adom, Sorrells, and Liu (2003)
mention B-cryptoxanthin (0.01-0.13 pg/g of grain) as being contained
in wheat.

The new cereal species tritordeum (X Tritordeun martinii A. Pujadas
nothosp. nov.), which is rich in total carotenoids, is a hexaploid hybrid
derived from a cross between wild barley (Hordeum chilense
Roem. & Schult.) and durum wheat (Triticum turgidum L. ssp. durum
Desf.). It is the Hordeum parent that causes the high total carotenoid
content. Lutein predominates among xanthophylls found in this species
with levels being 5-8 fold higher than those found in durum wheat
(Mellado-Ortega & Hornero-Méndez, 2015). A high proportion of lutein
is bound in mono- and diesters, which cause improved stability com-
pared to the free forms. The increased stability of esterified forms has
been shown during post-harvest storage of grain (Mattera, Hornero-
Méndez, & Atienza, 2017; Mellado-Ortega, Atienza, & Hornero-Méndez,
2015), and heat processing of foods, such as baking of bread (Abdel-
Aal, Young, Akhtar, & Rabalski, 2010).

Barley (Hordeum vulgare L.) is an ancient grain traditionally grown
in temperate climates and used mostly malted to brew beer. Among
cereals, barley is rather low in total carotenoids with its levels com-
parable to conventional bread wheat. Yellow barley grain (the most
typical form) contains 2.25 ug/g of total carotenoids whereas its purple
form contains twice this content (4.54 ug/g by Ndolo & Beta, 2013).
These authors also reported zeaxanthin as being the major carotenoid in
barley.

In terms of human health, there is evidence that carotenoids are
antioxidants that protect cells against reactive oxygen species and free
radicals, hence possessing powerful health benefits. Carotenoids may
prevent retinal degradation, sunburn (Stahl & Sies, 2005), liver cancer
(Nishino, Murakoshi, Tokuda, & Satomi, 2009), and enhance the im-
mune system. Further, they have shown some antiapoptotic and anti-
inflammatory properties and take part in intracellular signaling cas-
cades by influencing transcription factors (Kaulmann & Bohn, 2014).
Carotenoids containing unsubstituted B-ionone ring possess vitamin A
activity (Ferndndez-Garcia et al., 2012). However, neither humans nor
animals are able to synthesize carotenoid compounds; therefore they
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need to include them in the diet to be able to gain any health benefits
(Fernandez-Orozco, Gallardo-Guerrero, & Hornero-Méndez, 2013).

In recent years, many studies have dealt with carotenoids in various
cereals such as diploid wheat Triticum monococcum L., tetraploid wheat T.
dicoccum S. and hexaploid wheat T. aestivumn L. (Digest, Platani, Cattivelli,
Mangini, & Blanco, 2009; Lachman, Hejtménkov4, & Kotikova, 2013), tri-
tordeum (Atienza et al., 2007; Mellado-Ortega & Hornero-Méndez, 2012),
barley (Masisi et al., 2015; Siebenhandl et al., 2007), and corn (Zili¢,
Serpen, Akillioglu, Gokmen, & Van&etovié, 2012). Only a few papers (De
Leonardis et al., 2015; Ficco et al., 2016; Ndolo & Beta, 2013; Siebenhandl
et al., 2007) have specifically dealt with carotenoid profiles in purple/blue
wheat grains. In addition to this fact, the majority of published studies take
into account only the free forms of carotenoids (Abdel-Aal et al., 2007;
Ndolo & Beta, 2013; Siebenhand! et al., 2007).

Keeping in mind the important health benefits of carotenoids and
high cereal consumption per capita, the objective of this study was (1)
to quantify free carotenoids and the carotenoid moieties found in esters
in pigmented cereal grains; (2) to compare the less traditional, pig-
mented purple- and blue-wheat varieties that are rich in anthocyanins
with traditional red winter wheat and, to a lesser extent, yellow en-
dosperm wheat; and last (3) to assess the impact of environment on
carotenoid levels.

2. Material and methods
2.1. Plant material

Wheat, barley and tritordeum varieties and breeding lines (Table 1)
were harvested in 2014 and 2015 at the Agricultural Research Institute
(Agrotest Fyto, Ltd.) in Kromé&¥{Z, Czech Republic. Experimental field
parameters: GPS location 49.2851172 N, 17.3646269E, 235 m above
sea level, luvic chernozem/loamic soils, long-term annual average
temperature 9.2°C and precipitations averaging 576 mm. Table 2
shows the exact weather conditions during the two growing seasons.
Plants were grown on small experimental plots (10 m?) using conven-
tional growing technology. After harvesting, samples were stored in
paper bags in a box in the dark at room temperature (25 °C) for
2 months before being analyzed.

2.2. Chemicals

Lutein and zeaxanthin standards (UV, =95%, =98%) were ob-
tained from Extrasynthese, Genay, France. B-Carotene standard (HPLC,
=>95%), ethanol absolute (puriss., =99.8%), butylated hydroxytoluene
(BHT, =99% FG), tert-butyl methyl ether (HPLC grade), diethyl ether
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Table 2
Weather conditions in Kroméfiz, Czech Republic.
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Season Parameter X X XL XIL L 1L L v. V. VL VIL VIIL

2013/2014 Average temperature [‘C] 13.4 10.8 5.7 2.3 1.3 38 8.1 113 14.0 17.8 21.0 18.0
Deviation from long-term standard [*C] -0.9 +1.5 +1.7 +2.2 +2.6 +3.4 +3.8 +1.9 -0.5 +0.5 +1.8 -0.8
Monthly precipitation [mm] 94.1 36.8 26.1 9.4 238 19.3 52 15.5 74.9 63.9 78.1 69.4
Percentage of long-term standard 174 96 65 28 96 73 16 38 113 79. 106 106

2014/2015 Average temperature [°C] 15.7 10.9 7.5 22 17 1.3 97 9.7 13.9 18.1 221 23.1
Deviation from long-term standard [*C] +1.4 +1.6 +3.5 +2.1 +3.0 +0.9 +1.2 +0.3 -0.6 +0.8 +2.9 +4.3
Monthly precipitation [mm] 119.9 42.0 27.8 35.7 41.7 18.9 39.6 13.6 41.9 47.0 42.0 65.1
Percentage of long-term standard 221 109 70 107 167 71 121 33 63 58 57 99

(cont. BHT as inhibitor, puriss.) were purchased from Sigma-Aldrich, St.
Louis, USA. Antheraxanthin and a-carotene standards (HPLC, 95%,
97%) were purchased from CaroteNature, GmbH, Miinsingen,
Switzerland. Methanol (HPLC grade), acetone (GR grade), ethanol (GR
grade), hexane (GR grade) and potassium hydroxide (GR grade) were
purchased from Lachner s.r.0., Neratovice, Czech Republic. HPLC grade
water was prepared using Simplicity UV (Merck Millipore, KGaA,
Darmstadt, Germany).

2.3. Analysis of free carotenoids

Carotenoids were extracted according to the method by Kotfkové,
Sulc, Lachman, Pivec, Orsék, and Hamouz (2016) modified for the
cereal grain matrix. 2 g of finely ground sample were extracted with 12
mL ethanol/acetone/hexane mixture (1:1:2, v/v/v), vortexed and left
to stand for 24 h in a refrigerator (4 °C). Then, the sample was vortexed
for 1 min (Basic 3, IKA, KG, Staufen, Germany), sonicated for 10 min in
an ultrasonic bath (PS 04, Powersonic-Notus, Ltd., Vrable, Slovakia)
and finally centrifuged at 8228 rcf for 10 min (5810 R, Eppendorf,
Hamburg, Germany). 9 mL of the supernatant were transferred into a
50-mL glass evaporation flask and the sediment re-extracted with 12 mL
of the extraction mixture. Both supernatants were combined and eva-
porated under vacuum at 40 °C (Rotavapor R-200, Biichi Labortechnik,
AG, Flawil, Switzerland). The dry residue was reconstituted with 2 mL
ethanol/acetone (3:2, v/v) solution containing 0.2% BHT and filtered
through a syringe filter (PVDF, 0.45 um) into an amber HPLC vial.

2.4. Hydrolysis of xanthophyll esters

The xanthophyll esters were obtained by the same extraction pro-
cess as described above and subjected to a slightly modified hydrolysis
procedure by Schiedt and Liaaen-Jensen (1995). The dry residue
(paragraph 2.3.) was reconstituted in 6 mL diethyl ether and 6 mL of
the hydrolysis medium (50% aqueous KOH and ethanol 1:9, v/v),
eventually resulting in 2.5% ethanolic KOH and shaken (GFL 3006,

Burgwedel, Germany) for 2 h at room temperature in the dark. 6 mL of
the hydrolysate were then transferred into another falcon tube and 6
mL diethyl ether/hexane (1:1, v/v) and 6 mL water were successively
added. The mixture was shaken for 10 min followed by centrifugation
at 4°C and 2057 rcf for 10 min. Then, the lower (aqueous) phase
containing KOH was removed by a syringe with a needle. To wash out
the alkali completely, 6 mL of water were added to the remaining or-
ganic phase, shaken for 10 min and centrifuged. The organic layer was
quantitatively transferred into a 25 mL evaporation flask and evapo-
rated under vacuum at 30 °C. The dry residue was reconstituted with 1
mL ethanol/acetone (3:2, v/v) containing 0.2% BHT and filtered
through a syringe filter (PVDF, 0.45 um) into an amber HPLC vial.

2.5. HPLC-DAD-APCI*-MS analysis

The analysis was carried out using an Ultimate 3000 HPLC system
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a qua-
ternary pump, autosampler, column heater and diode array detector.
The analytes were separated by gradient elution on an YMC Carotenoid
C30 analytical column (150 mm X 3.0 mm, particle size = 3 ym, YMC
Co., Kyoto, Japan). The operating conditions were as follows: flow rate
0.6 mL/min; column temperature 25 °C; autosampler temperature
10 °C; injection volume 10 puL; detection at A = 445 nm (spectral ac-
quisition 300-700 nm). The tertiary mobile phase consisted of me-
thanol (A), water (B) and tert-butyl methyl ether (C). Gradient: initial
conditions of 90% A, 10% B and 0% C were kept for 1 min, then in-
creased to 90% A, 0% B and 10% C at 6 minutes, reaching 40% A, 0% B
and 60% C at 22 min following column flush and re-equilibration for
11 min. An example chromatogram is shown in Fig. 1. The mass ana-
lysis was performed on a triple quadrupole mass spectrometer (3200
QTRAP, AB Sciex, Framingham, MA, USA) with atmospheric pressure
chemical ionization (APCI) in positive mode (curtain gas 30 psi,
nebulizer gas 45 psi, turbo gas 50 psi, nebulizer current 3 pA, source
temperature 300 °C, declustering potential 36 V, entrance potential
7V).

Fig. 1. Chromatogram of the TA 4024 (Ye) variety depicting

70.0; MAU WVL:445 nm diff between unhydrolyzed (4) and hydrolyzed (B)
3 grain sample. 1 — antheraxanthin, 2 — (13’Z)-lutein, 3 - lu-
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Table 3
i P of ids detected in cereal grains.

Peak" Compound Rt [min]® Amax [NM] Y%Ay/Ar® %Ag/Ar’ [M+H]*® Fragments®
1 Antheraxanthin 09.96 421, 444, 472 60 0 585.4 (100%) 567.5 [M+H-18]" (11%)
2 (13'Z)-Lutein 10.14 330, 416, 439, 466 40 28 569.5 (8%) 551.5 [M+H-18] " (100%)
3 Lutein 10.69 420, 444, 471 60 0 569.5 (10%) 551.5 [M+H-18] " (100%), 533.4 [M+H-18-18]"* (4%)
4 Zeaxanthin 11.40 424, 450, 476 28 0 569.5 (100%) 551.5 [M+H-18] " (14%)
5 (92)-Lutein 11.55 332, 416, 438, 466 72 5 569.5 (11%) 551.5 [M+H-18]" (100%)
6 (9°Z)-Lutein 12.27 332, 416, 440, 467 64 4 569.5 (25%) 551.5 [M+H-18] " (100%)
7 a-Carotene 15.47 420, 445, 472 61 [ 537.6
8 B-Carotene 16.54 425, 450, 477 26 0 537.6

* Peak number as shown in Fig. 1.

" Retention time.

¢ The height ratio between the highest absorption wavelength (Ayy peak) and the middle absorption wavelength (Ay peak) from the peak valley between Ayy/Ay.
4 The height ratio of the Z-peak to the middle absorption peak (the so-called Q-ratio).

© in APCI* jonization.

Table 4
Carotenoid profiles in cereal grains.

Season  Variety Grain color TAC Free form TLC Free form TZC Free form TALC TBC
[ng/g DW] [% of total]  [ug/g DW] [% of total]  [ug/g DW] [% of total]  [pg/g DW] [ug/g DW]
2014  Bohemia Red 0.06 * 0.01 100 223 + 0.04° 100 1.19 + 0.02° 100 nd. nd.
TA 4024 Ye 0.28 + 0.02* 11 5.03 = 0.19° 49 0.74 = 0.05 100 0.06 = 0.01* 0.22 = 0.00°*
Purple Feed Pp 0.07 + 0.01% o 1.96 + 0.05f 34 0.26 + 0.02 100 nd. nd.
RU 687-12 Pp 012 * 0.01¢ 16 275 = 0.08° 69 0.32 + 0.03 100 n.d. 0.05 + 0.01¢?
Konini Pp 022 + 0.00° 12 4.01 * 0.05° 58 0.31 + 0.02 100 0.04 + 0.01° 0.12 * 0.00°
Purple Pp 0.12 + 0.00¢ 16 3.23 * 0.06° 76 0.29 * 0.05° 100 nd. 0.03 = 0.00¢
PS Karkulka Pp 0.09 + 0.01% 36 1.85 + 0.06g" 55 0.71 + 0.08° 100 nd. 0.06 = 0.00c¢*
UC 66049 Ba 0.05 + 0.00¢ 0 1.07 + 0.01' 36 0.28 + 0.00° 100 nd. 0.05 + 0.02¢?
Tschermak’s B.S. Ba 012 * 0.01¢ 0 2.23 + 0.10° 43 0.29 + 0.02° 100 nd. 0.07 = 0.00°
Xiao Yian Ba 0.03 £ 0.00° 0 0.76 = 0.069 58 0.15 + 0.02 100 nd. nd.
V1-131-15 Ba 0.22 * 0.01° 100 523 + 0.06° 100 1.96 + 0.06° 100 n.d. n.d.
V1-133-15 Ba nd. 1.63 = 0.02h 100 0.48 = 0.06° 100 nd. n.d.
AF Cesar std 0.08 + 0.01%f 62 0.56 + 0.01j 66 0.86 = 0.04c! 100 nd. 0.03 = 0.00°
HT 439 Ye 0.56 * 0.00° 15 9.30 = 0.25° 75 0.94 = 0.07° 100 0.07 % 0.02* 0.04 = 0.00¢*
Mean 0.14 2.99 0.67 0.06 0.07
Range 0.03-0.56 0.56-9.30 0.15-1.96 0.04-0.07 0.03-0.22
2015  Bohemia Red 0.21 + 0.01% 100 262 + 0.14¢¢ 100 0.81 + 0.06%" 100 n.d. nd.
TA 4024 Ye 0.59 *+ 0.00° 34 529 = 0.03° 31 1.60 + 0.01°® 55 0.05 + 0.01°° 0.22 *+ 0.03"®
Purple Feed Pp 0.14 + 0.03° 70 319 * 0.02° 50 0.82 * 0.02%% 100 nd. nd.
RU 687-12 Pp 0.18 + 0.00% 100 1.95 = 0.02°®% 85 0.69 + 0.04°® 100 nd. 0.03 = 0.00¢
Konini Pp 0.52 + 0.01° 35 529 * 0.22° 45 1.43 + 0.09 85 0.05 = 0.00® 0.24 + 0.05%
Purple Pp 0.18 + 0.00% 82 219 = 0.02¢" 84 0.41 * 0.03h 100 n.d. nd.
PS Karkulka Pp 0.27 + 0.00% 57 2.60 * 0.22%%¢ 51 0.64 = 0.11Ff 92 nd. 0.11 + 0.01¢?
UC 66049 Ba 0.27 + 0.01% 52 1.70 + 0.08f 39 0.79 + 0.029% 69 n.d. 0.08 + 0.01 ¢!
Tschermak’s B.S. Ba 031 + 0.04° 71 232 + 0.52% 67 0.89 * 0.03% 100 0.02 + 0.01°> 0.5 * 0.01%
Xiao Yian Ba 0.19 + 0.01% 59 1.92 + 0.02°% 28 0.63 + 0.00g 82 nd. nd.
V1-131-15 Ba 0.45 + 0.01° 100 5.80 + 0.16° 100 1.26 * 0.04° 100 n.d. nd.
V1-133-15 Ba 0.16 + 0.01° 100 2.42 * 0.16% 100 0.72 = 0.04*% 100 nd. nd.
AF Cesar std 0.27 * 0.03% 100 132 + 0.17g 80 1.65 £ 0.02° 100 nd. 0.03 = 0.00¢
HT 439 Ye 077 + 0.14* 75 11.6 * 0.10° 67 0.94 = 0.05¢ 100 0.06 = 0.00° 0.03 = 0.00¢
Mean 0.32 3.59 0.92 0.05 0.11
Range 0.14-0.77 1.32-11.6 0.41-1.65 0.02-0.06 0.03-0.24
Mean 0.23 3.29 0.80 0.05 0.10
Range 0.03-0.77 0.56-11.6 0.15-1.96 0.02-0.07 0.03-0.24
h?b 0.19 0.83 0.34 0.97 0.82

The data were expressed as total content of each component and as percentage of the free form; h?b — broad-sense heritability; TAC — total antheraxanthin content; TLC - total lutein
content; TZC — total zeaxanthin content; TALC — total a-carotene content; TBC — total B-carotene content; values d as mean * of three ; different
superscript letters within the same column express statistical difference (p < 0.05); n.d. - not detected).

2.6. Identification and quantification 0.05-10 pg/mL per analyte) were used for analyte quantitation. All

analyses were performed in triplicates and the results expressed on a

The analytes were identified based on their chromatographic
properties (retention time), UV-Vis absorption spectra (position of ab-
sorption maxima,%Am/Ay and%Ag/Ay) and mass data (fragmentation
patterns, ion ratio). Z-isomers of lutein were identified by comparing
their spectral properties with literature data. All identification data are
summarized in Table 3.

Peak area and external calibration (ten different levels spanning
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dry weight (DW) basis. The carotenoid concentrations were determined
spectrophotometrically (Spectronic Helios y, Thermo Fisher Scientific,
Waltham, MA, USA) using the following extinction coefficients (EC, L/
g/cm) of antheraxanthin (235, Amax = 446nm), lutein (255,
Amax = 445nm) both in ethanol; zeaxanthin (234, Ayax = 452) in
acetone; f-carotene (259.2, Apax = 453) and a-carotene (271,
Amax = 445) both in hexane. The esterified xanthophylls were
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quantified as the difference between the intrinsic free xanthophylls and
the xanthophylls released after alkaline hydrolysis. The sum of all
carotenoid components is further referred to as total carotenoid content
(TCC).

2.7. Statistical analysis

The data were processed by Chromeleon (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and Excel (Microsoft, Redmond, WA, USA).
Statistical evaluation was performed using the Statistica software (ver.
12; StatSoft, Inc., Tulsa, OK, USA). Genetic effects on carotenoid con-
tent were evaluated by one-way ANOVA (p < 0.05; separately for each
year). Genetic effects, environmental effects and their interactions were
evaluated by the factorial ANOVA (p < 0.05). Tukey’s Post Hoc HSD
test was used for detailed evaluation. Broad-sense heritability (h?b) was
calculated using the formula h®b = o®g/(0%g + o%) where o’g is the
genetic variance and o’ is the environmental variance. Pearson cor-
relation coefficients were calculated between total carotenoid content
and individual carotenoids (p < 0.05).

3. Results and discussion

In total, fourteen genotypes comprising wheat, barley and tri-
tordeum were harvested in 2014 and 2015 (Table 1). The wheat gen-
otypes included five lines with purple pericarp (Pp), five with blue
aleurone layer (Ba), one with yellow endosperm (Ye) and one con-
ventional red wheat (bread type) used as a control. Those cereal grains
were analyzed for their carotenoid profile - total antheraxanthin con-
tent (TAC), total lutein content (TLC), total zeaxanthin content (TZC),
total a-carotene content (TALC), total B-carotene content (TBC), and
total carotenoid content (TCC). Individual results can be taken from
Table 4 and the TCC in Fig. 2.

3.1. Total carotenoid content

The average TCC in Pp wheat was 3.60 ug/g DW (3.13 ug/g DW in
2014 and 4.07 pg/g DW in 2015). The 2014 harvest has shown a lower
average TCC ranging from 2.29 ug/g DW (Purple Feed) up to 4.70 pg/g
DW (Konini) compared with the following season when it ranged from
2.78 ug/g DW (Purple) up to 7.53 ug/g DW (Konini).

Ba wheat contained on average 2.41 ug/g DW of total carotenoids.

Total carotenoids [pg/g DW]
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Like in Pp wheat, the 2014 harvest has shown lower contents of TCC
averaging 1.74 pg/g DW (ranging from 0.94 ug/g DW in Xiao Yian to
2.71 pg/g DW found in Tschermak’s B.S.). In the following year’s har-
vest, the average TCC was 3.08 ug/g DW, which ranged from 2.74 ug/g
DW (Xiao Yian) to 3.69 ug/g DW (Tschermak’s B.S.). These TCC values
for Ba wheat do not include the unusual line V1-131-15, which is
specific in that it exhibits a very deep aleurone color (caused by an-
thocyanin pigments) and contains high amounts of free carotenoids.
Thus, it seems that the elevated content of anthocyanins and car-
otenoids would predispose this line to be an excellent source of them.
The 2-4 fold higher total carotenoid content (7.41 pg/g DW in 2014
and 7.51 ug/g DW in 2015) is attributed to its genealogy (P1: RU-
440 x V1-702 and P2: Citrus X Bona Dea), which is rather untypical in
Ba wheat.

High TCC (7.04 pg/g DW; average for both seasons) was detected in
the Ye variety TA 4024 as well. This variety of Israeli origin contained a
significant portion of carotenoids bound in esters.

The conventional red winter wheat Bohemia (control), typically
used by the industry to make bread, had the average TCC of 3.56 ug/g
DW (3.48 ug/g DW in 2014 and 3.64 ug/g DW in 2015). Our values are
higher compared to those reported by other authors like Hidalgo,
Brandolini, Pompei, and Piscozzi (2006), who found 2.12 pg/g DW of
total carotenoids in wheat, 1.94 ug/g DW by Abdel-Aal et al. (2007),
1.36 ug/g DW by Lachman et al. (2013) and 0.63 pg/g FW, which was
so far the lowest content reported by Mattera et al. (2017). In addition,
these authors (except for Hidalgo et al., 2006) report levels that re-
present free forms of carotenoids, which might eventually under-
estimate the TCC if the varieties contain esterified forms. Comparing
Bohemia (control) with the other pigmented wheat varieties, Pp lines
showed comparable or slightly higher TCC levels (3.60 ug/g DW), thus
allowing the conclusion that Pp varieties are equal in TCC to traditional
wheat varieties. This finding became especially pronounced when
comparing Konini (Pp), which achieved comparable TCC values in
2015, with the high-carotenoid variety TA 4024 (Ye) (Fig. 2). On the
other hand, Ba varieties reached lower TCC (2.41 pg/g DW; average for
both seasons) and thus are inferior to the commonly grown red winter
wheat. Pp lines in our experiment showed 1.7-5.7 times higher values
than the authors above have found in conventional wheat. Surprisingly,
the TCC in Pp lines compares even to that found in Triticum durum,
which is known for high TCC (3.02 ug/g DW by Hidalgo et al., 2006),
leading to the ultimate conclusion that Pp lines would be valuable
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Fig. 2. Total carotenoid content (TCC) in cereal grains showing the proportion of free and esterified forms.
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sources of carotenoids and, as Lachman et al. (2017) mentioned, also
the anthocyanin pigments.

The barley variety AF Cesar contained 2.40 ug/g DW of total car-
otenoids (average for both seasons), which made it comparable to Ba
wheat (2.41 pg/g DW). Our results correspond well with those reported
for barley (2.25 ug/g DW in Ndolo & Beta, 2013) even though being the
half of what has been reported by the same authors for purple barley
(4.54 ug/g DW).

The highest TCC (12.16 pg/g DW; average for both seasons) of our
results was observed in tritordeum HT 439 (similar values reported by
Mellado-Ortega & Hornero-Méndez, 2012). In general, tritordeum is
known to contain very high levels of carotenoids. This property had
been introduced into it from Hordeum chilense, which has on average
5.2 times more carotenoids than durum wheat, thus assuming the role
of a functional food (Atienza et al., 2007). However, the result we re-
port is nearly twice as high as that of Mellado-Ortega et al. (2015) who
found only 6.50 ug/g FW.

3.2. Carotenoid profiles

The HPLC-DAD-APCI *-MS analysis confirmed the presence of eight
carotenoids (Table 3). Antheraxanthin, lutein, zeaxanthin, a-carotene
and B-carotene (Table 4) were quantified in cereals in our study. The
xanthophylls have been analyzed both in free and esterified forms.
Carotenoid profiles of the investigated grains were similar in most
species, except for barley. Carotenoid profiles revealed lutein to be the
predominant carotenoid in wheat and tritordeum. Lutein comprised
68.1% (of TCC) in red wheat used as the control, 71.5% in Ba, 75.5% in
Ye and 79.5% in Pp wheat. Similar proportions were found in durum
wheat by Abdel-Aal et al. (2007), Mellado-Ortega et al. (2015) and
Ziegler et al. (2015). Our TLC results (comprising both free and ester-
ified forms) averaging 2.91 and 1.76 pg/g DW in Pp and Ba wheat
varieties, were much higher when compared to 0.60 pg/g DW found in
Pp wheat by Ndolo and Beta (2013). Very high lutein content (5.51 pg/
g DW, on average) was found in the already mentioned unusual Ba line
V1-131-15 (Table 4).

Zeaxanthin was the second most abundant xanthophyll identified in
wheat. Its share in TCC varied from 11.8% to 19.8% in Pp and Ba
wheat, which is actually comparable to that found in durum wheat by
Mellado-Ortega et al. (2015). Zeaxanthin’s share of 28.1% of TCC found
in the control was higher than in the other pigmented wheat varieties
investigated in our experiment. The zeaxanthin concentration in Pp and
Ba wheat averaged 0.59 and 0.53 ug/g DW, respectively, which is si-
milar to the 0.54 ug/g reported by Ndolo and Beta (2013) in Pp wheat.
On the contrary, the V1-131-15 line can again be regarded as an outlier
within the Ba genotypes because it contained three times as much
zeaxanthin (1.61 ug/g DW, on average) as Ba wheat.

In our wheat samples, carotenes have been found in much lower
levels compared to the xanthophylls. B-Carotene content averaged from
2.2% (0.09 pg/g DW found in Pp wheat) to 3.3% (0.22 pg/g DW found
in Ye wheat) of TCC, which is consistent with findings of Abdel-Aal
et al. (2007) and Mellado-Ortega et al. (2015). No B-carotene was found
in the control (Bohemia). In 2014, trace levels of a-carotene were de-
tected only in TA 4024 (Ye; 0.06 pg/g DW) and Konini (Pp; 0.04 ug/g
DW), whereas in 2015 in the same varieties and in Tschermak’s B.S.
(Ba; 0.02 pg/g DW). Digest et al. (2009) and Mellado-Ortega et al.
(2015) also found minor contents of a-carotene (0.5%, 1.4% of TCC,
respectively) in durum wheat while Hidalgo et al. (2006) found 5.2% of
each of a- and B-carotene in conventional wheat.

By comprising 86.0% of TCC (10.4 pg/g DW, on average), lutein is
the most dominant carotenoid in tritordeum and expresses the highest
lutein proportion found in all investigated varieties. This finding is in
accordance with M‘attera et al. (2017), Mellado-Ortega and Hornero-
Méndez (2012) and Mellado-Ortega et al. (2015) who reported that
lutein represents 84%-99% of TCC in tritordeum. Other carotenoids
that were detected in tritordeum are zeaxanthin (7.7%; 0.94 ug/g DW)
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and antheraxanthin (5.5%; 0.67 ug/g DW), followed by the minor ones
- a- and B-carotene (0.5% and 0.3%; 0.07 and 0.04 pg/g DW, respec-
tively).

Interestingly, when Mellado-Ortega and Hornero-Méndez (2012)
and Mellado-Ortega et al. (2015) studied tritordeum, they found neither
zeaxanthin nor a-carotene. They hypothesized that over-activation of
the B, e-branch of the carotenoid biosynthetic pathway leads to the
formation of lutein at the expense of the (8, B-branch, which leads to
zeaxanthin. In addition, the absence of a-carotene may be explained by
its rapid hydroxylation to form lutein and the subsequent esterification.
Our results for zeaxanthin and a-carotene, however, do not seem to
support this hypothesis.

As mentioned above, barley’s carotenoid profile was found to be
different from that of wheat and tritordeum. Zeaxanthin was the pre-
dominant carotenoid (49.7% of TCC; 1.26 pg/g DW) in barley followed
by lutein (41.5%; 0.94 pg/g DW) and antheraxanthin (7.6%; 0.18 ug/g
DW). We agree with Ndolo and Beta (2013) that zeaxanthin is the major
carotenoid, although their zeaxanthin content in barley was twice as
high (0.65 ug/g) as that of lutein (0.30 pug/g).

3.3. Carotenoid esters

Xanthophyll esterification is known to prevent carotenoid de-
gradation and enables their long-term storage in plant cells (Atienza
et al., 2007). Xanthophylls modified by a relatively easy esterification
process via acyl-CoA are more lipophilic, which facilitates their in-
tegration into plant membranes and lipid-rich plastoglobules
(Howitt & Pogson, 2006). The xanthophyll ester composition in cereals
has been investigated by authors such as Mattera et al. (2017), Mellado-
Ortega and Hornero-Méndez (2012) and Mellado-Ortega et al. (2015).
In our study, we focused on finding out what percentage of the parti-
cular xanthophyll moiety constitutes the esters (disregarding the fatty
acid part).

Our study proved the presence of lutein, zeaxanthin and antherax-
anthin esters based on sample hydrolysis by KOH after which the peaks
of esterified xanthophylls disappeared (Fig. 1) and free forms increased
in quantity. Even though the free forms of carotenoids might be sus-
ceptible to degradation in an alkaline environment we have evidence
that the alkaline hydrolysis does not affect them much. For instance, in
Bohemia (which contains only free forms), lutein content has changed
after 2-h exposure to the alkaline medium by +1.94%, zeaxanthin by
-5.06% and antheraxanthin by —5.59%.

From the results given in Fig. 2, it is evident that the majority of
investigated cereals contained both forms of carotenoids (free and es-
terified). Depending on the carotenoid moiety in the ester (Table 4),
some varieties show the presence of (a) only esterified forms (as in the
case of antheraxanthin esters found in UC 66049, Purple Feed,
Tschermak’s B.S. and Xiao Yian); others contained (b) exclusively the
free forms (Bohemia, V1-131-15 and V1-133-15), and the absolute
majority contained (c) a mix of both the forms. The majority of esters
contained lutein, while the minority contained zeaxanthin moiety.
Zeaxanthin esters were found only in five varieties in 2015 (Table 4).
Disregarding the particular form of the carotenoid and the cereal spe-
cies, it is possible to expect that, on average, close to a third of car-
otenoids are esterified in wheat. The greatest percentage of carotenoid
esters was found especially in TA 4024 (Ye; 52.8%), UC 66049 (Ba;
49.8%) and Purple Feed (Pp; 49.7%). In summary, Ye (52.8%) and Pp
(33.5%) varieties seemed to have the highest ability to store car-
otenoids in the esterified forms. On the contrary, wheat genotypes
Bohemia, V1-131-15 (Ba) and V1-133-15 (Ba) stored only free forms of
carotenoids. Still, a relatively high proportion of esterified carotenoids
(27.9%) were also found in tritordeum HT 439 in which lutein esters
dominated, yet a small ester fraction was derived from antheraxanthin.
AF Cesar, the only barley variety investigated in our study, contained
only 11.4% of esters mostly derived from lutein which was similar to
the other studied cereals.
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The lack of zeaxanthin esters in most cereals could be explained by
its different distribution within the grain kernel. According to
Acquistucci, Melini, Carbonaro, and Finotti (2013) lutein is mostly
stored in the inner part of the kernel, whereas zeaxanthin is exclusively
found in the outer part. Ndolo and Beta (2013) and Masisi et al. (2015)
did not find any zeaxanthin in the endosperm but in the aleurone layer,
where zeaxanthin constituted the major form. This finding suggests that
zeaxanthin (present in the aleurone layer in free form) may play a
different role in plant physiology than lutein, which is present in en-
dosperm.

By looking closer at Fig. 1, several new peaks (designated as 2, 5, 6)
appeared nearby lutein after the alkaline hydrolysis. Those peaks were
first thought to be various Z-isomers of lutein, which was later con-
firmed by performing lutein isomerization by iodine as described by
Kotikova et al. (2016) and by the mass spectra matching that of lutein.
Z-isomers were identified according to the following criteria: (a) the
presence of the typical Z-peak in the absorption spectrum (Ag), the
maximum of which was 330-332 nm (Gentili & Caretti, 2011; Zhong
et al., 2016); (b) the hypsochromic shift of absorption maxima by
2-6nm in mono-Z, 10nm in di-Z and 50nm in poly-Z isomers
(Gentili & Caretti, 2011); (c) by the Ap/Ay ratio, which identified the
position of the Z-double bond in the carotenoid molecule, and finally
(d) by the Ap/Ap ratio (Aman et al., 2005). Based on those criteria the
three newly formed peaks were identified as (13'Z)-, (92)- and (9'2)-
lutein. Due to the lack of available analytical standards, it was not
possible to quantify the Z-isomers. Due to the appearance of the peaks
2, 5 and 6 in the hydrolyzed sample, we might conclude that a certain
part of esters was made up of lutein Z-isomers.

Similarly to our results confirming lutein as the major xanthophyll
ester, other authors (Ziegler et al., 2015) have shown that lutein mono-
and diesters (with linoleic, palmitic, oleic and linolenic acid) are
dominant in cereals as for instance lutein dilinoleate, lutein linoleate-
palmitate and lutein dipalmitate (Mellado-Ortega & Hornero-Méndez,
2012). The presence of lutein esters and the degree of lutein ester-
ification varies strongly among and within cereal species (Atienza et al.,
2007; Ziegler et al., 2015) and is genetically controlled (Ahmad et al.,
2015; Ziegler et al., 2015). This statement is supported by our results
for Bohemia, V1-131-15 and V1-133-15, in which only free forms of
carotenoids were found in both years. These varieties seem to have no
genetic predispositions to synthetize xanthophyll esters, although this
hypothesis still needs to be confirmed on a genetic basis. Similarly,
Ziegler et al. (2015) reported that all of his investigated emmer, durum
and only seven of the bread wheat genotypes contained zero lutein
esters, whereas eight of his bread wheat genotypes contained from 22.7
to 38.3% of lutein esters. Our results indicate that the degree of xan-
thophyll esterification is not dependent on the TCC in cereals
(r = —0.186 in 2014 and r = 0.162 in 2015). This is vastly different
from potato tubers where a positive correlation between TCC and
xanthophyll esters was reported (Fernandez-Orozco et al., 2013;
Kotikova et al., 2016).

Because esterification protects xanthophylls against oxidation, high
temperatures, UV light, degradation during storage and processing
(Ahmad et al., 2015; Fu et al., 2010; Subagio, Wakaki, & Morita, 1999),
a high portion of xanthophyll esters in cereals makes them more stable
during long-term storage, and culinary or industrial processing. A de-
crease in the lutein monoesters fraction during storage was observed in
the tritordeum and whole-grain durum flours, coinciding with an in-
crease in the diesterified forms (Mellado-Ortega & Hornero-Méndez,
2016). The formation of lutein dilinoleate, lutein dipalmitate and lutein
palmitate-linoleate explains the slower carotenoid degradation in tri-
tordeum whole-grain flour. Thus, the ability of cereals to form esters
and their quantity may play an important role in breeding programs.

3.4. Environmental effects

Carotenoid profiles gathered over the course of two years were
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researched to find out the impact of the year (environmental factors)
and the interaction of year x genotype. The 2015 season was marked
by extraordinarily low precipitations and higher average temperatures
compared to 2014 (Table 2). In 2015, the temperature increased by
2.9°C in July and by 4.3 °C in August in comparison to the long-term
average, whereas precipitation was down by 37-67% between April
and July of 2015. As all experimental conditions remained equal in
both years, we might conclude that the changes in TCC were likely
caused by environmental factors. In our study, ten out of fourteen tested
varieties have shown increased TCC in response to higher temperatures
(as well as probably higher solar radiation) and lower precipitation
(Fig. 2). A major increase in TCC was recorded in Xiao Yian
(+194.2%), AF Cesar (+117.3%), UC 66049 (+102.3%), which are all
known to be typically low in carotenoids, followed by Purple Feed
(+81.9%), Konini (+61.6%), V1-133-15 (+56.1%), and others. Two
varieties (Bohemia and V1-131-15) achieved similar levels (+4.8% and
+1.2%, resp.) in both seasons and only Purple and RU 687-12 have
both recorded a decrease (—24.3% and —12.0%, resp.) in TCC in 2015.
Individual carotenoids have shown a similar trend. Except for a-car-
otene, in which the changes were not significant, the other analyte le-
vels were higher in 2015. In addition, in 2015 higher levels of esterified
xanthophylls were detected and maintained a similar proportion to TCC
as in 2014 (27.0% vs. 29.2%).

Our results above are supported by Fratianni et al. (2013), who
observed an increased carotenoid synthesis in durum wheat (var. Si-
meto) grown under water deficit by 20% in whole meal as well as by
15% in semolina flour. Considering single carotenoids, lutein and
zeaxanthin increased by about 20%, while the B-carotene level has not
been affected.

In contrast to our results, Abdel-Aal et al. (2007), who investigated
einkorn wheat in a 6-year field experiment, found that a cooler and
wetter climate increased the lutein content. Mattera et al. (2017) ob-
served that high temperature during grain filling causes lower total
carotenoid and free lutein content. Regarding the esters, those authors
could not unambiguously confirm their decrease but found out that
increased temperature enhanced the accumulation of lutein esters with
linoleic acid in tritordeum. Considering the works of the authors above
and our own experiences we might conclude that total carotenoid
content in cereal grains is influenced by a multitude of factors among
which the most important ones are actually expressed in the interac-
tions between many intrinsic and extrinsic factors such as genotype/
variety, environment, weather, biotic stress or the variety’s origin.

Except for a-carotene, significant interactions between year X -
genotype were found for all individual carotenoids (TAC, TLC, TZC,
TBC) as well as TCC (Supplementary Material S1 A — F). This interaction
was most pronounced in the case of zeaxanthin (S1 D). Varieties which
were the most influenced by the environmental factors were Konini, AF
Cesar, Purple Feed and Xiao Yian.

We suppose that varieties originating in temperate climates, which
can be found in the Czech Republic (RU 687-12, V1-131-15 and
Bohemia) or Canada (Purple), might react differently to increased
temperature and decreased precipitation (thus being stressed in harsher
weather conditions). All varieties mentioned above did show similar or
lower levels of TCC whereas varieties that were bred in subtropical
climates (tritordeum HT 439, wheat varieties TA 4024 and Purple Feed)
have shown increased TCC. This phenomenon may indicate that the
subtropical cereal varieties might be better adapted to warmer and
drier climates. We suggest that farmers and breeders bear in mind the
origin of cereals and choose those that are best adapted to the local
weather conditions to harvest phytonutrient-rich cereals.

3.5. Heritability and regression analysis
Broad-sense heritability (h?b) of all analytes was calculated using

ANOVA mean square values. The highest heritability was found in the
B, e-branch (0.97 for a-carotene and 0.83 for lutein). On the other hand,
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the lowest heritability was found for B, B-branch carotenoids like
zeaxanthin (0.34) and antheraxanthin (0.19). These results suggest that
both branches have different roles in the cereal grain. The carotenoids
synthesized by the B, e-branch are stored in the endosperm and their
content is influenced mainly by the genotype. The latter branch is ac-
tive mostly in the outer layer of the caryopsis where it produces car-
otenoids which are remnants of the grain’s photosynthetic activity. Both
zeaxanthin and antheraxanthin are pigments of the xanthophyll cycle,
which protects the photosynthetic tissue from excessive radiation (Zhai,
Xia, & He, 2016). Thus, their content will be rather influenced by the
environmental factors. B-Carotene being the precursor of zeaxanthin
and antheraxanthin revealed high heritability (0.82), which is a puz-
zling result. Relatively high heritability, which has likely been caused
by the lutein dominance was also found for TCC (0.66) and for xan-
thophyll esters (0.71). In accordance with our results, Digesu et al.
(2009) found high heritability for B, e-branch, i.e. for a-carotene (0.79)
and lutein (0.93) and low one for B, B-branch represented by zeax-
anthin (0.48). With the respect to other analytes, they found a higher
value for TCC (0.94) and a lower one for B-carotene (0.57).

The regression analysis (p < 0.05) revealed strong correlation be-
tween TCC/lutein (r = 0.98), TCC/antheraxanthin (r = 0.79) and
TCC/a-carotene (r = 0.76), medium correlation for TCC/zeaxanthin
(r = 0.54) and low correlation for TCC/B-carotene (r = 0.27).
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Colored-grain wheat genotypes were used in the preparation of flour, dough, buns, and buns stored for a short
period of time. The main carotenoid in all genotypes was lutein, followed by its esters, zeaxanthin, and p-
carotene, while antheraxanthin and a-carotene occurred only at negligible levels. The highest carotenoid con-
tents were observed in yellow- and purple-grained genotypes. After the preparation of dough, total carotenoid
content (TCC) decreased significantly by an average of 61.5%. Zeaxanthin was shown to be stable, whereas a-

carotene was destroyed. In baked buns, the average decrease of TCC and all-E-lutein was lower than in unbaked

Keywords:
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Non-esterified carotenoids
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dough. Greater decreases were recorded for esters, antheraxanthin, and B-carotene. After storing buns for 24 h at
room temperature, approximately one-quarter of TCC observed in the original flour was preserved. Z-Isomers of
lutein occurred in minor concentrations, but the degradation of this component, and that of zeaxanthin, was low,

Flour suggesting E- to Z-isomerization.

Dough
Baked buns
Short-term stored buns

1. Introduction

Cereals play an essential role in the human diet, especially wheat,
which is the second most produced cereal on earth. Around 750 million
metric tons are produced annually, corresponding to a yearly con-
sumption of 67 kg per capita (FAOSTAT, 2018). In Europe, wheat is the
most commonly used cereal for the production of flour and its resulting
food products — breads, pastries, and pastas. Due to the increasing
worldwide prevalence of lifestyle diseases, the overall demand for nu-
tritionally valuable foodstuffs is increasing. In addition to traditional
cereal crops, there is also an opportunity for the cultivation and pro-
cessing of non-traditional modern and ancient cereals such as einkorn,
emmer, spelt, and colored-grain wheat. Such crops are valuable not
only as a source of essential nutrients, but also as a source of a wide
range of biologically active compounds, including anthocyanins, car-
otenoids, and phenolic acids. These compounds are notable for their
biological functions, particularly their high antioxidant activity, thanks
to which they can help prevent oxidative stress and lifestyle diseases
(Ficco et al., 2014; Giordano et al., 2017; Luthria, Lu, & John, 2015).

A wide range of carotenoids may be present in wheat grain

including lutein, B-carotene, B-cryptoxanthin, zeaxanthin, antherax-
anthin, taraxanthin (lutein 5,6-epoxide), triticoxanthin, and flavox-
anthin (Barnes, 2012). In general, lutein is the most abundant car-
otenoid, followed by zeaxanthin, antheraxanthin, a-carotene, and f-
carotene, while B-cryptoxanthin is a minor component or it occurs at
non-detectable levels (Adom, Sorrells, & Liu, 2003; Paznocht et al.,
2018). Zeaxanthin in wheat is interconverted to the mono-epoxidated
xanthophyll antheraxanthin, but the further product of the xanthophyll
cycle, violaxanthin, has not been detected in wheat grain (Paznocht
et al., 2018). Total carotenoid content (TCC) in wheat falls in the range
of 3.0-10.2 ug/g DW depending on wheat species (Hidalgo, Fongaro, &
Brandolini, 2017). These authors reported the highest carotenoid con-
tent in einkorn wheat (Triticum monococcum ssp. monococcum), followed
in descending order by Polish wheat (Triticum turgidum ssp. polonicum),
Khorasan wheat (Triticum turgidum ssp. turanicum), durum wheat (Tri-
ticum turgidum ssp. durum), spelt (Triticum aestivum ssp. spelta), bread
wheat (Triticum aestivum ssp. aestivum), and emmer wheat (Triticum
turgidum ssp. dicoccum).

Colored-grain wheat genotypes, which are currently an object of
interest to breeders and consumers, can in addition to anthocyanin

Abbreviations: Ba, blue aleurone; BHT, butyl hydroxytoluene; DW, dry weight; Pp, purple pericarp; Red, red grain; TCC, total carotenoid content; TLC, total lutein

content; Ye, yellow endosperm
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pigments, also contain meaningful (not negligible) amounts of car-
otenoids. A recent study (Paznocht et al., 2018) deals with the content
and composition of carotenoids in unusual colored wheat varieties.
They found that blue wheat genotypes had lower TCC, whereas purple
ones had the same or higher levels of carotenoids than conventional
bread wheat.

Carotenoids and anthocyanins are natural pigments that degrade
due to both external factors (e.g., high temperature, extreme pH values,
oxygen presence, UV light) and internal factors (e.g., enzymatic ac-
tivity) (Leenhardt et al., 2006). The characteristic highly unsaturated
structure of carotenoids is the source of their beneficial effects but also
of their particular instability, especially toward light and oxygen. Car-
otenoid degradation is a complex process involving many factors linked
to the food matrix and the type of carotenoid (Achir, Randrianatoandro,
Bohuon, Laffargue, & Avallone, 2010). Carotenoids occur in foods
predominantly as E-isomers, though Z-isomers are formed during
thermal processing and show different biological properties, bioavail-
ability, and antioxidant activity. In cereals, carotenoids are present ei-
ther in free or esterified forms (mostly with palmitic and linoleic acid)
depending on the cereal genotype (Ziegler et al., 2015). It has been
shown that esterified forms of xanthophylls are more stable in the
presence of heat than their free forms (Subagio, Wakaki, & Morita,
1999). The potential health benefits of these susceptible substances is
therefore influenced by grain processing (from milling to final tech-
nological processing), which can significantly reduce the amount of the
nutritionally valuable compounds in foodstuffs (Hidalgo, Brandolini, &
Pompei, 2010).

The effect of processing (boiling, baking, etc.) on the content of
carotenoids and anthocyanins has been discussed in many studies.
Some of these describe the degradation of carotenoids or anthocyanins
in cereal grains and consequent cereal, baked, or puffed products
(Abdel-Aal, & Hucl, 2014; Hidalgo et al., 2010; Hidalgo, Scuppa, &
Brandolini, 2016).

Currently, newly bred genotypes of colored-grain cereals seem to be
potentially valuable sources of these phytochemicals in the human diet
(Paznocht et al., 2018).

Therefore, the aim of this study was to compare carotenoid content
and profile in differently colored wheats and their products. We focused
on colored wheat because it is a novel and apparently healthier alter-
native to conventional wheat. Keeping in mind the important health
benefits of carotenoids and high per capita wheat consumption, the
objectives of this study were: i) to establish the carotenoid profile and
content in flour from each genotype; ii) to investigate the changes in
carotenoids in dough prepared from colored-grain wheat flours; iii) to
establish the changes of carotenoid content in buns after baking and
after a short 24-h storage.

2. Material and methods
2.1. Plant material

A total of nine colored-grain wheat varieties and breeding materials
were grown in 2016/2017 at the Agricultural Research Institute in
Kroméfiz, Czech Republic (49.2851172N, 17.3646269E). The experi-
mental field is located 235m above sea level, has Luvic Chernozem
(Loamic) soil, an average annual temperature 9.2 °C, mild winters, and
annual precipitation averaging 576 mm. The plants were grown on
small experimental plots (10 m?) using conventional growing tech-
nology. Samples were stored after the harvest in paper bags in a box in
the dark at room temperature of 21 °C for 2 months before being ana-
lyzed. The main characteristics of the selected wheat genotypes are
listed in Table 1.
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2.2. Preparation of wheat flour, dough, baking of buns and their storage
after baking

2.2.1. Preparation of wholemeal wheat flour

The grains were cleaned on a Labofix (C.W. Brabender®
Instruments, Inc.; South Hackensack, NJ) over a 2-mm sieve, and im-
purities were removed manually. The grain was milled on a YM1 Wet
Wheat Grinding Machine Y-10 (Yucebas Machine Analytical Equipment
Industry, Izmir, Turkey), and three fractions were obtained in total:
coarse bran (> 35mesh), fine bran (50-35mesh), and flour
(< 50 mesh). All the fractions were mixed together resulting in total
recovery of the grain in so-called wholemeal flour.

2.2.2. Preparation of dough, baking, and short-term storage of baked buns
for 24h

For the preparation of the doughs, 300 g wholemeal flour, 4.8¢g
table salt, 6 g compressed commercial baker’s yeast, and 180 mL warm
(30°C) water were used. The dough-making process was as follows:
30 min kneading, 1 h rising, and short kneading (2 min) in the middle of
the rising period (Alaska BM 2000; SIG GmbH, Diisseldorf, Germany).
After rising, the dough was divided into 3 buns. Two of them were
baked at 240 °C for 14 min in a forced air oven Venticell 111 (BMT
Medical Technology, Ltd., Brno, Czech Republic); the oven also con-
tained a water bath containing 70 mL of distilled water. After baking,
one bun was frozen immediately after cooling and the other after 24-h
storage at room temperature (21 °C) under a cloth. The unbaked third
bun was frozen immediately after separation from the other parts of
dough. All samples were then freeze-dried (Lyovac GT2; Steris, Hiirth,
Germany) in the dark for 120 h and then subjected to further analyses.
The bun experiments were performed in three replicates per genotype.

2.3. Chromatographic analysis of carotenoids

2.3.1. Chemicals

Lutein and zeaxanthin standards (UV, =95%, =98%) were ob-
tained from Extrasynthése, Genay, France. B-Carotene standard (HPLC,
= 95%), ethanol absolute (puriss., =99.8%), butylated hydroxytoluene
(BHT, =99% FG), and tert-butyl methyl ether (HPLC grade) were
purchased from Sigma-Aldrich, St. Louis, MO. Antheraxanthin and a-
carotene standards (HPLC, 95%, 97%) were purchased from
CaroteNature, GmbH, Lupsingen, Switzerland. Methanol (HPLC grade),
acetone (GR grade), ethanol (GR grade), and hexane (GR grade) were
purchased from Lachner Ltd., Neratovice, Czech Republic. Ultra-pure
HPLC water was prepared using Simplicity UV (Merck Millipore, KGaA,
Darmstadt, Germany).

2.3.2. Sample extraction

Carotenoids were extracted according to the method modified for
the grain matrix (Kotikova et al., 2016). Finely ground sample (2 g) was
placed into a 50-mL plastic Falcon tube with 12 mL ethanol/acetone/
hexane mixture (1:1:2, v/v/v), vortexed, and left to stand for 24h in a
refrigerator (4°C). The sample was then vortexed for 1 min (Basic 3;
IKA Werke GmbH & Co. KG, Staufen, Germany), sonicated for 10 min in
an ultrasonic bath (PS 04; Powersonic-Notus, Ltd., Vrédble, Slovakia),
and centrifuged at 8228 rcf for 10 min (5810R; Eppendorf, Hamburg,
Germany). Then 9 mL of the supernatant were transferred into a 50-mL
glass evaporation flask and the sediment re-extracted with 12 mL of the
extraction mixture. Both supernatants were combined and evaporated
under vacuum at 40°C (Rotavapor R-200; Biichi Labortechnik, AG,
Flawil, Switzerland). The dry residue was reconstituted with 2mL
ethanol/acetone (3:2, v/v) containing 0.2% BHT and filtered through a
syringe filter (PVDF, 0.45 um) into an amber HPLC vial.

2.3.3. Chromatographic separation by HPLC-DAD
Analyses were carried out using an Ultimate 3000 HPLC system
(Thermo Fisher Scientific, Waltham, MA) with a quaternary pump,
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Table 1
Description of bread wheat (Triticum aestivum L.) varieties and genotypes.

Food Chemistry 277 (2019) 725-734

Variety/genotype Growth type Country of origin (1) Variety status Grain color
Bohemia Winter CZE Released variety Red (standard)
Annie Winter CZE Released variety Red (standard)
Citrus Winter DEU Released variety Yellow endosperm
Bona Vita Winter SVK Released variety Yellow endosperm
AF Jumiko Winter CZE Released variety Purple pericarp
V1 131-15 (2) Winter CZE Breeding line Blue aleurone

UC 66049 Spring USA Genetic resource Blue aleurone
Konini Spring NZL Research germplasm Purple pericarp
ANK-28A Spring RUS Research germplasm Purple pericarp

(1) CZE - Czech Republic, DEU - Germany, SVK - Slovak Republic, NZL- New Zealand, RUS - Russian Federation, USA — United States of America.

(2) V1 131-15: (Skorpion X PS Karkulka) X (Citrus X Bona Dea).

autosampler, column heater, and diode array detector. The analytes
were separated by gradient elution on an YMC C30 Carotenoid Column
(150 mm x 3.0 mm, S-3 um; YMC Co., Kyoto, Japan). The operating
conditions were as follows: flow rate 0.6 mL/min; column temperature
25°C; autosampler temperature 10 °C; injection volume 10 uL; detec-
tion at A = 445nm (spectral acquisition 300-700 nm). The tertiary
mobile phase consisted of methanol (A), water (B), and tert-butyl me-
thyl ether (C). Gradient: initial conditions of 90% A, 10% B, and 0% C
were sustained for 1 min, then increased to 90% A, 0% B, and 10% C at
6 min, reaching 40% A, 0% B, and 60% C at 22 min following column
flush and re-equilibration for 11 min.

2.3.4. Identification and quantification

The carotenoids were identified by comparing retention times and
absorption spectra with those of analytical standards. The quantifica-
tion of free forms was based on peak area and external calibration
(concentration range 0.01-10 ug/mL per analyte). Analyses were per-
formed in triplicate. The exact concentration of carotenoid stock solu-
tions was determined spectrophotometrically (Spectronic Helios y;
Thermo Fisher Scientific, Waltham, MA) using the following extinction
coefficients (EC, L/g/cm): antheraxanthin (235, Apay = 446 nm), lutein
(255, Amax =445nm), both in ethanol; zeaxanthin (234,
Amax = 452 nm) in acetone; B-carotene (259.2, Apa = 453 nm) and a-
carotene (271, Amax = 445nm), both in hexane. The presence of lutein
esters was confirmed by alkaline hydrolysis of the sample extract
(Paznocht et al., 2018). Since esterification with fatty acids does not
affect chromophore properties (Mellado-Ortega & Hornero-Méndez,
2017), lutein esters were quantified using the all-E-lutein calibration
curve. Since most of the esters in wheat are lutein esters with only a
minor proportion of antheraxanthin and zeaxanthin esters (Paznocht
et al., 2018), we have expressed them in this article summarily as lutein
esters. The Z-isomers of lutein were confirmed by photoisomerization of
lutein by iodine. Particular Z-forms were identified by exploring their
absorption spectra (Paznocht et al., 2018). Their quantification was
based on the calibration curve of all-E-lutein. Limits of detection (LOD)
for antheraxanthin, lutein, zeaxanthin, a-carotene, and B-carotene
(0.004, 0.006, 0.012, 0.010, and 0.015pg/g DW, respectively) were
calculated using the formula 3.3 x (0/S) (Q2B CH, 1996). An illus-
trative chromatogram of the Bona Vita variety (yellow endosperm)
showing differences between flour, dough, bun and bun stored for 24 h
is shown in Fig. 1.

2.3.5. Dry weight (DW)

Dry weight (calculated as loss of water) was determined by drying
10g of wholemeal flour at 105°C for 24h in the forced-air oven
Venticell 111.

2.4. Statistical analysis

The data were processed by Chromeleon (Thermo Fisher Scientific,
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Inc., Waltham, MA) and Excel (Microsoft, Redmond, WA). Statistical
evaluation was performed using STATISTICA software (ver. 12;
StatSoft, Inc., Tulsa, OK). The effects of variety and technological pro-
cesses on the carotenoid content were evaluated by one-way and two-
way ANOVA (p < 0.05). Tukey's Post Hoc HSD test was used for de-
tailed statistical evaluation.

3. Results and discussion

The profiles of individual carotenoids in flour, dough, baked buns,
and buns stored for 24 h after baking are reported in Table 2.

3.1. Carotenoid content and profile in wheat flour

The average total carotenoid content (TCC) in wholemeal flour in all
analyzed genotypes was 1.05pg/g DW and ranged from
0.378 = 0.004ug/g DW (var. Bohemia) to 2.24 = 0.044 ug/g DW
(var. Citrus). The highest TCC was observed in winter yellow-grained
Citrus and Bona Vita flours. Elevated contents were also found in flour
from purple spring wheat Konini and purple winter wheat AF Jumiko.
TCC in flour from varieties and breeding materials with blue aleurone
(V1 131-15 and UC 66049) and red-grained control varieties (Annie
and Bohemia) was relatively low.

Wholemeal flour is composed of 10-14% bran, 2.5-3.0% germ and
80-85% endosperm. The bioactive compounds are distributed within
these parts and are concentrated in the outer layer of the grain. Thus,
wholemeal flour contains substantially more phytonutrients, including
carotenoids, than refined wheat flour (Mellado-Ortega & Hornero-
Méndez, 2016). Our TCC values for wholemeal flour originating from
conventional winter Annie and Bohemia varieties were on average 23%
higher than those measured by Lv et al. (2012) in soft red winter wheat
flours and almost twice as high as the values for refined flours reported
by Konopka, Czaplicki, and Rotkiewicz (2006). Similarly, Ficco et al.
(2016), who used different types of conventional and purple durum
wheat flours to produce fresh pasta, found the highest TCC in whole-
meal flour (7.38 ug/g DW), followed by semi-wholemeal (6.30 ug/g
DW), and the lowest in semolina (5.25 pg/g DW). They reported that
TCC in purple durum wheat (7.38 ug/g DW) was slightly lower in
comparison with yellow durum wheat wholemeal flour (7.68 ug/g DW).
However, some of our pigmented varieties, especially purple ones,
reached comparable or even higher values of TCC than conventional
red varieties. Ndolo and Beta (2013) also found in their study higher
TCC in wholegrain fraction of purple wheat (2.62ug/g) than the
average of three non-colored wheat varieties (2.56 ug/g). The authors
found a more obvious difference between purple and non-pigmented
barleys: TCC of purple barley (4.54 ug/g) was twice as high as its non-
pigmented form (2.25 ug/g). These results, as well as the results of our
previous study (Paznocht et al., 2018), revealed that some purple
pericarp (Pp) genotypes would be valuable sources of carotenoids as
well as anthocyanins, which are also important bioactive compounds in



4.2 Carotenoid changes of colored-grain wheat flours during bun-making

L. Paznocht et al.

Food Chemistry 277 (2019) 725-734

4 var. Bona Vita (Ye)

WVL: 445 nm

min

T T 3 T % T T T T : T

24 25

Fig. 1. Chromatogram of Bona Vita wheat variety (Ye) showing differences between flour (A), dough (B), bun (C), and bun after 24 h of storage (D). 1 - (13-Z)-Lutein
(9.89 min), 2 - Antheraxanthin (10.00 min), 3 - (134Z)-Lutein (10.20 min), 4 - All-E-Lutein (10.70 min), 5 — Zeaxanthin (11.35 min), 6 — (9-Z)-Lutein (11.53 min), 7 -
(9’-Z)-Lutein (12.24 min), 8 - a-Carotene (15.30 min), 9 — B-Carotene (16.25 min), 10 — Lutein monoesters, 11 - Lutein diesters.

purple and blue bread wheat varieties (Ficco et al., 2014). The in-
creased content of carotenoids in purple wheat grain could be explained
by the genetic origin of the plants. Purple grain color is conferred by the
Pp genes, which were transferred to common wheat from tetraploid
wheat (Triticum turgidum L. subsp. abyssinicum Vavilov, genome AABB)
originating from the East Africa region (Lachman, Martinek, Kotikové,
Orsak, & Sule, 2017). According to older data, the purple pericarp genes
are located on chromosomes 7B (Ppl), 6A (Pp2), and 2A (Pp3a and
Pp3b) (Dobrovolskaya, Arbuzova, Lohwasser, Roder, & Borner, 2006).
More recent studies indicate that the purple pericarp is determined by
complementary genes Pp3 (on 2A in bread and durum wheat), Pp-B1
(on 7B in bread and durum wheat), or Pp-D (on chromosome 7D in
bread wheat) (Tereshchenko, Gordeeva, Arbuzova, Borner, &
Khlestkina, 2012; Tereshchenko, Pshenichnikova, Salina, & Khlestkina,
2012). Phytoene synthase enzymes are responsible for the synthesis of
yellow compounds, which are conditioned by genes located on the long
arms of the homoeologous group 7 chromosomes (7AL, 7BL, and 7DL)
(Komugi - Wheat Genetic Resources Database, 2017). In the AF Jumiko
variety, the donor of purple pericarp was ANK-28A, in which the an-
thocyanins were conditioned by the genes Ppl (7B) and Pp2 (6A)
(Watanabe, Koval, & Koval, 2003). It is possible to theorize that there
could be a genetic link between the Pp1 gene and some of the genes of
the Psy1-B1 locus (at 7BL) for phytoene synthase enzymes. Because
most of the studied donors of wheat with purple pericarp carry the Pp1
gene and differ from each other in other Pp genes, it can be assumed a
relation between increased anthocyanins and an increased content of
yellow carotenoids. This hypothesis needs to be confirmed by other
experiments.

The composition of individual carotenoids in wholemeal flours of
the analyzed genotypes was very similar. The highest content was ty-
pical for total lutein (the sum of all-E-lutein and other detected Z-iso-
mers) (on average 0.695 pug/g DW), followed by its esters, zeaxanthin,
B-carotene, «-carotene, and antheraxanthin (0.244, 0.061, 0.033,
0.010, and 0.010 pg/g DW, respectively). The lutein fraction has been
separated into all-E-lutein (0.615 pg/g DW), followed by 13-Z-lutein,
13-Z-lutein, 9-Z-lutein, and 9-Z-lutein (0.031, 0.030, 0.014, and
0.005 ug/g DW, respectively) in wholemeal flour on average in all
analyzed genotypes. While some carotenoids, such as all-E-lutein, its Z-
isomers, and zeaxanthin, were detected in all samples, others were
detected only in some specific accessions, as in the case of antherax-
anthin, B-carotene, and a-carotene (Table 2). Total lutein content (TLC)
correlated positively with TCC. The highest TLC was found in yellow-
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grained Citrus and Bona Vita varieties (1.85 and 1.03 pg/g DW, re-
spectively), followed by purple-grained varieties. Higher TLC was also
determined in the V1 131-15 genotype (Ba) where the yellow ancestors
Citrus and Bona Dea can contribute to higher TLC content (Skor-
pion x PS Karkulka) x (Citrus X Bona Dea). Lower TLC was observed
in flours from blue-grained UC 66049 and standard red-grained vari-
eties.

The second most represented zeaxanthin ranged from 0.034 to
0.110 ug/g DW with the highest content in Konini (Pp) and V1 131-15
(Ba) flours and the lowest in Bona Vita (Ye) flour. Antheraxanthin, a-
carotene and B-carotene represented only minor components of the
carotenoid profile not exceeding 1.9% (var. Bohemia), 2.1% (var. Bona
Vita) and 6.6% (var. Bona Vita) of the TCC.

Giordano et al. (2017) compared the main carotenoids — lutein and
zeaxanthin — contained in wholemeal flour of red-, white-, yellow-,
purple-, and blue-grained wheat varieties. Also in their study, lutein
was the major carotenoid followed by zeaxanthin. Similar carotenoid
profiles in wheat species have been identified by a number of other
authors (Abdel-Aal, Young, Rabalski, Hucl, & Fregeau-Reid, 2007;
Adom et al., 2003; Diges, Platani, Cattivelli, Mangini, & Blanco, 2009;
Hidalgo et al., 2010; Hidalgo & Brandolini, 2014; Konopka et al., 2006).
Most of these authors also identified minor amounts of B-cryptoxanthin,
which was not identified in our samples. On the other hand, none of the
cited authors found antheraxanthin across different wheat species. The
absolute lutein predominance in wheat grains observed in our samples,
as well as in samples of all the above-mentioned authors, is probably
due to the increased activity of enzymes involved in the B,e-branch
carotenoid biosynthesis. The carotenoid biosynthesis pathway is split
from all-trans-lycopene into two competing tracks. One track (B,e-
branch) leads to a-carotene and finally to lutein, while the other (B,B-
branch) leads to B-carotene and then to the oxygenated products B-
cryptoxanthin, zeaxanthin, violaxanthin, and neoxanthin (Sun et al.,
2018). The higher activity of two specific B,e-branch enzymes, lycopene
e-cyclase (LCY-e) and heme-containing cytochrome P450 hydroxylase
(CYP97C), catalyzing the cyclization of all-trans-lycopene and the final
hydroxylation of zeinoxanthin to lutein, can be responsible for higher
lutein content in wheat grains.

1t follows from the results of our study that most of the investigated
wheat genotypes (with the exception of Bohemia, which contained only
free xanthophylls) produced esterified forms of xanthophylls, which in
some cases represent a significant portion of total carotenoids stored in
wheat flour (Table 2). A high portion of esterified xanthophylls were
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Table 2 (continued)

§-Z-Lutein

Total lutein Sum of carotenoids

B-Carotene Esters

a-Carotene

Zeaxanthin

Variety/genotype

54.0 n.d. 34.2 43.9 35.8 385
n.d.
n.d.
n.d.
n.d.
n.d.

98.3

*Decrease to [%] (related to

21.7 25.2 27.4

10.4

47.7 89.0

100% in flour)

24.9

23.0

20.6

11.2

77.6

66.3

56.1 64.2 61.5

65.8

46.0

17

*Decrease by [%] (related to

78.3 74.8 72.6

89.6

52.3 11.0

100% in flour)

75.1

77.0

79.4

88.8

22.4

33.7

n.d. — not detectable; STD — standard deviations; values in columns marked with different letters are statistically different at p < 0.05; "average of all analyzed varieties and genotypes.
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contained in Bona Vita (0.843 ug/g DW, 43.8%), Konini (0.438 ug/g
DW, 30.7%), and Annie (0.263 ug/g DW, 38.6%) varieties. In our pre-
vious study (Paznocht et al., 2018), we found that esterified xantho-
phylls are represented mainly by lutein esters, accompanied by minor
amounts of antheraxanthin and zeaxanthin esters. Based on this finding,
we attributed xanthophyll esters to lutein and expressed them simply as
the sum of lutein esters.

Xanthophyll esterification is a common method of sequestering
carotenoids in plants and it is presupposed to be an effective mechanism
in increasing their accumulation (Atienza, Ballesteros, Martin, &
Hornero-Méndez, 2007). Some authors have observed that xanthophyll
esterification varies widely among and within wheat species and is
subject to genetic control (Ahmad et al., 2015; Ziegler et al., 2015).
Therefore, the Bohemia variety (which contained only free carotenoids)
seems to have no genetic predisposition to synthesize xanthophyll es-
ters. Similarly, Ziegler et al. (2015) reported an absence of lutein esters
in seven out of fifteen investigated bread wheat T. aestivum genotypes,
whereas in the remaining genotypes lutein esters accounted for
22.7-38.3% of TLC. Einkorn genotypes contained lutein esters from
4.4% to 58.3% of TLC. In contrast, no durum wheat varieties contained
lutein esters. Particularly interesting is the fact that higher TCC in
cereals seems to have no direct influence on the final portion of xan-
thophyll esters (Paznocht et al., 2018; Ziegler et al., 2015).

3.2. Degradation of carotenoids during dough preparation

Results of the degradation of TCC, TLC, and other carotenoids
during dough preparation are given in Table 2. Percentage losses of TCC
and TLC in individual varieties and breeding materials during baking
production are shown in Fig. 2. In the doughs, TCC in all analyzed
wheat genotypes decreased to 38.5% on average compared to its ori-
ginal content in wholemeal flour. The preparation of dough was the
most devastating step regarding the degradation of carotenoids. The
largest decreases in TCC during dough preparation were recorded in the
yellow wheat varieties Citrus and Bona Vita (to 24.9% and 25.7%, re-
spectively). In Pp genotypes, various losses were observed among the
individual accessions. The most considerable of these decreases oc-
curred in the Konini variety (to 20.3%), which was characterized by the
highest beginning TCC among Pp genotypes. In other Pp genotypes,
moderate losses in TCC were recorded: in AF Jumiko, TCC decreased to
56.9% and in ANK-28A to 64.7% of the original content in wholemeal
flour. A similar situation was observed in Ba genotypes. A significant
decrease in TCC was recorded in the UC 66049 genotype (to 36.3%),
while in the V1 131-15 genotype, carotenoid losses were significantly
smaller (to 85.0%). Conventional wheat varieties were also character-
ized by different carotenoid losses during dough preparation; in variety
Bohemia TCC decreased to 31.7%, and in variety Annie to 74.5%
(Fig. 2).

Among individual carotenoids, the highest losses were recorded for
a-carotene and B-carotene. Originally contained in the flours only in
trace amounts, a-carotene totally decomposed and was not detected in
doughs (Table 2). However, not a total loss, B-carotene content dropped
to 34.2% of its initial value in flour. A significant decrease also occurred
in TLC (to 35.8%). Lutein esters appeared to be more stable compared
to free lutein, as evidenced by their smaller decrease (to 43.9%).
Zeaxanthin and antheraxanthin were evaluated as the carotenoids most
resistant to the dough preparation process, with the lowest reduction in
their content (to 54.0% and 53.6%, respectively). Focusing on lutein
forms, the major all-E-lutein decreased to a considerable extent (to
33.3%) of the original content. In particular, the behavior of Z-isomers
was different during the preparation of dough. The content of 13-Z-
lutein dropped even more than its all-E counterpart (to 26.4%), whereas
losses in other Z-isomers were significantly lower. 13-Z-Lutein and 9-Z-
lutein decreased moderately (to 63.5% and 80.5%, respectively), and
the decrease of the least-contained 9-Z-lutein was only negligible (to
98.3%). These results suggest an enhanced stability of certain Z-isomers
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Fig. 2. Percentage loss of total carotenoid content (TCC) during baking production for each variety and genotype (%).

of lutein and/or ongoing isomerization of all-E-lutein to its particular Z-
counterparts during the dough preparation process.

Carotenoids are susceptible to a number of exogenous factors, such
as light, oxygen, heat, and extreme pH values, as well as to endogenous
enzymatic activity. Their losses during dough preparation take place
due to the presence of oxidative enzymes, such as lipoxygenase, per-
oxidase, and polyphenol oxidase, in the flour, which become active
when water is added and oxygen is incorporated during the process
(Ficco et al., 2016; Leenhardt et al., 2006; Luthria et al., 2015). In our
study, TCC decreased by 61.5% during dough preparation, which is
comparable to the significant decrease in TCC (by 66.0%) of bread
wheat wholemeal flour during kneading previously reported by
Leenhardt et al. (2006). Fratianni, Di Criscio, Mignogna, and Panfili
(2012) also reported significant reduction in TCC (by 48.9%) in dough
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during egg pasta-making process. The above cited authors found high
correlation between carotenoid losses and the lipoxygenase (LOX) ac-
tivity, while peroxidase was far less active and had little impact on
carotenoid degradation and related dough bleaching (Leenhardt et al.,
2006). LOX catalyzes the oxidation of polyunsaturated fatty acids,
which leads to the subsequent oxidation of carotenoid pigments. LOX
activity is highly dependent on wheat species (Hidalgo et al., 2010;
Hidalgo & Brandolini, 2012; Leenhardt et al., 2006). Hidalgo and
Brandolini (2012) reported the highest lipoxygenase activity in flour of
T. aestivum (8.02 pmol/min/g DW), followed by T. turgidum (3.48 pmol/
min/g DW) and T. monococcum (0.45 pmol/min/g DW). Similarly,
Hidalgo et al. (2010) observed different damage levels between wheat
species during kneading associated with their different LOX activity (in
descending order, bread wheat, durum wheat, and einkorn). These
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Fig. 3. Evolution of total lutein and zeaxanthin content on average of all analyzed varieties and genotypes during baking production (%).

results indicate a high lipoxygenase activity in bread wheat and lower
activity in high-carotenoid varieties. In our high-carotenoid varieties
Citrus, Bona Vita, and Konini, there were significant decreases in TCC,
probably because they are T. aestivum varieties. Other important factors
influencing LOX activity are the time, intensity, and temperature of
dough kneading (Hidalgo et al., 2010), the pH value of the dough —
enzymatic activity of LOX is highest over the pH range 5-6 (Hidalgo, &
Brandolini, 2012) — and the percentage and composition of lipids in
the grain. Higher proportions of unsaturated fatty acids promote the
production of peroxides and other free radicals that can react with the
carotenoid compounds (Cueto, Farroni, Schoenlechner, Schleining, &
Buera, 2017). Therefore, to improve carotenoid stability during the
dough preparation process, it is crucial to choose appropriate wheat
species and varieties with low LOX activity and appropriate lipid
composition and to minimize the time and intensity of kneading.

3.3. Degradation of car
term bun storage

ids during heat tr (baking) and short-

Heat treatment during bun baking caused further carotenoid de-
gradation (by 11.1%), decreasing TCC to 27.4% of the original content
in flour. This means that baking led to a substantially smaller reduction
of carotenoids as compared to dough preparation (Table 2; Fig. 2). The
most significant relative decreases of TCC were recorded in the red
wheat Annie (by nearly one-third, to 44.0%) and the Pp wheat ANK-
28A (by nearly one-fourth, to 40.5%). However, the least significant
TCC decreases were observed in the red wheat Bohemia and yellow-
grained wheat Citrus (by 2.1% and 5.0%, respectively). In buns formed
with the Pp wheat Konini, a slight increase (of 2.2%, to 22.5%) was
recorded. Significantly higher TCC reduction (by 29%) occurred in the
bread crust during baking, but carotenoids present in the bread crumb
were substantially more stable (experiencing a decrease of only 3%) as
reported by Hidalgo et al. (2010). According to these authors, heat
treatment had a major effect on overall TCC.

Total lutein decreased by 10.6% (Table 2, Fig. 3). All-E-lutein re-
mained the major carotenoid despite its amount falling by 9.7%. Con-
siderable decrease of approximately one-third was found for 13’-Z-lu-
tein (by 29.1%). In the case of two lutein Z-isomers, 9-Z- and 9'-Z-
lutein, their amounts were reduced by around one-quarter and one-half,
respectively, though despite these substantial losses, 62.4% and 47.7%
of the original values remained. Hence, we assume a higher stability of
9-Z- and 9’-Z-lutein in comparison to other lutein isomers and/or other
reactions resulting in isomerization from E- to certain Z-isomers. Baking
caused significant decreases of lutein esters (by 22.2%), B-carotene and
antheraxanthin (by 23.8% and 30.8%, respectively). On the other hand,
an increase was recorded in individual carotenoids such as zeaxanthin,
which increased to 89% (an increase of 35%) of its original content in
flour and 13-Z-lutein, which increased to 28.4% (an increase of 2%). It
is understood that thermal processing induces carotenoid isomerization
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of E-isomers to particular Z-forms (Cueto et al.,, 2017; Updike &
Schwartz, 2003). Hidalgo et al. (2010) further hypothesize the hydro-
xylation of carotenes took place caused by high temperatures, due to
the significant increase of B-cryptoxanthin content in bread crust ob-
served in their experiment.

After the short-term storage of buns for 24 h, only a small additional
decrease in TCC was observed (reaching 24.9% of wholemeal flour, a
decrease of 2.5%). The largest storage-related losses were found in
wheats V1 131-15 and Annie (by 10.8% and 9.2%, respectively).
Regardless, in buns made of wheat V1 131-15 (blue, crosses with Citrus
ancestor), the highest TCC remained at the end of the baking and sto-
rage process (53.1%). However, the V1 131-15 grain buns retained
their relatively highest TCC after the production and storage processes.
From the viewpoint of the final TCC measurement in our study, this
genotype occupies second place behind the yellow-grained wheat Citrus
(0.431 ug/g DW). The high TCC preserved in buns after storage was
mainly due to the high carotenoid content in the original flour. The
mildest fall of TCC was observed in wheat Citrus (a decrease of 0.6%).
Two samples of Pp wheat (ANK-28A and AF Jumiko) showed no de-
crease or only a very slight increase (of 0.5% and 2.7%, respectively).

Similarly, concentrations of individual analytes did not change
significantly during the 24 h of storage. The major carotenoid lutein
dropped by only 2.2%. The largest decreases were observed in zeax-
anthin (a drop of 11.4%) and 9-Z-lutein (a drop of 10.7%) levels. On the
contrary, 9-Z-lutein increased by 18.6%. Decline of TCC during short-
term storage was probably caused by the presence of atmospheric
oxygen (Hidalgo et al., 2010).

In total, during the full process from flour to final product, car-
otenoids degraded by 75.1% (i.e., 24.9% of TCC was preserved).
Distinctly higher carotenoid losses (92%) in wheat (Triticum aestivum)
bread have been reported by Leenhardt et al. (2006). Hidalgo et al.
(2010) reported TCC decrease in bread made of Blasco wheat (Triticum
aestivum) by 24% and 55% in bread crumb and crust, respectively. The
differences between obtained results may be caused by using different
bread-making protocols.

In our study, the highest degradation was characteristic of a-car-
otene and the most resistant to decomposition was zeaxanthin (Fig. 3),
likely due to possible isomerization of lutein to zeaxanthin or increased
hydroxylation of carotenes at higher temperatures (Hidalgo et al.,
2010). In the present study, bound esterified carotenoids degraded to a
similar extent as free carotenoids, and there was not observed any
significant protective effect of carotenoid esterification on stabilization
and resistance to heat thermal treatment, as was reported previously in
some studies (Ahmad et al., 2015; Subagio et al., 1999). Adding a layer
of complexity, Z-isomers of lutein in our samples showed a lesser de-
crease in final buns compared with all-E-lutein. This can be explained
by the isomerization of E-forms to Z-forms through thermal processing,
as has also been observed in vegetables (Updike, & Schwartz, 2003).

Although the results of two-way statistical analysis of variance
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ANOVA using Tukey's HSD test (data is not shown) revealed slightly
lower average TCC losses in purple- and blue-grained wheat (25.7% and
27.2%, respectively) as compared with red-grained conventional con-
trol wheat (28.7%) and higher losses in yellow-grained wheat (39.3%),
the differences between them were statistically not significant
(p > 0.05). That is, the stability of carotenoids in relation to the color
of the grain showed only a weak tendency (in the presence of antho-
cyanins), but were highly dependent on a particular genotype.

4. Conclusion

In conclusion, the genotypes of new colored-grain wheat varieties,
lines, and breeding materials, as well as the various factors of the
preparation, storage, and baking processes may significantly affect the
carotenoid levels and other health components in wheat flour and final
baked products. These results may serve as a background for wheat
breeding efforts to produce wheat flours and bakery products beneficial
to human health. Therefore, it may be possible for wheat breeders to
select genotypes that optimize the levels of selected health components.
Future investigations should examine two paths: first, breeding ap-
proaches that can be used to select high-carotenoid and high-antho-
cyanin cultivars with low activity of oxidative enzymes and appropriate
composition of grain lipids; and second, new technologically optimized
approaches, like air-classification, vacuum dough making, and optimal
durations of kneading, baking, heat treatment, extrusion, and puffing.
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Abstract. Whole grains are a source of numerous antioxidant compounds such as phenolic
compounds, anthocyanins, phenolic acids, proanthocyanidins, lignans and others which are able
to scavenge free radicals. Thus cereals seem to be very useful in preventing chronic diseases like
metabolic syndrome (obesity, high blood pressure, high blood triglyceride and glucose levels),
diabetes, neurodegenerative diseases, cancer and chronic inflammatory diseases. Recently, there
has been an increased consumer demand for cereal based foods, especially whole cereals. Such
demand provides scope for innovations of which an important one is introduction of a completely
new cereal cross called tritordeum. This alternative cereal, which is presented as a good source
of health beneficial compounds, was assessed in this study and compared with wheat and barley.
The total phenolic content (TPC) and related total antioxidant activity (TAA) were investigated
via two spectrophotometric methods using a stable 2,2-diphenyl-1-picryhydrazyl radical (DPPH)
and Folin-Ciocalteau reagent respectively. Both TPC and related TAA values of tritordeum and
wheat were similar but were significantly lower compared to barley. Results have also revealed
a close relationship between TAA and TPC (R’= 0.93, p < 0.05), which might suggest that
increased antioxidant activity in those grains is caused by phenolic compounds contained in them.
Tritordeum seems to represent a new cereal with good prospects; nevertheless more detailed
analysis of its health related compounds is required.

Key words: cereals, DPPH, spectrophotometry, total antioxidant activity, total phenolic content,
tritordeum

INTRODUCTION

Cereals represent a staple food group in the human diet. They are a major source of
energy, essential and health promoting components (Tayyem et al., 2016). Especially
whole grain products are a potential source of numerous antioxidant compounds, which
can be found in bran or germ of kernels (Abozed et al., 2014; Laddomada et al., 2015).
Yet they are very heterogenic groups of compounds belonging to several classes such as
phenolic compounds, anthocyanins, phenolic acids, proanthocyanidins, lignans and
others (Okarter et al., 2010). Thanks to their antioxidant properties they can significantly
contribute to the total antioxidant activity of cereal based foods (Liu, 2007; Shao et al.,
2014). Nowadays, such foods are gaining importance while they seem to be very useful
for prevention of human chronic diseases. Due to the increasing prevalence of metabolic
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syndrome (obesity, high blood pressure, high blood triglyceride and glucose levels),
diabetes, neurodegenerative diseases, cancer, chronic inflammatory diseases,
insufficient fibre intake and only minimal physical activity, the overall demand for
nutritionally beneficial products is growing. Consumers are interested in buying new
sources (or in re-discovering the old ones) of such foods, which can help them to
maintain good health. Since whole cereal products represent such commodities, grain
breeders all over the world are seeking and breeding various cereal varieties/lineages
with increased health benefits (Espin et al., 2007; Dykes and Roony, 2007; Syed Jaafar
et al., 2013).

Genetic breeding led to creation of, besides many others, tritordeum, a cross
between durum wheat (Zriticum durum L.) and wild barley (Hordeum chilense L.).
While wheat and barley have been common crops worldwide for millennia, tritordeum
is a relatively new crop presented as an alternative cereal with unique properties and
major health benefits (www.tritordeum.com). These are associated with content of
nutritionally significant constituents, such as carotenoids and phenolic acids. Above all,
tritordeum shows high content of carotenoids, especially lutein, which is estimated to be
5-6 times higher than in common wheat (Mellado-Ortega & Hornero-Méndez, 2015).
Furthermore, another recent study identified the composition of phenolic acids in
tritordeum, suggesting their contribution to health benefits of tritordeum (Navas-Lopez
et al., 2014). Nonetheless, little is known about other nutritionally important constituents
in tritordeum or its health associated characteristics.

A possible way of assessing cereals’ health benefits is analysis of compounds
contained in grains or potential health effects evaluation. Although these effects are
difficult to determine they can be reflected in some detail by certain methods. For
example measuring of total phenolic content (TPC) or total antioxidant activity (TAA)
represents a simple way to evaluate potential nutritional significance. Total phenolic
content quantifies phenolic compounds using Folin-Ciocalteu reagent assay, which is
based on electron transfer and measures the ability of an extract to reduce the reagent
(Margraf et al., 2015). Total antioxidant activity can be measured by various methods,
for example common antioxidant assay using 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH). It is based on the significant ability of phenolic compounds to scavenge the
DPPH free radical (Antolovich et al., 2002).

So far, no study quantifying phenolic compounds (TPC) in tritordeum and their
antioxidant activity (TAA) has been conducted. Therefore the first aim of this study was
to assess the overall amount of phenolic compounds in tritordeum by determination of
TPC and to obtain the TAA value of phenolic compounds. The subsequent aim of this
study was to verify the correlation between TPC and TAA as presented in some studies
(IvaniSova et al., 2014; Zhao et al., 2006) and to compare these values to those measured
in wheat and barley.

MATERIALS AND METHODS

Grain samples

This study evaluated several various cultivars and genotypes of three types of cereal
grains — wheat, barley and tritordeum (Table 1). The cereals included red wheat, blue
wheat, purple wheat, light-coloured barley, dark-coloured barley (Hordeum vulgare var.
nudimelanocrithon L.) and tritordeum. The description of all cereal genotypes used in
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this study is shown in Table 1. The cereal varieties were grown in the Agricultural
Research Institute Kromeriz (Czech Republic) over the same period and were harvested
in 2014. The analyses were performed using ground samples prepared according to
Hosseinian et al. (2008). Briefly, the grain samples were ground in an IKA analytical
mill (Janke & Kunkel Co., Stanfen, Germany) to pass through 0.5 mm screen (35 mesh)
and homogenised well.

Table 1. Description of investigated cereal genotypes
Growth Country of

Cultivar Species type origin* Variety status Grain colour
x Tritordeum Ascherson ] released yellow
Bl et Graebner SRENg k&P variety endosperm
x Tritordeum Ascherson ; released yellow
=3 et Graebner APrne SR variety endosperm
x Tritordeum Ascherson : 4t i yellow
HT 439 R spring ESP breeding line endosperm
UC 66049 Triticum aestivum L. spring ~ USA s e
resource aleurone
Tschermaks B.S. Triticum aestivum L. spring AUT Epearch Plue
germplasm  aleurone
KM 131-15%* Triticum aestivum L. winter CZE breeding line Jlik
aleurone
Skorpion Triticum aestivum L. winter CZE rele'flsed e
variety aleurone
RU 687-12 Triticum aestivum L. spring GZE breeding line purp fe
pericarp
Konini Triticum aestivum L. spring NZL rEsEarch p“."ple
germplasm pericarp
Vanessa Triticum aestivum L. winter CZE rele.ased s
variety (standard)
PS Karkulka Triticum aestivum L. winter SVK relez.ised purple
variety pericarp
Bohemia Triticum aestivum L.~ winter CZE rele'flsed i
variety (standard)
Hordeum ’ b genetic :
suditelatocithen Hordeum vulgare L. spring ETH = black grain
AF Cesar*** Hordeum vulgare L. spring CZE. relc'flsed standard
variety
AF Lucius*** Hordeum vulgare L. spring CZE rele?sed standard
variety

* CZE Czech Republic, ESP Spain, AUS Austria, NZL New Zealand, SVK Slovakia, USA
United States, AUT Austria, ETH Ethiopia
** origin of KM 131-15 is: (Skorpion x PS Karkulka) x (Citrus x Bona Dea)
*** barley varieties have naked (hulless) caryopsis

Total phenolic content

The TPC was evaluated according to Lachman et al. (2011) with minor
modifications. Briefly, 2.5 g of ground grain were extracted with 25 ml of 0.1% HCI in
methanol overnight at -20 °C. Each extract was centrifuged at 8,000 rpm for 10 min and
2 ml volume was reacted with 2.5 ml of Folin-Ciocalteu reagent with addition of 7.5 ml
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of 20% sodium carbonate and was filled up with pure water to 50 ml. After 2 hours the
solution was centrifuged at 8000 rpm for 2 min and absorbance at 765 nm was measured.
The results were expressed as mg of gallic acid per 100 g of dry matter (mg GA 100 g
DM).

Total antioxidant activity using DPPH

The DPPH radical cation scavenging activity of methanolic extracts was evaluated
according to Lachman et al. (2012) with minor modifications. Briefly, 2.5 g of ground
grain were extracted with methanol and shaken for 2 hours at room temperature. The
extracts were filled up with methanol to 25 ml and stored in darkness at room
temperature for one week. The extracts were then centrifuged at 8000 rpm for 2 min.
The solution of DPPH was prepared in methanol in a concentration responding to
absorbance of 0.600 + 0.01 AU at 515 nm. 100 pl of extract was mixed with 1 ml of
DPPH solution, incubated for 20 min and measured at 515 nm. The results were
expressed as mg of Trolox equivalent antioxidant activity per 100 g of dry matter (mg
TEAC 100 g' DM).

Statistical analysis

All experimental data were analysed using Statistica software, version 12 (Dell
Software). Analysis of variance (ANOVA) was performed with 5 replicates for each
sample. Statistical significance was declared at p <0.05.

RESULTS AND DISCUSSION

Total phenolic content (TPC) and total antioxidant activity (TAA) were evaluated
in varieties of tritordeum as well as wheat and barley. The measured values of TPC and
TAA proved distinctions among cereal types (Fig. 1).

Tritordeum, the new cereal with possible major health benefits, showed the lowest
values of both TPC and TAA. Their average values were 65.86 = 2.68 mg GA 100 g
DM and 16.30 + 0.21 mg TEAC 100 g' DM. Contrary to the JB 1 and JB 3 released
varieties, the HT 439 breeding line reached higher values of TPC and TAA. Its higher
content of health beneficial compounds therefore offers potential for subsequent
breeding. Overall, evaluation of tritordeum showed just a little difference between
tritordeum and wheat varieties, which gave slightly higher results of 73.68 + 3.87 and
21.98 £ 1.23 for TPC and TAA respectively. These results indicate that the amount of
phenolic compounds possessed by tritordeum is similar to that in wheat. Such finding
therefore supplements the study of Navas-Lopez et al. (2014) who reported that the
composition of phenolic compounds in tritordeum and wheat is alike. Nevertheless, as
mentioned before, Mellado-Ortega & Hornero-Méndez (2015) stated that tritordeum has
above all a significant content of carotenoids, particularly lutein, the amount of which
can reach 5-6 times that of the amount in wheat. Since the extraction method used in this
study reflects only the antioxidant activity of phenolic compounds, we can still assume
that carotenoid content in tritordeum can contribute to overall antioxidant activity more
than phenolic compounds.

Compared to these results, barley reached substantially higher values of both TPC
(» = 0.039, 0.=0.05) and TAA (p = 0.028, a = 0.05) than tritordeum and wheat. The
average TPC of barley was 129.49 + 5.81 mg GA 100 g! DM and 98.86 + 2.82 mg
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TEAC 100 g' DM. The TPC and TAA values were significantly different not only
between barley on one side and wheat and tritordeum on the other side, but also among
single barley varieties.

Moreover, the results showed a noticeable trend among TPC and TAA values,

which were assessed by Fisher’s linear correlation analysis to evaluate their relationship.
The measurement proved a very close correlation between TPC and TAA as the
correlation analysis gave R”= 0.93 (p < 0.05).
These results suggest that phenolic compounds in cereals directly affect antioxidant
capacity. This fact supports the previous findings of Ivanisova et al. (2014) who reported
significant correlation between TCP and AOA (R’ = 0.87, p < 0.05) as well as those of
Zhao et al. (2006) who determined an even closer relationship (R = 0.94, p < 0.01) very
similar to the one published in this study.

160 - OTPC expressed as mg GA 100
g-1 DM i a
140 1 B TAA expressed as mg TEAC “
go.l| 100 g-1 DM
g b
100 A
de d

80 c

60

40 de

d e fg

20

0
11 12113 14 15

Tritordeum Wheat Barley

Figure 1. TPC and TAA values of specific cereals and their varieties. Values with the same letters
are significantly different (P < 0.05). Different small letters indicate significant difference among
samples. Tritordeum: 1 —JB 1,2 —JB 3, 3 — HT 439. Wheat: 4 — UC 66049, 5 — Tschermak B.S.,
6 —KM 131-15, 7 — Skorpion, 8 — RU 687-12, 9 — Konini, 10 — Vanessa, 11 — PS Karkulka, 12 —
Bohemia. Barley: 13 — Hordeum nudimelanocrithon, 14 — AF Cesar, 15 — AF Lucius.

TPC values measured in this study are similar to results published by other
researchers. Wheat varieties showed value of 73.68 + 3.87 mg GA 100 g! DM, which
correspond well with Moore et al. (2005) and Lachman et al. (2011) who reported mean
value of TPC in wheat 60.0 and 55.2 respectively, but are slightly lower than the values
of Adom et al. (2002) and Abozed et al. (2014) who measured 136.0 and 112.0
respectively. This distinction is not substantial and might be caused by the differences
between analysed varieties and the extraction methods used in these studies. The
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distinction of TPC between barley and wheat, which was demonstrated in this study, was
also published by Fogarasi et al. (2015).

The literature reports significant discrepancies in cereals’ TAA measured using
DPPH. Some researchers such as Li et al. (2007), Fogarasi et al. (2015) and Mazzoncini
etal. (2015) obtained TAA mean values of wheat (as mg TEAC 100 g'! DM) to be 147.0,
250.0, and 2753.2 respectively. On the contrary, other authors such as Brandolini et al.,
Lachman et al. (2012) Yilmaz et al. (2015) reported TAA mean values of wheat as 13.8,
16.4 and 30.0 respectively. The last stated results correspond with those measured in this
study. Such distinctions could be caused by diverse sample preparation or by a different
method procedure. Particularly the time of incubation of the extract with DPPH can
significantly affect the results — for example Fogarasi et al. (2015) let DPPH react for 60
min while Brandolini et al. (2013) for only 30 min. The shorter time of incubation
quantifies rather fast reacting antioxidants while a longer time reflects the slow reacting
antioxidants to a greater extent. Another significant parameter could be the presence of
acid in the extracting solution. DPPH is reduced by accepting of the hydrogen atom
(Mishra et al., 2012) and its decrease can be therefore negatively affected by the presence
of hydrogen releasing acid. This fact might explain the distinction in values measured
by Mazzoncini et al. (2015) who used acidified extract and Yilmaz et al. (2015) who
used non-acidified extract.

CONCLUSION

Tritordeum varieties showed similar total phenolic content and antioxidant activity
to wheat. However, the results indicate that the breeding line HT 439 possesses slightly
higher content of health beneficial compounds. More attention should be paid to this
breeding line since it offers potential for further genetic breeding. Yet more analyses of
tritordeum are required as this study gave just a brief overview of its characteristics.

The overall results provide evidence that cereals have significant content of
antioxidants from the group of phenolic compounds, although their amounts in
individual cereal types differ. The highest contents of total phenolics and related TAA
were found especially in barley varieties, while values of wheat and tritordeum were
significantly lower. The proven relationship between TPC and TAA suggest direct
responsibility of phenolic compounds for antioxidant activity. It can be assumed that
cereals are an important source of phenolics and other antioxidant compounds and that
their consumption can considerably contribute to consumers’ health through increase of
antioxidant intake.
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ABSTRACT

Zrckova M., Capouchova I, Elidsovd M., Paznocht L., Pazdert K., Dvoiék P, Konvalina P, Orsak M., Stérba Z.
(2018): The effect of genotype, weather conditions and cropping system on antioxidant activity and content of
selected antioxidant compounds in wheat with coloured grain. Plant Soil Environ., 64.

The aim of the study was to evaluate total antioxidant activity (TAA) and total content of carotenoids (TCC),
anthocyanins (TAC), phenolics (TPC) and phenolic acids (PAs) in grain of selected pigmented wheat genotypes and
traditional control cultivar cultivated under organic and conventional cropping systems in two-year trials. All of the
evaluated parameters were significantly affected both by genotype and evaluated environmental factors. While in
TPC, PAs and TCC the effect of years prevailed, TAC was affected mainly by genotype. The effect of genotype and
year in TAA was comparable. TPC ranged from 581.71 mg/kg (control cv. Annie) to 723.60 mg/kg (cultivar with
purple pericarp PS Karkulka), total PAs content from 711.77 mg/kg (cv. PS Karkulka) to 849.47 mg/kg (cv. Skorpion
with blue aleurone). TCC varied from 1.56 mg/kg (cv. PS Karkulka) to 5.32 mg/kg (cv. Citrus with yellow endo-
sperm). The highest TAC (63.23 mg/kg) was found in cv. Skorpion, the lowest (12.70 mg/kg) in cv. AF Jumiko with
purple pericarp. Anthocyanins were not detected in cvs. Annie and Citrus. TAA varied from 162.68 mg/kg in cv.
Annie to 226.71 mg/kg in breeding line KM 53-14 with blue aleurone. Higher TAA and antioxidants contents and
lower grain yields were observed in organic cropping system and in drier year 2016.

Keywords: Triticum aestivum L.; cereals; phytochemical; abiotic stress; water deficit

Wheat is the most widely grown cereal crop in  related in part to the contents of different phyto-
the world and bread wheat represents a staple food ~ chemicals (Shewry and Hey 2015). They can act
for human nutrition. The consumption of grain  as antioxidants and help in prevention of cardio-
and especially whole grain products is associated  vascular diseases, diabetes, inflammation, cancer,
with a number of health benefits which may be  obesity and aging (Garg et al. 2016). Some of these
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No. 20182004, and by Ministry of Agriculture of the Czech Republic, Project No. QJ1510206.
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phytochemicals significantly influence the grain
colour. The purple colour is due to anthocyanins
in the pericarp layer, while blue colour is due to
anthocyanins in the aleurone layer (Lachman etal.
2017). Carotenoids are responsible for the yellow
endosperm colour in cereal grains (Paznocht et
al. 2018). Phenolic acids (PAs) represent the most
common phenolic compounds in cereal grains
(Martini et al. 2015). PAs are secondary metabolites
which, as many other antioxidants, are synthesized
as a part of multifunctional defence system against
biotic and abiotic stresses in plants (Lattanzio et
al. 2006). They are, similarly as other phenolic
compounds, mainly present in the outer layers of
grains (Zili¢ et al. 2011) and apparently act as a
defence against herbivores, microbes, viruses or
competing plants as well as they protect the plant
from oxidation (Lattanzio et al. 2006).

In recent years, many studies have dealt with
antioxidant compounds in various cereal species
such as common wheat (Stracke et al. 2009a, Zilié
et al. 2011, Zuchowski et al. 2011), durum wheat
(Zili¢ et al. 2011, Ficco et al. 2014, Martini et al.
2015), einkorn wheat and emmer wheat (Lachman
et al. 2013). The most of them have also shown a
significant impact of genotype on the occurrence
of antioxidants and, therefore, on the antioxidant
activity of cereals. However, only a few papers have
specifically dealt with these phytochemicals in
wheat with coloured grain (Abdel-Aal et al. 2016,
Garg et al. 2016, Lachman et al. 2017, Paznocht
et al. 2018).

Despite relatively high genetic weighing, some
environmental factors influence the antioxidant
compounds development, too (Ficco et al. 2014).
Many of the antioxidants are known to be produced
by plants in response to abiotic (e.g. wounding and
heat, water and nutrient) and biotic (pest attacks
and disease) stress (Barariski et al. 2014). Regarding
to weather conditions, some authors observed an
increased antioxidants synthesis in different cere-
als grown under water deficit and higher average
temperatures during the grain filling (Fratianni et
al. 2013, Paznocht et al. 2018), others registered a
negative correlation between high temperatures
and antioxidants contents (Mattera et al. 2017).
Paznocht et al. (2018) suppose that cultivars origi-
nating in climate that can be found in the Czech
Republic might react differently to increased tem-
perature and decreased precipitation compared to
cultivars of different origin. These findings might
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be useful for selecting wheat genotypes naturally
rich in antioxidant compounds, also in relation
to the choice of the more suitable growing areas
(Martini et al. 2015).

Cultivation system may also affect antioxidants
contents in crops. There is evidence that differ-
ences in fertilization regimes between organic
and conventional production systems (and, in
particular, the non-use of high mineral N fertilizer
inputs) are significant drivers for higher antioxidant
concentrations in organic crops. Many studies
dealt with the effect of organic and conventional
cropping systems on the contents of antioxidants
in different crops, including cereals (Zuchowski
etal. 2011, Almuayrifi 2013, Barariski et al. 2014).
However, data related to the effect of organic and
conventional cropping systems on concentrations
of different antioxidant compounds in grain of
less traditional, pigmented wheat are still scarce.

Wheat breeders are currently attempting to
develop new types of colour-grained wheat cul-
tivars with improved properties including quality
and yield (Martinek et al. 2013). Nevertheless,
more data are needed regarding the antioxidant
compounds in this wheat, as this could lead to
new opportunities for breeding and commercial
production of value-added colour-grained cultivars
rich in health-beneficial components. Therefore,
the objective of this study was to compare the less
traditional, pigmented wheat genotypes with tra-
ditional common wheat and to assess the impact
of weather conditions and cropping system on
evaluated antioxidant compounds contents.

MATERIAL AND METHODS

Plant material. The exact field plot trials with
collection of 6 winter wheat genotypes (Table 1)
were carried out during the 2015/2016 and
2016/2017 growing seasons at the experimental
station of the Czech University of Life Sciences
in Prague-Uhiinéves (central part of Bohemia,
295 m a.s.l., average annual temperature 8.4°C,
average sum of precipitation 575 mm). The field
trials were established using the random blocks,
in 3 replicates, with experimental plot average
area of 10 m?. The trials were carried out under
organic and conventional cropping systems. Red
clover was used as a preceding crop of wheat in
both cropping systems. Treatment of the wheat
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Table 1. Basic characteristics of evaluated wheat genotypes

Genotype Country of origin Genotype character Grain colour

Annie GZE cultivar standard commercial cultivar (check cultivar)
KM 53-14 CZE breeding line blue aleurone

Skorpion AUT cultivar blue aleurone

AF Jumiko CZE cultivar purple pericarp

PS Karkulka SVK cultivar purple pericarp

Citrus DEU cultivar yellow endosperm

stands by weeding harrows was used during the
vegetation; no fertilizers and pesticides were ap-
plied to wheat cultivated under organic cropping
system. Nitrogen fertilization in the total dose of
120 kg N/ha and treatment by herbicide (Agritox
50SL; 1.0 L/ha), fungicide (Amistar XTRA; 2.5 L/ha)
and insecticide (Nurelle D; 0.6 L/ha) were applied
to wheat cultivated conventionally.

As for the weather conditions (Table 2), the
period of grain formation and maturing both in
2016 and 2017 was similar in the average tempera-
tures. With regard to precipitation, year 2016 was
drier and reached only 60% of precipitation in the
evaluated period compared to 2017.

Grain samples. Grain samples obtained after
the field plot trials harvest were ground using the
IKA analytical mill (Janke & Kunkel Co., Stanfen,
Germany) to pass through 0.5 mm screen (35 mesh)
and were homogenised well. Dry matter (DM) was
determined by drying of meal at 105°C for 24 h. Three
replicates were made in all of the following analyses.

Total phenolics content (TPC). The TPC was
evaluated according to ElidSové and Paznocht
(2017). Briefly, 2.5 g of meal was extracted with

25 mL of 0.1% HCI in methanol. 2 mL of extract
were reacted with 2.5 mL of the Folin-Ciocalteu
reagent with addition of 7.5 mL of 20% sodium
carbonate and filled up with pure water to 50 mL.
After 2 h the solution was measured spectrophoto-
metrically at 765 nm. The results were quantified
using external calibration and expressed as mg of
gallic acid per kg of DM.

Total antioxidant activity using DPPH (TAA).
The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical
cation scavenging activity of methanolic extracts
was evaluated according to Elid$ové and Paznocht
(2017). Briefly, 2.5 g of meal was extracted with
methanol. The extracts were filled up with metha-
nol to 25 mL and stored in darkness at the room
temperature for one week. 100 pL of extract was
mixed with 1 mL of DPPH methanolic solution,
incubated for 20 min and measured at wavelength
515 nm. The results were quantified using external
calibration and expressed as mg of Trolox equiva-
lent antioxidant activity (TEAC) per kg of DM.

Total phenolic acids content (PAs). For extrac-
tion and chromatographic separation, a method
published by Martini et al. (2015) with some modi-

Table 2. Average temperature and sum of precipitation from anthesis to grain maturity

Average temperature (°C)

2. of precipitation (mm)

Decade Month

2016 2017 2016 2017
e 19.97 18.00 17.00 23.60
2nd June 19:95 18.95 10.40 25.20
3rd 20.52 20.91 18.00 51.80
18t 20.55 19.90 3.60 9.40
opd July 19.14 19.40 19.00 15.40
3rd 20.24 21.56 32.30 41.80
Average temperature 20.06 19.79:
Y. of precipitation 100.30 167.20
Average temperature (long-term standard) 17.256
Y. of precipitation (long-term standard) 148.00
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fications was used. Briefly, 0.25 g of meal was
hydrolysed with 14 mL of 2 mol/L aqueous sodium
hydroxide for 1 h at the room temperature. 7 mL
of 4 mol/L HCI was added to adjust acidic pH
(1-2). Two mL of hydrolysate were transferred
into 8 mL glass vial and twice extracted with 2 mL
of ethylacetate. Combined supernatants of up-
per organic phase were removed to another glass
vial, evaporated to dryness under the nitrogen
stream and reconstituted with 1 mL of 70% aque-
ous methanol, filtered through a syringe filter into
an amber HPLC vial and analysed by HPLC-DAD.
The analysis was carried out using an Ultimate
3000 HPLC system (Thermo Fisher Scientific,
Waltham, USA) with diode array detector. The
analytes were separated by an Omnispher C18
HPLC column (250 x 4.6 mm; particle size 5 pum;
Agilent, Inc., Santa Clara, USA) and detected at
two different wavelengths, 280 nm and 325 nm.
The results were expressed in mg per kg of DM.

Total anthocyanin content (TAC). The TAC was
determined using a method described by Syed Jaafar
etal. (2013) with minor modifications. Briefly, 2.5 mL
of 1 mol/L HCl/MeOH (15:85, v/v) was added
to 400 mg of meal and was shaken for 30 min.
Then the sample was centrifuged and the super-
natant was removed. The extraction was repeated
three more times and all the four supernatants
were collected. The extract volume was adjusted
to 10 mL with extraction solvent. The TAC was
determined spectrophotometrically at 529 nm.
The total anthocyanin content was quantified
using external calibration and expressed as mg
of cyanidin-3-glucoside equivalent per kg of DM.

Total carotenoids content (TCC). The TCC was
determined according to Paznocht et al. (2018).

Briefly, 2 g of meal were twice extracted with 12 mL
of ethanol/acetone/hexane mixture (1:1:2, v/v/v),
centrifuged and combined supernatants were
evaporated to dryness. The dry residue was re-
constituted with 2 mL ethanol/acetone (3:2, v/v)
containing 0.2% BHT and filtered through a syringe
filter into an amber HPLC vial. The HPLC-DAD
analysis was carried out using an Ultimate 3000
HPLC system (Thermo Fisher Scientific, Waltham,
USA) with diode array detector. The analytes were
separated on an YMC C30 Carotenoid Column
(150 x 3.0 mm, S-3 um, YMC Co., Kyoto, Japan)
and detected at wavelength 445 nm. The TAC was
expressed in mg per kg of DM.

Statistical analysis. The results were statisti-
cally analysed by the analysis of variance (ANOVA)
method, with expression of the Fisher’s F-value. The
differences between mean values were evaluated by
the Tukey’s HSD (honestly significant difference)
test in the SAS program (version 9.4, SAS Institute,
Carry, USA) at the level of significance P = 0.05.

RESULTS AND DISCUSSION

The effect of genotype on the content of evalu-
ated antioxidant compounds. The results of
ANOVA related to six wheat genotypes, grown
over two years in two different cropping systems
(organic and conventional) are given in Table 3.
The analysis shows that genotype (G) and its in-
teractions with crop year (Y) and cropping system
(S) significantly affect all the parameters under
study. Nevertheless, only the TAC was mostly af-
fected by G factor and impact of Y and S factors
was lesser. In case of TAA, similar impacts of G

Table 3. The effect of genotype, cropping system and year on the content of evaluated antioxidants in the wheat
grain and yield of grain (ANOVA, Fisher’s F values)

Total - Total Total Total ’
A Phenolic . " s Grain
phenolics ; carotenoids anthocyanin antioxidant .
acids = yield
content content content activity
Genotype (G) 34.19** 22.64*** 7698.97*** 1826.75*** 38,82 55.57%=
Year (Y) 178.66*** 30.74*** 9540.05*** 1379.07*** 36712 207.43"**
Cropping system (S) 23.39%* 6.00"* 27.55% 490.99*** 18.91*** 834.23***
GxY 3.40* 11.74*** 1040.32*** 29.79%** 5.07** 13.07°**
GxS 5.47** 8.09*** 8.28*** 8.62™ 0.96 3.59**
Yo' 30.97" 12.15** 3.52 857>+ 2.59 5.01*
GxYxS "' 1.88 7:53%* 6.64*** 4.35* 1.38 1.14

P<0,05% P< 001 P<0.001**
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and Y were observed. The impact of S was lesser
but still statistically significant. The TPC, PAs and
TCC appear mostly influenced by the Y factor and
less by G, S and their interactions.

According to Martini et al. (2015), yellow-col-
oured pigments and TAA in durum wheat were
mainly affected by genotype, differently from the
content of PAs and TPC, which appears to be
mostly affected by environmental factors. Our
results are in accordance with these findings, with
exception of TCC, where the prevailing effect of
year was observed. Lachman et al. (2017) reported
that anthocyanin levels are highly significantly af-
fected by genotype, but the effects of environment
are significant, too. Our results confirm the high
heritability for anthocyanins as well as significant
effects of year and cropping system.

The results of Tukey’s test describing significance
between the mean values of genotypes, cropping
systems and years are shown in Table 4, a more
detailed view on individual genotypes is given in
Table 5.

Control cv. Annie reached the lowest TPC of all
the evaluated genotypes. However, the difference
in TPC between cv. Annie and cv. Skorpion with
blue aleurone was statistically insignificant. These
results indicate that TPC in traditional wheat

https://doi.org/10.17221/430/2018-PSE

cultivars may be on the same or similar level as
in wheat with coloured grain. Our results of TPC
in wheat correspond with the results of ElidSova
and Paznocht (2017), but are significantly lower
compared to the results presented by Abozed et
al. (2014). The PAs content was higher in total
compared to TPC. Cv. Annie, belonging to the
genotypes with lower total PAs content, did not
differ statistically from genotypes with purple
pericarp. Cv. Annie also reached comparable values
of TCC as genotypes with blue aleurone and pur-
ple pericarp, with the exception of cv. AF Jumiko
with purple pericarp and especially, in accordance
with Paznocht et al. (2018), cultivar with yellow
endosperm where TCC was significantly higher.
According to Garg et al. (2016) and Syed Jaafar
etal. (2013), the highest contents of anthocyanin
are present in black grained wheats, followed
by blue-grained wheats and wheats with purple
pericarp. However, some purple wheat may con-
tain higher anthocyanin levels than blue wheats
(Abdel-Aal et al. 2016). Our results show that the
TAC was substantially higher in genotypes with
blue aleurone compared to the purple pericarp
ones. In cvs. Annie and Citrus, anthocyanins were
not detected. The highest TAA was determined in
genotypes with purple pericarp and blue aleurone,

Table 4. The content of evaluated antioxidant compounds, antioxidant activity and yield of grain in the wheat
genotypes, years and cropping systems (Tukey’s HSD (honestly significant difference) test)

TPC PAs

TCC TAC TAA

Yield

(mg/kg dry matter) (t/ha)

Annie/control  581.714 714.614 1.61¢d nd 162.684 8.20?

Citrus 659.81¢ 778.85b¢ 5.322 nd 195.12¢ 7.78b

AF Jumiko 695.50P 751.72%4 2.18b 12.704 212.70P 8.21°

Genotype PS Karkulka 723.60? 711.774 1.564 20.47¢ 201.17b¢ 7.40¢
KM 53-14 645.09¢ 818.49% 1.62¢4 57.25b 226.712 7.75>

Skorpion 596.834 849.47% 1.64¢ 63.23° 206.31¢ 7.064

HSDyo 39.44 49.17 0.07 2.87 12.96 0.25

2016 701.702 810.65° 3.00° 42.41° 210.092 7.37b

Year 2017 599.15> 730.99> 1.64° 34.41° 191.48P 8.09%
HSD,, s 15.43 19.23 0.03 1.52 5.07 0.10

ECO 670.512 796.96% 2.36° 39.59° 205.45° 7.01b

Cropping b b b b b a
st CONV 630.34 744.67 2.28 37.22 196.12 8.45
HSDy s 15.43 19.23 0.03 1.52 5.07 0.10

‘nd - non detected; TPC - total content of phenolics; PAs - total content of phenolic acids; TCC - total content of
carotenoids; TAC - total content of anthocyanins; TAA - total antioxidant activity; ECO — organic; CONV — conven-

tional cropping system
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Table 5. The content of evaluated antioxidant compounds, antioxidant activity and yield of grain in individual
wheat genotypes (Tukey’s HSD (honestly significant difference) test)

Annie Citrus AF Jumiko PS Karkulka KM 53-14 Skorpion
2016 642.40° 699.672 776.852 757.75% 694.452 639.082
Total 2017 521.02> 619.95° 614.15° 689.45° 595.73b 554.58>
CORteREGE HSD s 16.39 49.53 26.72 52.22 23.05 23.28
phenolics ECO 593.682 663.432 700.10? 780.752 659.407 625.70?
(miglkg DM) CONV 569.73b 656.182 690.90? 666.45" 630.78" 567.97b
HSDy s 16.39 49.53 26.72 52.22 23.05 23.28
2016 767.60° 793.492 769.16 780.582 843,782 909.262
Total 2017 661.61P 764.212 734.29* 642.95P 793.192 789.692
content of HSD, s 27.28 45.08 51.03 31.08 51.18 40.76
E?iz:mm ECO 736.392 795.072 751.86% 775.322 839.99° 883.15%
(mg/kg DM) CONV 692.82P 762.632 751.592 648.21P 796.992 815.80P
HSDy o 27.28 45.08 51.03 31.08 61.18 40.76
2016 2.162 7.108 2722 1.96% 2.072 1.972
2017 1.07> 3.54b 1.64> 1.15P 1.16° 1.31°
ot cnrifenc HSDy 4 0.07 0.16 0.03 0.05 0.05 0.04
()f carotenoids TR e A e a0 i e e e B
(mg/kg DM) ECO 1.622 5.292 2.292 1.632 1.642 1.66°
CONV 1.602 5.343 2.06° 1.48b 1.59b 1.62b
HSDy o5 0.07 0.16 0.03 0.05 0.05 0.03
2016 nd nd 14,028 22.60° 63.212 69.812
Total 2017 nd nd 11.38b 18.34 51.29P 56.65P
T T HSD, s nd nd 1.79 2.16 3.49 3.87
anthocyanins ECO nd nd 13.092 21.092 59.002 65172
(mg/kg DM) CONV nd nd 12.312 19.842 55.48P 61.27°
HSD, o= nd nd 1.79 2.16 3.49 3.87
2016 169.40° 202,922 217.72° 211.422 236.48? 222.572
Total 2017 155.97° 187.32 207.68° 190.92 216.93° 190.05°
antiaxidane HSDy 4 5.79 9.62 8.38 5.69 6.60 20.74
activity ECO 166.352 196.832 212,822 207.32? 232.32% 217.052
(mg/kg DM) CONV 159.02b 193.40° 212.58 195.02° 221.10b 195.57b
HSD, s 5.79 9.62 8.38 5.69 6.60 20.74
2016 7.83b 7.56P 8.07° 7.23> 7.12P 6.44P
2017 8.572 8.002 8.36 7.572 8.382 7.67°
Grain yield HSD,, s 0.37 0.22 0.37 0.16 0.23 0.27
(t/ha) ECO 7.53b 7.06 7.57b 6.82° 6.86° 6.24°
CONV 8.872 8.49 8.867 7.97° 8.63% 7.872
HSD, 0.37 0.22 0.37 0.16 0.23 0.27

DM - dry matter; nd — non detected; ECO — organic; CONV — conventional cropping system

but differences between them and cultivar with The effect of weather conditions. Besides the
.yellow endosperm were insignificant in some of genotype, a significant impact of weather condi-
cases. The TAA in the control cv. Annie was the tions on all evaluated antioxidant compounds
lowest and significantly different from the others.  contents was determined and it prevailed in TPC,
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PAs and TCC. The 2016 season was marked by
slightly higher average temperatures and substan-
tially lower precipitation during the time from
anthesis to wheat maturity compared to 2017.
Therefore, it could be possible to suppose that
in 2016, when the contents of all evaluated anti-
oxidant compounds were higher, evaluated wheat
genotypes were exposed to higher weather stress.
The fact that many antioxidants are produced by
plants in response to abiotic stress, like water stress
and/or heat stress has been known (Baranski et al.
2014). Our results are in agreement with findings
of Paznocht et al. (2018) and Fratianni et al. (2013)
who observed an increased carotenoid synthesis
in wheat with coloured grain grown under water
deficit or Alexieva et al. (2001) who registered an
increase in soluble phenols and anthocyanins in
wheat subjected to drought.

The effect of the cropping system. Our results
(Table 3) show that cropping system affects sig-
nificantly the content of all evaluated antioxidant
compounds, although at lower level compared to
year and genotype. It is evident from the results
(Table 4) that there were statistically significant
differences among the cropping systems in the
content of all evaluated antioxidant compounds —
higher contents of antioxidants in organic crop-
ping system were determined. Organic and con-
ventional wheat usually differed significantly in
concentrations of the determined compounds
even in individual genotypes, although not in all
the cases (Table 5).

The results generally confirm the conclusions
of Baraniski et al. (2014) that organic crops are
usually richer in antioxidant compounds and are
in accordance with the findings of some other
authors, too. Zuchowski et al. (2011) evaluated
the content of selected phenolic acids in wheat
from organic and conventional cropping systems.
Their study demonstrated statistically significant
influence of cropping system on the level of total
phenolic acid content in favour of organic cultiva-
tion, although no differences in some of phenolic
acids were observed. Levels of phenolics in organic
crops were reported to be significantly higher in
some publications concerning fruits and vegeta-
bles (Mitchell et al. 2007, Stracke et al. 2009b). On
the other hand, the study of Stracke et al. (2009a)
-was performed to evaluate the concentrations of
carotenoids and phenolic acids in wheat cultivars
grown under organic and conventional conditions.
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The results indicate that climate factors have a
greater impact on the phytochemical concen-
trations in the wheat grain than the production
method (organic/conventional).

Elevated concentrations of antioxidant com-
pounds in organic products can be explained by
changes in plant metabolism caused by differences
in the soil nitrogen availability in organic and con-
ventional management methods (carbon/nutrient
balance hypothesis) (Bloksma et al. 2007, Massad
et al. 2012). In organic production, in which no
synthetic fertilizers are allowed, nitrogen avail-
ability is usually expected to be lower. This leads to
intensification of biosynthesis of carbon-containing
compounds, including non-nitrogen secondary
metabolites. When nitrogen is more readily avail-
able, plants will more intensively synthesise pro-
teins and other nitrogen-containing compounds
(Zuchowski et al. 2011). However, it should be also
taken into account that the probable N deficiency
of organically cultivated fields can lead to organic
cereal grains with lower values of TKW. As smaller
wheat kernels have a higher surface/volume ratio,
they also have a higher percentage of pericarp and
aleurone layer, parts containing the majority of
antioxidant compounds (Zuchowski et al. 2011).

In our experiments, the same preceding crop (red
clover) was used in both cropping systems. In the con-
ventional system, the total dose of nitrogen of 120 kg
N/ha applied in mineral fertilizer (nitrate form) in
two partial doses of 60 kg N/ha was used. Despite
the fact there are not sufficient data to discuss the
potential effect of nitrogen availability on evaluated
antioxidant compounds in wheat grain on the basis
of soil parameters, it is possible to presume that the
availability of nitrogen in the conventional cropping
system was higher. This indicates the fact that the
yields of grain in the conventional cropping system
were by 17% in genotypes cvs. AF Jumiko and PS
Karkulka, 18% in cv. Annie, 20% in cv. Citrus, 26%
in cvs, Skorpion and KM 53-14 higher compared to
the genotypes cultivated organically.

Moreover, it is well known that many of antioxi-
dants found in higher concentrations in organic
crops are produced by plants in response to biotic
(pest attacks and disease) stress and form a part
of plant’s constitutive and inducible resistance
mechanisms to pest and diseases (Nicholson and
Hammerschmidt 1992). In our field trials in com-
parison with conventional cultivation, wheat geno-
types grown under organic cropping system were
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much more damaged by the pests of Oulema spp.
and fungal diseases caused by Puccinia spp. and
Phaeospheria nodorum. Therefore, it is possible to
assume they were exposed to higher biotic stress,
compared to genotypes cultivated conventionally,
with fungicide and insecticide protection. However,
Almuayrifi (2013) demonstrated that non-use of
synthetic pesticides and fungicides had no effect
on phenolic acid and flavonoid concentrations.
According to Baranski et al. (2014) there are no
sound published data for a causal link between
higher pest/disease incidence and antioxidant
concentrations in organic crops.

Grain yield. The successful introduction of
cultivars with coloured grain into practice will
depend on the level of yield and agronomic prop-
erties comparable to commercially used cultivars.
At present, yields of coloured wheat genotypes are
usually lower compared to traditional commercial
cultivars. However, selected pigmented lines with
commercial potential are able to give yield equiva-
lent to the high yielding cultivars (Garg et al. 2016).
In Austria, a commercial cv. Skorpion with blue
grain was released with about 25% lower yield in
comparison with the control cultivars (Martinek
et al. 2014). Cv. Skorpion, included even to our
wheat set, reached the yield only about 14% lower
in comparison with the control cultivar. Moreover,
cv. AF Jumiko with purple pericarp reached the
same yield as the control cv. Annie.

In conclusion, variation of antioxidant com-
pounds in the wheat grain depends on genotype,
weather conditions and cultivation system. Organic
cultivation may help increase the level of antioxi-
dants in wheat grain. Coloured wheat cultivars are
the important source of colour components and
therefore they can be used for specific produc-
tion of baking products, mainly made from the
whole grain. Moreover, some of them are able to
give the same or almost the same grain yields as
traditional wheat cultivars.
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Abstract: The study aimed at evaluating the total content of polyphenols (TPC) and phenolic acids (TPA) in grain
of 4 spring cinkorn, 4 emmer, 4 spelt and 4 common wheat genotypes cultivated under organic cropping system in
two-year trials. The TPC and TPA were significantly affected both by genotype, wheat species and crop year (weather
conditions). At the same time, TPC and TPA were mainly affected by the crop year while the effect of genetic fac-
tors was lesser. The TPC ranged from 618 mg/kg DM (dry matter) (common wheat cv. Annie) to 792.37 mg/kg DM
(Triticum monococcum GEO) and TPA from 700.66 mg/kg DM (cv. Annie) to 874.74 mg/kg DM (Schwedishes ein-
korn) in an average of two-year results. Related to the wheat species, total content of polyphenols was in order ein-
korn > emmer > common wheat > spelt, total content of phenolic acids in order einkorn > spelt > emmer > common
wheat. Higher TPC and TPA were observed in the very dry year 2018.

Keywords: hulled wheat; organic farming; antioxidant compounds; cereal; phytochemicals

Wheat is the most widely grown food crop. The
consumption of wheat grain and especially whole
grain products is associated with several health ben-
efits which may be related in part to the contents of
different phytochemicals. They can act as antioxidants
and belong to chemically different groups of antioxi-
dant compounds such as polyphenols, carotenoids,
phytosterols (Lachman et al. 2012) or phenolic acids
(Liuetal. 2008). Phenolic compounds are considered

as a major group of compounds that contribute to the
antioxidant activity of cereals (Fogarasi et al. 2015).
They are excellent oxygen radical scavengers, with
an electron reduction potential lower than the oxy-
gen radicals. Strong antioxidant activity of phenolic
compounds leads to beneficial anti-inflammatory,
anti-microbial, anti-thrombotic, anti-atherogenic,
vasodilatatory and cardio-protective effects on hu-
man health (Brandolini et al. 2008). In recent years,
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many studies have dealt with antioxidant compounds
in common wheat or durum wheat (Stracke et al.
2009, Ficco et al. 2014, Martini et al. 2015).
Current trends towards organic and low-impact
agriculture, as well as an increase in the utilization
of organic food products, provide wider possibilities
also for use of hulled wheat species (Brandolini et
al. 2008). Hulled wheat species Triticum dicoccum
(Schrank) Schuebl, T. monococcum L. and T spelta L.,
also known as emmer, einkorn and spelt, respectively,
were among the earliest Triticeae domesticated by a
human (Chrpova et al. 2013). Despite their limited
commercial availability, consumer’s demand for
einkorn, emmer and spelt is currently increasing
because bakery and other cereal products derived
thereof are widely perceived as ‘healthy’ alternatives
to those made of bread wheat (Ziegler et al. 2016).
Moreover, these wheat species could be an alterna-
tive to common wheat especially in organic farming
with a wider diversity of crops. They are cultivated
in organic farms in Europe not only because they are
believed to have a higher nutritive value in compari-
son with common wheat, but also due to their higher
resistance to unfavourable environmental conditions
as well as lower fertilization and soil requirements
(Konvalina et al. 2012). However, information re-
garding to antioxidant compounds in hulled wheat
species cultivated under organic cropping system
is still scarce, although this knowledge is important
both for breeding and for organic farming.
Despite relatively high genetic weighing, some
environmental factors such as the specific climate
parameters (rainfall and temperature) influence the
antioxidant compounds development, too (Ficco et
al. 2014). Some authors have observed an increased
antioxidants synthesis in different cereals grown under
water deficit and higher average temperatures during
the grain filling (Paznocht et al. 2018). The results of
Lu et al. (2015) showed that environment factors (E),
including precipitation and temperature stress, had a
stronger influence on the selected health-beneficial
components and antioxidant properties of soft winter
wheat than genotype (G) or G x E interaction. Related to
the phenolic compounds, they are secondary metabolites
synthesized during plant development in response to
stress conditions. Therefore, environmental stresses that
induce oxidative damage often promote the synthesis
of phenolic metabolites, which act as phytoalexins and
‘safeguard-cell wall integrity (Brandolini et al. 2013).
The objective of this study was to determine total
contents of polyphenols and phenolic acids in the
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collection of spring einkorn, emmer, spelt and, for
comparison, common wheat genotypes grown un-
der organic cropping system to identify the richest
sources for potential improving the nutritional value
of different wheat products. The understanding of
the genotype, year (weather conditions) and G x Y
effects on evaluated antioxidant compounds could
also be used for improving the breeding efforts to
produce hulled wheats grain rich in selected health
components. Therefore, in addition to the effect
of genotypes and wheat species on polyphenols
and phenolic acids content, the effect of weather
conditions (i.e. temperature and precipitation) was
investigated, too.

MATERIAL AND METHODS

Plant material. The collection of 12 spring hulled
wheat genotypes was cultivated in the exact field plot
trials, carried out during the 2017 and 2018 growing
seasons at the experimental station of the Czech
University of Life Sciences in Prague-Uhfinéves
(central part of Bohemia, 295 m a.s.l,, average an-
nual temperature 8.4°C, average sum of precipitation
575 mm). The collection involved 4 einkorn wheat,
4 emmer wheat and 4 spelt wheat genotypes (both
present cultivars, old landraces and accessions ob-
tained from the Gene Bank of the Crop Research
Institute Prague). The collection was supplemented
by 4 common wheat genotypes (as a control).

The field trials with evaluated wheat genotypes were
established using random blocks, in 3 replicates, with
an experimental plot average area of 10 m?. The trials
were carried out under an organic cropping system.
Red clover was used as a preceding crop of wheat.
Treatment of the wheat stands by weeding harrows
was used during the vegetation; no fertilizers nor
pesticides were applied. After the harvest, the yield
of a grain of evaluated genotypes was observed, and
hulled spikelets of einkorn, emmer and spelt were
dehulled using a dehulling laboratory machine.

As for the weather conditions (Table 1), the period
of wheat heading, flowering, grain filling and ma-
turing both in 2017 and 2018 was generally similar
in temperatures. As to precipitation, the year 2018
was very dry and reached only 33% of precipitation
in the evaluated period compared to 2017.

Grain samples. Grain samples obtained after the
field plot trials harvest were ground using IKA ana-
lytical mill (Janke & Kunkel Co., Staufen, Germany)
to pass through 0.5 mm screen (35 mesh) and ho-
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Table 1. Weather conditions in decades from heading to grain maturity

2017 2018

Decade Month average temperature ¥ of precipitation  average temperature ¥ of precipitation

(W) (mm) <) (mm)
1% June 20.0 13,2 17.7 11.4
2nd June 19.8 62.8 18.6 6.6
3 July 20.5 13.2 19.4 15.0
4th July 19.2 12.6 22.5 6.0
5th July 19.8 41.8 25.7 9.6
6th August 24.8 3.0 21.6 0.0
Average temperature and
¥ of precipitation in 20.7 146.6 20.9 48.6
the evaluated period
Long-term standard 17.8 74.0

mogenised well. Dry matter (DM) was determined by
drying of a meal at 105°C for 24 h. Three replicates
were made in all of the following analyses.

Total polyphenols content (TPC). The TPC was
evaluated according to Elid$ovd and Paznocht (2017).
Briefly, 2.5 g of the meal was extracted with 25 mL of
0.1% HCl in methanol. 2 mL of extract was reacted with
2.5 mL of Folin-Ciocalteu reagent with the addition of
7.5 mL of 20% sodium carbonate and filled up with pure
water to 50 mL. After 2 h the solution was measured
spectrophotometrically at 765 nm. The results were
quantified using external calibration and expressed as
mg of gallic acid equivalent per kg of DM.

Total phenolic acids content (TPA). For extraction
and chromatographic separation, a method published
by Martini et al. (2015) with some modifications
was used. Briefly, 0.25 g of the meal was hydrolysed
with 14 mL of 2 mol/L aqueous sodium hydroxide
for 1 h at the room temperature. 7 mL of 4 mol/L
HCl was added to adjust acidic pH (1-2). Two mL of
hydrolysate were transferred into 8 mL glass vial and
twice extracted with 2 mL of ethylacetate. Combined
supernatants of upper organic phase were removed
to another glass vial, evaporated to dryness under the
nitrogen stream and reconstituted with 1 mL of 70%
aqueous methanol, filtered through a syringe filter
into an amber glass vial and analysed by HPLC-DAD.
The analysis was carried out using an Ultimate 3000
HPLC system (Thermo Fisher Scientific, Waltham,
USA) with a diode array detector. The analytes were
separated by an Omnispher C18 HPLC column
(250 x 4.6 mm; particle size 5 um; Agilent, Inc., Santa

"Clara, USA) and detected at two different wavelengths

280 nm and 325 nm. The results were expressed in
mg of the analyte per kg of DM.
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Statistical analysis. The results were statistically
analysed by the analysis of variance (ANOVA) method.
The differences between mean values were evaluated
by the Tukey’s HSD (honestly significant difference)
testin the SAS program (SAS Institute, Carry, USA),
version 9.4 at the level of significance P = 0.05.

RESULTS AND DISCUSSION

Total polyphenols content. The results of ANOVA
related to the 16 wheat genotypes belonging to the
four wheat species and grown over two trial years
are given in Table 2. The analysis shows that the TPC
was significantly affected both by genotype, wheat
species (S), crop year (Y) and interaction (G x Y).
However, differences in the impact of individual
factors were observed. The TPC was mostly affected
by Y (58.44%) and wheat species (20.92%), while the
effects of genotype (12.97%) and interaction G x Y
(7.68%) were lesser.

Table 2. The effect of genotype, wheat species, crop
year and interaction G x Y (% of the total mean square)
on the content of evaluated antioxidants in the wheat
grain (ANOVA)

TPC TPA
(%)
Genotype (G) 12074+ 1.238%
Wheat species (S) 20.92%** 28.57%¢
Year (Y) 58.44** 69.25%**
GxY 7.68%** 0.95***

***P < 0.001; TPC - total content of polyphenols;
TPA - total content of phenolic acids



4.5 Variation of the total content of polyphenols and phenolic acids in einkorn, emmer, spelt

and common wheat grain as a function of genotype, wheat species and crop year

Original Paper

Plant, Soil and Environment

The results of the Tukey’s HSD test describing
significance between the mean values of genotypes,
wheat species and years is shown in Table 3, a more
detailed view on individual genotypes is given in
Table 4. The TPC ranged from 556.57 mg/kg DM
(common wheat cv. Annie, 2017) to 849.73 mg/kg
DM (T. monococcum GEQ, 2018) (Table 4).

The differences for the TPC of the wheat geno-
types in previous studies might be due to differences
of genotypes as well as differences in environmen-
tal conditions and environment x genotype inter-
action. Our results are similar to those of Lachman
et al. (2012) who recorded the TPC from 502 to
748 mg/kg DM in the collection of einkorn, emmer and
bread wheat cultivars and accessions. On the other hand,

https://doi.org/10.17221/134/2019-PSE

total polyphenol contents in the collection of 7. monococ-
cum, T. dicoccum, T. durum, T. spelta and T. aestivum
genotypes evaluated by Brandolini et al. (2013) were high-
erin comparison with our results and varied from 1075 to
1374 mg/kg DM. On the contrary, the TPC values in grain
samples of different cereal species, including einkorn,
were relatively low and ranged from 349 to 593 mg/kg
DM (Fogarasi et al. 2015).

Our results confirmed the existence of differences
among wheat species — einkorn reached the highest
content of total polyphenols (744.97 mg/kg DM),
followed by emmer (705.28 mg/kg DM) common
wheat (702.15 mg/kg DM) and spelt (694.99 mg/kg
DM). However, the only einkorn differed from other
wheat species significantly (Table 3).

Table 3. The content of total polyphenols (TPC) and phenolic acids (TPA) in the wheat genotypes, species and
years (means * standard deviation and the Tukey’s HSD test results)

TPC

TPA

(mg/kg DM)

Triticum monococcum 44*
T. monococcum 38*

T. monococcum No. 8910*
Schwedisches einkorn*

T. dicoccum Brno**

T. dicoccum Dagestan®*
Weiser Sommer™*
Rudico**

T. spelta No. 8930***
Spalda bil4 jarni***

T. spelta Kew***

T. spelta VIR St. Petersburg***

IZZY""

757.93 + 56.922b
792.37 + 59.072
721.07 + 19.36bcde
708.50 + 12.35¢de
695.95 + 35.02¢de
692.62 + 43.424¢
724.80 + 24.25Pcde
707.75 + 17.29¢de
715.47 + 25.88bcde
695.60 + 26.64%4¢
682.77 + 16.03¢
686.13 + 18.38¢
736.70 + 45.45b¢

779.43 + 109.64°¢
817.54 + 43.29bcd
837.44 + 53.00°
874.74 + 76.03%
792.66 + 35.87¢defl
773.29 + 49.06'¢
816.29 + 24.29bcde
777.49 + 37.46%
823.26 + 62.83b¢
802.46 + 57.17Pcdef
783.89 + 20.97def
805.74 + 40.08bcdef
742,62 + 52.448"

0.05

Jara®*** 718.17 + 12.45bcde 705.07 + 44.87'
Astrid**** 734.90 + 46.92b¢d 715.48 + 62,720
Annie**** 618.83 + 62.92f 700.66 + 62.57
HSDy o 43.82 37.19

Einkorn 744.97 + 53.79° 827.29 + 82.50°
Emmer 705.28 + 34.03P 789.93 + 39.95¢
Spelt 694.99 + 25.60° 803.84 + 50.10°
Common wheat 702.15 + 66.83> 715.96 + 58.62¢
HSD, o5 16.21 13.76

2017 693.05 + 24.85P 734.60 + 45.46"
2018 730.65 + 63.41° 833.91 + 60.36*
VHSD 8.68 7.37

*einkorn genotypes; **emmer genotypes; ***spelt genotypes; ****common wheat genotypes; HSD — honestly significant

difference; DM — dry matter
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Table 4. The effect of crop year on the content of total polyphenols (TPC) and phenolic acids (TPA) in a grain
of individual wheat genotypes (means + standard deviation and Tukey’s HSD test results)

TPC TPA HSDy 05
Genotype Origin  Year (mg/kg DM) TPC TPA
Triticum monococcum 44 ALB zgi; ;zi% i ;(2),7]22 ;;z,z;: i 8119:; 42.50 29:13
T. monococcum No. 8910 DNK ;g;; ;g;ggi%; ;22;:;33; 36.92 37.01
Schwedisches einkorn SWE ;gi; ;(l)rl;;(())i ?443:)3 gzgzz z 3(3)23? 3353 48.65
T. dicoccum Dagestan RUS ;8;; g:z;g i ;zz: ;;‘1}32 i :;22‘: 18.98 26.65
wsom  ow M BEnmmanh g o
T. spelta No. 8930 DNK igi; 29;‘;(;3555;1 ;giizi;t‘o?fb 3756 40.56
Spalda bila jarni CcsK ;gi; gi;gii;?g: ;‘;Ziiiifi:a 3115 35.42
IR g EE s Ly

HSD - honestly significant difference; DM — dry matter

Our results are in agreement with those of Fogarasi
et al. (2015) who observed higher TPC in einkorn
compared to other wheat species. Also, the results
of Sahin et al. (2017) showed that TPC of einkorn
was significantly higher than TPC of bread and du-
rum wheat. Lachman et al. (2012) recorded that the

“highest TPC was found for emmer genotypes, but
also some einkorn and bread wheat genotypes were
rich in the TPC. Similarly, Serpen et al. (2008) stated
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that emmer had higher TPC than einkorn and the
bread wheat controls. Abdel-Aal and Rabalski (2008)
reported that einkorn, emmer and spelt had similar
values, significantly higher than those of bread wheat.

Significantly, the prevailing impact of weather
conditions on TPC values was determined. The 2018
season was marked by similar temperatures and
substantially lower precipitation during the time
from heading to the grain maturity compared to 2017
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(Table 1). Therefore, it could be possible to suppose
that in 2018, when the TPC was significantly higher,
evaluated wheat genotypes were exposed to higher
weather stress. The fact that many antioxidants are
produced by plants in response to abiotic stress,
like water stress and heat stress, is known (Lu et al.
2015). Our results are in agreement with the findings
of Lachman et al. (2012) who recorded significant
changes between two cropping years in their study
of emmer, einkorn and bread wheat genotypes and
concluded that the superior total polyphenol con-
tents were a consequence of lower rainfall and higher
temperatures during the ripening stages of cereals.
Similarly, Stracke et al. (2009) registered significant
differences in TPC of the wheat grain in dependence
on the year (weather conditions).

Total phenolic acids content. Similarly to total
polyphenols content, total phenolic acids content was
significantly affected by genotype, wheat species, crop
year and interaction (G x Y) (Table 2). The results con-
firmed a strong effect of the year (69.25%) and wheat
species (28.57%), while the effect of genotype (1.23%)
was relatively low, probably due to lower genotypes
variability within individual wheat species; the low
effect was observed in interaction G x Y (0.95%), too.

Phenolic acids represent the most common phenolic
compounds in cereal grains (Martini et al. 2015). Our
results showed that TPA content was in total higher
compared to the total polyphenols content and ranged
from 700.66 mg/kg DM (common wheat cv. Annie)
to 874.74 mg/kg DM (Schwedishes einkorn) in an
average of two-year results (Table 3). In total, the
lowest TPA value (620.66 mg/kg DM) was observed
in cv. Annie (2017), the highest (947.46 mg/kg DM)
in Schwedishes einkorn (2018) (Table 4). Brandolini
et al. (2013), on the basis of their investigation of
different wheat species, reported that phenolic acids
(conjugated + bound fractions) content varied from
477 mg/kg DM to 687 mg/kg DM. The total content
of conjugated and bound phenolic acids evaluated
by Hidalgo and Brandolini (2017) in three einkorn
accessions during three years ranged from 524.00
to 672.20 mg/kg DM. Li et al. (2008) recorded the
highest phenolic acids content in emmer (779 *
109 mg/kg DM), durum (699 * 51 mg/kg DM) and
bread wheat (664 + 15 mg/kg DM); nevertheless,
these values did not differ significantly from those
of spelt (579 + 57 mg/kg DM) and einkorn (615 +
74 mg/kg DM). The content of total phenolic acids
(sum of free, conjugated and bound phenolic acids)
in 10 durum wheat cultivars grown during 3 crop
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years ranged from 856.6 to 1464.0 mg/kg DM (Martini
et al. 2015). The method for TPA content evalua-
tion described by Martini et al. (2015) was used in
our study as well. Slightly lower TPA values of our
wheat samples compared to those of Martini et al.
(2015) could be probably connected with different
environmental conditions as well as different wheat
species and genotypes.

Our results confirmed the existence of differences
among wheat species — einkorn reached the highest con-
tent of total phenolic acids (827.29 mg/kg DM), followed
by spelt (803.84 mg/kg DM), emmer (789.93 mg/kg
DM) and common wheat (715.96 mg/kg DM). There
were significant differences among all of the wheat
species (Table 3). Contradictory results related to
the TPA content in different wheat species are de-
scribed in different studies. Brandolini et al. (2013)
reported that T. durum and T. aestivum, followed by
T. spelta, T. monococcum and T. dicoccum showed
the highest total phenolic acids content, while
T. turanicum reached the lowest TPA concentration.
Serpen et al. (2008) stated that emmer has more
total phenolic acids than einkorn and two bread
wheat controls.

Significantly prevailing impact of weather condi-
tions on TPA was determined; higher TPA contentin
the very dry year 2018 was observed (Tables 3 and 4).
The influence of the crop year on phenolic acids
concentration has been scantily studied. A strong
influence of the year on the content of phenolic acids
was reported by Lachman et al. (2011) for 7. mono-
coccum, T. dicoccum and T. aestivum. Also, Stracke
et al. (2009) studying the effects of two production
methods (traditional and organic) for three years on
the TPA content stated that the year effect was the
most important.

In conclusion, the results indicate a high anti-
oxidant potential of the hulled wheat species. Thus,
they could be an opportunity for wheat breeders as
well as commercial organic wheat growers. As to the
stress factors, the usually decrease yield; however,
on the other hand they provide opportunities for
production of nutritionally profitable secondary
metabolites. Therefore, further studies on these
subjects need to be carried out.

REFERENCES

Abdel-Aal E.S.M., Rabalski 1. (2008): Bioactive compounds and
their antioxidant capacity in selected primitive and modern

wheat species. Open Agriculture Journal, 2: 7-14.



4.5 Variation of the total content of polyphenols and phenolic acids in einkorn, emmer, spelt

and common wheat grain as a function of genotype, wheat species and crop year

Plant, Soil and Environment

Original Paper

https://doi.org/10.17221/134/2019-PSE

Brandolini A., Hidalgo A., Moscaritolo S. (2008): Chemical compo-
sition and pasting properties of einkorn (Triticurm monococcum L.
subsp. monococcum) whole meal flour. Journal of Cereal Science,
47: 599-609.

Brandolini A., Castoldi P, Plizzari L., Hidalgo A. (2013): Phenolic
acids composition, total polyphenols content and antioxidant ac-
tivity of Triticum monococcum, Triticum turgidum and Triticum
aestivum: A two-years evaluation. Journal of Cereal Science, 58:
123-131.

Chrpovi J., Sip V., Sto¢kové L., Stehno Z., Capouchové 1. (2013):
Evaluation of resistance to Fusarium head blight in spring wheat
genotypes belonging to various Triticum species. Czech Journal
of Genetics and Plant Breeding, 49: 149-156.

Elid8ova M., Paznocht L. (2017): Total phenolic content and anti-
oxidant activity of tritordeum, wheat and barley. Agronomy Re-
search, 15: 1287-1294.

Ficco D.B.M., Mastrangelo A.M., Trono D., Borrelli G.M,, De Vita
P, Fares C., Beleggia R., Platani C., Papa R. (2014): The colours
of durum wheat: A review. Crop and Pasture Science, 65: 1-15.

Fogarasi A.L., Kun S., Tanké G., Stefanovits-Banyai E., Hegyesné-
Vecseri B. (2015): A comparative assessment of antioxidant
properties, total phenolic content of einkorn, wheat, barley and
their malts. Food Chemistry, 167: 1-6.

Hidalgo A., Brandolini A. (2017): Nitrogen fertilisation effects on
technological parameters and carotenoid, tocol and phenolic
acid content of einkorn (Triticum monococcum L. subsp. mono-
coccum): A two-year evaluation. Journal of Cereal Science, 73:
18-24.

Konvalina P, Capouchovi L., Stehno Z. (2012): Agronomically im-
portant traits of emmer wheat. Plant, Soil and Environment, 58:
341-346.

Lachman J., Miholova D., Pivec V., Jira K., Janovska D. (2011): Con-
tent of phenolic antioxidants and selenium in grain of einkorn
(Triticum monococcum), emmer (Triticum dicocccum) and
spring wheat (Triticum aestivum) varieties. Plant, Soil and Envi-
ronment, 57: 235-243.

Lachman J., Musilova J., Kotikova Z., Hejtméankové K., Orsék M.,
Pibyl J. (2012): Spring, einkorn and emmer wheat species — Po-
tential rich sources of free ferulic acid and other phenolic com-

pounds. Plant, Soil and Environment, 58: 347-353.

77

Li L., Shewry PR., Ward ].L. (2008): Phenolic acids in wheat varie-
ties in the HEALTHGRAIN diversity screen. Journal of Agricul-
tural and Food Chemistry, 56: 9732-9739.

Liu D.H., Shi J., Colina Ibarra A., Kakuda Y., Xue S.J. (2008): The
scavenging capacity and synergistic effects of lycopene, vitamin E,
vitamin C, and B-carotene mixtures on the DPPH free radical.
LWT - Food Science and Technology, 41: 1344-1349.

LuY.J., Lv].L.,, Hao].J., Niu Y.G., Whent M., Costa J., Yu L.L. (2015):
Genotype, environment, and their interactions on the phyto-
chemical compositions and radical scavenging properties of soft
winter wheat bran. LW'T — Food Science and Technology, 60:
277-283.

Martini D., Taddei F., Ciccoritti R., Pasquini M., Nicoletti [., Cor-
radini D., D’Egidio M.G. (2015): Variation of total antioxidant
activity and of phenolic acid, total phenolics and yellow coloured
pigments in durum wheat (Triticum turgidum L. var. durum) as
a function of genotype, crop year and growing area. Journal of
Cereal Science, 65: 175-185.

Paznocht L., Kotikova Z., Sulc M., Lachman J., Orsak M., Elidova
M., Martinek P. (2018): Free and esterified carotenoids in pig-
mented wheat, tritordeum and barley grains. Food Chemistry,
240: 670-678.

Sahin Y, Yildirim A., Yiicesan B., Zencirci N., Erbayram S, Giirel
E. (2017): Phytochemical content and antioxidant activity of

um), bread (Triti-
cum aestivum 1..), and durum (Zriticum durum Desf.) wheat.
Progress in Nutrition, 19: 450-459.

Serpen A., Gokmen V., Karagoz A., Kéksel H. (2008): Phytochemical

einkorn (Zriticum

cum spp.

quantification and total antioxidant capacities of emmer (7riti-
cum dicoccon Schrank) and einkorn (Triticum monococcum L.)
wheat landraces. Journal of Agricultural and Food Chemistry, 56:
7285-7292.

Stracke B.A., Eitel ]., Watzl B., Mider P, Riifer C.E. (2009): Influence
of the production method on phytochemical concentrations in
whole wheat (7riticum aestivim 1..): A comparative study. Jour-
nal of Agricultural and Food Chemistry, 57: 10116-10121.

Ziegler ].U., Schweiggert R.M., Wiirschum T., Longin C.F.H,, Carle
R. (2016): Lipophilic antioxidants in wheat (Triticum spp.): A
target for breeding new varieties for future functional cereal

products. Journal of Functional Foods, 20: 594-605.

Received on March 6, 2019
Accepted on April 11,2019
Published online on April 30, 2019



5. Sumarni diskuse

Publikace Free and esterified carotenoids in pigmented wheat, tritordeum and barley
grains (Paznocht et al. 2018) byla prvotnim screeningem dostupnych genotypt obilovin
Z hlediska obsazenych karotenoidnich barviv. Cilem bylo identifikovat a kvantifikovat
jednotlivé karotenoidy v zrnech tzv. barevnych genotypi pSenice a odhalit genotypy schopné
syntézy a ukladani xantofylovych esterti. Na zakladé ziskanych dat porovnat pigmentované
pSenice s pSenici bézné péstovanou (tedy standardni barvou zrna oznacovanou jako red). Dale
pak odhalit vliv prostiedi na obsah karotenoidii srovnanim vzorkl ze dvou skliziovych ro¢nika
s velmi odlisSnym pribéhem pocasi.

V ramci studie bylo sledovano pét genotypu pSenice s Pp, pét s Ba, jedna s Ye a pro
srovnani byly zafazeny vzdy po jednom genotypu konvenénich odrad pSenice (red), jeémene
a tritordea. Kontrolni psenice Bohemia se standardni barvou zrna celkové dosahla primérného
obsahu karotenoidi (TCC; Total Carotenoid Content) 3,56 ug/g susiny zrna, tedy hodnoty lehce
prevySujici tradi¢ni pSenice seté 2,33 pg/g (Giordano et al. 2017) i pSenice tvrdé zkoumané
jinymi autory 3,02 pg/g (Hidalgo et al. 2006) nebo 3,10 pg/g (Digesu et al. 2009), ktera je i pro
svij obsah karotenoidl tradi¢né vyuzivana pro vyrobu téstovin (Hidalgo et al. 2010). Podobny
obsah byl naméfen taktéz ve skupiné Pp pSenic (3,60 ng/g). Nutno vSak zminit znacné rozdily
v TCC pozorované Vv ramci skupiny Pp i mezi obéma skliziiovymi ro¢niky (sklizeni 2014: 2,29-
4,70 pg/g; sklizen 2015: 2,78-7,53 ng/g). Hodnoty TCC v Pp pSenicich, které uvadi jiné
literarni prameny, jsou rovnéz ponckud rozdilné: 2,62 pg/g (Ndolo & Beta 2013) vs. 7,38 ug/g
(Ficco et al. 2016), obé¢ hodnoty jsou vyjadieny jako ekvivalent luteinu, nejhojnéjsiho
z karotenoidi v pSeni¢ném zrnu. Variabilita uvadénych hodnot je pravdépodobné dana
pouzitim odlisnych genotypi, riznymi podminkami prostfedi jakoz i analytickou metodou
stanoveni. Niz§im primérnym TCC (2,41 pg/g) se oproti Pp vyznacovaly Ba pSenice (sklizeii
2014: 0,94-2,71 ng/g; sklizenn 2015: 2,74-3,69 ng/g). Primérné nizs§i mnoZstvi karotenoida
v Ba psenicich (1,53 pg/g) v porovnani s Pp (2,01 pg/g) zjistili také Giordano et al. (2017).
Zvlastnim zastupcem skupiny pSenic s modrym aleuronem byla pSenice s pracovnim
oznacenim V1 131-15 vytvofend v Zemédélském vyzkumném ustavu Krométiz, dosahujici
nékolikandsobné (2-4x) vyssiho obsahu karotenoidii (primérné 7,46 pg/g) oproti ostatnim
genotyptm z téze barevné skupiny. Vysokym TCC se dle ptivodnich pfedpokladt vyznacovala
rovnéz pSenice TA 4024 (Ye; 7,04 ng/g), coz je témet dvojnasobné vice oproti zluté psenici
(3,96 ng/g) jiz zminuji Giordano et al. (2017). Tato hexaploidni pSenice seta se Zlutym
endospermem je tak srovnatelnd naptiklad i1 s diploidnimi jednozrnkami znamymi vysokym
obsahem karotenoidil, jenz se pohybuje okolo hodnot 5,79 pg/g (Lachman et al. 2013) az
8,41 nug/g (Hidalgo et al. 2006). Jednoznaéné nejvyssi TCC byl naméfen v tritordeu HT 439
(12,16 pg/g), coz predstavuje troj- aZ pétinasobek primérného TCC v Pp a Ba pSenicich.
Tritordeum vzniklo jakoZto kfizenec pSenice a jeCmene Cilského (Martin et al. 1999) mj. za
ucelem produkce nutricné hodnotné potravinaiské suroviny (Mellado-Ortega & Hornero-
Méndez 2015). TCC namétené V zrnu tritordei uvedené v literatuie jsou znacné rtznorodé.
Naptiklad Mellado-Ortega & Hornero-Méndez (2016) zminuji 10,8 pg/g. Vyrazné nizsi
(ve srovnani s nasimi vysledky cca polovi¢ni) primérmy TCC v tritordeich (6,6 pg/g) pak
nam¢rili Atienza et al. (2007).
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V ps,enicich sledovanych v naSich experimentech byly identifikovany nasledujici
karotenoidy: anteraxantin, lutein, zeaxantin, o- a p-karoten. V publikacich zabyvajicich se
karotenoidy v pSeni¢ném zrnu byva jesté zminovan také B-kryptoxantin, ktery vsak piedstavuje
pouze minimalni podil z TCC (Abdel-Aal et al. 2007; Digesu et al. 2009; Hidalgo et al. 2010).
Z hlediska procentudlniho podilu jednotlivych karotenoidii na TCC nebyly mezi barevnymi
skupinami pSenic shledany vyznamné rozdily. Naprosto majoritnim karotenoidem
Vv obilovinach je lutein, na ¢emz se shoduje vétSina publikovanych praci (Abdel-Aal et al. 2007;
Mellado-Ortega et al. 2015; Ziegler et al. 2015; Giordano et al. 2017). Dle nami namé&fenych
dat piedstavoval celkovy podil luteinu na TCC napii¢ sledovanymi barevnymi skupinami od
68,1 % do 79,5 %. Nasledoval zeaxantin (11,8-19,8 %) a p-karoten (2,2-3,3 %). Timto se nase
se tradi¢né zbarvenymi pSenicemi setymi, ktera uvadi podil luteinu a zeaxantinu na TCC
v rozmezi 71,3-83,3 % a 15,0-24,0 %. Mirn¢ vys$si pramérné zastoupeni luteinu (84,7 %) plyne
z vysledki studie Giordano et al. (2017), kde byly podobné jako v naSem experimentu
srovhavany rizné zbarvené varianty pSenice seté (red 93,6 %; bile 74,3 %; zluté 91,4 %;
purpurové 83,1 % a modré 81,0 %). Obdobné karotenoidni profily byly zjiStény také v dalSich
druzich pSenice: v pSenici tvrdé (Adom et al. 2003; Abdel-Aal et al. 2007; Digesu et al. 2009;
Mellado-Ortega et al. 2015), jednozrnce (Adom et al. 2003; Abdel-Aal et al. 2007; Hidalgo et
al. 2010; Hidalgo & Brandolini 2014) nebo dvouzrnce (Digesu et al. 2009). Naproti tomu Ndolo
& Beta (2013) v purpurové psenici identifikovali pouze lutein a zeaxantin v zastoupeni 52,3 %
a 47,7 %.

Z tohoto lze usuzovat, ze pSenice rizného druhu nebo barvy obilky se sice vzajemné
vyznamné li§i obsahem karotenoidd, nikoliv vSak spektrem resp. procentudlnim zastoupenim
jednotlivych karotenoidfi na TCC v zrnu.

Karotenoidy se v zrnu nachazeji ve dvou formach, jako a) volné b) estery s mastnymi
kyselinami. Vé&tSina analyzovanych vzorkl zrna obsahovala obé formy. Vyjimku tvofily pouze
tii pSenice (Bohemia, V1 131-15 a V1 133-15), které obsahovaly pouze volné formy
karotenoidd. Estery jsou produkty esterifikacnich reakci hydroxylovych skupin xantofyld
s karboxylovymi funk¢énimi skupinami mastnych kyselin prostiednictvim acyl-CoA (Howitt
& Pogson 2006), piicemz tato modifikace zvySuje stabilitu barviva a umoznuje dlouhodobé
skladovéani uvnitt rostlinné bunky (Atienza et al. 2007). Jednoznacné nejvyssi podil esteri
pfipadal luteinu, avSak ve vzorcich byly zjistény taktéz estery ostatnich pfitomnych xantofyli:
anteraxantinu a zeaxantinu. Jednotlivé genotypy se rovnéz vzajemné lisily procentem esteroveé
vazanych karotenoidii z TCC. Nejvétsi podil estrti byl nalezen v pSenici TA 4024 (Ye; 52,8 %),
dale UC 66049 (Ba; 49,8 %) a Purple Feed (Pp; 49,7 %). Ziegler et al. (2015) uvadi, ze
schopnost rostliny tvofit estery jakoz i stupen esterifikace luteinu jsou podminény geneticky.
Rostliny se tak vtomto ohledu vzajemné 1iSi mezi druhy ale i vramci druhu. Mezi-
a vnitrodruhovou variabilitu pak Ziegler et al. (2015) podkladaji vysledky analyz riznych
genotypu pSenice seté, tvrdé, Spaldy i jednozrnky, kdy v zrnu nékterych pSenic setych nebyly
estery detekovany, jiné pak uchovavaly piiblizné jednu ¢tvrtinu TCC v esterované podobé.
Podobn¢ pak u psenic tvrdych, kdy Atienza et al. (2007) zaznamenali 19,4% podil esterovaného
luteinu na jeho celkovém obsahu, zatimco Mellado-Ortega et al. (2015) uvadi, ze zrna pSenice
tvrdé bud’ neobsahuji esterované karotenoidy, nebo je jejich podil na TCC pouze minimalni.
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V zrnu tritordea HT 439 pak byla v podobé esteri skladovana vice nez jedna Ctvrtina
karotenoidd (27,9 %). Vyrazné vyssi, az téméf polovicni (49,2 %), podil esterti na zakladé
svého zkoumani uvadi Atienza et al. (2007). Naopak Mellado-Ortega et al. (2015) nebo Mattera
et al. (2017) zjistili, ze estery piedstavuji pouze 16% a 13% podil na TCC v tritordeu.

Z hodnot uvedenych v publikacich Paznocht et al. (2018) i Zrckova et al. (2018) je
patrny vyznamny meziroénikovy rozdil v obsahu karotenoidii. Clanek Paznocht et al. (2018)
zahrnuje data kultiva¢nich sezoén 2013/2014 a 2014/2015, ¢lanek Zrckova et al. (2018) se pak
opira o data namétena v sezonach 2015/2016 a 2016/2017, pticemz zde byl jiz cilené sledovan
vliv ro¢niku také na fadu dalSich latek (fenolické kyseliny, celkové fenolické latky ¢i antokyany
jak je diskutovano dale). Clanek Paznocht et al. (2018) Vv podstatd rozdéluje zkoumané
genotypy do Ctyf skupin dle pozorovanych rozdild mezi sledovanymi lety. Prvni, ktera
reagovala velmi vyraznym nartstem TCC v sezoné 2014/2015 oproti 2013/2014 (Xiao Yian,
+194,2 %; UC 66049, +102,3 %). Druha skupina reagovala o néco méné vyraznym navySenim
TCC (Purple Feed, +81,9 %; Konini, +61,6 %; V1 133-15, +56,1 %). U genotyp tieti skupiny
byl naméfen prakticky stejny obsah karotenoidi v obou letech (Bohemia, +4,8 %; V1 131-15,
+1,2 %). A posledni, ¢tvrta skupina pSenic vykazala mirny pokles v roce 2015 (Purple, -24,3 %;
RU 687-12, -12,0 %).

Znacné rozdily jsou rovnéz patrné z vysledku publikace Zrckova et al. (2018), kde
v ramci sledovaného souboru genotypi byl ve vzorcich ze sklizné¢ 2015/2016 naméien
pramérny TCC 3,00 pg/g, tedy témét dvojndsobek oproti priméru ze sklizné nasledujici
(1,64 ng/g). Vzhledem k tomu, Ze vzorky zrna pro nase analyzy pochazely vzdy ze dvou po
sob¢ jdoucich sklizni arostliny byly péstovany na tomtéz stanovisti, za identickych
agrotechnickych podminek, usuzujeme na vyznamny vliv pocasi v pribéhu vegetace na
vysledny TCC v zrnu. Pravdépodobnym vysvétlenim rozdiltt pozorovanych v obou pokusech
(Paznocht et al. 2018 i Zrckova et al. 2018) jsou proto rozdily v primérnych teplotach
a srazkovych uhrnech resp. vyssi pramérné teploty soucasné s vyrazné niz$imi srazkovymi
uhrny v obdobi tvorby zrna v sezonach 2014/2015 (oproti 2013/2014) a 2015/2016 (oproti
2016/2017). Obsah karotenoida v obilkach je dle nékterych autorti (Lv et al. 2013; Lu et al.
2015) vyrazné ovlivnén pravé podminkami prostiedi (E; Environment) resp. ro¢nikem
(prub&hem pocasi) a lokalitou péstovani. Ze statistického hodnoceni nasich dat (Zrckova et al.
2018) je patrné nejvyznamnéjsi ovlivnéni TCC roénikem (52 %), méné pak genotypem (42 %)
(hodnoty ptedstavuji prumeér z celého sledovaného souboru). Lv et al. (2013) pii pokusech
S pSenici setou rovnéz zjistil, ze TCC je nejvice ovlivnén E (46 %), méné pak vzajemnou
interakci genotypu a prostiedi (GxE; 34 %) a pouze z 21 % genotypem (G; Genotype). Lu et al.
(2015) vyzdvihuji vétsi dilezitost interakce GxE (46 %), méné pak E a G (37 a 17 %).
K ponékud odlisnym vysledkim vSak dospéli Martini et al. (2015), ktefi, piesto ze shledali
rizné meziro¢nikové rozdily, naopak vyzdvihuji zasadni vliv G na TCC.

Vliv teploty a vodniho rezimu v priabéhu vegetace rostlin na celkovy obsah karotenoidt
V obilném zrnu se stal pfedmétem rozsahlého zkoumani, avSak nebyl doposud zcela uspokojiveé
objasnén, jelikoz dostupné védecké publikace se ve svych vysledcich rozchazeji (Abdel-Aal et
al. 2007; Dias et al. 2011, Fratianni et al. 2013; de Leonardis et al. 2015). Dle nasich pokust
vys§i primérna teplota a niz$i mnozstvi vodnich srazek zvySuje obsah karotneoidii v zrnu
pSenice. Podobny je pak zavér dvouletého péstebniho pokusu, jenz provedli Fratianni et al.
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(2013), kde byl zaznamenan 20% narust obsahu celkovych karotenoidd (z 3,6 na 4,3 pg/g)
Vv obilkach psenice tvrdé (odridy Simeto) ptisobenim sucha. Autofi dale pisi, ze vodni deficit
mél celkové za nasledek 15% narGst obsahu karotenoidii v semolindch vyrobenych
z vypéstovaného zrna. Avsak publikace de Leonardis et al. (2015) zabyvajici se rovnéZ pSenici
tvrdou uvadi, ze nebyla zpozorovana zména v obsahu karotenoidii v zrnu vlivem stresu
vysokymi teplotami. Dalsi publikované vyzkumy (Abdel-Aal et al. 2007; Mattera et al. 2017)
pak dokonce dospély ke zcela odlisnym zavéram. Abdel-Aal et al. (2007) zjistili vyssi praimérné
obsahy karotenoidi (az 042 %) Vv obilkich pSenic jednozrnek naopak V sezoné
charakterizované chladnéj$im a vlhéim pribéhem pocasi. Podobné pak Mattera et al. (2017)
uvadi, ze vysoké teploty v priitbéhu tvorby obilného zrna maji za nasledek pokles obsahu
karotenoidli. Pozorovany efekt vysvétluji zvySenou produkci reaktivnich forem kysliku
a naslednym rozvojem oxidacniho stresu v dusledku vysokych teplot. Karotenoidy jsou pak dle
Mattery et al. (2017) rostlinou pravdépodobné spotfebovavany za ucelem detoxikace
kyslikovych radikali.

Na zaklad¢ téchto poznatkt lze fici, ze vysledny obsah karotenoidii v pSeni¢éném zrnu
je vysledkem interakce mnoha riiznych faktorG (vnitinich i vnéjSich). RGzné genotypy tak
pravdépodobné, 1 na zaklad¢ ptizplsobeni se podnebnym podminkdm mista svého pivodu,
vykazuji rGzné reakce ve smyslu obsahu karotenoidl. Vliv genotypu, roc¢niku a systému
pestovani i na jiné typy nutriéné vyznamnych latek byl predmétem dalSich publikaci, které jsou
diskutovany dale.

Cilem dalsi z publikovanych praci Carotenoid changes of colored-grain wheat flours
during bun-making (Paznocht et al. 2019) bylo detailni popsani zmén v obsahu karotenoidi
vlivem jednotlivych dil¢ich operaci vyroby (piiprava tésta a kynuti, peceni) a kratkodobého
skladovani peciva z celozrnné mouky umleté z pSenic s riznou barvou zrna.

V ptedchozi publikaci (Paznocht et al. 2018) byla velka pozornost vénovana piedevsim
esterovanym formam karotenoidu, jelikoz dle literarnich zdroju prave esterifikace xantofyli je
efektivnim zptsobem skladovéni, resp. umoziuje akumulaci vyssiho mnozstvi karotenoida
vzrnu (Atienza et al. 2007) apatrné zvySuje stabilitu karotenoidnich barviv béhem
technologického zpracovani (Atienza et al. 2007; Fu et al. 2010; Mellado-Ortega et al. 2015;
Ahmad et al. 2015). Dle Ahmada et al. (2015) a Zieglera et al. (2015) je tvorba estert
podminéna geneticky, a proto byly na zaklad¢ piedchoziho podrobného Setfeni celkového
obsahu karotenoidli a podilu esterovanych xantofylli (dle vysledkt publikace Paznocht et al.
2018) vybrani reprezentativni zastupci jednotlivych barevnych skupin psSenic pro pokusy
technologickych tprav zra. Ugelem téchto pokusi bylo prozkoumani réiznych zptsobi
mozného potravinaiského vyuziti pigmentovaného zrna, predev§im pro peceni, extruzi ¢i
pufovani. Klicem k vybéru byla jednak barva zrna a rovnéz schopnost skladovat karotenoidy,
resp. xantofyly v podob¢ esteri s mastnymi kyselinami. Do pekaiského pokusu tak byly
zatazeny vzdy dva genotypy pSenice od kazdé barvy zrna (red, Ye, Ba) a tii pSenice s Pp.
Dvojice, resp. trojice byly vybirany vzdy tak, aby byly zastoupeny jak pSenice obsahujici
vyhradné volné formy karotenoidli, tak ipSenice sur€itym podilem esterové véazanych
karotenoidd.
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Cely proces vyroby celozrnného peciva zpusobil primémé za vSechny sledované
vzorky pokles TCC o 75,1 %, tedy na pouhou jednu ¢tvrtinu ptivodni hodnoty (p.h.) v celozrnné
mouce. Jesté vyraznéj$i miru degradace (92 %) vlivem peceni zaznamenali Leenhardt et al.
(2006). Naproti tomu podstatné nizsi ztraty karotenoidi béhem peceni chleba uvadi Hidalgo et
al. (2010), ktefi stanovovali TCC zvlast’ v chlebové kuirce (55 %) a chlebové stiidé (24 %).
Pti¢inou rozdilnosti vysledkli zminénych experimentt je pravdépodobné odruidova variabilita
pouzitych mouk (s ni souvisejici riznd enzymatickd aktivita — viz dale) a odliSnosti ve
vyrobnich metodéch (velikosti pekafskych vyrobki, doby kynuti, teploty i Casy peceni).

Z jednotlivych sledovanych operaci mélo na obsah karotenoidii ve finalnim vyrobku
nejvetsi vliv hnéteni tésta spolecné s kynutim bulek. TCC behem této pracovni operace klesl
celkovych karotenoidi (pramémé o 11,1 %; tedy na 27,4 % p.h.). A dale pak v pribéhu
kratkodobého skladovani za pokojové teploty doSlo pouze Kk minimalnimu poklesu TCC
(0 2,5 %; na 24,9 % p.h. coz piedstavuje 0,266 ug/g). Pripravu tésta tak 1ze oznacit, z pohledu
degradace karotenoidnich barviv, za jednozna¢né nejvice destruktivni krok vyroby celozrnného
peciva. Z jednotlivych sledovanych karotenoidi se jako nejméné stabilni jevi
B-karoten, anteraxantin a také esterované formy, z nichz nejvétsi podil ptipada esterim luteinu,
jak plyne z nasich dtive publikovanych vysledkt (Paznocht et al. 2018). Nebyl tak pozorovan
zadny vyrazny ochranny efekt esterifikace karotenoidii obecné vuci degradaci, ani pred
pusobenim vysokych teplot, ktery uvadi jiné publikace (Fu et al. 2010; Ahmad et al. 2015;
Mellado-Ortega et al. 2015; Mattera et al. 2017).

Vyznamny vliv hnéteni tésta na vysledny TCC (pokles o 66 %) zaznamenali ve svém
vyzkumném pokusu rovnéZ Leenhardt et al. (2006). Markantni mira degradace karotenoidl pfi
piipravé tésta je pficitana predevSim plisobeni oxidativnich enzymu jako je lipoxygenaza
(LOX), peroxidaza ¢i polyfenoloxiddza, k jejichz aktivaci dochazi ptidavkem vody
a zapracovanim vzdusného Kysliku do hmoty tésta (Leenhardt et al. 2006; Luthria et al. 2015;
Ficco et al. 2016). Vyznamny vliv enzymatickych pochodu potvrzuji svou studii Leenhardt et
al. (20006), kteti uvadi tésnou korelaci aktivity LOX a ubytku karotenoidii béhem kynuti
chlebového tésta. Hidalgo & Brandolini (2012) doplnuji, Ze prostiednictvim oxidace
nenasycenych mastnych kyselin katalyzované LOX dochazi k nasledné oxidaci karotenoid.
Dale potom Hidalgo et al. (2010) poukazuji na rtiznou aktivitu LOX v zavislosti na druhu
pSenice (seta, tvrda, jednozrnka). Z vysledkii naseho pokusu, kde vSechny pouzité psSenice
pattily k druhu T. aestivum, je pak patrna rovnéz znac¢na vnitrodruhova variabilita, ackoliv
pfimo aktivita LOX méfena nebyla.

Vysokou teplotou v priabéhu samotného peceni doslo k primérnému poklesu o 11,1 %
p.h. TCC, coz je vyrazné¢ méné v porovnani s predchozim hnétenim a kynutim. Hidalgo et al.
(2010) peceni naopak oznacili za operaci nejvice destruktivni z pohledu obsahu karotenoidi.
Nicméné jejich vysledky jsou Snasimi jen stézi pfimo srovnatelné, jelikoz u finalniho
pekatského vyrobku rozlisuji ztraty TCC zvlast’ v kirce a stiidé (29 % a 3 %). Leenhardt et al.
(2006) uvadi pokles TCC béhem peceni o 36 % (tato hodnota je vztazena k obsahu karotenoidii
po fazi kynuti). V pfipad¢ naseho experimentu byl tak zaznamenan o néco nizsi pokles mezi
kynutym téstem a pecenou bulkou (0 29 %).
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Vysledky vlivu dalSich technologickych Uprav zrna na obsah karotenoidii nejsou
v disertacni praci uvedeny, jelikoz nebyly doposud publikovany.

Publikace Total phenolic content and antioxidant activity of tritordeum wheat and
barley (Eliasova & Paznocht 2017) se zabyvala celkovym obsahem fenolickych latek a in vitro
antioxidac¢ni aktivitou riznych druhti obilovin. Prave tyto slouceniny jsou dle mnohych autorti
nejvice zodpovédné za antioxida¢ni aktivitu obilovin (Li et al. 2005; Dykes & Rooney 2007;
Dinelli et al. 2009; Fogarasi et al. 2015). Lachman et al. (2012) a Hejtmankova et al. (2010)
uvadi ale i dal$i vyznamné antioxidanty: fytosteroly, karotenoidy, tokoly ¢i selen. Celkovy
obsah fenolickych latek (TPC; Total Phenolics Content) byl stanoven za pouziti Folin-
Ciocalteova cinidla a pro spektrofotometrickou metodu detekce a znacnou kvalitativni
variabilitu této skupiny sloucenin byl vysledek vyjadifovan jako ekvivalent gallové kyseliny
(GAE; Gallic Acid Equivalent). Antioxida¢ni aktivita vzorkt (TAA; Total Antioxidant
Activity) méfena jako barevna, spektrofotometricky detekovana zména v dusledku reakce
extrahovanych antioxidantl se syntetickym radikalem DPPH (2,2-difenyl-1-pikrylhydrazyl) je
pak kvantifikovana jako ekvivalent aktivity Troloxu (TEAC; Trolox Equivalent Antioxidant
Activity). Pro analyzy byla pouzZita tfi tritordea, tfi je¢meny (dva tradi¢ni barvy a jeden s ¢ernou
barvou zrna) a devét pSenic rizného zbarveni (Ctyfi Ba, tfi Pp a dvé tradiéni barvy — red).

vwr

potencial tritordea je tak dan pfedev§sim vysokym obsahem karotenoidii (Mellado-Ortega
& Hornero-Méndez 2016). Naopak nejvyssi TPC byl naméten u je¢meni (primémeé 129 mg
GAE/100 g). Psenice (napfi¢ riznymi barvami zrna) obsahovaly primémé 73,7 mg
GAE/100 g. V ramci pSenic pak nebyly pozorovany vyznamné rozdily mezi barevnymi
skupinami (red 81,8; Pp 78,5; Ba 66,1 mg GAE/100 g). Tyto hodnoty jsou mirné vyssi
Vv porovnani s vysledky Moora et al. (2005) i Lachmana et al. (2011), ktefi naméfili pramérné
60,0 a 55,2 mg GAE/100 g. Naproti tomu k vy$s§im hodnotam 136,0 a 112,0 mg GAE/100 g
dospéli Adom & Liu (2002) a Abozed et al. (2014). Vliv na stanoveny obsah fenolickych latek
ma cela fada vnitfnich 1 vnéjSich faktorti, v neposledni fadé také analytickd metoda, resp.
pouzité extrakéni Cinidlo, atedy uCinnost extrakce v zdvislosti na polarit¢ pouZitého
rozpoustédla (Abozed et al. 2014).

Zjisténé hodnoty TAA pak vykazovaly velmi tésnou pozitivni korelaci s TPC
(R2=0,93). Coz velmi dobie odpovida vysledkim analyz vzorki purpurovych psenic
(R?=0,87; IvaniSova et al. 2014) nebo je¢mene (R? = 0,94; Zhao et al. 2006). Naproti tomu
Heimler et al. (2010) neshledala zadnou korelaci mezi TAA a TPC. Aplikované metody
ptipravy vzorki, pro stanoveni TAA i TPC, vyuzivaji polarnich rozpoustédel (pro TAA
methanol a pro TPC methanol + 0,1 % HCI) a v obou postupech tak dochazi k vyextrahovani
polarnich molekul s antioxida¢nimi vlastnostmi. V obilovinach jsou to pravé predevsim
fenolické latky jako fenolické kyseliny, flavonoidy ¢i lignany (Dykes & Rooney 2007; Dinelli
et al. 2009; Lachman et al. 2017; Luthria et al. 2015).

Cilem publikace The effect of genotype, weather conditions and cropping system on
antioxidant activity and content of selected antioxidant compounds in wheat with coloured
grain (Zrckova et al. 2018) bylo stanovit vliv genotypu, pfirodnich podminek a systému
pestovani na antioxidac¢ni aktivitu (TAA) aobsah vyznamnych antioxidacnich latek:
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karotenoidi (TCC), fenolickych latek obecné (TPC), fenolickych kyselin (PAs; Phenolic
Acids) ¢i antokyant (TAC; Total Anthocyanins Content) v pSenicich s barevnym zrnem.
K dvouletému polnimu pokusu (sezony 2015/2016 a 2016/2017) s ozimymi formami pSenice
byli vybrani vzdy dva zastupci s Ba a Pp, jeden tradi¢ni a jeden s Ye. Nasledujici publikace
s nazvem Variation of the total content of polyphenols and phenolic acids in einkorn, emmer,
spelt and common wheat grain as a function of genotype, wheat species and crop year (Zrckova
et al. 2019) Gzce navazovala na pfedchozi péstebni pokus s pSenicemi s barevnym zrnem.
V letech 2017 a2018 byl sledovan vliv druhu, genotypu aro¢niku na celkovy obsah
polyfenolickych latek (TPC) a fenolickych kyselin v zrnu riznych druhti jarnich forem psenice.
Pfedmétem zkoumani byla tradi¢ni pSenice seta (Triticum aestivum L.) a dalsi, méné bézné
druhy jako $palda (T. spelta L.), jednozrnka (T. monococcum L.) a dvouzrnka (T. dicoccum
Schuebl), které jsou charakteristické pluchatymi obilkami a zejména v systému ekologického
zem&delstvi predstavuji vhodnou alternativu k tradi¢ni pSenici seté, oproti niz se vyznacuji
vys$$i odolnosti vii€i neptiznivym vlivim prostiedi, niz§imi naroky na kvalitu piidy a uroven
hnojeni (Konvalina et al. 2012).

Vsechny stanovované parametry V obou zrealizovanych experimentech byly vyznamné
ovlivnény jak genetickymi faktory, tak podminkami prostiedi. TCC, PAs a TPC Vv prvnim
pokusu byly nejvice ovlivnény ro¢nikem, méné potom genotypem, systémem péstovani a jejich
vzajemnymi interakcemi. Vysledky druhého experimentu pak potvrdily a doplnily pfedchozi
poznatky 0 psenici seté, tradi¢ni i netradi¢ni barvy zrna, totiz ze ro¢nik sklizné ma vyrazny vliv
i na TPC a obsah PAs v obilkach psenice jedno- a dvouzrnky ¢i Spaldy.

V prvnim pokusu s barevnymi pSenicemi byly zjistény statisticky prokazatelné vyssi
hodnoty TPC i PAs v sezong 2015/2016 oproti 2016/2017. Pramérny celkovy obsah PAs dosahl
811 vs. 731 ng/g, coz piedstavuje rozdil mezi skliznémi téméf 11 %. Podobny trend byl
pozorovan také v TPC, kde rozdil mezi roky ¢inil cca 17 % (702 vs. 599 pg GAE/g). Sezdéna
2015/2016 se oproti 2016/2017 vyznacovala vy$S§imi primérnymi teplotami a zaroven celkové
niz§imi srdzkovymi thrny v obdobi od poc¢atku kveteni po uplnou zralost zrna. Nasledujici
experiment zahrnujici jarni pSenice (seté, jednozrnky, dvouzrnky a Spaldy) taktéz zaznamenal
rozdil mezi skliznémi. V roce 2018 byly oproti produkei 2017 naméfeny mirné vyssi hodnoty
TPC (731 vs. 693 ng GAE/Q) i PAs (834 vs. 735 ug/g), coz piedstavovalo prumérny narist
05,4 % a 13,5 %. Oba tyto roky byly velmi podobné z pohledu primérnych teplot, av§ak rok
2018 se v obdobi od metani po dozrani zrna vyznacoval vyrazné¢ menSim mnozstvim destovych
srazek. Rozdily v TPC a obsahu PAs mezi lety zaznamenané v obou experimentech (Zrckova
et al. 2018; Zrckova et al. 2019) byly tedy opét zfejmé projevem zvySené syntézy
antioxidacnich latek v dasledku rtizné urovné puisobeni abiotického stresu. Z publikace
Zrckova et al. (2019) plyne, ze vysledny TPC a obsah PAs v pseni¢ném zrnu je z 58 % a 69 %
ovlivnén ro¢nikem. Tomuto nasvédcuji 1 vysledky, jez publikovali Lu et al. (2015), z kterych
je ziejmé, ze TPC v zrnu pSenice je nejvice ovlivnén E (43 %), méné pak G (37 %). | dalsi
studie potvrzuji vyznamny vliv ro¢niku na obsah polyfenold (Heimler et al. 2010; Menga et al.
2010; Martini et al. 2015) a PAs (Mpofu et al. 2006; Fernandez-Orozco et al. 2010; Martini et
al. 2015). Vysledky experimentu, které provedli Heimler et al. (2010) a Martini et al. (2015)
vSak ukazuji na vys$si TPC v sezoén¢€ vyznacujici se nizsi teplotou a zéroveil vy$§im mnozstvim
srazek v obdobi dozravani obilek a to az o 29 % jak uvadi Martini et al. (2015). Vysledky
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tiiletého pokusu, které publikovala Martini et al. (2015) rovnéz oznacuji podminky prostiedi za
nejvyznamngj$i faktor ovliviiujici kone¢né obsahy PAs a TPC, mensi vliv pak pfisuzuji
genotypu.

TAC stanoveny v zrnu Ba a Pp pSenic byl nejvice ovlivnén genotypem (49 %; coz
poukazuje na vysokou heritabilitu tohoto znaku), méné pak ro¢nikem (37 %) a systémem
péstovani (13 %). V Ba pSenicich byl naméfen podstatné vyssi pramérny TAC (60,2 ug/g)
oproti Pp pSenicim (16,6 nug/g). V zrnu pSenic Annie (red) ani Citrus (Ye) nebyly antokyany
detekovany. Vyznamny vliv G na obsah antokyand potvrzuje rovné€z Knievel et al. (2009)
a Garg et al. (2016), dle jejichz vysledki se nejvyssim obsahem antokyant obvykle vyznacuji
pSenice s ¢ernym zrnem, méné obsahuji pSenice s Ba a nejmén¢ zrna pSenic s Pp.

Rostlinny druh pak mnohem mensi mérou ovlivnil TPC a PAs (21 % a 29 %). Toto
zjisténi plyne ze statisticky prikazné rozdilnych vysledk primérného obsahu PAs
Vv jednotlivych druzich pSenice: jednozrnka (827 pg/g) > Spalda (804 ug/g) > dvouzrnka
(790 ng/g) >seta (716 pg/g). Vyrazné niz§i prumérné hodnoty obsahu PAs (Vv porovnani
s nasimi az o 28 %) i odlisné poradi pSenic publikovala Brandolini et al. (2013): seta > $palda
> jednozrnka > dvouzrnka (673 > 626 > 612 > 568 pug/g).

Z hlediska TPC byly pSenice sefazeny sestupné jednozrnka > dvouzrnka > seta > §palda
(745; 705; 702; 695 ug GAE/Q), dle statistického Setfeni vSak byla jedinou od ostatnich
vyznamné odlisnou skupinou psenice jednozrnka. Vyraznéjsi rozdily v TPC mezi pSenicemi
zjistili Lachman et al. (2011): dvouzrnka > jednozrnka > pSenice seta (761; 618;
562 ug GAE/Q). Naopak Brandolini et al. (2013) ve své studii nalezli podstatné mén¢ vyrazné
rozdily v TPC mezi skupinami pSenic, pfi¢emz potadi zustalo stejné jako dle PAs (seta > $palda
> jednozrnka > dvouzrnka). Namétené hodnoty vyjadiené v ekvivalentu ferulové kyseliny
(FAE; Ferulic Acid Equivalent) ptitom naopak vyrazné (o 50-80 %) ptevysuji nase vysledky
(1294; 1149; 1121 a 1115 pg FAE/g). Tyto zna¢né odlisnosti jsou velmi pravdépodobné
zpusobeny vyjadienim celkovych hodnot v jinych jednotkach (FAE vs. GAE) i faktory
prostiedi, jak bylo uvedeno v ptechozich odstavcich.

Systém péstovani ovlivnil obsahy sledovanych latek oproti ostatnim faktorim podstatné
méné (TAC 13 %; TPC 8 %; PAs 6 % a TCC pouze z 0,2 %). Pfesto byly v zrnu pivodem
z ekologické produkce zjistény primérné mirn¢ vyssi obsahy vSech sledovanych analyt PAs,
TAC, TPC i TCC oproti konvencni produkci (+7 %; +6 %; +6 %; +4 %). Rozdily pak byly
patrnéjsi u TPC (+9 %) a TCC (+12 %) v Pp psSenicich. Ackoliv nékteré publikace zabyvajici
se vlivem systému péstovani na nutriéni kvalitu produkti uvadi vyssi obsahy sekundarnich
metabolitil (fenolickych latek) v ovoci ¢i zelenin€ pochézejici z produkce ekologického rezimu
(Rembiatkowska 2007; Mitchell et al. 2007; Lairon 2010), vysledky pokust s pSenici
vyznamné rozdily nepotvrdily. Naptiklad Stracke et al. (2009a), Gasztonyi et al. (2011) ¢i
Mazzoncini et al. (2015) neshledali vyrazny rozdil v obsahu fenolickych kyselin mezi
ekologickou akonvenéni produkci a to ani vramci nékolikaletych polnich pokusi. Dle
Gasztonyi et al. (2011) a Strackeho et al. (2009a) je obsah fytochemikalii (karotenoida
a fenolickych kyselin) v pSeni€ném zrnu podstatné vice ovlivnén klimatickymi faktory nez
systémem produkce, coz v podstaté dokladaji i nase vysledky.
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Z pokust s pSenici setou (tradi¢ni barvy zrna) provedenych Zuchowskim et al. (2011)
vychazi pouze minimalné vyssi obsahy PAs v ekologické oproti konvenéni produkci. V ptipadé
sledovanych jarnich a ozimych forem ¢ini rozdil 5,2 % (612 vs. 582 pg/g) a 3,2 % (565 vs.
547 ng/g). Zuchowski et al. (2011) dale konstatuji, Ze na zaklad¢ jimi publikovanych vysledka
nelze jednoznacné potvrdit hypotézu o vyssim obsahu sekundarnich metaboliti v produktech
ekologického systému péstovani. Tato hypotéza je zalozena na pfedpokladu intenzivnéjsi
syntézy sekundarnich metaboliti vcéetné fenolickych sloucenin, jakozto obrannych latek,
Vv metabolismu ekologicky péstovanych rostlin, kde je obvykle vyssi mira ptisobeni rozli¢nych
biotickych ¢i abiotickych stresovych faktort (Rembiatkowska 2007; Zuchowski et al. 2011).
Plodiny konven¢niho systému zemédé€lstvi jsou naproti tomu podporovany aplikaci fady
pramyslovych hnojiv nebo pesticidnich ¢i fungicidnich ptipravkil (Zuchowski et al. 2011;
Gasztonyi et al. 2011).
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6. Zaveér

PSenice pfedstavuje celosvétové velmi dilezitou zemédélskou komoditu, kterd se
zna¢nou mérou podili na potravinovém zabezpeceni lidské populace. Tato plodina byla, je
a pravdépodobné i nadéale bude pfedmétem z4jmu mnohych Slechtitelii a dalSich vyzkumnikd.
Zejména v poslednich dvou dekadach nabyvaji na vyznamu méné obvyklé druhy a odridy
pSenice. Prostor tak dostavaji jednozrnky ¢i dvouzrnky nebo tzv. pSenice s barevnym zrnem.
Pro efektivni funkci Slechtitelskych programt, zabyvajicich se pravé piirodnimi pigmenty
V pSeni¢ném zrnu, je nezbytna piima spoluprace s chemickymi laboratofemi, jez jsou schopné
detailn¢ zanalyzovat produkovany Slechtitelsky material.

V ramci této prace byly vyvinuty ¢i optimalizovany analytické metody stanoveni
karotenoidd a fenolickych kyselin v obilovinach, od ptipravy vzorku (extrakce, rizné typy
hydrolyzy apod.), pfes metody separace az po samotnou identifikaci obsazenych analyt
(pouzita HPLC-DAD sestava viz ptiloha €. 1).

Z vysledku publikovanych praci pak vyplyva, ze se jednotlivé genotypy pSenic
vzajemné 1isi také schopnosti syntetizovat a skladovat karotenoidy v esterované formé, jelikoz
jde o geneticky podminény znak. Nékteré (napf. Bohemia, V1 131-15) obsahuji karotenoidy
pouze ve volné form¢, jiné (Konini, TA 4024) pak ukladaji az polovinu karotenoidd v podobé
esterll s mastnymi kyselinami. Celkové vysokym obsahem karotenoidi se, oproti tradi¢nim
pSenicim (Bohemia; 3,56 ng/g), vyznacuje zejména zrno psSenic se zlutym endospermem
(TA 4024; 7,04 ng/g). Tyto psenice se od ostatnich lisi, jak uz samotné oznaceni napovida,
zvySenou kumulaci karotenoidii v samotném endospermu zrna, tedy v Casti predstavujici
nejvetsi podil z celé obilky. Z pohledu obsahu karotenoidl jsou rovnéZz zajimavé pSenice
S purpurovym perikarpem (3,60 pg/g), naproti tomu genotypy s modrym aleuronem se obecné
pracovnim oznacenim V1 131-15 (pravdépodobné kombinace Ba a Ye) obsahujici primérné
7,46 ng karotenoidl v gramu zrna.

Za ucelem nalezeni vhodného technologického zpracovani zrna Setrného k obsazenym
barviviim byl proveden nejprve pokus peceni. V pribéhu celého procesu vyroby peciva doslo
k velmi zasadnimu poklesu obsahu karotenoidti na 63,9 % az 12,9 % p.h. v mouce. Piekvapivé
nejvice destruktivnim krokem se ukazalo byt kynuti (snizeni TCC primérné na 38,5 % p.h.),
resp. enzymaticka ¢innost spojena se zapracovanim vody a vzdu$ného kysliku. Z tohoto
ditvodu pak byly zkoumdény dalSi potencidlné vyuZzitelné upravy, kde by byla Cinnost
oxidativnich enzyml omezena: vafeni, extruze a pufovani (produkty uprav viz ptiloha €. 2).
Nameétena data jsou v soucasné dobé zpracovavana do podoby publika¢nich vystupi.

Z dalsich publikovanych vysledk bylo patrné, Ze obsah karotenoidi a fenolickych
kyselin byl znaén€ proménlivym parametrem, vyrazné ovlivnénym rostlinnym druhem
aodridou (resp. genotypem). Projevil se rovnéz velky vliv pfirodnich podminek péstovani.
Konkrétn¢ plisobenim vysSich teplot (popiipadé kombinace vysokych teplot a slabsiho
zasobeni vodou) doSlo u mnohych sledovanych pSenic k markantnimu zvySeni obsahu
karotenoidd v zrnu. Mensi, avSak ne zanedbatelny, vliv na zvySeni mnozstvi nutri¢né zadoucich
fotochemikalii vykazal rovnéz systém kultivace. U ekologicky péstovanych rostlin (oproti
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konvenéni produkci) pak lze ocekavat intenzivnéjsi syntézu fenolickych slouéenin, jakozto
obranného mechanismu, hlavné Vv disledku pusobeni riznych abiotickych ¢i biotickych
stresovych faktort.

PSenice se zlutym endospermem ¢i purpurovym perikarpem zrna nebo tritordea,
vyznacujici se vysokym obsahem karotenoidnich barviv v obilce, tak do budoucna jisté
piedstavuji vhodnou moznost rozsifeni sortimentu odrid potravinaiskych pSenic, vyuzitelnych
jakozto vychozich surovin pro vyrobu uritych typu tzv. funkénich potravin. ,Na poli
barevnych pSenic* je vSak zapotiebi dalSiho Slechtitelského usili, podporovaného presnymi
chemickymi analyzami pro ziskdni novych perspektivnich odrid.

Shrnuti stanovenych cild a hypotéz:

Cil 1. Stanovit obsah celkovych polyfenolii v obilkdch vybranych odrid barevnych pSenic
spektrofotometricky. Cil byl splnén, viz publikace Eliasova & Paznocht (2017), Zrckova et
al. (2018), Zrckova et al. (2019).

Cil 2. Identifikovat chromatograficky jednotlivé fenolické kyseliny charakteristické pro
barevné pSenice a jejich zastoupeni v jednotlivych odriidach. Cil byl splnén, viz publikace
(obsahy vyjadieny jako sumy fenolickych kyselin) Zrckova et al. (2018), Zrckova et al.
(2019). Clanek s nazvem Phenolic acids in kernels of different coloured-grain wheat
genotypes zabyvajici se podrobnégji jednotlivymi fenolickymi kyselinami je vSak jeSté
V recenznim fizeni.

Cil 3. Charakterizovat chromatograficky jednotlivé karotenoidy a stanovit jejich obsah
Vv barevnych odridach psenic. Cil byl splnén, viz publikace Paznocht et al. (2018).

Cil 4. Stanovit antioxidacni aktivitu v novych odridach pSenice a vyhodnotit vztah mezi
antioxidacni aktivitou a zastoupenim jednotlivych antioxidantll v barevnych pSenicich. Cil
byl splnén, viz publikace EliaSova & Paznocht (2017), Zrckova et al. (2018).

Cil 5. Vytipovat vhodné kultivary barevnych psSenic s vysokym obsahem antioxidanti
a antioxidac¢ni aktivitou pro dalsi Slechténi a vhodnosti pro potravinarské ucely. Cil byl
Splnén, viz publikace Paznocht et al. (2019).

Hypotéza 1. Vyvinuté HPLC-DAD metody budou vhodné pro analyzu karotenoida
a fenolickych sloucenin v obilkach barevnych odriid pSenice.

Metody stanoveni karotenoidii a celkovych fenolickych latek byly detailné¢ popsany
Vv publikacich Paznocht et al. (2018) a Eliasova & Paznocht (2017). Metoda pro stanoveni
fenolickych kyselin, v¢etné jednotlivych frakci (volné, konjugované a vazané) i Cis-izomerQ
je soucasti pfipravované publikace Phenolic acids in kernels of different coloured-grain
wheat genotypes.
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Hypotéza 2. Obilky barevnych odrid pSenice obsahuji karotenoidy (ulozené ptredevSim
v endospermu) a fenolické slouceniny, které se nachazeji hlavné v otrubach a svrchnich
Castech zrna.

Hypotéza o ptitomnosti sledovanych analyti v zrnu pSenice byla potvrzena, viz publikace
ElidSova & Paznocht (2017), Paznocht et al. (2018), Paznocht et al. (2019), Zrckova et al.
(2018), Zrckova et al. (2019). Distribuce karotenoidi a fenolickych sloucenin uvnitf
psSeni¢ného zrna vsak nebyla analyzovana ani zpracovana do odbornych publikaci.
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8. Seznam pouzitych zkratek

AACT — acetoacetyl-CoA thiolaza (EC 2.3.1.9)

ABA — abscisova kyselina (z angl. Abscisic Acid)

ADT — arogenat dehydrataza (EC 4.2.1.91)

ATP — adenosintrifosfat

Ba — modry aleuron (z angl. Blue aleurone)

BPASs — nerozpustné vazané fenolické kyseliny (z angl. Bound Phenolic Acids)
C3H — p-kumarat 3-hydroxylaza (EC 1.14.18.1)

C4H — trans-cinamat monooxygenaza (EC 1.14.13.11)

CCOs — karotenoidy Stépici oxygenazy (z angl. Carotenoid Cleavage Oxygenases;
EC 1.13.11.%)

CCS - kapsantin/kapsorubin syntaza (EC 5.3.99.8)

CDP-ME — 4-(cytidin 5’-difosfo)-2-C-methyl-D-erythritol

CDP-ME-2P — 4-(cytidin 5’-difosfo)-2-C-methyl-D-erythritol-2-fosfat

CM - chorismat mutaza (EC 5.4.99.5)

CMK - 4-(cytidin 5’-difosfo)-2-C-methyl-D-erythritol kinaza (EC 2.7.1.148)

CoA — koenzym A

CPAs — rozpustné konjugované fenolické kyseliny (z angl. Conjugated Phenolic Acids)
CRTI — fytoen desaturaza bakterialniho typu (EC 1.3.99.31)

CRTISO - karotenoid izomeraza (EC 2.5.1.13)

CrtO/CrtW — karotenoidni ketolazy (EC 1.3.5.B4)

CS — chorismat syntaza (EC 4.2.3.5)

DAHP — 3-deoxy-D-arabino-heptulosonat-7-fosfat

DAHPS — 3-deoxy-D-arabino-heptulosonat-7-fosfat syntaza (EC 2.5.1.54)

DHD/SDH — 3-dehydrochinat dehydrataza/sikimat 5-dehydrogenaza (EC 4.2.1.10/EC 1.1.1.25)
DHQS — 3-dehydrochinat syntaza (EC 4.2.3.4)

DMAPP — dimethylallyldifosfat

DPPH — 2,2-difenyl-1-pikrylhydrazyl

DXP — 1-deoxy-D-xylul6za-5-fosfat

DXR — 1-deoxy-D-xylul6zo-5-fosfat reduktoizomeraza (EC 1.1.1.267)

DXS — 1-deoxy-D-xylul6zo-5-fosfat syntaza (EC 2.2.1.7)
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E — podminky prostiedi (z angl. Environment)

E4P — erytroza-4-fosfat

EPSP — 5-enolpyruvylsikimat-3-fosfat

EPSPS — 5-enolpyruvylsikimat-3-fosfat syntaza (EC 2.5.1.29)

FAE — ekvivalent ferulové kyseliny (z angl. Ferulic Acid Ekvivalent)

FPAs — rozpustné volné fenolické kyseliny (z angl. Free Phenolic Acids)

F5H — ferulat 5-hydroxylaza (EC 1.14.13.B32)

G — genotyp (z angl. Genotype)

GAE — ekvivalent gallové kyseliny (z angl. Gallic Acid Equivalent)

GGPP — geranylgeranyldifosfat

GGPPS — geranylgeranyldifosfat syntaza (EC 2.5.1.29)

HDR — 1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat reduktaza (EC 1.17.7.4)
HDS — 1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat syntaza (EC 1.17.7.3)
HMBPP — 1-hydroxy-2-methyl-2-(E)-butenyl-4-difosfat

HMG-CoA — 3-hydroxy-3-methylglutaryl-CoA

HMGR - 3-hydroxy-3-methylglutaryl-CoA (HMG-Co0A) reduktaza (EC 1.1.1.34)
HMGS - 3-hydroxyl-3-methylglutaryl-CoA (HMG-CoA) syntaza (EC 2.3.3.10)
HPLC-DAD — vysokoucinna kapalinova chromatografie s detektorem diodového pole
HYD B — B-karoten hydroxylaza (EC 1.14.15.24)

HYD E — e-karoten hydroxylaza (EC 1.14.14.158)

IPP — izopentenyldifosfat

IPPI — izopentenyldifosfat izomeraza (EC 5.3.3.2)

LCY — lykopen cyklazy (EC 5.5.1.%)

LCY B — lykopen cyklaza tvotici f-jononové cykly (EC 5.5.1.19)

LCY B/E — lykopen cyklaza tvorici - nebo e-jononové cykly

LCY E — lykopen cyklaza tvorici e-jononové cykly (EC 5.5.1.18)

LOX — lipoxygenaza (EC 1.13.11.%)

MCT — 2-C-methyl-D-erythritol-4-fosfat cytidyltransferaza (EC 2.7.7.60)

MDS — 2-C-methyl-D-erythritol-2,4-cyklodifosfat (MECDP) syntaza (EC 4.6.1.12)
MECDP — 2-C-methyl-D-erythritol-2,4-cyklodifosfat

MEP — 2-C-methyl-D-erythritol-4-fostat

MK — mevalonat kinaza (EC 2.7.1.36)
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MVA — mevalonova Kyselina

MVA-P — mevalonat-5-fosfat

MVA-PP — mevalonat-5-difosfat

MVD - difosfomevalonat dekarboxylaza (EC 4.1.1.33)

NADPH — redukovany nikotinamidadenindinukleotidfosfat

NCED - 9-cis-epoxykarotenoid dioxygenaza (EC 1.13.11.51)

NSY — neoxantin syntaza (EC EC 5.3.99.9)

OMT - 0-methyl transferaza (EC 2.1.1.68)

PAs — fenolické kyseliny (z angl. Phenolic Acids)

p.h. — piivodni hodnota

PAL — fenylalanin amoniaklyaza (EC 4.3.1.5)

PDS — fytoen desaturaza (EC 1.3.5.5)

PDT — prefenat dehydrataza (EC 4.2.1.51)

PEP — fosfoenolpyruvat

PMK - fosfomevalonat kinaza (EC 2.7.4.2)

Pp — purpurovy perikarp (z angl. Purple pericarp)

PPA-AT — prefenat aminotransferaza (EC 2.6.1.78)

PPY-AT — fenylpyruvat aminotransferaza (EC 2.6.1.5)

PSY — fytoen syntaza (EC 2.5.1.32)

S3P — sikimat 3-fosfat

SK — sikimat kinaza (EC 2.7.1.71)

TAA — celkova antioxidacni aktivita (z angl. Total Antioxidant Activity)
TAC — celkovy obsah antokyanti (z angl. Total Anthocyanins Content)
TCC — celkovy obsah karotenoidi (z angl. Total Carotenoids Content)

TEAC - ekvivalent antioxidacni aktivity troloxu (z angl. Trolox Equivalent Antioxidant
Activity)

TPAs — celkové fenolické kyseliny (z angl. Total Phenolic Acids)

TPC — celkovy obsah fenolickych latek (z angl. Total Phenolics Content)
VDE - violaxantin deepoxidaza (EC 1.23.5.1)

Ye — zluty endosperm (z angl. Yellow endosperm)

ZDS — {-karoten desaturaza (EC 1.3.5.6)

ZEP — zeaxantin epoxidaza (EC 1.14.15.21)
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Z1SO — {-karoten izomeraza (EC 5.2.1.12)
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10. Ptilohy

Ptiloha ¢. 1 HPLC-DAD pouzité pro analytické stanoveni
karotenoidu a fenolickych kyselin

pufované zrno

extrudat

varfené zrno

otruby/mouka

syrové zrno

standardni Ye Pp Ba

Ptiloha ¢. 2 Vzorky barevnych pSenic pied a po riiznych technologickych upravach

105



