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2. Seznam zKkratek

AMP — Ampicilin

3D — Trojrozmérny

4H — Ctvrty chromozom jeémene

ABTS — 2,2'-azino—-bis—3—ethylbenzothiazolin—6—sulfonova kyselina
ACP III - Acyl carrier protein III — cytoplasmaticky protein
ACT — Actin

AUG - Start kodon

3-Gal — B—galaktosiddza

bp — Par bazi

cDNA — Komplementarni DNA

cM — Centimorgan

CotA — Obalovy protein Bacillus subtilis

Ct — Threshold cycle, prahové hodnoty

CTAB — Cetyltrimetylamonium bromid

Cu — Chemicka znacka médi

DATrT marker — Diversity array technology marker
DNA — Deoxyribonukleova kyselina

E — Utinnost

E— value — Pravdépodobnost, Ze bude dosazeno skore x nebo vysSiho ndhodou v databézi
dané velikosti

EIF — Elongacni faktor 1 alfa

EMBL — European Molecular Biology Laboratory
EPR — Elektronova paramagnetickd rezonance

EST — Expressed sequence tag

F — Forward primer

Fe — Chemické znacka Zeleza

g — Gravitacni zrychleni

GAPDH - Glyceraldehyd— 3— fosfat dehydrogenaza
Glu — Kyselina glutamova

H,0, — Peroxid vodiku

HAA — 3-hydroxyanthranilova kyselina

HBT — 1- hydroxybenzotriazol



HPLC — Vysokoucinna kapalinovéa chromatografie
CHZO — Chranéné zemé&pisné oznaceni

In/Del — Inzerce/delece

IPTG — B-D-1-thiogalactopyranozid

kDa — Kilodalton

Leu — Leucin

LMCO - Laccase-like multi—copper oxidaza
LOC — Lokus

Lys — Lysin

M13 — Univerzalni sekvenéni primer

MCO — Multi—copper oxidazy

mg — Miligram

ml — Mililitr

mM — Milimolérni

mRNA — Mediatorovd RNA

ng — Nanogram

nm — Nanometr

nM — Nanomolarni

O, — Chemicka znacka kysliku

ORF — Otevteny Cteci ramec

OWB — The Oregon Wolfe Barley population
PCR — Polymerazova tetézova reakce

pl — Izoelektricky bod

PPO — Polyfenol oxidazy

PVPP — Polyvinylpolypyrrolidon

R — Reverse primer

RNA — Ribonukleova kyselina

ROS — Reaktivni formy kysliku

rpm — Otacky za minutu (rotations per minute)
SNP marker — Single nucleotide polymorphism marker
SSR marker — Simple sequence repeats marker
TAE — Tris—acetat pufr

TE pufr — Tris/EDTA pufr

TEMPO — Radikal 2,2,6,6—tetrametyl piperidin 1-oxylu



Thr — Threonin

U — Jednotka aktivity

UTR — Neptekladana oblast

UV zafeni — Ultrafialové zareni

V —Volt

ul — Mikrolitr

X — gal — 5-bromo—4—chloro—3-indolyl-beta—galaktopyranozid



3. Abstrakt

Lakdzy jsou jednémi z prvnich studovanych enzyml. Poprvé se o lakdze zminil
Yoshida ve své publikaci v roce 1883 (Yoshida H, 1883). Lakdzy (EC 1.10.3.2, p-difenol-
O, oxidoreduktaza), mezi které Ize i zaradit LMCO, jsou enzymy obsahujici méd’ a jsou
soucasti veétsi skupiny enzyml nazyvané polyfenoloxidazy. Lakazy katalyzuji oxidaci
Sirokého spektra substratli, napt. polyfenoly, substituované fenoly, diaminy, ale i nékteré
anorganické slou¢eniny za soucasné redukce kysliku na vodu. Zdrojem elektronii v téchto
redoxnich reakcich jsou u téchto enzymu obvykle ¢tyfi atomy médi. Lakazy hub, které jsou
dosud nejvice studovanou skupinou, jsou zndmé pro svoji roli v odbourdvani ligninu,
bioremediaci, morfogenezi a patogenité. Navzdory mnoha letim vyzkumu, fyziologické
funkce lakaz v rostlinach zlstavaji velkou neznamou. Piedpoklada se, ze rozhodujici tlohu
hraji lakdzy u rostlin pfi lignifikaci. Podili se hlavné na syntéze ligninu, udrzeni integrity
bunécné stény a jeji struktury a na hojeni ran. Lakazy mohou katalyzovat Sirokou skalu
enzymatickych reakci a maji patrné svou ulohu v rdmci reakce rostlin na stres. Lakazy
rostlin byly popsany zejména u husenic¢ku rolniho (Arabidopsis thaliana), u kukufice (Zea
mays) a u ryze seté (Oryza sativa). U dalSich hospodaisky vyznamnych rostlin nebyla
lakdaza zatim charakterizovana. Na§ vyzkum byl zaméfen na charakterizaci lakazy u
je¢mene (Hordeum vulgare L.), jakoZto jedné z nejvyznamnéjSich hospodaiskych plodin.

Podle nejnovéjsich poznatkl se ukazuje, ze lakdzy jsou exprimovany jako odpovéd’ na
pfitomnost volnych fenolickych latek anebo jako ochrana ptfed reaktivni formou kysliku,
nebot’ se podili na polymerizaci monolignold. Kromé stresovych faktorti, kterym jsou
vystaveny rostliny je¢mene v polnich podminkéch, je mozno pfedpokladat, Ze jsou mlada
kli¢ici zrna vystavena pomérné vyznamnym abiotickym stresiim i v prib¢hu vyroby sladu.
Pti sladovani dochdzi nejen k oxidativnimu stresu, ale také, jak se lze domnivat, 1 ke
zménam v obsahu fenolickych latek, které jsou pro odpovéd rostlin na stres
charakteristické.

Cilem ptredkladané disertacni prace bylo rozsifeni soucasnych znalosti o rostlinnych

lakazach, pfedevsim u jeCmene a studium exprese genu pro lakdzu v prubéhu sladovani.



4. Abstract

Laccases are one of the oldest enzymes ever studied. For the first time laccase was
mentioned by Yoshida in 1883 (Yoshida H, 1883). Laccases (EC 1.10.3.2, p-diphenol-O2
oxidoreductase), are copper-containing enzymes and are part of a larger group of enzymes
termed polyphenol oxidase. Laccases catalyze oxidation of a broad range of substrates e.g.,
polyphenols, substituted phenols, diamines, but also some anorganic compounds with the
concomitant reduction of oxygen to water. The source of electrons in these redox reactions
are usually four copper atoms. Fungal laccases, so far the most extensively studied group,
are known for their roles in lignin degradation, bioremediation, morphogenesis and
pathogenicity. Despite many years of research, the physiological function of laccases in
plants remains largely unknown. Plant laccase have been proposed to be involved in
lignification. It participates mainly in the synthesis of lignin, maintenance of the cell wall
integrity and structure and wound healing. Laccases can catalyze a wide variety of
enzymatic reactions and apparently have a role in plants response to stress. Plant laccases
have been described especially in Arabidopsis (Arabidopsis thaliana), corn (Zea mays),
wheat and rice (Oryza sativa). Laccases have not been yet characterized in any others
agricultural important plants. Our research have been focused on the characterization of

laccase gene in barley (Hordeum vulgare L.), as one of the most important crops.

According to the latest research it shows up that laccases are expressed as a response
to the presence of free phenolic substrates or as a protection against reactive form of
oxygen as it participates in the polymerization of monolignols. Beside stress factors, to
which barley plants under field condition are exposed, it is possible that young sprouted
grains are exhibited to a relatively significant abiotic stress even during malting.
Furthermore malting leads not only to oxidative stress, but also to changes in the content of

phenolic compounds, which are characteristic for a plant response to stress.

The aim of this dissertation was to expand current knowledge about plant laccase,
especially for barley and the study of the relative expression of laccase gene during

malting.



S. Cile prace

Dil¢imi cili bylo:

» Ziskat DNA sekvence lakaz (LMCO), pfitomnych v genomu jeCmene a
popsat jejich strukturu. Identifikovat a charakterizovat polymorfismus
genl kédujicich LMCO u souboru genovych zdroji a odrid je¢mene a

charakterizovat odvozené proteinové sekvence.

* Stanovit expresi lakdzy (LMCO) jeémene v pribéhu sladovani ve

spojeni se zménami vybranych fenolickych latek.

Tato prace vznikla za podpory projekti Ministerstva zemédélstvi Mze RO0414, NAZV
QH82277 a QJ1310091.
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6. Literarni prehled

6.1 Uvod

Je€men patii mezi nejstarsi kulturni rostliny. Pocatky péstovani je¢mene zasahuji do
obdobi 10 000 let pt. n. 1., a to do oblasti Babylonie a Egypta. V 17. stoleti se postupné
rozSitovalo vyuziti jeCmene pro sladovani, pricemz nejveétsiho
rozmachu sladovnictvi dosdhlo v 70. letech devatenactého stoleti. Slad je jednou
z hlavnich surovin pro vyrobu piva. Pro vyrobu sladu a sladovych vytazki se na naSem
uzemi vzdy péstovaly vybrané odridy jarniho, dvoutfadého, niciho jeCmene (Hordeum
distichum var. nutans), které patfily k nejkvalitnéjSim na svété a dodnes tvoii geneticky
zaklad mnohych zahrani¢nich odrtd.

Cilem sladovani je vyrobit fizenym procesem kliceni a hvozdéni z je¢mene slad,
obsahujici potfebné enzymy a aromatické 1 barevné latky nezbytné pro vyrobu uréeného
druhu piva. Principem sladovani je vytvofeni optimalnich podminek pro casteCnou
degradaci zasobnich proteini jeCmene pomoci enzymi, piedev§im cytolytickych,
proteolytickych a amylolytickych, k jejichz aktivaci dochdzi pti procesu kliceni. Tim
vznika tzv. zeleny slad, ktery se naslednym hvozdénim, pti kterém se ptisobenim zvySené
teploty vyvolaji chemické reakce tvorby aromatickych a barevnych latek, pfeméni v
hotovy slad. Technologicky se vyrobasladu skladd zpéti zékladnich, na sebe
navazujicich procest: piijem, ¢isténi a skladovani je¢mene; maceni; kli¢eni; susSeni a
hvozdéni zeleného sladu a iprava suSeného sladu, skladovani a expedice.

Pro vyrobu piva s CHZO ,,Ceské pivo“ se pouziva svétly druh sladu, vyrobeny
z odrid dvoufadého jeémene registovanych Ustiednim kontrolnim a zkuSebnim tstavem
zem&délskym v Brné, doporuc¢enych Vyzkumnym ustavem pivovarskym a sladatskym, a.s.
v Praze na zéklad€¢ vysledkli testovani sladovnické kvality. Mezi tyto odridy patii

Aksamit, Blanik, Bojos, Calgary, Malz, Radegast a Tolar. Odridy jeCmene urcené pro

v

cv v

extraktu ve findlnim vyrobku (Psota, 2008).

11



6.2 Multi-copper oxidazy

MCO jsou superrodina oxidoreduktaz, které jsou schopné katalyzovat oxidaci
riznych aromatickych sloucenin s doprovodnou redukci kysliku na vodu. Na rozdil od
peroxidaz neobsahuji jako kofaktor zelezo, ale obsahuji atomy médi. Stejné tak
nevyuzivaji H,O,, ale molekularni kyslik (Baldrian, 2006). Katalytické centrum tvofi Ctyti
médnaté ionty. Superrodinu MCO tvofi rodiny enzymi, zapojenych do rlznych
fyziologickych procest. Patii do ni ceruloplazmin nebo ferroxidazy (EC 1.16.3.1),
askorbatoxidazy (EC 1.10.3.3), dusitan-reduktazy (EC 1.7.2.1) a lakdzy (benzendiol—
kyslik—oxidoreduktaza, EC 1.10.3.2).

6.3 Lakazy

Lakazy (benzendiol-kyslik—oxidoreduktaza, EC 1.10.3.2) jsou Siroce rozsifené u
mnoha eukaryot napt. u hub, hmyzu, u rostlin (Mayer and Staples, 2002), stejn¢ jako u
prokaryot (Claus, 2003). Lakazy vykazuji razné funkce v zavislosti na jejich zdrojovém
organismu a na fyziologickych a patologickych podminkach. Mezi tyto funkce se fadi
napt. lignifikace, regenerace po poranéni, oxidace Zeleza (u rostlin), delignifikace,
pigmentace, udrZzovani struktury a integrity bunééné stény, tvorba plodnice (u hub), tvorba
melaninu nebo obalového proteinu u endospory u bakterii (Hoopes and Dean, 2004;
McCaig et al., 2005; Thurston, 1994; Nagai et al., 2003; Langfelder et al., 2003). Prvni
zminka o lakazach se objevila jiz vroce 1883, kdy ve své publikaci Yoshida popsal a
izoloval lakazu ze Skumpy fermezové (Rhus vernicifera). Rostlinné a houbové lakazy jsou
lokalizované extracelularné, na rozdil od bakteridlnich lakaz, které jsou lokalizované
intracelularné (Diamantidis et al., 2000). Bylo zjis§téno, ze molekulova hmotnost lakdz se
znacné lisi v zavislosti na organismu, jeji rozmezi je mezi 36 — 390 kDa.

Reisen (2013) poukazuje na nepiesnost definice lakdz. Navrhl, aby se jako prava
lakéza oznacovala pouze prvni identifikovana lakaza (izolovana z Rhus vernicifera) a dale

navrhuje oznaceni ostatnich lakaz jako LMCO.
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6.4 Struktura lakaz

Lakazy jsou dimerni nebo tetramerni glykoproteiny, obsahujici ¢tyfi atomy médi na
jeden monomer. Pro lakdzu jsou charakteristické &tyfi atomy médi ve form& Cu?*, které se
lisi svou absorbanci ve viditelném svétle a signalem elektronové paramagnetické
rezonance (EPR), a které jsou rozmistény mezi 3 vazebna mista do dvou reakcnich center
(T1 a T2/T3). Atom médi v mist¢ T1 (Typ — 1), které je prvnim oxidacnim mistem,
absorbuje zafeni pfi vlnové délce 600 nm. Modra barva enzymu je vysledkem absorpce
zateni kovalentni vazbou mezi atomem médi mista T1 a cysteinem. Vyskytuji se ale také
lakéazy, které nevykazuji typickou absorbanci kolem 600 nm, jako naptiklad "bilé lakazy",
které obsahuji jeden atom médi, jeden atom zeleza a dva atomy zinku a vyskytujici se v
Pleurotus ostreatus (Palmieri et al., 2003) a ,zlutd lakaza", obsahujici méd’, ale ve
zménéném oxidacnim stupni a vyskytujici se v Panus tirinus (Leontievsky et al., 1997).
Atom médi v misté T2 (Typ — 2) je v absorpénim spektru viditelného zéafeni neviditelny,
ale jeho vyskyt je métitelny pomoci EPR. T2 spolu se dvéma atomy médi v misté T3 (Typ
— 3) vytvaii oblast, kde dochazi ke ¢tyr—elektronové redukci kysliku na vodu (Singh ef al.,
2011; Santhanam et al., 2011). T3 misto absorbuje zateni pii vlnové délce 330 nm (Obr.1)
(Dwivedi et al., 2011; Jotenek and Zajoncova, 2013). Lakazy jsou také obecné
klasifikovany do tfi skupin podle redoxniho potencidlu T1 mista. Témito skupinami jsou
lak4zy s nizkym redoxnim potencidlem (0.4 — 0.5 V), se stfednim redoxnim potencidlem
(0.5 — 0.6 V) a svysokym redoxnim potencidlem (0.7 — 0.8 V). Lakazy s nizkym a
sttednim redoxnim potencidlem se vyskytuji pfevazné u rostlin a bakterii, lakdzy s
vysokym redoxnim potencialem pak pfedev§im u vldknitych hub (Santhanam et al., 2011).
Schopnost lakaz katalyzovat oxidaci riznych fenolickych, stejné jako nefenolickych
sloucenin, spolu s redukci molekularniho kysliku na atomy vody, maji velky vyznam z

hlediska jejich komer¢niho vyuziti.
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Obr.1: Schematické zndzorneni reakcnich center spolu s meziatomovymi vzdalenostmi

prislusnych ligandii (Dwivedi et al., 2011).

v

Dwivedi et al. (2011) ukazal, Zze 1 pfes rozmanitou taxonomickou rozSifenost a
variabilitu  substrati  je = molekuldrni  stavba  vSech MCO  spolecna.
Provedl srovnavaci modelovani, aby vysvétlil rozdily mezi bakteridlnimi, houbovymi a
rostlinnymi lakdzami. Pfedpokladana trojrozmérna struktura vSech lakaz se sklada ze tii
domén (Obr. 2). Tyto domény tvoii pfevazné B-barely (fecky kli€) skladajici se z B—lista a
B— soudkil v sendvi¢ovém uspotradani. Prvni doména, nachézejici se v N—termindlni oblasti
(oznacena na obrazku modrfe), je u bakterii vice pokroucend v porovnani s houbovou a
rostlinnou doménou (Obr. 2). Na obrdzku je vidét svinuty usek spojujici doménu 1 a 2 u
bakterii, ktera ale chybi u rostlin a hub. U hub a rostlin je pfitomna kratka a-helikalni
oblast spojujici doménu 1 s doménou 2 a doménu 2 s doménou 3. Pfi porovnani téchto
modeld je vidét, ze u bakterii je mezi segmentem 2 a 3 smycka, kterd tyto segmenty

spojuje externé, zatimco u rostlinné a bakteridlni lakdzy je spojeni mezi segmentem 2 a 3

14



vnitini. Oblast 2 (zelené) slouzi jako prvek pfemosténi mezi oblasti 1 a oblasti 3 (Xu et al.,
1996). Oblast 3 (Cervend / zlutd) u vSech struktur obsahuje nejen médnaté katalytické
centrum, ale pfispiva i k tvorbé vazebného mista tii-jaderného méd’natého centra, které se

nachazi na rozhrani oblasti 1 a 3 (Dwivedi et al., 2011).

>

» D2:D 2
» D3: Domain 3
» Cu:Copper

Obr. 2: 3D struktura bakterialni (4), houbové (B) a rostlinné (C) lakdazy (Dwivedi et al.,
2011).
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6.5 Reakéni mechanismus lakaz

Lakazy katalyzuji jednoelektronovou oxidaci molekul substratu a soucastné
ctytelektronovou redukci molekularniho kyliku na vodu. (Bourbonnais and Paice, 1990;
Desai and Nityanad, 2011). Katalyzu lze rozdélit do tii krokli. Zaprvé jsou molekuly
substratu vazany v T1 centru, kde dochazi k pfijeti elektronti z redukujiciho se substratu.
Za druhé jsou elektrony pfevedeny z T1 do T2/T3 centra a za tieti ndsleduje redukce
kysliku na vodu v T2/T3 centru (Solomon et al, 1996; Solomon et al, 2001;
Messerschmidt et al., 1992; Bento et al., 2005). Celkovéa reakce je nasledujici: 4RH + O,
— 4R « + 2H,0. Lakdzy katalyzuji oxidaci Sirokého spektra organickych latek, véetné
fenoll, polyfenold, aminofenold, diaminti, benzenthioli, nefenolickych substrati a také
nékterych anorganickych iontd za vzniku radikald, které podléhaji depolymerizaci,
repolymerizaci a metylaci. (Reinhammar, 1984; Yaropolov et al., 1994; Solomon et al.,
1996; Thurston, 1994; Sakurai, 1992; Gianfreda et al., 1999). Nékteré z t€chto substrati
nemohou lakazy katalyzovat ptimo, ale vyzaduji tzv. mediatory (Obr. 3). Tyto mediatory
jsou molekuly nizkou molekulovou hmotnosti schopné transportovat elektrony mezi
lakdzou a cilovou molekulou. Plsobi jako oxida¢ni ¢inidlo. V tomto systému lakaza
oxiduje medidtor a oxidovany mediator zase oxiduje konecny substrat. Substrat je tedy
oxidovan sekundarn¢ bez ptimého kontaktu s enzymem. Pfi pouziti redoxnich mediatort se
tudiz mize zvysit rozsah substratl pro lakazu (Bourbonnais and Paice, 1990). Vice nez sto
riznych mediatori bylo zkoumano pro jejich schopnost oxidovat lignin nebo ligninu
podobné slouceniny (Riva, 2006). Mezi uméle syntetizované mediatory patii 2,2'-azino—
bis—3—ethylbenzothiazolin—6—sulfonova kyselina (ABTS), 1-hydroxybenzotriazol (HBT),
a hydroxyanthranilovd kyselina (HAA) a radikéal 2,2,6,6—tetrametyl piperidin 1-oxylu
(TEMPO) (Zoppellaro et al., 2000; Bourbonnais et al., 1997). Byly popsany i mediatory
pfirodniho charakteru, které jsou napojeny na fyziologické funkce jako napiiklad
degradace ligninu za vzniku sloucenin fenolu jako jsou vanilin, kyselina p-kumarova,
syringaldehyd a dalsi (Riva, 2006). Kromé& organickych sloucenin jsou lakazy schopné
oxidovat anorganické ionty nebo komplexy kovi (Singh et al., 2004; Fernandes et al.,
2007; Gorbacheva et al., 2009). Spektrum slouc¢enin vhodné jako substrat pro lakdzu a
LMCO je znacné, jak ukéazal ve své préaci Reiss (2013). Z testovanych 91 substratti bylo 30
vhodnych pro rostlinné lakazy a LMCO, coz bylo mnohem vice nez naptiklad u lakéz hub

(25 substratn).
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Obr.3: Schématické zndzornéni katalytického cyklu lakdzy v pritomnosti (B) anebo

v nepritomnosti (A) medidtoru (Riva, 2000).

Substratova specificita a afinita lakdzy zavisi na pH. U substrati, jejichZ oxidace
nezahrnuje protonovou vyménu se Casto aktivita lakdzy snizuje se zvysujicim se pH.
Zatimco pro substraty, jejichz oxidace zahrnuje vyménu protont (jako je naptiklad fenol),
je aktivita lakazy pti optimalnim pH dana spiSe zdrojem lakazy nez substratem (Rosenberg
et al., 1976; Hoffmann and Esser, 1977; Bourbonnais and Paic, 1992; Xu et al., 1996). Pro
fenoly je optimalni rozmezi pH pro houbové a bakteridlni lakdzy mezi 3 az 7, kdeZto u
rostlinnych lakdz se muize hodnota pH zvysit az na 9 (Xu er al.,, 1996; Bollag
and Leonowicz, 1984; Madhavi and Lele, 2009). ABTS substrat snizuje optimélni pH na
hodnoty mezi 3 az 5 (Heinzkill et al., 1998). Niz§i optimalni hodnoty pH pro houbové
lakdzy mohou byt dany jejich schopnosti pfizplsobit se podminkam kyselého prostfedi na
rozdil od rostlinnych lakaz, které vykazuji optimalni pH bliZe k fyziologickym hodnotam.
Rozdil voptimu pH mize byt tedy dan fyziologickymi funkcemi lakaz (Bollag
and Leonowicz , 1984).

Teplotni stabilita lakaz je spojena s interakci mezi médnatymi ionty vazebnych
center a miistky proteinovych struktur (Hildén et al., 2009). Teplotni optima pro aktivitu
lakazy jsou v rozmeni od 35 °C do 70 °C. Houbové lakdzy maji obvykle nizsi tepelnou
stabilitu nez bakteridlni lakdzy (Baldrian, 2006), a u rostlinné lakdzy (Rhus vernicifera)
byla popséana optimalni teplota kolem 25 °C (Dwivedi et al., 2011). VEtsi teplotni stabilita
byla popsana u kyselejSich izofom lakaz vyskytujici se u Physisporinus rivulosus (Hildén

etal.,2007).
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6.6 Clenéni lakaz

6.6.1 Bakterialni lakazy

Prvni bakteridlni lakaza byla objevena v roce 1993 u Gram—negativni piidni bakterie
Azospirrullum lipoferum, ktera je také spojovana s tvorbou melaninu. (Givaudon et al.,
1993; Faure et al., 1995). Bakterie r. Azospirillum se nachdzi prevazné v pudé a v
rhizosféfe z rlznych trav a obilovin. Aktivita lakazy byla také popsana u sinic Anabaena
azollae (Malliga et al., 1996). U Bacillus subtilis obsahujici protein CotA byl popsan podil
lakdzy na melanizaci povrchu spor (Martins et al., 2002). Vytrusy CotA s nedostatkem
lakdzy nejsou schopny sestavovat hnédy pigment spor a v disledku toho nejsou plné
odolné vici UV zafeni a peroxidu vodiku (Hullo et al., 2001; Martins et al., 2002). Mezi
dalsi funkce bakteridlnich lakaz patii oxidace manganu (Brouwers et al., 1999), detoxikace
fenolickych sloucenin (Bains et al., 2003) a syntéza antibiotik (Freeman et al., 1993). Na
rozdil od houbovych lakaz jsou bakterialni lakdzy vysoce aktivni a mnohem vice stabilni
pfi vysokych teplotach, ale i pfi vysokych hodnotich pH a pii vysoké koncentraci
chloridovych iontil a iontth médi (Held er al. 2005; Rosconi et al., 2005; McMahon et al.,
2007). Témét vSechny bakteridlni lakdzy jsou lokalizované intracelularné (Santhanam et

al., 2011; Arora et al., 2010; Majeau et al., 2010).

6.6.2 Houbové lakazy

Houbové lakéazy jsou nejlépe prozkoumanou skupinou lakéz. Nejvice jsou rozsifené
u tzv. dievokaznych hub Ascomycetes, Basidiomycetes a Deuteromycetes.

Jejich biologické funkce jsou rozmanité a jejich zapojeni bylo popsdno napt. u
pigmentace spor zpiisobené environmentdlnim stresem (Clutterbuck, 1972; Fang et al.,
2010), u formovani plodnic (Leatham and Stahmann, 1981), dale hraji roli v morfogenezi,
detoxifikaci sloZzek rostlinnych obrannych systémt, sporulaci a patogenité (Leatham and
Stahmann, 1981; Thurston, 1994; Nagai et al., 2003; Langfelder et al., 2003). Patogenni
houby rostlin produkuji lakazy, které maji vliv na detoxifikaci toxickych sloucenin,
produkovanych obrannym systémem rostlin (Adrian et al., 1998; Mayer and Staples,
2002). Ligninolytické houby (napt. Trametes) vylucuji komplex enzymt, jejichz soucasti
jsou 1 lakazy, které pomadhaji vytvofit rovnovahu mezi enzymatickou polymeraci a

depolymeraci. Tento komplex je schopen napadat a narusit barieru ligninu mrtvého dfeva.
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Zbyvajici celulézova a hemiceluldozova vlakna jsou degradovana celuldzou a slouzi jako
substrat pro houby (Galliano et al., 1991; De Jong et al., 1994; Marzullo et al., 1995;
Barbosa et al., 1996; Hatakka, 2005). Kromé¢ lakéz se na degradaci ligninu podili lignin—
peroxidaza (katalyzuje oxidaci fenolické a nefenolické jednotky), mangan—dependentni—
peroxidaza, glukézo—oxiddza a glyoxal-oxiddza, chinon—oxidoreduktdza (Thakker et al.,

1992).

6.6.3 Lakazy hmyzu

U cetnych druhti hmyzu byl zjistén vyskyt lakdz nebo lakdzdm podobnych enzymi.
Mezi n¢ patii hmyz rodu Bombyx, Calliphora, Diploptera, Drosophila, Lucilia, Manduca,
Musca, Orycetes, Papilio, Phormia, Rhodnius, Sarcophaga, Schistocerca nebo Tenebrio
(Arora and Sharma, 2010). U hmyzu bylo zjisténo, zZe se lakdzy nachazi v kutikule a maji
vliv na jeji sklerotizaci tak, ze oxiduji fenolické slouceniny na odpovidajici chinony, které
pak katalyzuji zesitovani proteint (Dittmer and Kanost, 2010). Timto procesem dochazi ke
sklerotizaci (uklddani mineralnich latek) kutikuly. U hmyzu s proménou dokonalou je
lak4za hlavnim enzymem, ktery se ucastni tvrdnuti kutikuly (Shraddha et al., 2011). Dalsi
funkce lakdz u hmyzu neni zcela objasnéna. Podle lokalizace a profilu exprese byly
navrzeny ruzné mozné role enzymu v metabolismu Zeleza, detoxikaci, homeostaze

(Gorman et al., 2008; Lang et al., 2012).

6.6.4 Rostlinné lakazy

Lakéza byla popsana u fady druhti rostlin. Jako prvni byla nalezena v mize Skumpy
fermezové (Rhus vernicifera) v roce 1883, a je jednim z prvnich popsanych enzymu vibec.
Lakaza byla popsana i u dalSich druht rostlin jako jsou mango (Mangifera indica),
meruiika (Prunus mume), broskvon (Prunus persica), tabak (Nicotiana tabacum), javor
klen (Acer pseudoplatanus), topol (Populus trichocarpa), brambor (Solanum tuberosum) a
jiné¢ (Robinsoin ef al, 1993; Dijkstra and Walker, 1991; Mayer and Harel, 1968;
McDougall et al., 1994; Kiefer-Meyer et al., 1996; Sterjiades et al., 1992; LaFayette et al.,
1995; Sterjiades et al., 1996; Richardson and McDougall, 1997; Ranocha et al., 1999;
LaFayette et al., 1999; Richardson et al., 2000; Sato et al., 2001; Wang et al., 2004;
McCaig, 2005; Pourcel et al., 2005; Cai et al., 2006; Andersen et al., 2009; Ha et al.,

2015). Rostlinné lakazy byly tedy popsany prevazné u dvoudéloznych rostlin. V genomu
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Arabidopsis thaliana bylo zdokumentovéano 17 genti lakazy (LAC1 do LAC17) (McCaig et
al., 2005; Cai et al., 2006; Turlapati et al., 2011). V literatufe a v dostupnych vetejnych
databazich se objevily prvni zminky o lakazach jednodéloznych rostlin, a to u ryze seté
(Oryza sativa), kukuftice seté (Zea mays) a jilku vytrvalého (Lolium perenne) (Gavnholt et
al., 2002; Liang et al., 2006; Caparros—Ruiz et al., 2006; Ouyang et al., 2007). Vysoka
ruznorodost rostlinnych lakdz naznacuje, ze duplikace genu nastala kontinualné pied a po
rozdéleni na jednodélozné, dvoud€lozné a nahosemenné rostliny (Gavnholt et al., 2002).

Mezi funkce rostlinnych lakaz patii napiiklad regenerace posSkozeného pletiva
(Dwivedi et al., 2011; Polak and Jarosz-Wilkolazka, 2012), dale jsou lakazy dualezité pro
strukturu a integritu bunécné stény ve vlaknech xylemu (Ranocha et al., 2002) nebo maji
vliv na oxidaci zeleza (Hoopes and Dean, 2004; McCaig et al., 2005).

Obecnym ptedpokladem je, Ze rostlinné lakézy jsou extraceluldrni proteiny, které
jsou vylu¢ovany do apoplastu, a ze tyto enzymy hraji roli pouze v syntéze ligninu. Lakéza
pfi tomto procesu katalyzuje dimerizaci monolignoli. Dimery pak mohou byt navzijem
spojeny a mohou vytvaret oligomery a polymery. Nicméné existuji lakdzy (napt. lakaza
jilku LpLAC5—4), které neobsahuji N—termindlni sekvenci, a proto je nepravdépodobné, ze
by byly takto vylucovany (Gavnholt et al., 2002). Analyza rostlinnych sekvenci lakéazy
dokonce naznacuje, ze tfada dalSich lakdz by mohla byt také lokalizovana intracelularné
(Gavnholt et al., 2002).

Molekuly rostlinnych lakaz obsahuji vysoky pocet N—glykosila¢nich mist (7-20)
v porovnani s askorbat—oxidazami, které jich mivaji obvykle méné nez 5 (Boulaflous et al.,
2009). RovnéZ hodnoty izoelektrického bodu pl se u rostlinnych lakaz vyskytuji v Sirokém
rozpéti od 5 do 9.7, coz odpovida rozdilnym funkcim lak4z v rostliné (Gavnholt et al.,
2002).

Struktura genl pro rostlinné lakazy je pfevazn¢ konzervativni, zejména v poctu
intrond, na rozdil od jejich délky, ktera vykazuje znac¢nou variabilitu. Rostlinné lakazy ve
srovnani s houbovymi lakdzami patii k lakdzach s nizSim poctem intronii. Pro rostlinné
lakdzy je typicky niz§i pocet intrond, obvykle okolo Sesti, ve srovnani s houbovymi

lakézami, kde jich byva 10 az 20 (Gavnholt et al., 2002).
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6.7 Vyuziti lakaz

Tim, Ze jsou lakazy schopné katalyzovat Siroké spektrum rGznych substratl za
vzniku vody, je lakdza vhodnym kandidatem pro pouziti v riznych pramyslovych
oblastech (Tab. 1). Tradi¢ni delignifikacni procesy v papirenském pramyslu vyzaduji velké
procest je pouziti lakdz vhodné (Du et al., 2013). Bylo zji§téno, Ze pouzitim lakazy z
Trametes versicolor vkombinaci s chemickymi medidtory lze ucinné katalyzovat
delignifikaci riznych druhli vlakniny (Call and Mucke, 1997). Lakazy z Trametes
versicolor se také uplatituji pfi vyrobé ethanolu z obnovitelnych zdroji (Larsson et al.,
2001). Degradace nezadoucich molekul lakdzami mutze byt pouzita také pii Cisténi
odpadnich vod a bioremediaci kontaminovanych ptd (Ahn et al., 2002; Chiaiese et al.,
2011; Singh et al, 2012). V fad¢ studii byla popsana schopnost lignolitickych hub
transformovat a mineralizovat rtizné polutanty. Houby degraduji a mineralizuji rtizné
perzistentni latky znec€iStujici zivotni prostiedi, jako napiiklad aromatické nitroslouceniny,
polychlorované bifenyly, polycyklické aromatické uhlovodiky, ale i syntetickd barviva
(Gelo-Pujic et al., 1999, Susla and Svododova, 2006). Vyuzivani lakazy v textilnim
primyslu roste velmi rychle, a to zejména pii vyrobé dzinoviny. Po celém svété se pouziva
pro béleni pfedevSim chlornan sodny, ktery je Skodlivy pro Zivotni prostfedi. Lakdza je
tedy vynikajici ekologickou alternativou, ktera nezatézuje Zivotni prosttedi. V roce 1996
byl predstaven prvni komeréni produkt zaloZeny na lakdze snazvem DeniLitel ™
(Novozyme, Novo Nordisk, Dénsko) (Rodriguez-Couto, 2012). V potravinafském
prumyslu je lakdza vyuZivana v mnoha aplikacich. Pfipravky s obchodnim nazvem
Suberase” se pouzivaji k odetfeni korkovych zatek u lahvi vina. Slozky z korku mohou
ptejit do vina a snizit jeho kvalitu nezadouci pfichuti (Buser er al., 1982). Jednou z
hlavnich aplikaci lakazy v potravinaiském primyslu je stabilizace vina. Zde je lakaza
vyuZivéana jako alternativa k fyzikalné-chemickym sorbentim (Kirk et al., 2002). MoSty a
vina jsou sloZité smési riznych chemickych sloucenin, jako je ethanol, organické kyseliny,
soli a fenolické slouceniny. Odstranéni polyfenolickych sloucenin musi byt selektivni, aby
se zabranilo nezddoucim zménam v organoleptickych vlastnostech vina. Odstranéni
polyfenold pomoci lakaz spolu s ultrafiltraci se vyuziva i pfi ostraiiovani zdkalu ovocnych
Lakazy jsou také vyuzivany v pekaftstvi. Po pfidani lakazy do mouky nebo tésta s obsahem
lepku dochdzi ke zméné struktury tésta, a tim i chleba (Selinheimo et al., 2007).
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V pivovarnictvi se lakdza vyuzivd pfi odstraiiovani zakalu piva, ktery je
v pivovarnictvi pretvrvavajicim problémem. Zakal se vyvyji v disledku dlouhodobého
skladovani piva, ale také 1 vyrobki, které tento zékal v okamziku baleni nemély (Minussi
et al., 2002). Trvanlivost piva zavisi na mnoha faktorech, jako je napf. teplota a obsah
kysliku. Zakal, ktery se vytvaii v pivu, je vysledkem srazeni proteinu stimulovaného
malym mnozstvim pfirozené se vyskytujicich polyfenolti proanthokyanidinti (Mathiasen,
1995). Nadbytecné polyfenoly jsou tradicné odstranéniovany piisobenim nerozpustného
polyvinylpolypyrrolidonu (PVPP). PVPP zdravotné zatéZzuje prostiedi pro zaméstnance a
pusobi problémy v odpadni vodé diky své nizké biologické rozlozitelnosti. Alternativou
pouzivani PVPP je pfidani lakazy do mladiny. Podle Mathiasena (1995) po pfidani lakazy
na konci procesu vyroby piva dochazi k odstranéni nezddouciho kysliku, ¢imz se zvySuje
trvanlivost piva. Lakazy zaroven odstrani nékteré z polyfenold, které mohou stale jesté
v pivu ziistavat. Komplexu polyfenolii, vytvoiené lakdzou, mohou byt poté odstranény

filtraci nebo jinym zplisobem separace.

Tab. 1: Komer¢éni ptipravky na bazi lakazy pro primyslové vyuziti

Aplikace Nazev Firma
Potravinarsky | Pivovarnictvi Flavourstar Advanced Enzyme Technologies Ltd. (Indie)
pramysl Zvyraznéni barvy Caje LACCASE Y120 Amano Enzyme USA Co. Ltd.
Uprava korku Suberase Novozymes (Dansko)
Papirensky Béleni celulozy Lignozym-process Lignozym GmbH (Némecko)
pramysl Delignifikace papiroviny Novozym 51003 Novozymes (Dansko)
Textilni Béleni dzinoviny Bleach Cut 3-S Season Chemicals (Cina)
pramysl Uprava dzinoviny Cololacc BB Colotex Biotechnology Co. Ltd. (Hong Kong)
Béleni dzinoviny DeniLite Novozymes (Déansko)
Uprava dzinoviny Ecostone LC10 AB Enzymes GmbH (Némecko)
Uprava dzinoviny IndiStar Genencor Inc. (Rochester, USA)
Uprava dzinoviny Novoprime Base 268 Novozymes (Dansko)
Béleni a tiprava dzinoviny ~ Primagreen Ecofade LT100  Genencor Inc. (Rochester, USA)
Béleni dzinoviny ZyLite Zytex Pvt. Ltd. (Indie)
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7. Experimentalni ¢ast

7.1  Material a metody

7.1.1 Analyza dostupnych a znamych sekvenci a navrh primeru

Pomoci bioinformatickych nastroji byly vybrany sekvence konzervativnich domén
znamych genii a EST sekvenci (Expressed Sequence Tags) rostlinnych lakéz. Tyto
sekvence byly pouzity pro navrh primert v programu Primer3 (Rozen and Skaletsky,

2000) a FastPCR (Kalendar, 2011).

7.1.2 Rostlinny material

Do experimentl bylo zatfazeno 134 odrid je¢mene (Hordeum vulgare L.) (Tab. 6),
banky Vyzkumného ustavu rostlinné vyroby, Praha Ruzyné. Rostliny jecmene byly
péstovany ve skleniku az do faze 2-3 listu. Listy byly odebrany a zamrazeny. Poté byly
uloZeny a skladovany v hlubokomrazicim boxu pfi teploté -80 °C aZ do pouZiti.

Pro stanoveni genové exprese byla vybrana sada Cctyf odrid jeCmene z
Vyzkumného tstavu pivovarského a sladatského. Bojos, Blanik, Sebastian a Streif. Bojos a
Blanik jsou doporuéené pro vyrobu piva s chranénym zemépisnym oznaGenim ,,Ceské

pivo®.

7.1.3 Extrakce DNA

Pro extrakci DNA byla pouzita modifikovand metoda dle Saghai—Maroofa (1984).
Jeden gram vzorku listlh byl homogenizovan v porceldnovych miskach na jemny prasek.
Poté byl homogenizovany rostlinny materidl ptenesen do 15 ml zkumavky s obsahem 10 pl
2—merkaptoethanolu a 5 ml detergentu CTAB. Smés byla promichana na vortexu. Poté se
inkubovalo se ve vodni ldzni po dobu 1 hod. pfi teploté 60 °C, béhem inkubace se

zkumavka se smési nékolikrdt promichava. Tento postup vede k naruseni bunécné
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membrany, soucasné¢ dojde diky ucinku 2-merkaptoethanolu, naruSeni disulfidickych
mustkl. Po inkubaci byly vzorky ochlazeny na laboratorni teplotu. Ke vzorkiim byl pfidan
1 x objem (cca. 5 ml) smési chloroform: isoamylalkohol 24:1 (v/v), smés se nechala
promichévat 30 minut, poté nésledovala tficetiminutova centrifugace pfi 13.000 x g do
odd¢leni fazi. Svrchni vodna faze byla pienesena do nové sterilni 15 ml zkumavky, znovu
byl pfidan 1 x objem smési chloroform: isoamylalkohol 24:1 (v/v) a vzorek byl promichan.
Poté se vzorky nechaly centrifugovat pfi 13.000 x g. Ihned byla odebrana svrchni vodna
faze do nové sterilni 15 ml zkumavky, k ni byl pfidan se 1 x objem vychlazeného (-20°C)
isopropanolu a DNA se ponechala srazet po dobu 30 min. na ledu. Vysrazena DNA byla
promyta 2 ml 75 % etanolu. Po 12 hod. se DNA opatrn¢ vyjmula a nachala se 5 min. pfi
laboratorni teploté oschnout. Poté byla DNA opatrné pfemisténa do sterilni 1.5 ml
mikrozkumavky se 100-500 pl TE pufru. Po rozpusténi DNA bylo pfidano 10 pl RNazy A
a roztok se ponechal inkubovat v termobloku po dobu 30 min. pfi 37°C. DNA byla pro

dalsi experimenty skladovana pti +4 °C.

7.1.4 Kontrola kvality a mnoZstvi izolované DNA

Kontrola integrity izolované DNA byla provedena spomoci elektroforetické
separace DNA v 0.8 % agar6zovém gelu srovndnim s délkovym standardem Hind III.
Kontrola mnozstvi izolované DNA byla provedena pomoci spektrofotometru

Nanophotometer (Implen GmBH, Mnichov, Némecko).

7.1.5 Polymerazova retézova reakce

DNA sekvence ziskané z GeneBank (http://www.ncbi.nih.gov), vztahujici se
k lakdazam a multi-méd’natych oxidazam a sekvence kompletni jecmenné cDNA sekvenci
(Sato et al., 2001) byly vyuzity pro navrZzeni nékolika primerovych sad pomoci programu
PRIMER3 (Rozen and Skaletsky, 2000) a FastPCR (Kalendar, 2011). Na zaklad¢ sekvence
AK252621 (Genebank) z UniGene clusteru Hv.18413 byl navrzen primerovy par LacF1
(5 - GATCAAGGCAACAACATCACC-3") a LacR1 (5 -
GCCCGTAATTAACGACAACCT - 3') pro amplifikaci celé transkripéni jednotky véetné
5" a 3" UTR oblasti lakazy je¢mene. Reakce byly provadény v reakénim objemu 25 pl
obsahujici 1 x PCR buffer (Qiagen, Hilden, Némecko), 5 mM dNTP (Invitrogen, Carlsbad,
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Spojené staty americké), primer F i R o koncentraci 10 uM, 1 U Taq DNA polymerazy
(Qiagen, Hilden, Némecko), ultra cistou H,O pro PCR pro doplnéni pozadovaného
reakéniho objemu a DNA o koncentraci 100 ng/ul. VSechny komponenty PCR byly pted
pouzitim promichany a kratce stoCeny na stolni minicentrifuze. Ziskany PCR produkt byl
pouzit ke klonovani a sekvenovani. Pro ziskdni kompletni sekvence lakazy jeCmene byly
navrzeny dalsi sady primert (FI-1, RI-2, F2-2, R2-3, F3-3 a F4-4), které byly opét

pouzity pro klonovani a sekvenovani (Obr. 7). Sekvence pouzitych primert byly

nasledovné: Fl-1: 5 - AGGCTCTGCTGCTGCCTCTC - 3°, RI-2: 5" —
CGCTTCACCACCGTCTCCTG - 37, F2-2: 5" — CAGTACAACGTGACCCTCCAC - 3’
,  R2-3:  5- ATGAGGATGGTGTCAGAGACG - 3, F33 5 -

TCAGGCAGTCCATGGTCAC - 3’, R44: 5" — TTGTAGTTGCCGAAGCCTG - 3".
Optimalizovany teplotni profil PCR byl nasledovny: 95°C — 5 min, 35 x (95 °C - 30 sec.,
60 °C — 1 min., 72 °C — 1 min.) a 72 °C — 10 min. VSechny reakce probihaly v cykleru 96-
well thermal cycler VeritiTM (Applied Biosystems, Foster City, Spojené staty americké).
Jako kontrola PCR byl pouzit gen pro aktin.

7.1.6 Kontrola PCR produkta

Kontrola PCR produkti byla provedena s pomoci elektroforetické separace DNA v
2 % agar6ézovém gelu. Pro rozliSeni velikosti fragmenti byl do krajnich jamek nanesen

DNA standard (DNA Ladder) o znamé velikosti fragmentt.

7.1.7 Klonovani

Vychozi PCR produkt byl ziskdn pomoci navrZzenych primeria (kapitola 4.1.5.). Pro
klonovani byla pouzita komeréni souprava TOPO TA Cloning®, dodavana firmou
Invitrogen (Carlsbad, Spojené staty americké). Tento kit vyuzivd pro vkladani DNA do
vektoru koheznich konci, které vytvari pii amplifikaci Taq polymeraza. Ta pfidava na 3’
konec ptesahujici adenosin. Vektor md na 3" konci komplementarni bazi — thymin.
Kovalentni vazbu dvou fetézcit DNA katalyzuje enzym DNA topoizomeraza I. Vektor nese
1 gen rezistence vuci ampicilinu (AMP), ktery umoznuje ptimou selekci transformovanych
bakterii. V misté klonovani lezi gen kédujici ¢ast enzymu B—galaktosidazy (B3—Gal), LacZ

gen. Vlozenim PCR produktu do této oblasti pomoci teplotniho Soku, je porusena produkce
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LacZ peptidu a B-Gal se stavd neaktivni. To umozniuje pfimou selekci rekombinantnich
klonl na zaklad¢ barevného skrininku na selekénich miskach (tzv. modro—bilé selekce). Na
miskach je pfitomen substrat pro 3—Gal, X—Gal, ktery je v piipad¢ aktivni B—Gal (nedoslo
k inzerci PCR produktu) pfeménén na nerozpustny modry produkt (modré kolonie) a IPTG
(B—D-1-thiogalactopyranoside) s funkei induktoru.

Do 0.5 ml mikrozkumavky byly napipetovany 4 ul PCR produktu, 1 pl solného
roztoku a 1 ul TOPO® vektoru (Obr. 4). Smés byla jemné& promichana a inkubovana 30
min pii laboratorni teplotd. Nasledn& byly ptidany 2 pl TOPO® klonovaci smési,

mikrozkumavka byla jemné promichana proklepanim a inkubovéana 30 minut na ledé.

IacZou ATG

M13 Reverse Primer | Hmld m .'Q?nl Safl EliamHI Sil:ls 1
CAG GAAR ACA GCT ATG ACE ATG ATT ACG CCA AGC TTG GTA CCG AGC TOG GAT CCA CTA
GIC CTT TGT COGA TAC TGS TAC TAA TGC GGT TCG AAC CAT GGC TCOG AGC CTA GGT GAT

BsfX1 EcoR | EcoFt|

] I
GTA ACG GCC GCC AGT GTG CTG GAA TTC GCC CTT
CAT TGC CGG CGG TCA CAC GAC CTT ARG CGG GAB

Pec GSC GAR TTC TGO
PCR Product ettt

EcoRV Barx | Mot | Xhol Nsi | Xba Apal
| 1 | 1 [} 1
AGA TAT CCA TCAR CAC TGG CGG CCG CTC GRG CAT GCAR TCT AGA GGG CCC AAT TCG
TCT ATA GGT AGT GTG ACC GOC GGC GAG CTC GTA OGT AGA TCT CCC GGG TTA AGC
3
T7 Promoter M13 Forward (-20) Primer

BAT TCR
AGC ATA AT TTA AGT

AGT GAG TCG TAT T.
TCA CTC

CTG GCC GTIC GTT TTA AR, CGT CGT GAC TGG GAR AAC
GAC CGG CAG CAAR AAT QIT GCA GCA CTG ACC CTT TTG

Obr. 4: Mapa vektoru pCR® 2.1 — TOPO 3.9 kb

Po uplynuti inkubace byla mikrozkumavka umisténa do vodni 14zng o teploté 42 °C
po dobu 30 s a nasledné byla ponechdna 2 minuty na ledu. Po inkubaci bylo ptidano 250 pl
S.0.C. média a nasledovalo tfepani v termobloku (200 rpm) pii teplot¢ 37 °C po dobu
jedné hodiny. Po jedné hodiné bylo 150 ul roztoku pifeneseno na piedem pfipravenou

Petriho misku s LB agarem (+AMP). Takto ptipravené misky byly ponechény pfes noc
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v inkubatoru pii teplot¢ 37 °C. Druhy den byly bilé kolonie (bakterie s vektorem
obsahujicim vlozenou DNA), znazornéné na Obr. 5, pieneseny na novou Petriho misku
s LB agarem (+AMP). Bakterie byly opét ponechany v inkubdatoru pfi teploté 37 °C ptes
noc. Druhy den byly narostlé kolonie pfeneseny do Erlenmeyerovy banky s piipravenym
LB mediem (+AMP). Kolonie se ponechaly inkubovat v LB mediu pies noc pfi teploté 37
°C a otackach 200 rpm v inkubatoru.

Naésledujici den byly z narostlych kolonii izolovany plazmidy s pouzitim High Pure
Plasmid Isolation Kit doddvany firmou Roche Applied Science (Basilej, Svycarsko). Pfi

samotné izolaci se postupovalo ptresné dle ptilozeného navodu.

Obr. 5: Petriho miska s koloniemi E. coli (bilé kolonie nesouci vektory s inzerty a modré

kolonie nesouci prazdné vektory).

7.1.8 Sekvenovani

Sekvenace prob&hla podle Sangerovy metody terminace Fetézct s pouzitim BigDye®
Terminator v 3.1 Cycle Sequencing kitu (Applied Biosystems, Foster City, Spojené staty
americké). Sekvenacéni reakce byla provadéna v objemu 10 pl. Reakéni smés obsahovala 4
ul C. S. Mix, primeru F nebo primeru R (oba o koncentraci 10 pM) a templat o koncentraci
20 ng. Jednotlivé 0.2 ml mikrozkumavky byly vloZzeny do PCR cykleru (teplotni program

uveden v Tabulce 2). Po ukonéené reakci byl produkt purifikovan, bylo k nému ptidano 45
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pul SAM solution a 10 pul XTerminator Solution a 0.2 ml mikrozkumavky se ponechaly 30
minut tfepat na horizontalni laboratorni tiepacce. Poté byla smés centrifugovana a 10 pl
bylo pieneseno do 96 jamkové optické desticky. Produkty byly separovany metodou
kapilarni elektroforézy v piistroji 3130 Genetic Analyzer (Applied Biosystems, Foster
City, Spojené¢ staty americké). Ziskané¢ sekvence byly vyhodnoceny v programu

Sequencing Analysis (Applied Biosystems, Foster City, Spojené staty americké)

Tab. 2: Teplotni profil sekvenacni reakce.

96 °C — 1 min
\
96 °C — 10 sec
50°C — 5 sec > Amplifikace 25 cykl:
60 °C — 4 min )

7.1.9 Sekvenacni analyza

Sekvenaéni data byla pouZita k sestaveni sekvence lakazy jeCmene. Aligment
ziskanych sekvenci byl zpracovan programem CLUSTALW-XXL
(http://www.ch.embnet.org/software/Clustal W-XXI ..html) (Thompson et al., 1994).

Ziskana sekvence byla poté porovnédna s dalSimi nukleotidovymi sekvencemi rostlinnych

lakaz v databazi GenBank (http://www.ncbi.nih.gov). Pro zji§téni miry podobnosti byly
pouzity hodnoty E (E-hodnota <0,02). Na zaklad¢ vysledkii byla ziskana DNA sekvence
lakdzy je¢mene. Exony a introny byly identifikovany porovnanim s full-lenght cDNA
sekvence AK252621 pomoci softwaru SPLIGN

(http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi).
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7.1.10 Izolace RNA a reverzni transkripce

V pripad¢ feSeni prvniho cile této prace byla celkova RNA izolovdna z mladych
listd, kofent, stébla a klasu s pouzitim TRIzol reagentu podle pfilozeného navodu
(Invitrogen, Carlsbad, Spojené staty americké). Poté byla RNA purifikovana s pomoci
RNeasy Kitu (Qiagen, Hilden, Némecko). Koncentrace a Cistota izolované RNA byla
kontrolovéana spektrofotometricky v pfistroji Nanophotometer (Implen GmBH, Mnichov,
Némecko). Odstranéni genomické DNA bylo provedeno pomoci DNase I kitu (Qiagen,
Hilden, Némecko) podle pfilozeného navodu. Takto izolovand a purifikovanda RNA
slouzila jako templat pro reverzni transkripci. mRNA byla pfepsdna na cDNA pomoci
Tagman RT-PCR reagents (Applied Biosystems, Foster City, Spojené staty americké)
podle navodu vyrobce. Reakce byly provadény v reakénim objemu 100 pl obsahujicim 1 x
TagMan RT pufru, 5.5 mM MgCl,, 500 uM kazdého z ANTP, 2.5 uM oligo dT, 2.5 uM
random hexamers, 0.4 U RNAse Inhibitor, 1.25 U reverzni transkriptdzy a 300 ng vzorku
RNA. Reverzni transkripce byly provadény v pftistroji 96-well thermal cycler VeritiTM
(Applied Biosystems, Foster City, Spojené staty americké). Teplotni profil reakce byl
nasledovny: 25 °C — 10 min., 48 °C — 30 min. a 95 °C — 5 min. Obdobnym zplsobem bylo

postupovano pfi stanoveni exprese v pribéhu mikrosladovani.

7.1.11 Organova specificita

Specificka sada primerG byla navrzena pro detekci transkriptu HvLacl genu
v jednotlivych ¢astech rostliny. Primer F (F2-2: 5" — CAGTACAACGTGACCCTCCAC —
3) byl navrzen do oblasti druhého exonu, zatimco R primer (R2-3B: 5" -
ACCACCACTCGGCCAGGA - 3') byl navrzen na rozhrani druhého a tietiho exonu. Toto
provedeni soucasné poskytuje test na genovou specificitu a zdroven test na pfitomnost
mozné kontaminace pochazejici z genomové DNA. PCR amplifikace byla provadéna v
ptistroji 96-well thermal cycler VeritiTM (Applied Biosystems, Foster City, Spojené staty
americké) pii pouziti teplotniho profilu reakce: 94 °C — 5 min., 35 x (94 °C — 5 min., 60 °C
— 1 min., 72 °C — 1 min.), 72 °C — 10 min. P¥itomnost spravného PCR produktu byla
ovéfena elektroforeticky v 2 % agar6zovém gelu s pfidavkem ethidium bromidu,
porovnani s DNA standardem (DNA Ladder) o zndmé velikosti fragmentii za vizualizace

UV svétlem.
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7.1.12  Charakterizace odvozené proteinové sekvence

Proteinova sekvence otevieného ¢teciho ramce (ORF) HvLacl genu byla pielozena
z nukleotidové sekvence s pouzitim proteomického bioinformatického serveru ExPASy
(ExpertProtein Analysis System). Tyto odvozené aminokyselinové sekvence byly
podrobeny analyzam motivli a ovéfeni piitomnosti signatur s pouzitim on-line databaze
InterPro Scan - integrované¢ vyhledavani v PROSITE, Pfam, PRINTS a dalSich
doménovych databazi. Pro analyzu proteinové struktury, pro predikci funkce proteinu a pro
predikci 3D struktury byl pouzit program I-TASSER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER) (Zhang, 2008). Rostlinné LMCO

sekvence s vysokou podobnosti s HvLacl byly ziskany z UniProt Knowledgebase (Swiss-
Prot a TTEMBL), zalozené na analyze BLASTP a sefazené v ClustalW-XXL programu
European Molecular Biology Network (http://www.ch.embnet.org/software/ClustalW-

XXL.html) (Thompson et al., 1994). Vysledné fazeni proteinové sekvence bylo
optimalizovdno manudlné. Grafické zobrazeni dendrogrami bylo vytvofeno pomoci

softwaru MEGAS (Tamura et al., 2011).

7.1.13 Post-transla¢ni modifikace

TargetP 1.1 server byl pouzit pro predikci subceluldrniho umisténi eukaryotickych
proteini (Emanuelsson et al., 2000) a pro predikci mista $tépeni (Nielsen et al., 1997).
Kone¢né umisténi zralého peptidu je zaloZeno na pfedpokladané ptitomnosti nékteré z N-
termindlni sekvence zvané jako tranzitni peptid. Predpoklddané N-termindlni signalni
sekvence byly identifikovany pomoci SignalP serveru
(http://www.cbs.dtu.dk/service/signalP). Teoreticky izoelektricky bod (pI) byl vypocten

pro full-length sekvence, s odstranénymi signalnimi peptidy pomoci programu ProtParam

na serveru ExPASy (http://www.expasy.ch/tools/protparam.html) (Appel et al., 1994).

7.1.14 Mapovani HvLacl genu

Pro HvLacl mapovani byla pouzita populace Oregon Wolfe Barley (OWB) ze Statni

Univerzity v Oregonu (Costa et al., 2001) se 2383 nové charakterizovanami lokusy (1472
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SNP, 722 DArT a 189 SSR) vazebné mapy, jak je popsano v BarleyWord

(http://wheat.pw.usda.gov/ggpages/maps/OWB/, ovéiené 7. ledna 2015).

7.1.15 Sladovani

Proces sladovani probihal ve Vyzkumném ustavu pivovarském a sladarském, a.s.

Vzorky odrid jeémene o hmotnosti

500 g byly sladovany v automatickém

mikrosladovacim zafizeni KVM (Uni¢ov, Ceska republika). Pro viechny vzorky je¢mene

byl pouzit stejny rezim maceni, kli¢eni a hvozdéni. Sladovaci proces byl upraven pro

laboratorni podminky a probihal nésledujicim zptisobem:

Maceni: Teplota vody a vzduchu béhem vzdusné prestavky byla 14.5 °C. Poté nasledovalo

maceni 5 hodin prvni den, 4 hodiny druhy den a 4 hodiny den tfeti. Tteti den byl obsah

vody v zrnu 45.5 %. Kliceni: Béhem kli¢eni byla teplota nastavena na 14.5 °C. Celkova

doba méaceni a kli¢eni trvala 144 hodin (Tab. 3). Hvozdéni: Celkovy ¢as hvozdéni byl 22

hodin. K rychlému snizeni obsahu vody bylo dosazeno pfi teplot¢ 55 °C. Nasledovalo

pozvolné vyhtati sladu a dotazeni sladu pfi teploté 80 °C (Tab. 3).

Tab. 3: Podminky a postup sladovani.

Cas /h/ Teplota odchazejictho vzduchu /°C/ Vzorkovani po

Maceni
1. Mageni o i h
1. Vzdusna prestavka 4 145
2. Maceni 20%* ’ 48h
2. Vzdusna prestavka 4
3. Maceni 20%* 72h
3. Vzdusna prestavka
Klic¢eni
1. den 24 14,5 96h
2' d 24* 120h

.den S 144h
3.den
Hvozdéni
12h 55+2°C 6% 5542 150h

. [

1.5h60+2°C 15% 65+2 158h
1,5h65+2°C
1,5h 70+2°C
1,5h75+2°C
4h 80+2°C

* vzorkovani
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7.1.16 HPLC

Analyzy polyfenoli byly provedeny pomoci analytické metody HPLC ve
Vyzkumném ustavu pivovarském a sladaiském, a.s. HPLC je separacni analytickd metoda,
vyuzivajici rozdilné distribuce slozek analytu mezi staciondrni a mobilni fazi. Vzorek je
davkovan do proudu mobilni faze, v koloné je separovan na jednotlivé slozky, které
vstupuji do detektoru. Zaznam z detektoru (tzv. chromatogram) umozni vyhodnoceni
analyzy. Jako reagenty byly pouzity: (+)-katechin, (-)-epikatechin, eskulin, vanilin,
kyselina gallova, 4-hydorxyfenyloctova kyselina, p-hydroxybenzooova kyselina, vanilova
kyselina, syringové kyselina, kdvova kyselina, p-kumarova kyselina, ferulova kyselina a

sinapova kyselina (Sigma-Aldrich, St. Louis, Spojené staty americké).

Extrakce

V pribéhu sladovani, ale také po sladovani (slad, sladovy kvét) byly odebirany
vzorky a poté rozemlety. Z 50 g vzorku a 150 ml vody se pfipravi tvz. extrakéni smés a
ponecha se pfi 45 °C. Po hoding extrakce se vaha zvysila na 200 graml. Nakonec byl

extrakt prefiltrovan a skladovan pfi -20 °C.

HPLC analyza

Obsah polyfenolt byl analyzovan pomoci systému model 582 (ESA, Chelmsford,
Spojené staty americké), davkovace model 542 a CoulArray detektorem model 5600 A
(ESA Inc., Spojené staty americké). Elektrochemicky detektor CoulArray je vybaven osmi
elektrochemickymi celami z porézniho grafitu, sefazenymi za sebou, paladiovou referencni
elektrodou a platinovou pracovni elektrodou. Jedna se o detector destruktivni, nebot’ analyt
prochazi tfadou elektrod s postupné vzriistajicim vloZenym potencidlem a pii potencidlu
charakterizujicim obtiZznost/snadnost oxidace v systému je kompletn¢ zoxidovan. Analyty
byly separovany na kolon¢ Synergi-Hydro RP 250 x 4.6 mm, zrnéni 4 pm (Phenomenex,
Torrance, Spojené staty americké). Chromatografické podminky byly nasledujici: pratok
0.8 ml/min, vstfikovani vzorku 20 pl a mobilni faze A (5 % ACN) a faze B (50
% ACN) s gradientem: 0 % B 10 min., 0 — 8 % B 8 min., 8 — 10 % B 22 min., 10 - 21 % B
37 min., 21 — 86 % B 27 min., 86 —100 % B 1 min., udrzovano po dobu 5 min. Poté zpét 0

32



% B po dobu 5 min. a po 15 min. ekvilibrace kolony byl nasttiknut dal$i vzorek. Teplota
v detektoru byla udrzovéana na 35 + 0.1 °C. Polyfenoly opousté&jici kolonu byly detekovany
pii prichodu fadou elektrod z porézniho grafitu v CoulArray detektoru. Na jednotlivych
elektrodach se vzestupné vlozenym potencialem 250, 300, 400, 500, 600, 700, 800 a 900
mV byl méfen odpovidajici proud a prosly ndboj vznikajici pti oxidaci polyfenoli na v§ech
elektrodach a zaznamenan jako elu¢ni zona chromatogramu. Nejvyssi odezva (dominantni

pik) byla pouzita pro kalibraci a stanoveni kazdého analytu.

Piiprava standardi a vzorki pro HPLC

Priblizné¢ 10 mg fenolového standardu bylo rozpusténo ve 100 ml metanolu.
Smésné standardy s ptiblizné 100 mg/l kazdé slouceniny byly rozpustény v mobilni fazi
pro ziskani roztokii o koncentaci 1 mg/l, 0.5 mg/l, and 0.1 mg/l, pro sestaveni kalibracni
kiivky. Vzorky byly pfipraveny tak, Ze se rozpustily sladové a jecmenné vodni extrakty v
mobilni fazi A (1: 1) a poté se filtrovaly ptes 0.2 um filtr v injekéni stiikacce (Whatman,

25 mm, regenerovana celuloza).

7.1.17 Referencni geny a navrh primeru

Bylo vybrano deset béZzné uZivanych referencnich genii je¢mene z databaze
GenBank. Primery a sondy byly navrzeny pomoci softwaru Primer3 (Rozen and Skaletsky
2000) a programu Primer Express (Applied Biosystems, Foster City, Spojené staty
americké). Pro vybér vhodnych referencnich genli byly pouZity statistické programy
Genorm a NormFinder. Pro hodnoceni transkripce je¢mene v pribéhu sladovani byla na
zakladé¢ hodnoceni referencnich genti vybrdna sestava 4 referencnich geni GAPDH
(Glyceraldehyde—3—phosphate dehydrogenase), EIF-1 (elongation factor 1—alpha), ACP III
(acyl carrier protein III) a ACT (Actin) (Tab. 4). Specifické primery s TagMan sondou pro
lakazu (LacF: 5° - TCTGCGGCCTGTAGAGGTTT - 3°, LacR: 5 -
CGCACGCAGACTCACGTT - 3’, LacP: 5'- 6FAM — CTGGTGAGTTCTGTACAT -3’
TAMRA) byly navrZzeny pro konzervativni Gsek genu a na rozhrani intronli pro vylouceni

zkresleni vysledkt pfitomnosti genomické DNA.
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Tab. 4: Referencni geny

Sekvence (5'-3") Gen Pristupové Cislo
ActinhvR CCCTTGGCGCATCATCTC Actin AY145451.1
ActinhvF CGACAATGGAACCGGAATG
P-6FAM TCA AGG CTG GTT TCG
GADPHhvR GCAGCGGCCCATGGA GADPH M36650.1
GADPHhvF  AAGGAGGTTGCTGTGTTTGGTT
P-6FAM CAG AAA CCC CGA GGA GA
ACPHvVR CAATCATTCCGTACGACCTCC ACP III BLYACPIII
ACPHvVF CAGTTGAAGATGCGGCCAC
P-6FAM CTG CGA AGT CAT CCT G
EIF1hvR ATGGGCTTGGTGGGAATCAT EIF1 750789.1
EIF1hvF GCGCTGCCCAAGTTCCT
P-6FAM AAG AAC GGT GAT GCT

7.1.18 RT-qPCR a efektivita reakce

Kvantitativni real-time PCR byla provadéna v pfistroji StepOne real-time PCR
system (Applied Biosystems, Foster City, Spojené staty americké). Reakce byla provedena
v reakénim objemu 25 pl obsahujici 1x TagMan® Universal Master Mix II (Applied
Biosystems, Foster City, Spojené staty americké), primery (150 nM), sondu (50 nM), ultra
¢istou H,O pro PCR pro doplnéni pozadovaného reakéniho objemu a cDNA o koncentraci
150 ng/ul. Teplotni profil reakce byl nasledovny: 95 °C — 10 min., 40 x (95 °C — 15 sec.,
60 °C — 1 min.). Signal byl zaznamenan v priabéhu faze annealing kazdého cyklu. Kazda
analyza zahrnovala pozitivni a negativni kontroly. Pro zjiSténi efektivity reakce byla
vytvofena fedici fada cDNA a byla ziskana standardni kiivka. Pro kazdy gen byla
vypotitina realna efektivita daného genu pomoci vztahu 100-[ABS (100—(10"'/sm&rmice—
1) x 100)] (Vandesompele et al., 2002). Kazda reakce byla provadéna ve tfech

opakovanich.

7.1.19 Relativni kvantifikace a normalizace

Relativni kvantifikace se vétSinou pouziva pro stanoveni genové exprese. Stanovuje

relativni pomér mnozstvi sledovaného genu (target) vici referencnim genlim v ramci
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jednoho vzorku. Referen¢ni geny jsou obvykle vysoce abundantni a s konstantni expresi.
Podle doporuceni Vandesompele et al. (2002) byly pro stanoveni genové eprese pouzity 4
referenni geny. Pro vypocet relativni kvantifikace se zohlednénou efektivitou kazdého

genu byl pouzit vzorec: Q = E (Mnct - sampleCy

. Hodnoty Ct byly timto zplsobem
transformovany na mnozstvi (Q), pricemz nejvyssi relativni mnozstvi pro kazdy gen bylo
nastaveno na hodnotu 1. Ziskané hodnoty pro referen¢ni geny byly vlozeny do programu
geNorm pro vypocet normaliza¢niho faktoru. Normalizované hladiny exprese genu lakazy
byly vypocitdny vydélenim nenormalizovanych hodnot genu zajmu piisluSnym

normaliza¢nim faktorem (Vandesompele et al., 2002).
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8. Vysledky

Prvnim cilem této prace bylo ziskani nukleotidové sekvence genu lakdzy (LMCO)
jec¢mene a blize ji charakterizovat. V dalsi fazi této experimentalni prace bylo cilem ziskat
informace o moZzném polymorfismu LMCO u jeCmene a tento polymorfismus
charakterizovat s pouzitim technik molekulédrni biologie. Findlnim cilem této ¢asti prace

bylo charakterizovat odvozenou proteinovou sekvenci.

8.1 Nukleotidova sekvence

Pro moznost amplifikace nukleotidové sekvence genu lakazy je¢mene byla navrzena
sada primert podle vefejné¢ dostupné cDNA sekvence je¢mene AK252621 (Sato et al.,
2009). PCR fragmenty pro sekvenaci DNA byly ziskdny pouZzitim metody ,,primer
walking® (2646 bp, 210 bp, 489 bp, 1396 bp /1372 bp) (Obr. 6). PCR amplikony byly
klonovany, sekvenovany a poté pouzity k sestaveni genové sekvence jeCmenné lakazy,
véetné vSech exonovych a intronovych oblasti. Pro sestaveni kone¢né sekvence genu byla
pouzita pouze sekvenacni data s kvalitou skore 20 a vyssi. Vysledna genova sekvence byla
pojmenovana HvLacl. Tato DNA sekvence HvLacl, pochazejici z genomu jeCmene, se
shoduje se sekvencemi lakaz a podobnych oxidoreduktaz, se kterymi byla tato sekvence
porovnana v nukleotidové databazi (E—value <0,02). DNA sekvence HvLacl obsahuje
Ctyfi exony a tfi introny (Obr. 6, Tab. 5). Mista sestfihu byla uréena pomoci softwaru
SPLIGN (Kapustin et al., 2008). VSechny lokalizované introny v genu HvLacl jsou

ohraniceny standardni sekvenci GT-AG akceptoru a donoru (GT donor, AG akceptor).
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Obr.6: Schéma HvLacl s navrzenymi primery. LacFl a LacRI reprezentuji primery

navrzené na celou délku genu (velikost amplikonu: 2646 bp). Fl-1 a RI-2 (velikost
amplikonu: 210 bp), F2-2 a R2-3 (velikost amplikonu: 489 bp), F3—3 a R4—4 (velikost

amplikonu: 1396 bp/1372 bp) reprezentuji 3 sady ,, walking primerii “.

Tab. S: Porovnani sekvenci dvou haplotypu HvLacl genu

ORF InDel
(bp)

Nukleotidova sekvence
HvLacl Deélka 5S'UTR 1
(bp)

FR670792 ("Morex ") 2646 92
Délka exonu (bp) 90
Sekvencni podobnost s 100
AK252621 (%)
Délka intronu (bp) 100
Faze intronu 0
AK252621 ("Haruna Nijo") 2054 92

1779

1755 24 bp delece

" - ¢ast UTR

8.2 Organova specificita

Na zédkladé¢ méfeni hladiny exprese transkriptu HvLacl byla urcena jeho organova

specificita. Vysledky RT-PCR za pouziti genové specifickych primert prokazaly, ze
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transkript HvLacl je exprimovan v kofenové tkani. Zadnd exprese nebyla zaznamenéana

v listech, stéblech ani v klasech (Obr. 7).

il <
LEHIN B

Aktin __,

Obr.7: Agarozovy gel PCR produktii riznych casti jecmene (byly pouzity specifické
primery pro HvLacl). M= 100 bp DNA velikostni standard. Sloupec ¢. 1 oznacujici list,
sloupec ¢. 2 oznacuje koren, sloupec ¢. 3 oznacuje stéblo a sloupec ¢. 4 oznacuje klas.

Amplifikace gunu pro aktin u jemcne byl pouzit jako pozitivni kontrola.

8.3 Polymorfismus

Pii porovnani ziskané genové sekvence HvLacl (zdrojem sekvence byla odriida
jeCmene Morex) se sekvenci AK252621 (odrida Haruna Nijo), byl identifikovan
polymorfismus (In / Del) o délce 24 bp ve ctvrtém exonu v pozici 976 bp (592ak
izoformni). U odriidy Morex jsme identifikovaly 24 bp inserci, u odrady Haruna Nijo tato
inserce pfitomna nebyla. Byl to jediny zaznamenany DNA polymorfismus v ramci kodujici
oblasti. Na zéklad¢ tohoto zjiSténi byl vyvinut kodominantni PCR marker pro identifikaci
alel (In / Del polymorfismus) u riznych odriid je¢cmene (Obr. 8). Sekvence forward
primeru F4—+4 byla 5" — CCACAGGAGCAGTTGCAGTC — 3’, zatimco sekvence reverse
primeru R5—4 byla 5" — GCCGTGTTCGTGTCGTTGTT — 3'. S pouzitim tohoto markeru
bylo poté testovano celkem 134 odriid a genetickych zdrojli je¢mene (Tab. 6). U 71 odrad

je¢mene byla detekovana alela HvLacl s 24 bp In/Del ve ¢tvrtém exonu. Amplifikované
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fragmenty ziskané¢ z péti odrid - Jersey, Ditta, Xanadu, AF Lucius a Aksamit byly
klonovany a sekvenovany, aby byla potvrzena ptitomnost a sekvence In / Del oblasti.
Sekvenacni data uvedenych odriid neobsahovala Zadny rozdil pifi srovnani s referencni

sekvenci HvLacl genu z odriidy Morex.

136 bp
112 bp

Aktin

Obr.8: Agarozovy gel s PCR produkty HvLacl s rozdilnymi genotypy. M= 100 bp DNA
velikostni standard. Amplikon specificky pro detekci 'Morex’ alely (M) (136 bp) je
zobrazen ve sloupci 1 a 2 (odrudy Morex, Acrobat). Sloupec 4 a 5 (odriidy Ai Gan Qi,
Haruna Nijo) zobrazuje "Haruna Nijo™ alelu (HN) (112 bp). Sloupec 7 a 8 zobrazuje F2

generaci heterozygotnich rostlin.
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Tab. 6: Klasifikace HvLac1 alel odrid a genetickych zdrojii jeCmene

Spoleény
katalog odrud
Cislo Odréda druht | stétni odradova | HvLacl
zemedelskych | kniha (2010) | Alela
rostlin, 28.
uplné vydani
1 Acrobat SKODZR SOK M
2 AF Lucius SKODZR SOK M
3 Akcent SKODZR SOK M
4 Aksamit SKODZR SOK M
5 Aktiv SKODZR SOK HN
6 Amulet SKODZR SOK M
7 Annabell SKODZR SOK HN
8 Azit SKODZR SOK HN
9 Beatrix SKODZR SOK M
10 Belgramo SKODZR HN
11 Bernstein SKODZR SOK M
12 Biatlon SKODZR M
13 Blanik SKODZR SOK HN
14 Bojos SKODZR SOK HN
15 Bolina SKODZR SOK M
16 Calgary SKODZR SOK M
17 Diplom SKODZR SOK HN
18 Ebson SKODZR HN
19 Faustina SKODZR SOK M
20 Henley SKODZR SOK HN
21 Henrike SKODZR SOK M
22 Heris SKODZR SOK HN
23 Igri SKODZR M
24 JB Flavour SKODZR HN
25 Jennifer SKODZR HN
26 Jersey SKODZR SOK M
27 Jubilant SKODZR HN
28 Kangoo SKODZR SOK HN
29 Kompakt SKODZR SOK M
30 Kontiki SKODZR SOK M
31 Malz SKODZR SOK M
32 Maridol SKODZR HN
33 Marthe SKODZR SOK HN
34 NFC Tipple SKODZR HN
35 Nitran SKODZR SOK M
36 Nordus SKODZR SOK HN
37 Orthega SKODZR M
38 Pax SKODZR HN
39 Pedant SKODZR HN
40 Pejas SKODZR SOK HN
41 Poet SKODZR SOK M
42 Power SKODZR M
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43 Prestige SKODZR SOK M
44 Pribina SKODZR SOK M
45 Primadona SKODZR M
46 Prosa SKODZR M
47 Publican SKODZR HN
48 Quench SKODZR HN
49 Radegast SKODZR SOK HN
50 Reni SKODZR M
51 Respekt SKODZR SOK HN
52 Saloon SKODZR HN
53 Scarlett SKODZR SOK M
54 Sebastian SKODZR SOK M
55 Signal SKODZR SOK HN
56 Spilka SKODZR SOK M
57 Stine SKODZR M
58 Streif SKODZR SOK M
59 Taiga SKODZR M
60 Tiffany SKODZR M
61 Tocada SKODZR SOK HN
62 Tolar SKODZR SOK HN
63 Traminer SKODZR SOK HN
64 Westminster SKODZR SOK HN
65 Xanadu SKODZR SOK M
66 Lomerit SOK M
67 Luran SOK M
68 Nelly SOK HN
69 Abyssian1139 M
70 Abyssianl4 M
71 Ahor M
72 Ai Gan Qi HN
73 Alamo HN
74 Atribut HN
75 CDC Candle M
76 CDC Fibar HN
77 CDC Rattan HN
78 CDC Speedy HN
79 Cebada Capa HN
80 Conchita M
81 Ditta M
82 Ebsdorfer nackt HN
83 Forum HN
84 Gopal HN
85 Gull M
86 H-2172 M
87 H2173 M
88 H2176 M
89 Hanacky Kargyn HN
90 Harrington M
91 HB&03 M
92 Hortop HN
93 Chiro Chinko HN
94 Jarek HN
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95 Jet M
96 Kavkazky golozerny HN
97 KM 20 M
98 KM 22 M
99 KM 38 HN
100 KM 42 HN
101 KM 43 HN
102 KM1057 HN
103 KM2062 M
104 KM2283 M
105 M1070 M
106 M422 M
107 M635 M
108 M955 M
109 Madeira HN
110 Maltasia M
111 Malvaz HN
112 Merlin HN
113 Milofnov nudum HN
114 Morex M
115 Nabavi HN
116 Nigrinudum Abyssianum M
117 Novum M
118 Olbram M
119 Primus HN
120 Prof. Schiemann HN
121 Ratbotsky M
122 Rahmat HN
123 Sabel M
124 Sigrid HN
125 Sladko M
126 Stabil HN
127 Steptoe HN
128 Syrsky M
129 Valticky HN
130 VKM 2087 M
131 Wabet M
132 Wapana M
133 Wanubet M
134 ‘Washonubet M

1) Hvlacl alela: M — Morex, HN — Haruna Nijo

8.4 Ulozeni nukleotidové sekvence do databaze

nukleotidovych sekvenci EMBL pod pfistupovym cislem FR670792.

Genomové nukleotidové sekvence HvLacl genu byla ulozena do databaze
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8.5 Mapovani

Pro mapovani HvLacl genu byly pouzity DH linie a data z OWB. HvLacl gen byl
lokalizovan na chromozomu 4H na pozici 52.267 cM. In/ Del marker byl zafazen k
ostatnim 43 markeriim. Byly porovnany jednotlivé markery s daty z jinych publikovanych
map, které byly k dispozici na adrese GrainGenes

(http://wheat.pw.usda.gov/GG2/maps.shtml#barley). Poté bylo mozné identifikovat dalsi

relevatni markery této oblasti chromozomu 4H a vhodné markery pro ortology v ryzovém
genomu (Obr. 9-11). V blizkosti HvLacl lokusu byly zjistény pozice nékterych HarvEST
markert spole¢né pro mapu OWB (U35-923, U35-2275 a U35-2439). Ortologni lokus
HvLacl u ryze (LOC Os03gl18640) se nachazi mezi LOC Os03gl18590 a LOC
0s03g18690 (Obr. 9). Na rozdil od tohoto ortologniho lokusu ryzového chromozomu 3 je
u jeCmene pritomen jeden paralogni lokus LOC Os03g16610, podobny prekurzoru lakazy—
10, ke kterému byla pfifazena sekvence FL-cDNA je¢mene AK250758. D4 se oc¢ekavat, ze
se na 4H nachézi také je¢menna paralogni sekvence ve vzdéalenosti 5-7 ¢cM od HvLacl, jak
naznacuje piitomnost spolecného HarvEST markeru v blizkosti LOC Os03g16610 (napf.
U35-15555) (Obr. 10).
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Obr. 9: Porovnani pozic lokusit mezi mapami (4H chromozom) jecmene.
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8.6 Charakterizace proteinové sekvence HvLacl

Existuji dvé izoformy HvLacl proteinu jeCmene s 602 nebo 572ak, které jsou
odvozené od dvou start kodontl. Prvnim je ATG start kodon s optimalnim kontextem (s
guanosinem na pozici -3 a pozici +4), ale translacni produkt z tohoto startovaciho kodonu
je peptid dlouhy 602ak s dualnim cilenim (protein sekrecni drahy nebo protein cileny do
mitochondrie) (Tab. 7). Alternativni izoforma (592ak) obsahuje signalni peptid dlouhy
22ak s predikci pro sekre¢ni drahu do apoplastu, ktery je charakteristicky pro lakazy,
nicméné¢ je start kodon ATG pro tuto izoformu v suboptimalnim kontextu (cytosin v pozici
-3 a adenosin v pozici +4).

Analyza proteinové sekvence potvrdila pfitomnost vSech konzervativnich domén
typickych pro lakazy. Bylo nalezeno Sest konzervativnich domén InterPro (IPROO1117,
IPR002355, TPR008972, TPRO11706, IPRO11707 IPRO17761) (Hunter et al., 2009).
V sekvenci HvLac1 byly pfitomny vSechny ligandy médi, véetné Ctyt histidinovych zbytka
a jeden zbytek cysteinovy (Obr. 12). Také bylo zjiSténo, Ze byl jeden histidinovy zbytek
v Tl vazebném mistu nahrazen asparaginem v proteinové sekvenci AK252464 a
AK250681 (Hv867) (Obr. 12). Bylo detekovano Sest N — glykosila¢nich mist v pozicich
7679, 185-188, 296-299, 353-356, 402-405 a 412-415 proteinu HvLacl (592ak
izoformy).

Zjisténa charakterizace proteinu HvLacl je v souladu s charakterizaci lakdz jako
glykoproteind. Zjisténé proteinové izoformy maji izoelektricky bod 8.89 a 8.69 (Tab. 7),
odpovidajici rostlinnym lakazam (Wahleithner et al., 1996; McCaig et al., 2005; Hoegger
et al., 2006).
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Q9ZQW2 POPTR
Q9FJD5 LAC17 ARATH
081081 LAC2 ARATH
QODHL5 LAC11 ORYSJ
Q5N9W4 LACS5 ORYSJ
Q2PAI9 MAIZE
B6UCC4 MAIZE
QODHL2 LAC12 ORYSJ
B6SWG3 MAIZE
COPGP6 MAIZE
Q8WOV6 Lac5-6 LOLPR
Q5N9X2 LAC4 ORYSJ
COP789 MAIZE
Q2PAJO MAIZE
QYAUI4 PINTA
Q1OND7 LAC10 ORYSJ
AK250758_ Hv18006
QYAUI6 PINTA
QYAUI1 PINTA
QYAUI2 PINTA
Q8RYM9 LAC2

Q8VZAl LAC11 ARATH
BY9RH56 RICCO
Q9AUIO PINTA
QOAUH9 PINTA
Q1PDH6 LAC16 ARATH
Q6ID18 LAC10 ARATH
080434 LACA ARATH
BYHCJY POPTR
BOHHK7_ POPTR
Q9ZQW3 POPTR
BYHT10 POPTR
Q0IQU1 LAC22 ORYSJ
AK250524_Hv27504
Q9LMS3 LAC1 ARATH
Q53LU4 LAC18 ORYSJ
A2Y9C5 LAC19 ORYSI
Q2ROLO_LAC20 ORYSJ
Q339K6 LAC15 ORYSJ
AK250681_ Hv867
QS5N7A3 LAC6 ORYSJ
Q2QUN2_LAC24 ORYSJ
Q0IP28 LAC25 ORYSJ
Q69199 LAC14 ORYSJ
04VJ26 MAIZE
Q8WOV4 Lac5-4 LOLPR
Q5N7B4 LAC7 ORYSJ
QOJHP8 LAC8 ORYSJ
Q9LFD1_LACO ARATH
Q9LFD2_LAC8 ARATH
Q9SR40 LAC7 ARATH
BYHC76 POPTR
B1PXG7_SOLLC
BS8LPF9 PICSI
QYAUI5 PINTA
QYAUI3 PINTA
B9S477_RICCO
BYHSI6 POPTR
Q8L4Y3 SOYBN
A5C575 VITVI
Q9FLBS LAC12 ARATH
Q9SIY8 LACS ARATH
COP5Q0 MAIZE
C5XNW9 SORBI
B6T3I3 MAIZE
BSABM4 ORYST
Q941X2 LAC3 ORYSJ
C5Y313 SORBI
Q2RBK2_LAC17 ORYSJ
02QYS3 LAC23 ORYSJ
AK249126_Hv16140

T2 T3
(-31/+23)
NGQFPGPRLVAREGDQVLVKVVNHVAENITIHWHGVRQLTTGWADGPAYVTQCPI--——-—
NGQFPGPKLIAREGDQVLIKVVNQVPNNISLHWHGIRQLRSGWADGPAYITQCPI--——-
NGKFPGPRVTAREGDNLQIKVVNHVSNNISIHWHGIRQLRSGWADGPSYVTQCPI----—
NGQFPGPKLVVREGDTLVIRVTNNINNNVTFHWHGIRQVRSGWADGPAYITQCPI----—
NGQFPGPKLVVREGDRLVVKVHNHMNYNVSFHWHGILQLRNGWADGPSYITQCPI----—
NGEFPGPKLVVREGDRLVVKVHNHINYNVSFHWHGVRQLRNGWADGPSYITQCPI--——-
NGEFPGPKLVVREGDRLVVKVHNHINYNVSFHWHGVRQLRNGWADGPSYITQCPI-—-——-—
NGQYPGPTLFAREGDHVEVTVVNHSPYNMSIHWHGIRQLLSGWADGPSYITQCPI----—
NGQFPGPTVFAREGDFVVIRVVNHVPYNMS IHWHGIRQLRSGWADGPAYITQCPI----—
NGQFPGPTVFAREGDFVVIRVVNHVPYNMSTHWHGIRQLRSGWADGPAYITQCPI-—-——-
NGQFPGPELIAREGDRVHVRVTNHVAHNMS THWHGIRQLTTGWADGPAYVTQCPI-—-——-—
NGQCPGPELVAREGDRVVIRVTNNVAHNISLHWHGVRQVRTGWADGPAYITQCPI----—
NGQFPGPKIVAREGDRLVIRVTNHAQHNISLHWHGIRQLRTGWADGPAYITQCPI----—
NGQFPGPKIVAREGDRLVIRVTNHAQHNISLHWHGIRQLRTGWADGPAYITQCPI---—-
NGEYPGPAITAREGDRVVINVTNHVKDNVTIHWHGIRQIRSAWADGPAYVTQCPI--——--
NGKFPGPKIVTREGDRVVVKVVNNIKDNITIHWHGVROMRTGWSDGPAYVTQCPI-—-——-—
NGKFPGPKILTREGDRVVVKVVNNVKHNVTIHWHGVRQLRTGWSDGPAYITQCPI-—-——-—
NGKSPGPKIVVREDDRVIIKVHNHVKDNVSITHWHGIRQLRSGWADGPAYITQCPI--——-
NGRYPGPTIFAR-GDRVIIKLVNHVKDNVTIHWHGVRQLRSGWADGPGYVTQCPI---—--—
NGQYPGPTIFAQEGDQVIIKLVNHVKDNVTIHWHGIRQLRSGWADGPGYITQCPL-—-——-—
NGSYPGPTIYAREGDRVIVNVTNHVKHNMT IHWHGLKQRRNGWADGPAYVTQCPI--——-—
NGMFPGPTVYAREGDRVIINVTNHVQYNMSTHWHGLKQYRNGWADGPAYITQCPI--——-—
NGRFPGPTIYVREGDRVLVNVTNNAQYNMSITHWHGLKQFRNGWADGPAYITQCPI--——-
NGKFPGPTIHAREGDTVTVKVTNHVTYNVSITHWHGIRQLRTGWADGPAYITQCPI-—-——-
NGEFPGPTIEAREGDTLLIKVTNHVKYNVSIHWHGVRQLRTGWADGPAYITQCPI--——-
NGQFPGPTIVAREGDTILIKVVNHVKYNVSIHWHGIRQLRTGWADGPAYITQCPI----—
NGKFPGPTIYANEDDTILVNVVNNVKYNVSIHWHGIRQLRTGWADGPAYITQCPI----—
NGRYPGPTIYAREDDTLLIKVVNHVKYNVSIHWHGVRQVRTGWADGPAYITQCPI--——-—
NGRFPGPTLYAREHDTVLVKVVNHVKYNVSTHWHGIRQLRTGWADGPAYITQCPI--——-
NGKFPGPTIYAREGDNVNIKLTNHVQYNVTIHWHGVRQLRTGWSDGPAYITQCPI-—-——-
NGKFPGPTIYAREGDNVNIRLTNQVQYNVTVHWHGVSSCFTGWADGPAYITQCPI---—-
NGKFPGPTIYAREGDNVNIRLTNQVQYNVTVHWHGVRQLRTGWADGPAYITQCPI--——-
NGKFPGPTLYAREGDNVLVKVVNHVAHNVTIHWHGVRQIRTGWYDGPAYITQCPI —————
NGKFPGPTLYAREGDNVLVKVVNHAPHNVTIHWHGVRQIRTGWYDGPAYITQCPI—-————
NGQYPGPTVAVHEGDIVEIKVTNRIAHNTTIHWHGLRQYRTGWADGPAYITQCPI----—
NGRFPGPTVDVTEGDTVVVHVINRLPHGLT IHWHGVRQMRSCWADGAGYVTECPI----—
NGQFPGPTVDVMEGDTVVVHVINKLPFGLT IHWHGVROMRSCWADGAGFVTECPI —————
NGQLPGPTVDVTEGDTVVIHVVNKIPHGLTIHWHGVRQLRSCWADGAGFITECPI—————
NGQLPGPTIEVTEGDSVTVHVVNKSPYNLTIHWHGVYQLLNCWNDGVPMITQRPI----—
NGQFPGPTIELNEGDSVAVHVINKSPHGITIHWHGVKMOQLNCWADGAAMITQCPI----—
NGRVPGPQVEAREGDTVVIHVINDSPYNVTVHWHGVFQRGTPWADGPAMVTQCPI —————
NGQLPGPTIVATEGDTVVVHMVNESPYNMT IHWHGIFQRGTPWADGPAMVTQCPV—-————
NGQLPGPTIYAREGDTVVVHLVNTSPYSMTLHEWHGVLOQRGTPWADGPAMVTQCPV----—
NGQFPGPKVEARNGDTLLVRVVNNSPYNITIHWHGVLOQRLSAWADGPAMVTQCPI----—
NGQLPGPSIEVNEGDDVVVKVVNNSPYNVTIHWHGVLQLMTPWADGPSMVTQCPI —————
NGQLPGPTIDVFEGDEVVVDVINSSPYNLTIHWHGIMQLRTPWADGPSMVTQCPI—————
NGLLPGPMIEVNEGDAVAVEVINGSPYNLTIHWHGILQLLTPWADGPSMVTQCPI----—
NQOQLPGPTIEVTEGDTLVVHAVNDSPYPLSLHWHGVYQLRSGWNDGANKITQCPI----—
NGSLPGPTINVREGDTLVVHVINKSTYNVTIHWHGVFQLKSVWMDGANMITQCPI —————
NGSLPGPTINVREGDTLVVNVINNSTYNVTIHWHGVFQLKSVWMDGANMITQCPI -————
NGSLPGPTIRVKEGDSLVIHVLNHSPHNITIHWHGIFHKLTVWADGPSMITQCPI----—
NGSLPGPTLRVQEGDTLKVHVEFNKSPYNMTLHWHGVFQLLSAWADGPNMVTQCPI----—
NGSLPGPAIRVNEGDTLVVHVYNLSPYNLTIHWHGVFQLLSGWADGPEFATQCPI----—
NGQFPGPTLHVRNGDTLSVKVYNRAQYNATVHWHGIRQFRTGWADGPEFITQCPI —————
NGQFPGPTLHVRNGDKLKVKVHNQAQYNATIHWHGVRQFRTGWSDGPEFITQCPI —————
NGQFPGPTLHVRNGDTLVVKVYNNAQYNATIHWHGVRQFRTGWSDGPEYITQCPI-—---—
NGMFPGPTIEVNSGDTLVVKVTNKARYNVTVHWHGIRQMRTGWADGPEFITQCPI----—
NGMFPGPTLEVKNGDTLVVKVVNKARYNVTIHWHGIROMRTGWADGPEFVTQCPI —————
NGQYPGPTLEINNGDTLVVKVTNKARYNVTIHWHGVROMRTGWADGPEFVTSVPD—————
NGQYPGPTLEXNNGDTLEVKVTNKARYNVTIHWHGIRQMRTGWADGPEFVTQCPI-—--——
NGMFPGPTLEVNNGDTLEVKVHNRARYNITIHWHGVRQIRTGWADGPEFVTQCPI----—
NGMFPGPMLVVNNGDTLVVKVINRARYNITIHWHGVROMRTGWADGPEFVTQCPI —————
NGQYPGPTLEVREGDTLVINVVNRAQYNVTIHWHGIROMRTGWADGPEFVTQCPI —————
NGQFPGPMLEVREGDTLVINVVNRAQYNVTIHWHGIRQMRTGWADGPEFVTQCPI-—---—
NGQYPGPTLEVREGDTLVINVVNRAQYNATIHWHGIRQIRTGWADGPEFVTQCPI----—
NGQLPGPTLEVREGDTVVINVVNHAQYNVTIHWHGIRQFRTGWADGPEFVTQCPI—————
NGQLPGPTLEVREGDTVVINVVNHAQYNVTIHWHGIRQFRTGWADGPEFVTQCPI—————
NGEFPGPTVEVAEGDALIVRVVNRGSYNVTVHWHGVROMRTGWSDGPEFVTQCPI-—---—
NGQFPGPTLEINEGDSLIINLINRGRYNMTLHWHGVRQMRTGWSDGPEYVTQCPV—----—
NGQFPGPTLEIKEGDSLIINLINRGRYNVTLHWHGVRQMRTGWSDGPEYVTQCPV-—-——-—
NGQFPGPAVEVNEGDSLVVSVVNNATYNVTIHWHGVROQMRTGWSDGPEFVTQCPI-—-——-—



Q56YTO LAC3 ARATH
Q9LYQ2 LAC13 ARATH

B9I6LO0_POPTR
C5WNF8 SORBI
B7ZXZ87MAIZE
HvLacl

BO9F7V1 ORYSJ
Q10MRY ORYSJ
QODSN3_ORYSJ
Q9ZPY2 LAC6 ARATH
Q9FY79 LAC14 ARATH
Q8H979 RHUVE
B2M153 ROSHC
020780 LAC21 ORYSJ
Q5zCW1 LAC1 ORYSJ
067812 _LACY9 ORYSJ
084J37 LAC15 ARATH

097QW2_POPTR
Q9FJD5 LAC17 ARATH
081081 LAC2 ARATH
QODHL5 LAC11l ORYSJ
Q5N9W4 LAC5 ORYSJ
Q2PAI9 MAIZE
B6UCC4 MAIZE
QODHL2 LAC12 ORYSJ
B6SWG3 MAIZE
COPGP6_MAIZE
Q8W0V6_Lac5-6_LOLPR
Q5N9X2 LAC4 ORYSJ
COP789 MAIZE
Q2PAJ0_MAIZE
QOAUI4 PINTA
Q10ND7_LAC10_ORYSJ
AK250758_Hv18006
Q9AUI6 PINTA
QOAUI1 PINTA
QOAUI2 PINTA
Q8RYM9 LAC2 ORYSJ
Q8VZAl LAC11 ARATH
B9RH56 RICCO
Q9AUIO PINTA
Q9AUH9 PINTA
Q1PDH6 LAC16 ARATH
Q6ID18 LAC10_ ARATH
080434_LAC4_ ARATH
BY9HCJY9 POPTR
BY9HHK7 POPTR
Q9ZQW3_POPTR
BOHT10_ POPTR
Q0IQUl LAC22 ORYSJ
AK250524_Hv27504
Q9LMS3 LACl ARATH
Q53LU4_LAC18 ORYSJ
A2Y9C5 LAC19 ORYSI
Q2ROLO_LAC20_ORYSJ
Q339K6_LAC15 ORYSJ
AK250681 Hv867
Q5N7A3 LAC6_ORYSJ
Q2QUN2_LAC24 ORYSJ
Q0IP28_LAC25 ORYSJ
Q69L99 LAC14 ORYSJ
Q4VJ26 MAIZE
Q8WOV4 Lac5-4 LOLPR
Q5N7B4_LAC7 ORYSJ
QOJHP8 LAC8 ORYSJ
QO9LFD1_ LACY9 ARATH
Q9LFD2 LAC8 ARATH
Q9SR40 LAC7 ARATH
BOHC76_POPTR
B1PXG7_SOLLC
B8LPF9 PICSI

NGQYPGPTLVVRNGDSLAITVINRARYNISIHWHGIRQLRNPWADGPEYITQCPI---——
NGQFPGPTLEVRNGDSLVITAINKARYNISLHWHGIRQMRNPWADGPEYITQCPI--——-

T2 T3
(=31/+23)
NGLFPGPTLEVRDGDTLVIKAVNNARYNVTLHWHGIRQLRNPWADGPDRVTQCPI--——--—
NGQFPGPTIEVYSGDTLAIKAVNLAPYNVTLHWHGLRQLRNGWADGPEFVTQCPI-—-——-
NGQFPGPTIEVYSGDTLAVRAVNLARYNVTLHWHGLRQLRNGWADGPEFVTQCPI----—
NGQFPGPTIEVHNGDTLATIRAVNMAQYNVTLHWHGLRQLRNGWADGPEFVTQCPI----—
NGQFPGPTIEVYDGDTVAIRAVNMARYNVTLHWHGLRQLRNGWADGPEFVTQCPI----—
NGQFPGPTIEVYDGDTVAIRAVNMARYNVTLHWHGLRQLRNGWADGPEFVTQCPI--——-—
NGQFPGPTIEVYDGDTVAIRAVNMARYNVTLHWHGLRQLRNGWADGPEFVTQCPI-—-——-
NKKFPGPAISAQEDDRIVIKVINMTPYNTTIHWHGIKQKRSCWYDGPSYITQCPI----—
NGEFPGPTLKAYRGDKLIVNVINNANYNITLHWHGARQIRNPWSDGPEYVTQCPI----—
NGSFPGPTITARKGDTIFVNVINQGKYGITIHWHGVKQPRNPWSDGPEYITQCPI--——-—
NGQFPGPTLYARKGDTVIVDVENRGNRNITLHWHGVDQPRNPWSDGPEYITQCPI-—-——-—
NGQFPGPTIYARKGDLVIVNVYNHGNKNITIHWHGVDQPRNPWSDGPEFITQCPI----—
NGQFPGPTIYARKGDFIIVNVHNNGNKNITIHWHGVDQPRNPWSDGPEFITQCPI---——
NGQFPGPTIYARKGDLVIVNVHNNGNKNITIHWHGVDQPRNPWSDGPEFITQCPI-—-——-—
NSQFPGPIIKVHKGDTIYVNVONRASENITMHWHGVEQPRNPWSDGPEYITQCPI----—

T3T3 Tl T2T3
(-17/+18) (-3/+12)
AYTYNFTITGOQRGTLLWHAHISWLRSSLYGPIIILP----ESHPLHLHGFNFFVVGQGFG
SYVYNYTIVGOQRGTLWYHAHISWLRSTVYGPLIILP----ESHPLHLHGFNFFVVGQGFG
SYVYNFTVTGOQRGTLWWHAHIQWMRATVYGPLIILP----EAHPIHLHGEFNFYVVGQGFG
SYVYRFTVTGOQRGTLWWHAHFSWLRATLYGPLVILP----ESHPLHLHGYDFYVVGTGFG
SYVYDFTVTGOQRGTLWWHAHF SWLRVHLYGPLVILP----ESHPLEHMHGFNFFVVGQGFG
SYVYDFTVTGOQRGTLWWHAHF SWLRVHLYGPLVILP----ESHPLHLHGYNFFVVGQGFG
SYVYDFTVTGQRGTLWWHAHFSWLRVHLYGPLVILP----ESHPLHLHGYNFFVVGQGFG
SYVYRFTITGQRGTLWWHAHI SWLRATVHGPMVILP----ESHPLHLHGFNFFVVGQGFG
SYVYKFTITGOQRGTLWWHAHI SWLRATVYGPIVILP----ESHPLHLHGFNFFVVGQGFG
SYVYKFTITGOQRGTLWWHAHI SWLRATVYGPIVILP----ESHPLHLHGEFNFFVVGQGFG
TYVYKFTVTGOQRGTLWWHAHISWEFRATVYGAIVILP----ESHPLHLHGYNFFVVGQGFG
SYVYNFTVAGQRGTLWWHAHI SWLRATVYGALVILP----ESHPLHLHGEFNFFVIGQGFG
SYVYNYTVVGOQRGTLWWHAHI SWLRATVYGPLVILP----ESHPLHLHGFNFFVVGQGYG
SYVYNYTVVGOQRGTLWWHAHI SWLRATVYGPLVILP----ESHPLHLHGFNFFVVGQGYG
SYIYNFTITGOQRGTLWWHAHISWLRATLYGPIIIHP----ESHPLHLHGYDFEFVVGQGTG
SYVYNFTINGQRGTLFWHAHVSWLRSTLYGPIIILP----ESHPLHLHGFDFEFVVGQGTG
SYVYNFTVTGQRGTLFWHAHVSWMRATLYGPIVILP----ESHPLHLHGYDFFVVGQGVG
TYTYNFTVTGORGTLWWHAHISWLRASVHGAFIIYP----ESHPVHLHGENFFIVGQGFG
SYVYNFTITGQRGTLWWHAHISWLRVSVHGAIIIYP----VSHPFHLHGENFEFVVGQGVG
SYVYNFTITGQRGTLWWHAHISWLRASVHGAIIIYP----DSHPVHLHGENFEVVGQGVG
SYVYDENVTROQRGTLWWHAHIAWMRATVHGAIVILP----ESHPFHLHGYNFFVVGRGVG
SYLYDENVTGOQRGTLWWHAHILWLRATVYGAIVILP----ESHPFHLHGYNFFVVGTGVG
TYTYDEFNVTGORGTLWWHAHILWLRATVYGAIVIMP----ESHPFHLHGYNFFVVGTGIG
TEVYNFTITGORGTLFWHAHILWLRATLYGPIVILP----ENHPVHLHGFNFFIVGRGFG
TYVYNFTVTGORGTLWWHAHILWLRATLYGAIVILP----ENHPIHLHGEFNFFIVGRGFG
NYLHNFTLTGOQRGTLWWHAHILWLRATVHGAIVILP----DNHPFHLHGFNFFEVGRGLG
SYVYNFTVTGQRGTLWWHAHVLWLRATVHGAIVILP----ENHPIHLHGENFEFVVGLGTG
VYTYNYTLTGOQRGTLWWHAHILWLRATVYGALVILP----ENHPVHLHGEFNFFEVGRGLG
SYVYNFTITGOQRGTLLWHAHILWLRATVHGALVVLP----ENHPIHLHGFNFFAVGRGVG
SYLYNFTLTGQRGTLLWHAHI SWLRATIHGAIVILP----ESHPFHLHGFNFFVVGKGFG
SYLYNFTLTGQRGTLLWHAHISWLRATIHGAIVIFP----ESHPFHLHGENFEFVVGKGIG
SYLYNFTLTGQRGTLLWHAHISWLRATIHGAIVIFP----ESHPFHLHGENFEFVVGKGIG
SFLYNFTITGQRGTLLWHAHINWLRATVHGAIVILP----ESHPIHLHGFNFFVVGKGVG
SFLYNFTVTGQRGTLLWHAHINWLRATVHGAIVILP----ESHPIHLHGFNFFVVGRGIG
SYTYRFKVEDQRGTLLWHAHHSWQRASVYGAFIIYP----ENHPLHVHGHNFFVVGRGFG
EKTYRENVTGQVGTLWWHAHVTCLRATINGAFIIRP----DSNPMHLHGYDVFVLAQGLG
EHTYRENVTGQVGTLWWHAHVTCLRATINGAFIVRP----DSNPMHLHGYDVFLLAQGLG
ERTYRFNVTDQVGTLWWHAHVTCLRSTINGAFIIRP----DSNPMHLHGYDVFLLAQGLG
NFTYRENVAGQEGTLWWHAHDAFLRGTVHGALIIRP----DSNPMHLHGHDVFLLAQGIG
NFTYRFDVVGQEGTLWWHAHVGSLRASVHGALIIRP----YANPMHLHGQODMFVLAQGLG
RYTYRFAVAGOQEGTLWWHAHSSYMRATVYGALVIRP----ESHPMHLHGFNFFVVAQGFEG
NYTYRENVTGQEGTLWWHSHEF SFLRATVYGALIIKP----ESHPMHLHGFNFFVLAQGFG
NYTYRENVDGQEGTLWWHAHVSFHRATVYGALVIRP----ESHPMHIHGFNFFILAQGFG
SYTYRENVTGQEGTLWWHAHVSFLRATVYGALLIRP--—--ENHPLHLHGENFYVLAQGTG
SYTYRFSVPGQEGTLWWHAHSSFLRATVYGAFIIRP----ENHPIHLHGEFNFEFVLAQGMG
SYIYRENVTGQEGTLWWHAHSSFLRATVYGAFIIRP----ENHPIHLHGFNFFVLAQGLG
SYTYREFNVTGQEGTLWWHAHSSFLRATVYGALIIRP----ENHPIHLHGFNFFVLAQGLG
NFTYRENITGOEGTLWWHAHSSLLRATIYGALIIKP----ENHPTIHLHGFDFYLLAQGLG
NFTYQFDITGQEGTLLWHAHVVNLRATIHGALIIRP----ESHPMHLHGFNFYVLGYGFG
NFTYQFDITGQEGTLLWHAHVVNLRATLHGALVIRP----ESHPMHLHGFNFYVLGYGFG
RYAYRFNITGQEGTLWWHAHASFLRATVYGALVIRP----ESHPMHLHGFNFHVLAQGFEG
KYTYQFKLLKQEGTLWWHAHVSWLRATVYGALIIRP----ENHPMHLHGFNFHVLAQGFEFG
SYTYKFRITGQEGTLWWHAHVSWLRATVHGALIIRP----ENHPIHLHGFNFHVLAQGFG
SYTYRFTITGQEGTLWWHAHSSWLRASVYGALIIHP----ENHPIHLHGYDFYIVGEGFG
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Q9AUI5 PINTA

Q9AUI3 PINTA
B95S477_ RICCO
BY9HSI6 POPTR
Q8L4Y3 SOYBN
A5C575 VITVI
Q9FLB5_LAC12 ARATH
Q9SIY8 LACS ARATH
COP5Q0 MAIZE
C5XNW9 SORBI
B6T3I3 MAIZE
B8ABM4 ORYSI
0941X2 LAC3 ORYSJ
C5Y313 SORBI
Q2RBK2_LAC17 ORYSJ
02QYS3_LAC23 ORYSJ
AK249126 Hv16140
Q56YT07LAC37ARATH
Q9LYQ2 LAC13 ARATH
B9I6LO_POPTR
C5WNF8 SORBI
B7ZXZ87MAIZE
HvLlacl
B9F7V1_ORYSJ
Q10MR9 ORYSJ
QODSN3 ORYSJ
Q9ZPY2 LAC6 ARATH
Q9FY79 LAC14 ARATH
Q8H979 RHUVE
B2M153 ROSHC
020780 LAC21 ORYSJ
Q5ZCW1_LAC1 ORYSJ
067Z8L2 LACY9 ORYSJ
Q84J37_LAC15_ARATH

Q9ZQW2_POPTR
Q9FJD5 _LAC17 ARATH
081081 LAC2 ARATH
QODHL5 LAC11 ORYSJ
Q5N9W4 LACS5 ORYSJ
Q2PAI9 MAIZE
B6UCC4 MAIZE
QODHL2 LAC12 ORYSJ
B6SWG3 MAIZE
COPGP6 MAIZE
Q8WOV6 Lac5-6 LOLPR
Q5N9X2 LAC4 ORYSJ
COP789 MAIZE
Q2PAJO MAIZE
QYAUI4 PINTA
Q10ND7 LAC10 ORYSJ
AK250758_Hv18006
Q9AUI6 PINTA
QYAUI1 PINTA
QYAUI2 PINTA
Q8RYM9 LAC2 ORYSJ
Q8VZA1l LAC11 ARATH
BORH56 RICCO
QYAUIO PINTA
QOAUH9 PINTA
Q1PDH6_LAC16 ARATH
Q6ID18 LAC10 ARATH
080434 LAC4 ARATH
BYHCJ9 POPTR
BOHHK7_ POPTR
Q9ZQW3 POPTR
BOHT10 POPTR
Q0IQUl LAC22 ORYSJ
AK250524_Hv27504
Q9LMS3 LAC1 ARATH
Q53LU4_LAC18 ORYSJ

SYTYKFTITGQEGTLWWHAHSSWLRATVYGALIILP----ESHPIHLHGYDFYIVGAGFG
T3 T3 Tl T2T3
(-17/+18) (=3/+12)

SYTYRFTITGQEGTLWWHAHSSWLRATVYGALVISP----ESHPIHLHGYDFYIVGSGFG
SYTYRFTIEGQEGTLWWHAHSSWLRATVYGALIIYP----ENHPIHLHGYDFYVIAEGFG

SYTYRFNIEGQEGTLWWHAHSSWLRATVYGALIIHP----ENHPIHLHGYDFYIIAEGFG
SYTYRFTVQGQOEGTLWWHAHSSWLRATVYGALIIRP----ENHPIHLHGYDFYIVAEGFG
SYTYRFTXQGQEGTLWWHAHSSWLRATVYGALIIHP----ENHPIHLHGYDFYIIAEGFG

SYTYRFTIQGQEGTLWWHAHSSWLRATVYGALIIHP----ENHPIHLHGYDFYIVGEGFG
SYTYRFTIQGQEGTLWWHAHSSWLRATVYGSLLVEFP----ENHPIHLHGYDFYIIAEGFG
SYKYRFTIEGQEGTLWWHAHSSWLRATVYGALIIRP----ENHPIHIHGYDFFILAEGFG
SYKYRFTIEGQEGTLWWHAHSSWLRATVYGGLIIRP----ENHPIHIHGYDFFILAEGFG
SYKYRFTIQGQEGTLWWHAHSSWLRATVYGALIIRP----ENHPIHIHGYDFFILAEGFG
SYKYRFTIEGQEGTLWWHAHSSWLRATVYGALIIRP----ENHPIHIHGYDFYILAEGFG

SYKYRFTIEGQEGTLWWHAHSSWLRATVYGALIIRP----ENHPIHIHGYDFYILAEGFG
SYTYRFTVAGQEGTLWWHAHSSWLRATVHGALLIRP----ENHPIHLHGYDFYILAEGFG
SYRYRFTVAAQEGTLWWHAHSSWLRATVYGALLIRP----ENHPIHLHGYDFYILAEGLG
SYRYRFTVAAQEGTLWWHAHSSWLRATVYGALLIRP----ENHPIHLHGYDFYILAEGLG
SYTYRFTVSGQEGTLWWHAHSSWLRATVYGALIIRP----ENHPIHLHGYDFFILAEGFG
TYTYRFKIEDQEGTLWWHAHSRWLRATVYGALIIYP----ENHPMHLHGYQFYVVGSGFG
SYTYRFTMEDQEGTLWWHAHSRWLRATVYGALIIRP----ENHPMHLHGYEFYVVGTGVG
SYTYRFTIENQEGTLWWHAHSRWLRATVYGALIIHP----EDHPMHLHGYHFAVIGSGFG
SYTYRFTTQGQEGTLWWHAHSSWLRATVHGALIIHP----EEHPMHIHGYHFFVLATGFG
SYTYRFTVEGQEGTLWWHAHSSWLRATVHGALIIHP----EEHPMHIHGYHFYVLATGFG
SYTYRYTIQEQEGTLWWHAHSSWLRATVHGALVILP----EEHPMHIHGYHFYVLATGFG
SYTYRFAIQGQEGTLWWHAHSSWLRATVHGALLIRP----EEHPMHIHGYHFYVLATGFG
SYTYRFAIQGQEGTLWWHAHSSWLRATVHGALLIRP----EEHPMHIHGYHFYVLATGFG
SYTYRFAIQGQEGTLWWHAHSSWLRATVHGALLIRP----EEHPMHIHGYHFYVLATGFG
SFTYNFKVAQQKGTFLWHAHFSWLRATVYGPLIVYP----ENHPIHLHGHSFYVIGYGTG
SYVYRIDLKVEEGTIWWHAHSQWARATVHGAFIVYP----NIHPIHLHGYNFYVVGSGFG
NFIYEVILSTEEGTIWWHAHSDWTRATVHGALVILP----TSHPMHLHGFNFYLVGTGAG
NFTQKIIFSEEEGTLWWHAHSEWDRATVHGAIIIYP----DDHPMHLHGYSFYVVGMGLG
KFTYQVIMSEEEGTLWWHAHSDFDRATVLGAIVVHP----ESHPMHLHGFAFYVVGLGSG
NFTYQVILFEEEGTLWWHAHSDFDRATVHGAIVIHP----ENHPMHLHGFTFYVVGRGSG
NFTYQVILSEEEGTLWWHAHSDFDRATVHGAIVIHP----ENHPMHLHGFAFYVVGRGNG
DFLYKVIFSIEDTTVWWHAHSSWTRATVHGLIFVYP----LDHPMHLHGFSFYVVGVGFEFG
T3T1T3 T1
(-34/+5)

—-—-—--FNLVDPMERNTAGVPAGGWIAIRFLADNPGVWFMHCHLDVHTSWGL
—--—--FNLVDPIERNTVGVPSGGWAAIRFLADNPGVWFMHCHLEVHTSWGL
-—-—--YNLVDPVERNTINIPSGGWVAIRFLADNPGVWLMHCHIEIHLSWGL
-—-—--YNLVDPVQRNTISVPTAGWVAIRFVADNPGVWIMHCHLDVHLSWGL
—-—-—--YNLVDPVERNTVSVPTGGWVAVRFLADNPGVWLMHCHFDVHLSWGL
—--—--YNLADPVERNTISVPTAGWVAVRFLADNPGVWLMHCHFDVHLSWGL
--—--YNLADPVERNTISVPTAGWVAVRFLADNPGVWLMHCHEFDVHLSWGL
--—--FNLYDPVERNTVGVPAGGWVAIRFHADNPGVWFMHCHLEVHMSWGL
—--—--YNLVDPVERNTVGVPAAGWVAIRFRADNPGVWFMHCHLEVHVSWGL
—--—--YNLVDPVERNTVGVPAAGWVAIRFRADNPGVWFMHCHLEVHVSWGL
--—--FNLVGPVERNTVGVPAGGWVAIRFLADNPSVWFMHCHLEVHTTWGL
--—--FNLVDPVERNTVGVPAGGWVAIRFLADNPGVWFMHCHLEAHTTWGL
—-—-—--FNLVDPVERNTVGVPAGGWVAIRFLADNPGVWFMHCHLEAHTTWGL
—-—-—--FNLVDPVERNTVGVPAGGWVAIRFLADNPGVWFMHCHLEAHTTWGL
----FNLVDPPQRNTVGVPSGGWVAIRFRADNPGVWFMHCHLEVHT SWGL
----FNLVDPVQRNTVGVPAGGWVAIRFFADNPGVWFMHCHLEVHTTWGL
—-—---FNLLDPVQRNTVGVPAGGWVAIRFFADNPGVWFMHCHLEVHT SWGL
—--—--FNLVDPVERNTAGVPSGGWVALRFRADNPGVWFMHCHLEVHT SWGL
—--—--FNLVDPVERNTAGVPKGGWMAIRFRADNPGVWFMHCHLEIHKSWGL
—----FNLIDPVERNTVGVPKGGWAAIRFRADNPGVWFMHCHLEVHT SWGL
----YNLVDPPERNTVGVPAGGWTAIRFRADNPGVWFLHCHLEVHT SWGL
—--—--FNLVDPPERNTVGVPTGGWAAIRFRADNPGVWFMHCHLEVHTMWGL
—--—--FNLVDPPERNTVGVPTGGWTAIRFRADNPGVWFMHCHLELHTGWGL
----FNLVDPPERNTVGVPTGGWTVIRFRADNPGVWFMHCHLEVHTTWGL
----FNLVDPPERNTVGVPTGGWTVIRFRADNPGVWFMHCHLEVHTTWGL
—--—--FNLVDPVERNTVGVPAGGWTAIRFIADNPGVWFMHCHLELHTTWGL
—--—--FNLVDPVERNTVGVPSGGWAAIRFRADNPGVWFMHCHLEVHTTWGL
—----FNLVDPVERNTIGVPSGGWVVIRFRADNPGVWFMHCHLEVHTTWGL
----FNLVDPVERNTIGVPSGGWVAIRFRADNPGVWFMHCHLEVHTTWGL
—--—--FNLADPVERNTISVPTAGWAAIRFRADNPGVWFLHCHLEVHTTWGL
—--—--FNLADPVERNTVSVPTAGWIAIRFKADNPGVWFLHCHLEVHTTWGL
----FNLADPVERNTVSVPTAGWIAIRFKADNPGVWFLHCHLEVHTTWGL
—----FNLIDPIERNTIGVPTGGWTAIRFRSDNPGVWFMHCHFEVHTSWGL
—-——-FNLIDPVERNTIGVPTGGWTAIRFRADNPGVWFMHCHFEVHTSWGL
-—-—-YNLVDPPERNTFAVPTGGWAAIRINADNPGVWFIHCHLEQHTSWGL
----FNYHNPQLRNTVQVPRGGWAAVRFLADNPGMWYLHCHFEFHI IMGM
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A2Y9C5 LAC19 ORYSI
Q2ROLO_LAC20 ORYSJ
Q339K6 LAC15 ORYSJ
AK250681 Hv867
Q5N7A3 LAC6 ORYSJ
Q2QUN2 LAC24 ORYSJ
Q0IP28 LAC25 ORYSJ
Q69199 LAC14 ORYSJ
Q4VJ26 MAIZE

Q8W0V4_Lac5-4_LOLPR

Q5N7B4_LAC7_ORYSJ
Q0JHP8_LAC8_ORYSJ
Q9LFD1 LACY9 ARATH
Q9LFD2 LAC8 ARATH
Q9SR40_LAC7_ARATH
BY9HC76_POPTR
B1PXG7 SOLLC
B8LPF97PICSI
Q9AUIS PINTA
Q9AUI3_PINTA
B9S477 RICCO
B9HSI67POPTR
Q8L4Y3 SOYBN
A5C575_VITVI
Q9FLB5 LAC12 ARATH
Q9SIY87LAC57ARATH
COP5Q0 MAIZE
C5XNW9_SORBI
B6T3I3 MAIZE
B8ABM470RYSI
0941X2 LAC3 ORYSJ
C5Y313 SORBI
Q2RBK27LAC1770RYSJ
020YS3 LAC23 ORYSJ
AK249126 Hv16140
Q56YTO0_LAC3 ARATH
Q9LYQ2 LAC13 ARATH
B9I6LO_POPTR
C5WNF8_SORBI
B7ZXZ87MAIZE
HvLacl

B9F7V1 _ORYSJ
Q10MR9_ORYSJ
QODSN3_ORYSJ
Q9ZPY2 LAC6 ARATH
Q9FY79 LAC14_ ARATH
Q8H979 RHUVE
B2M153 ROSHC
020Z80_LAC21 ORYSJ
Q5ZCW1_LAC1_ORYSJ
0678L2_ LACY9 ORYSJ
084J37 LAC15 ARATH

-—-—--FNYHNPQLRNTVQVPRGGWAAIRFVTDNPGMWYLHCHFEFHI IMGM
-—-——-FNYHNPQLRNTILVPRGGWAAVRFITDNPGMWYLHCHFEFHI IMGM
—-—-—-FNLVNPPRKNTVLVPNLGWAAVRFVADNPGAWLMHCHFEFHLSMGM
—----YNLVDPPVRNTVLVPLFGWAVVREFVTKNPGVWFLHCHFENHSSGGM
----FNLVNPQERNTVAVPTGGWAVIRFVADNPGMWAMHCHIDSHFAIGL
-—-—-FNLVDPQERNTVAVPTGGWAVIRFVADNPGVWFMHCHFDAHLEFGL
-—-—-FNLVDPQERNTIAVPTGGWAVIRFVADNPGMWYMHCHEFDAHISLGL
—-—---KNLVNPQORNTIAVPPGGWAVIRFTADNPGVWLMHCHLEAHLPFGL
----YNLVDPVARNTIAVPGGGWAVIRFVANNPGMWFFHCHLDPHVPMGL
—----YNLVDPVARNTIAVPTGGWVVIRFLANNPGYWFFHCHLDAHVPMGL
—-—-——-YNLVDPVSRNTLAVPTGGWAVIRFVANNPGMWFFHCHLDAHVPMGL
-—-—-YNLVDPQVRNTVAVPAGGWAVIRFMANNPGMWFMHCHLDAHLPLGL
—-—---LNLFNPQMHNTVGVPPGGWVVLRFIANNPGIWLFHCHMDAHLPLGI
—-—---LNLFNPQMHNTVGVPPGGWVVLRFIANNPGVWLFHCHMDAHLPYGI
--—-LNLVDPQSRNTLAVPVGGWAVIRFTANNPGAWIFHCHIDVHLPFGL
-—-—-FNLVNPQSRNTIGVPVGGWAVIRFTANNPGVWFMHCHLDVHLPWGL
----FNLVNPQERNTIGVPVGGWAVIRFRANNPGVWLMHCHLDVHLPWGL
----FNLVDPPLRNTVAVPVNGWAAIRFVADNPGAWLMHCHLDVHITWGL
—-—-—-FNLVDPPMRNTVNVPVNGWAAIRFVADNPGAWVMHCHLDVHITWGL
-—-—-FNLVDPPMRNTVNVPVNGWAAIRFVADNPGAWVMHCHLDVHITWGL
--—--FNLVDPPMRNTVAVPSNGWAVIRFVADNPGVWIMHCHLDVHITWGL
----FNLVDPPMRNTVAVPSNGWAVIRFVADNPGVWLMHCHLDVHITWGL
-—-—-FNLVDPPLRNTVAVPVNGWAVIRFVADNPGAWLLHCHLDVHIGWGL
-—-—-FNLVDPPLRNTVAVPVNGWAVIRFVADNPGVWLMHCHLDVHITWGL
--—--FNLVDPPLRNTVAVPVNGWAVIRFVADNPGVWLMHCHLDVHIKWGL
--—--FNLEDPPLRNTVGVPVNGWAVIRFIADNPGVWIMHCHLDAHISWGL
-—-—-FNYVVPPQRNTVAVPVNGWAVIQFVADNPGVWLMHCHLDVHITWGL
-—-—-FNYVDPPQRNTVAVPVNGWAVIQFVADNPGVWLMHCHLDVHITWGL
--—--FNYVDPPQRNTVAVPVNGWAVIQFVADNPGVWLMHCHLDVHITWGL
--—--FNYVDPPQRNTVAVPTNGWAVIRFVADNPGVWLMHCHLDVHITWGL
-—-—-FNYVDPPQRNTVAVPTNGWAVIRFVADNPGVWLMHCHLDVHITWGL
--—-FNMDDPPMRNTVGVPVNGWAVIRFVADNPGVWLMHCHLDVHITWGL
----FNVEDPPMRNTVGVPVNGWAVIRFVADNPGVWLMHCHLDVHITWGL
----FNMEDPPMRNTVGVPVNGWAVIRFVADNPGVWLMHCHLDVHITWGL
—----FNLDDPPMRNTVGVPVNGWAVIRFVADNPGVWLMHCHLDVHITWGL
-—-—-FNLFDPPERNTIGTPPGGWVAIRFVADNPGAWFMHCHIDSHLGWGL
-—-—-FNLIDPPRRNTIGTPPGGWVAIRFVANNPGAWLMHCHIDSHIFWGL
—-—-—--FNLIDPPYRNTIGTPPGGWVAIRFEADNPGIWFMHCHLDSHLNWGL
—--—--FNLVDPPSRNTIGVPVGGWAVVREFVADNPGVWLVHCHIDAHLTGGL
--—--FNLVDPPSRNTIGVPVGGWAVVREFVADNPGVWLVHCHIDAHLTGGL
--—--FNMVDPPSRNTIGVPVGGWAVVRFLADNPGVWLVHCHIDAHLTGGL
—--—--FNLVDPPSRNTIGVPVGGWAVVREFVADNPGVWLVHCHIDAHLTGGL
—-—-—--FNLVDPPSRNTIGVPVGGWAVVREFVADNPGVWLVHCHIDAHLTGGL
--—--FNLVDPPSRNTIGVPVGGWAVVREFVADNPGVWLVHCHIDAHLTGGL
--—--FNLEDPPYLNTIGVPVGGWAAIRFVANNPGLWLLHCHFDIHQTWGM
—--—--YNLVDPPEETTVGVPRNGWTAVRFVANNPGVWLLHCHIERHATWGM
—--—--YNLVDPPELNTINLPRIGWAAIRFVADNPGVWFLHCHFERHTTEGM
-—-—--YNLVDPPLRNTVIVPVNGWTTIRFKANNPGVWFMHCHLDRHMSWGM
--—--YNLLDPPYQSTVSVPKAGWAAIRFRADNPGVWFMHCHEFDRHMVWGM
—-—-—--YNLIDPPFONTVSVPKSSWAAIRFRADNPGVWFMHCHEFDRHVVWGM
—--—--YNLVDPPFONTVSVPRSGWAAIRFRADNPGVWFMHCHEFDRHVVWGM
--—--YNLYDPPYKNTMTVPRNGWIAIRFVADNPGVWFMHCHLDRHQTWGM

Obr.12: Alignment konzervativnich domén rostlinnych lakaz a signatur vazebnych mist

médi s histidinovymi zbytky (oznacené cervené).
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Tab. 7: Charakterizace HvLac1 a unigenti podobnych LMCO a jejich odvozené peptidy

Sekvence  UniGen Odvozené Mr Predikované Predikce mista pro Stépeni  Teoretické
Aminokyseliny (kD) cileni’ specifickou peptidazou” pI’
HvLacl 602" 65.8 S Sekreéni draha 32 a33: ALA-EE 8.89
SP (0.642)
mTP (0.623)
592 64.6 S Sekre¢ni draha 22 a23: ALA-EE 8.69
SP (0.981)
AK252621 Hv.18413 584 63.4 S Sekreéni draha 22 a23: ALA-EE 8.42
SP (0.981)
AK249126 Hv.16140 567 60.7 S Sekreéni draha 27 a28: AIA-KE 5.14
SP (0.926)
AK250758 Hv.18006 569 62.2 S Sekreéni draha 21 a22: LLA-GT 8.35
SP (0.896)
mTP (0.416)
AK250524 Hv.27504 564 62.1 S Sekrec¢ni draha 26 a 27: ALS-VH 8.82
SP (0.866)
mTP (0.483)
AK252464  Hv.867 579 63.9 S Sekreéni draha 19 a 20: AAA-GH 6.40
SP (0.984) (HMM: 24 a 25: GDA-AL) 6.46
AK250681  Hv.867 579 63.9 S Sekrec¢ni draha 19 a 20: AAA-GD 6.31
SP (0.984)

“TargetP 1.1 Server — predikované vysledky SP - S Sekrecni drdha, i.e. sekvence obsahuje SP — signdlni peptid, mTP —
petid cileny do mitochondrie

b SignalP 3.0 Server (neural networks (NN))

¢ zraly protein

4 Upstream start kodon -30 bp

Podrobnéjsi analyzy ukéazaly, Ze HvLacl proteinové izoformy obsahuji tetrapeptidovy
motiv KTEL (Lys-Thr-Glu-Leu) v C-koncové oblasti (+15ak po poslednim vazebném
misté¢ His a -19ak od stop kodonu) genové sekvence. Zajimavé je, ze KTEL je podobny
KDEL motivu, ktery je charakteristicky pro udrZeni proteinti v endoplazmatickém retikulu
(Munro and Pelham, 1987). Cytosolovy konec HvLacl izoformy obsahuje dva di-
argininové motivy (RR) na svém N-konci, coZ mlze byt dostateéné pro lokalizaci proteinu
v endoplazmatickém retikulu (Boulaflous et al., 2009).

Porovnanim 3D modelu HvLacl (vytvotené pomoci iTASER) v databazi s dostupnym

3D modelem lakdzového 3FU9 jsme zjistili, ze lakédza jecmene ma podobnou prostorovou
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lokalizaci vsech ligandi médi (Obr. 13). Model HvLacl ukazuje, ze motiv KTEL je

exponovan na povrchu proteinu (Obr. 14).

Obr.13: Trojrozmeérna struktura lakazy 3FU9 (Melanocarpus albomyces) s vyznacenymi
aminokyselinami (vazebnd mista médi). Zluta — shodnd pozice aminokyselin v retézci
porovnavanych proteinii (3FU9 a HvLacl), modra a hnéda - doména 1 a 3, doména 2 neni

zobrazena pro lepsi ilustraci vazebného mista pro med.
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KTEL

Obr.14: 3D model odvezeného proteinu HvLacl jecmene (s odstranénou signalni sekvenci)

s vyznacenym motivem KTEL.

8.7 Variabilita HvLacl

Analyza sekvenéni variability 89 LMCO proteini (s odstranénymi signalnimi
sekvencemi a C-termindlnimi sekvencemi, nésledujicimi po poslednim cysteinu),
potvrzuje nazor, ze rodina LMCO vyssich rostlin je rozd€lena do péti viceClennych skupin
a jedinecnou skupinou s pouze jednim proteinem (QI9LMS3; LAC1 ARATH) (Obr. 15)
(Piontek et al., 2002). Z obrazku je patrné, Ze skupiny 3, 4 a 5 jsou podpoieny vysokou
hodnotou bootstrapu (1000 x ptevzorkovani) 58 %, 59 % a 91 %, narozdil od skupin 1 a 2
s niz§imi hodnotami bootstrapu. Vzhledem k tomu, Ze proteiny lakdz obsahuji nekolik
domén, byly z proteinovych sekvenci vybrany pouze sekvence konzervativnich domén AK

(Obr. 16). Zatazeny byly predevsim sekvence lakaz lipnicovitych rostlin - ryze a kukufice
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(49 sekvenci). Vysledny dendrogram (vytvofeny v programu MEGAY) ¢leni lakazy ryze,
¢iroku, kukufice a jecmene do péti hlavnich vétvi a dokladd, ze odvozené proteinové

sekvence lakaz jeCmene jsou zastoupeny (s vyjimkou skupiny ¢.2) ve vSech ostatnich

skupinach.
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Obr.15: Analyza sekvencni variability 89 rostlinnych LMCO. Cervend barva cary pro
skupinu 1, azurova barva pro skupinu 2, zlata barva pro skupinu 3, purpurova barva pro
skupinu 4, modra barva pro skupinu 5 a zelend barva pro skupinu 6 (sestrojeno pomoci

MEGAS).
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Obr.16: Analyza variability 49 sekvenc
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Druhym cilem této prace bylo stanovit expresi transkriptu lakdzy (LMCO) jeCmene

v prubéhu sladovani ve spojeni se zménami vybranych fenolickych sloucenin.

8.8 Hodnoty exprese HvLacl

U odrad je¢mene Bojos a Blanik, ktery je doporuéen pro vyrobu piva s CHZO ,,Ceské
pivo®, byly maximalni hodnoty exprese transkriptu HvLacl dosazeny jiz po 72 hodindch
sladovaciho procesu (jesté ve fazi maceni), na rozdil od odrid Sebastian a Streif, jejichz

maximalni hodnoty exrese transkriptu byly dosazeny az po 96 hodinéch sladovnického

precesu (ve fazi kliceni) obr. 18 a 19.
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Obr.17: Zmeény polyfenoli a normalizované exprese transkriptu lakazy béehem sladovani u

odrid Blanik a Bojos (mnozstvi fenolickych latek bylo normalizovano k maximalni hodnoté

v rozmezi [0, 1]).

56

15h_kilning




108

106

13
o
=
©
>
°
® =
N
£
S 1 04
z
102+t N
N N
L &
" 0.0 -
1_air_rest 3_air_rest 2_DG 6h_kilning 1_air_rest 3_air_rest 2_DG 6h_kilning
2_air_rest 1_DG 3_DG 15h_kilning 2_air_rest 1_DG 3_DG 15h_kilning

Obr.18: Zmény polyfenolii a normalizované exprese transkriptu lakazy béhem sladovani u
odrid Sebastian a Streif (mnozstvi fenolickych latek bylo normalizovano k maximalni

hodnoté v rozmezi [0, 1]).

Podle vysledkii nema exprese lakazy vliv na obsah fenolickych sloucenin s vyjimkou
kyseliny vanilové. ZvySené mnozstvi transkriptu odpovidd snizenému obsahu kyseliny
vanilové (r = 0,416, p < 0.05). Po fazi maceni dochazi ke zvyseni obsahu kyseliny vanilové
ve srovnani s normalizovanym transkriptem, jehoz mnozstvi se snizuje v priabéhu této faze
sladovani.

Také jsme pozorovali vysoké hodnoty normalizované hladiny HvLacl transkriptu ve

sladovnickém kvétu.

8.9 Obsah fenolickych sloucenin

HPLC analyza ukazala ptfitomnost fenolickych kyselin, vcetné kyseliny ferulové (F),
vanilové (V), p-hydroxy-benzoové (p-hb), p-kumarové (p-Co), 4-hydroxyfenyloctové (p-
hfo) a katechinu (K). Dalsi fenolické slouceniny (vanilin, kyselina sinapovd, kyselina
kavova, kyselina gallova, eskulin, atd.) byly zastoupeny pouze v malych mnoZstvich.
Obsah jednotlivych fenolickych slouCenin v zrnu jeémene nami vybranych odrad bylo
sledovano v pribéhu sladovani, ve sladu a sladovnickém kvétu. Vysledky jsou shrnuty

v tabulce 8.
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Tab. 8: Mnozstvi fenolickych sloucenin v pribéhu sladovéni, ve sladu a ve sladovnickém

kveétu (Lg/Ssusiny)-

Odriida Vzorkovani p-hb p—hfo K \Y p—Co F
Maceni — vzdusna prestavka 24 h 0.23 3.10 4.16 1.46 0.77 2.76
Maceni — vzdusna prestavka 48 h 271 2.88 3.28 1.35 1.09 3.76
Madeni — vzdu$na prestivka 72 h 1.85 2.38 2.50 0.87 0.94 3.50
Kliceni — prvni den o6n 041 2.54 2.79 0.91 159 583
Kli¢eni — druhy den 120n  0.58 3.14 2.34 1.19 1.56 7.89

r:% Kliceni — tfeti den 144h  2.57 2.59 3.04 1.14 1.38 8.96
M | Hvozdéni - 55°C 150n  0.38 2.63 1.90 1.10 2.34 9.12
Hvozdéni - 65°C 158h 029 1.20 0.89 0.46 1.44 1.41
MIN 0.23 1.20 0.89 0.46 0.77 141
MAX 2.71 3.14 4.16 1.46 2.34 9.12
Slad 3.17 0.87 1.12 0.40 1.50 3.46
Sladovy kvét 13.50 2.86 0 2.86 24.50 3.34
Méceni — vzdusna piestavka  24h 477 471 6.05 2.14 0.75 22
Maceni — vzdusnd prestivka 48 h 1.47 4.81 475 1.93 0.81 4.09
Maceni — vzdusna prestavka 72 h 1.57 4.94 3.76 1.78 1.19 4.49
Kligeni — prvni den 96 h 3.30 4.83 2.94 1.85 1.22 5.02
Kli¢eni — druhy den 120n 423 5.65 2.67 1.94 1.39 6.48
2 | Kligeni — tieti den 144h 242 5.13 2.76 1.63 1.38 7.43
g Hvozdéni - 55°C 150 h 1.97 5.26 2.47 1.62 1.71 8.32
Hvozdéni - 65°C 158h 083 3.34 1.79 0.66 1.30 3.24
MIN 0.83 3.34 1.79 0.66 0.75 2.20
MAX 4.77 5.65 6.05 2.14 1.71 8.32
Slad 1.25 3.20 1.64 0.65 1.07 3.61
Sladovy kvét 7.93 22.10 0.47 11.70 6.13 4.07
Méceni — vzdusna pfestavka 24 h 112 1.63 5.32 1.68 0.88 3.6
Mageni — vzdusna prestivka  48h 083 1.20 292 1.43 093 397
Maceni — vzdus$na prestavka 72 h 0.31 1.02 2.82 113 0.94 5.57
Kli¢eni — prvni den 96 h 0.23 1.27 2.39 1.34 1.51 7.14
Kligeni — druhy den 120n  0.19 1.26 2.27 1.46 1.78 9.28
5 | Kiiceni - theti den 1441 0.86 1.70 2.22 1.66 221 1272
% | Hvozdéni - 55°C 150n 146 1.51 1.98 1.36 313 1144
Hvozdeni - 65°C 158 0.62 0.24 0.94 0.50 145 480
MIN 0.19 0.24 0.94 0.50 0.88 3.60
MAX 1.46 1.70 5.32 1.68 3.13 12.72
Slad 0.33 0.28 0.88 0.39 1.64 4.36
Sladovy kvét 9.72 7.09 0 3.62 11.60 1.34
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Maceni — vzdusnd prestivka 24 h 1.96 4.80 6.19 170 0.71 4.09
Maceni — vzdusna prestavka 48 h 1.38 4.24 4.34 1.59 0.93 4.31
Maceni — vzdusna prestavka 72 h 1.33 4.18 3.78 1.26 1.02 541
Kligeni — prvni den 9 h 2.81 4.59 3.40 1.54 1.32 7.50
Kligeni — druhy den 120n 330 4.97 2.90 1.61 1.34 9.60
§ Kliceni — tfeti den 1441 7.69 3.33 2.37 1.22 1.89 9.52
i’.:; Hvozdéni - 55°C 150n 493 3.15 2.58 1.15 2.00 10.16
Hvozdéni - 65°C 158h  4.56 1.18 1.06 0.44 1.11 3.58
MIN 1.33 1.18 1.06 0.44 0.71 3.58
MAX 7.69 4.97 6.19 1.70 2.00 10.16
Slad 2.73 2.90 1.80 0.40 1.34 3.99
Sladovy kvét 15.30 8.55 0 2.46 8.13 1.14

V — kyselina vanilova, p—Co — kyselina p—kumarova, F — kyselina ferulovad, K — katechin, p-hfo — kyselina 4 —
hydroxyfenyloctove, p—hb — kyselina p—hydroxy—benzoové

A4

Podle vysledki byly naméteny nejvyssi hodnoty u kyseliny ferulové. V prubéhu
sladovani byl obsah kyseliny ferulové v rozmezi od 1.41 do 9.12 pg/g suSiny u odrtd s
"HN" alelou, zatimco u odrid s "M" alelou bylo toto rozmezi od 3.58 do 12.75 ng/g
suSiny. U sladovnického kvétu bylo mnozstvi kyseliny ferulové dokonce tiikrat vétsi u
odrid s "HN" alelou nez u odrid s "M" alelou. Druha nejvice zastoupena sloucenina byl
katechin, ktery patii do skupiny flavonoidd. V pribéhu sladovani dochazelo k postupnému
poklesu obsahu této slouceniny u vSech odriild. Ve sladovnickém kvétu nebyl katechin
vibec detekovan. Ve srovnani s ferulovou kyselinou byla p-kumarové kyselina pfitomna v
relativné nizkych koncentracich u vSech odriid je¢mene (pfiblizn€ jedna tfetina mnozstvi
kyseliny ferulové). Obsah kyseliny p-kumarové byl v rozmezi od 0.75 do 2.34 ng/g suSiny
pro odridy s "HN" alelou a od 0.71 do 3.13 pg/g susiny pro odridy s "M" alelou. Podobné
jako ferulova kyselina se mnozstvi kyseliny p-kumarové zvySuje az do faze hvozdéni a pak
dochazi k poklesu (Obr. 17 a 18). DalSimi sledovanymi slouceninami byly kyselina
vanilova, kyselina hydroxyfenyloctova a hydroxybenzoova. B&hem prvni vzdus$né
prestavky dochazi u kyseliny vanilové ke sniZeni obsahu az do faze kli¢eni, kdy se
koncentrace kyseliny vanilové za¢ne opét zvySovat. NejvySsi obsah kyseliny
hydroxyfenyloctové byl zjistén druhy den faze kli¢eni, pouze u odrtidy Streif byl nejvyssi
obsah této kyseliny az tfeti den. Poté doslo k poklesu obsahu kyseliny hydroxyfenyloctové

u v8ech odrad.
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9. Diskuze

9.1 Sekvencni analyza genu pro HvLacl

Sekvence genu HvLacl, ktera byla ziskdna v rdmci feSeni této prace, se sklada ze ctyt
exonu a tfech introni, které¢ zacCinaji sekvenci GT a konci sekveci AT (Obr. 6). VétSina
rostlinnych LMCO genti maji ale intronti pét (McCaig et al., 2005). V rostlinnych lakdzéach
se také bézné vyskytuje sekvence pro T1 vazebné misto (HWHG) (McCaig et al., 2005),
které ale v nasi sekvenci HvLacl nebylo zjisténo. Kromé toho, HvLacl také neobsahuje
intron v 3" konci ORF, ktery je pfitomny u mnoha rostlinnych lakaz (McCaig et al., 2005).
Ve ctvrtém exonu byl dale identifikovan polymorfismus (In/Del). Pro identifikaci
alternativnich alel byl navrzen kodominantni marker (,,M* alela s 24 bp inzerci a ,,HN*
alela bez této inzerce). Tento marker byl pouZit pro testovani 134 odriid jeCmene na
pfitomnost téchto dvou alel HvLacl genu. Bylo testovano 69 odriid jeCmene, které jsou
vedeny jako genetické zdroje a 65 modernich evropskych odrid (Tab. 6). Evropské odrudy
obsahovaly alelu ,M*“ v 36 piipadech a alelu ,HN“ v 29 piipadech. U odrad
registrovanych v Ceské republice pievladala alela ,M* pied alelou ,,HN* (alela ,,M* byla
identifikovana u 26 odrid z celkovych 46). Otazkou je, zda-li je toto rozloZeni vysledkem
lepsi vykonnosti odrud s "M" alelou nebo z diivodu pozadavkil na odridy sladovnického
je¢mene ze strany sladaiského primyslu v Ceské republice. V zemich EU, péstujicich
sladovnicky je¢men, jsou odridy s ,,M* alelou dominantn¢ zastoupeny ve Francii (odrida
Sebastian), Italii (odrida Scarlett), Rakousku (odriida Xanadu), Slovensku (odrida Malz) a
Chorvatsku (odriida Scarlett). Odridy s ,,HN* alelou jsou nejvice dominantni v Némecku
(odrada Marthe), Velké Britanii (odrida NFC Tipple), Irsku (odrida Quench), Holandsku
(odrada NFC Tipple), Dansku (odrida Quench) a Svédsku (odrada NFC Tipple). Zda
existuji rozdily n€kterych vlastnosti spojenych se sladovnickou kvalitou u odrtid obsahujici
ruzné alely HvLacl je diskutovano déle.

Pomoci bioinformatickych nastroji byly odvozeny 2 izoformy proteinové sekvence
transkriptu HvLacl se 602 nebo 592ak. U obou izoforem byla identifikovana pfitomnost
signalniho peptidu, konzervativnich domén, signaturni sekvence a vazebnych mist pro
atomy mé&di. Odvozend proteinova sekvence obsahuje Sest N-glykosila¢nich mist a tim se

fadi k lakdzadm s nizkym poctem glykosilacnich mist, stejné tak jako ZmLacl nebo ZmLac3
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(Caparros-Ruiz et al., 2006). V tomto ohledu je spise vice podobna rostlinnym askorbat-
oxidazadm, které maji obvykle méné nez pét N-glykosilatnich mist (Boulaflous et al.,
2009). Rostlinné lakazy maji obecn¢ vysoké hodnoty pl (LaFayette et al., 1999). HvLacl
ma pl > 8, na rozdil od jinych lakéz (Unigeny Hv.867 a Hv.16140 s pI hodnotami 6.4 a
5.14), coz by mohlo vypovidat o rozdilnych funkcich v rostlin€. Krat§i odvozené izoformé
proteinu HvLacl je predikovana draha cilena do apoplastu, na rozdil od delsi izoformy
proteinu s dualnim cilenim (protein sekre¢ni drahy nebo protein cileny do mitochondrie)
(Tab. 7). U savéi mRNA obsahuje start kodon optimalni strukturu s purinem v pozici -3 a
guaninem v pozici +4 (Kozak, 2002). Pokud je prvni start kodon v suboptimalnim
kontextu, miize byt vynechdn a translace je iniciovana dal$im start kodonem. Druhy start
kodon HvLacl je v suboptimalnim kontextu shodujicim se se zjiSténim, Ze eukaryotické
mRNA casto obsahuji triplikit AUG v 5° UTR oblasti a misto pocatku translace je v
suboptimalnim kontextu (Rogozin et al., 2001). Kochetov a Sarai (2004) porovnavali
lokalizaci proteini A.thaliana a proteini se zkracenymi N-terminalnimi useky, jejichz
translace zac¢inala dal$im nejbliz§im start kodonem a zjistili, Ze se subcelularni lokalizace
téchto proteinti liSila. Tato proteinova variabilita mize byt velmi vyhodnou strategii pro
rostliny. Translace zacinajici dal§im nejbliz§im start kodonem muize byt casto pouzita pro
syntézu proteinti vykazujici nové funkéni vlastnosti a takovy systém mitize slouzit jako
dilezity zdroj bunécnych organel a proteomtl.

Dale bylo zjisténo, Ze ob¢é odvozené izoformy obsahuji KTEL sekvenci, podobnou
motivu KDEL, ktery je charakteristicky pro udrZeni proteini v endoplazmatickém retikulu
(Napier et al. 1992; Vitale and Denecke, 1999; Hoegger et al., 2006). Raykhel (2007)
identifikoval az 35 variant podobnych KDEL, které se ale neshodovaly s Prosite motivy
pro lokalizaci v ER. Zajimavé je také jeho zjisténi, Ze se KTEL motiv nachazi u nékolika
lidskych proteint s lokalizaci v endoplazmatickém retikulu. Identifikace KTEL motivu u
jeCmene je jedinecna, zvlast¢ kdyz vezmeme v uvahu, Ze rostlinné lakazy jsou b&zné
chipany jako proteiny sekrecni drahy. KDEL sekvence umoZiuje retrogradni transport
z Golgiho aparatu zpét do ER. U nékterych proteinli mize tato sekvence slouzit k udrzeni
neaktivnich proteint a jejich naslednému vyuziti v ptipadé potieby (Vitale and Denecke,
1999). Na druhé stran¢ Toyooka (2000) zjistil, Ze u cystein protéazy u rostlinnych bun¢k
s C-termindlni KDEL sekvenci dochazi spiSe k preferenci ,,akumulacniho signalu
(lokalizace ve vakuole) pred signdlem reten¢nim. Uloha a vyznam H/KDEL signalu pro
protein neni stale jesté vyfresena, jak potvrzuji vysledky Hendersona (1996) a Petruccelliho

(2006). Dulezité také je, aby C-terminalni KDEL sekvence byla pfistupna pro receptor
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KDEL. Nase vysledky in silico 3D modelovani poskytly ditkazy o tom, ze motiv KTEL je
exponovan na povrchu molekuly, a tak je i pfistupny pro receptory (Obr. 14). Pouze malo
informaci je znamo o transportu rostlinnych proteint, stejné tak jako o tvorb¢ transportnich
vezikulii v rostlinnych bunkach. Dalsi otdzkou je, jak jsou proteiny sekrecni drahy
transportovany k plazmatické membrané, o ¢emz se vi zatim velice malo (Foresti and
Denecke, 2008; Hwang and Robinson, 2009; Rose and Lee 2010). V soucasnosti je
HvLacl zatim jedina rostlinnda LMCO s KTEL motivem.

V ptipad¢ variability rostlinnych LMCO se ukazuje, ze je tato rodina rozd€lena bud’
do péti viceClennych skupin plus unikatni jednoclenna skupina tak, jak popisuje McCaig et
al. (2005) ve své praci, anebo do Sesti viceclennych skupin. Nase analyzy byly provedeny
s nejnoveéj§imi LMCO sekvencemi a jsou podloZzené hodnotami bootstrapu. Zistava
otazkou, zda v budoucnu bude mozné pietfadit rostlinné LMCO sekvence do Sesti
viceclennych skupin (skupina 1, Skupina 2 Skupina 3—1, 3-2 Group, Skupina 4 a Skupina
5) a jedné jednoclenné skupiny (Obr. 15). Analyzy LMCO ryze a jeCmene ukazuji, ze
variabilita rodiny u LMCO jednodé€loznych se skladd z péti €lenné skupiny: skupiny 1,
skupiny 3 s podskupinou 3—1 a 32, skupiny 4 a skupiny 5 (Obr. 16). Z uvedenych udajii je
ziejmé, ze lze identifikovat blizkou podobnost mezi proteinem HvLacl a mezi proteiny
B77ZXZ8 (kukutice), CSWNFS (¢iroku), QODSN3 (ryze) a Q10MRO (ryZe). Podskupina 3—
2, ve které se nachdzeji zminéné proteiny, se vyznacuje piitomnosti motivli podobnych
KDEL, XX [DE] [FLM] na C—konci (Hwang and Robinson 2009), jako je EAEL, ESEL.
Tyto motivy nejsou pritomny v LMCO proteinech jinych skupin. Motiv VGEL a YGEL je
pfitomny v sedmi LMCO jednodéloznych v podskupiné 3—1. IGEL a VGEL motiv byl
nalezen v ttech LMCO jednodé¢loznych skupiny 3 (BOHSI6 - Populus tremoides, BOS477
— Riccinus communis a Q9FLBS - A. thaliana Lac12). Skupina 3 je tedy charakterizovana

pfitomnosti tetrapeptidové sekvence XGEL v C—terminalni oblasti (Obr. 19).
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QODSN3 WLVHCHIDAHLTGGLGMALLVEDGEAELEATMAPPLDLPLC
Q10MRS WLVHCHIDAHLTGGLGMALLVEDGEAELEATMAPPLDLPLC
BO9F7V1 WLVHCHIDAHLTGGLGMALLVEDGEAELEATMAPPLDLPLC
B7ZXZ8 WLVHCHIDAHLTGGLAMALLVEDGESELEATVAPPLDLPIC
CS5WNE'S8 WLVHCHIDAHLTGGLAMALLVEDGEAELEATIAPPLDLPIC
HvLaCl WLVHCHIDAHLTGGLAMALVVEDGKTELIQTTMPPPVDLPIC
Q2QYS3 WLMHCHLDVHITWGLAMAFLVDDGVGELIQSLEAPPPDLPLC
Q2RBK2 WLMHCHLDVHITWGLAMAFLVDDGVGELQSLEAPPPDLPLC
C5Y313 WLMHCHLDVHITWGLAMAFLVEDGVGELESLEAPPADLPVC
AK249126 WLMHCHLDVHITWGLAMAFLVEDGVGELIQSLGAPPPDLPIC
B6T3I3 WLMHCHLDVHITWGLAMAFLVEDGYGELQSLEPPPVDLPMC
C5XNW9 WLMHCHLDVHITWGLAMAFLVEDGYGELIQSLEPPPVDLPMC
COP50Q0 WLMHCHLDVHITWGLAMAFLVEDGYGELQSLEPPPVDLPMC
Q9FLB5 WLMHCHLDVHIKWGLAMAFLVDNGVGELETLEAPPHDLPIC
BI9HSI6 WLMHCHLDVHITWGLAMAFLVEDGIGELIQSVEPPPADLPIC
B9sS477 WIMHCHLDVHITWGLAMAFLVEDGIGELQKLEPPPNDLPLC

ke ekkk ok Ko kA kK e ok ok * k. * ok kkk ek

Obr. 19: Alignment KDEL podobnych oblasti XX[DE]J[FLM] (+15ak po poslednim
vazebném misté histidinu a -16ak od cysteinu). Zobrazeny jsou pouze LMCO s
identifikovanou KDEL podobnou oblasti. Vazebna mista médi s histidinovymi zbytky jsou
oznaceny cervené. Cysteinove zbytky podilejici se na formovani disulfidickych miistkii jsou

oznaceny modre.

9.2 Exprese genu lakazy a stanoveni vybranych fenolickych latek

Kvantitativni stanoveni cDNA polymerazovou fetézovou reakci v redlném Case patii
mezi nejvice citlivé metody, vyvinuté pro detekci zmén v genové expresi (Nolan et al.,
2006). Byla také popsana fada problémil, které mohou ovliviiovat kvalitu dat (Faccioli et
al., 2007; Zhong et al., 2011). Mnoho z téchto problémil lze fesit vhodnou volbou
referencnich genl a pouziti vhodnych statistickych analyz (Faccioli et al., 2007). Pro
identifikaci vhodnych referenc¢nich gent slouZi napf. pocitatové programy GeNormm,
NormFinder a BestKeeper. V této praci byly pouzity programy GeNorm a NormFinder.
S pouzitim téchto algoritmt byli pro stanoveni genové exprese lakdzy vybrany nejcastéji
pouzivané referencni geny (Tab. 4), pfi¢emz Vandesopele ef al. (2002) obecné doporucuje
pouziti minimalné tii referencnich gentli. Dale je také duleZité nastavit referencni geny pro
kazdou tkan, jelikoZ dana exprese muze byt tkdnoveé nebo orgdnovée specificka (Janska et

al., 2013).

63



Béhem vyroby piva ve fazi méaceni dochdzi ke stfidani maceni a vzdusné prestavky.
Tento postup simuluje stresové podminky. Rostliny, zatizené biotickym stresem, akumuluji
reaktivni formy kysliku (ROS) (Skirycz and Inzé, 2010; Cramer et al., 2011), které
interaguji s riznymi enzymy, jako je naptiklad i lakaza. Tento apoplasticky enzym spolu s
ROS aktivuvuje monolignoly. Po aktivaci monolignolii timto enzymem se monolignoly
vazou a vytvaieji trojrozmérnou strukturu, coz je posledni krok biosyntézy ligninu (Frei,
2013). Presto nase vysledky neprokézaly, ze exprese lakazy ovliviiuje obsah fenolickych
sloucenin s vyjimkou kyseliny vanilové. Korelace (r = 0.416) mezi normalizovanou
hodnotou exprese HvLacl a standardizovanou hodnotou mnozstvi kyseliny vanilové je
vyznamna na hlad. p < 0.050.

Také byly pozorované vysoké hodnoty exprese HvLac1 transkriptu ve sladovém kvétu
(kofinky oddélené¢ od sladu). Tyto vysoké hodnoty odpovidaji nasemu piedchozimu
zjisténi, ze lakdza jeCmene je kofenové specifickd. Vysokou aktivitu polyfenol oxidaz
(PPO) v kotfenu psSenice popisuje i Taneja a Sachar (1974), na druhou stranu Dicko et al.
(2006) nezaznamenal aktivitu PPO u kli¢icich zrn ¢iroku. Aniszewski et al. (2008) uvadi,
ze PPO, mezi néz patii i lakdzy, jsou aktivni v pocatecnich fazich kliceni a poté jejich
aktivita klesa. Stejné tak tomu bylo 1 v naSem piipad€. Ptitomnost lakazy tudiz muaze byt
dilezita pro rozvoj a ochranu embrya ve fazi kli¢eni.

Xue et al. (2014) stanovoval mnozstvi kyseliny p—kumarové u Saccharothrix
espanaensis obsahujici gen pro lakdzu a gen kodujici tyrosin—amoniak—lyazu (pfeménuje
tyrosin na kyselinu p—kumarovou) s konstruovanym kmenem Synechocystis 6803, ve
kterém byl heterologné exprimovan vloZeny gen kodujici tyrosin—amoniak—lyazu, ale ktery
postradal nativni lakdzu. U kmene Synechocystis 6803 nedochédzelo k akumulaci kyseliny
p—kumarové na rozdil od kmene Saccharothrix espanaensis. Lakaza tedy snizuje mnoZstvi
kyseliny p—kumarové. Stejné zjisténi bylo zaznamenano u odridy Blanik, u niZ byl zjistén
maximalni obsah kyseliny p—kumarové ve sladovnickém kvétu s nejnizsi hodnota HvLacl

transkriptu (0.353).

V pribéhu sladovaciho procesu byl také sledovan obsah jednotlivych fenolickych
sloucenin a jejich zmény v jednotlivych fazich tohoto procesu. Nejvice zastoupenou
slouceninou byla kyselina ferulova, jejiz mnozstvi v pritbé¢hu sladovani stoupalo az do faze
hvozdéni (po 150 hodinach), kdy doSlo k nahlému poklesu. K stejnému zavéru dosel 1
Maillard and Berset (1995), ktefi zaznamenali pocatecni rist az do faze hvozdéni, kde

doslo, tak jako v nasem ptipadé, k poklesu. Dalsi sledovanou slouceninou byl katechin,
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teplot nad 65 °C, pticemz nékolik studii ukazuje pravé efekt nizkych nebo vysokych teplot
na mnozstvi katechinu (Chalker-Scott, 1999; Choi et al., 2009). Dvotakova et al. (2008)
poukazuje na to, ze vysoké teploty v pribéhu sladovani mohou mit vliv na mnozstvi
katechinu, jeho mnozstvi se snizuje. Nicmén¢ v naSem experimentu dochédzelo k poklesu
katechinu uz v prib&hu madeni a kli¢eni, kdy teplota dosahovala hodnoty 14.5 °C. Z tohoto
divodu je pokles ve fazi hvozdéni s nejvétsi pravdépodobnosti ovlivnén jinou okolnosti
nez teplotou. Stejny pokles mnozstvi katechinu jako Dvotakova et al. (2008) zaznamenal i
Goupy et al. (1999) u sledovanych odrid v prubéhu sladovani, kdy bylo degradovano vice
nez 80 % katechinu.

V ptipad€ kyseliny p—kumarové bylo dosahovdno u vSech odriid nejvét§siho mnozstvi
po 150 hodinéch sladovaciho procesu, poté zacal obsah této kyseliny klesat. Tyto vysledky
se shoduji s vysledky namétené Szwjgierem et al. (2005), ktery pozoroval obsah kyseliny
p—kumarové u odriidy Krona. Mnozstvi této kyseliny se zvySovalo az do odbéru po 160
hodinach, coz odpovida naSim zjisténim. Poté, stejné tak jako u ndmi studovanych odrid,
mnozstvi kyseliny p—kumarové klesa.

Mnozstvi kyseliny hydroxyfenylacetové a kyseliny vanilové ve sladu klesl na rozdil
od zjiSténi Bearta et al. (1985) a Dvotakové et al. (2008), ktetfi zaznamenali opacny trend.

Faze maceni je charakteristickd poklesem mnoZstvi kyseliny vanilové, katechinu a
kyseliny hydroxybenzoové u vétSiny ndmi sledovanych odriid. Naopak dochazi ke zvySeni
mnozstvi kyseliny ferulové a p-kumarové kyseliny, a to az do faze hvozdéni. Tento trend
muze odpovidat jejich biosyntetické draze. Enzym 4-kumarat-CoA ligaza (4CL, EC
6.2.1.12) katalyzuje pteménu tii derivatl kyseliny skoficové na kyselinu 4—kumarovou, na
kyselinu kavovou, a na kyselinu ferulovou. Tyto fenolické kyseliny slouZi jako prekurzory
pro syntézu mnoha vedlejSich produktd rostlin, jako jsou flavonoidy, isoflavonoidy,
kumariny, lignin, suberin a fenoly, které jsou soucasti bunécné sténoy (Douglas, 1996;
Weisshaar and Jenkins, 1998).

Mnozstvi fenolickych kyselin u odriid je¢émene Bojos a Blanik, které se doporucuji pro
vyrobu piva s CHZO ,,Ceské pivo®, se vyrazné nelidi od ostatnich odriid. Mozné rozdily
mohou byt zplsobeny tim, ze odridy Sebastian a Streif jsou velmi kvalitni sladovnické

odrtidy s podobnymi vlastnostmi jako odrtidy Bojos a Blanik.
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10. Zavéry

1) Byla provedena identifikace a charakterizace lakazy u jeCmene (Hordeum vulgare), a to
jak na genetické, tak na proteinové urovni. Vysledky prace potvrzuji unikatnost genu
HvLacl a jeho odvozeného proteinu. Gen HvLacl byl lokalizovan na 4H chromozomu na
pozici 52.267 cM, HvLacl se sklada ze Ctyf exond a tii introntl a ve ¢tvrtém exonu byl
charakterizovan In/Del polymorfismus. Dale bylo prokazano, ze je HvLacl kotfenové
specificka. Vysledky analyz variability potvrdili existenci ¢tyf hlavnich skupin navrzené
McCaigem et al. (2005), stim, ze skupina tfi by méla byt rozdélena na dal§i dvé
podskupiny. Dalsi unikatnim rysem lakdzy jeCmene je pfitomnost motivii podobnych

KTEL, které nebyly u zddnych dalSich rostlinnych lakaz dosud identifikovéany.

2) Vysledky této studie ukazuji, Ze kyselina ferulova a kyselina p-kumarova jsou dvé
prevladajici fenolové kyseliny, které jsou pfitomny v kazdé fazi sladovani. Od posledniho
kroku kliceni se obsah obou kyselin zvySuje az do faze hvozdéni, zatimco obsah katechinu
se snizuje v pribéhu celého procesu. DalSi dominantni fenolickou slouceninou byla
kyselina vanilova, kterd ma moZny dopad na expresi genu lakdzy. ZvySend hladina exprese
lakdzy odpovidd sniZenému obsahu kyseliny vanilové (r = 0,416, p < 0.05). Nejvyssi
uroven HvLacl transkriptu byla zaznamendna béhem ranych fazi sladu, a to zejména u
odrid Blanik a Bojos, které jsou vhodné pro vyrobu piva s chranénym zemépisnym
oznadenim (CHZO) ,,Ceské pivo“. Pro hodnoceni genové exprese jeémene v pribdhu
sladovéni byly z deseti hodnocenych genl je¢mene vybrany ¢tyfi vhodné referenéni geny

pro dané podminky (GAPDH, ELF-1, ACP III a aktin).
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Laccases constitute a multi-gene family of multi-copper glycoproteins. The barley laccase-like multicop-
per oxidase (LMCO) gene structure, the DNA sequence polymorphism and putative protein have not yet
been described. As part of the study of LMCO in cereals, we have characterized the genomic structure
of the putative LMCO gene HvLac1 from the barley variety ‘Morex’ and mapped HvLacl on chromosome
4H. The genomic sequence of the HvLacl gene is 2646 bp long and covers 100% of the coding region.
It contains four exons and three introns. In this study, we have described the HvLac1 gene nucleotide
polymorphisms (In/Del) in 134 barley varieties. Initial characterization of the barley and rice LMCO and
the phylogeny analysis indicate that a monocot LMCO family is composed of five members. There are
two high pl isoforms of putative HvLac1 protein derived from two in frame translation start codons with
602aa or 592aa residues. Isoforms differ in their predicted subcellular localization and both isoforms are
characterized on C-terminus by the presence of the KDEL-like motif, which contributes to the accumu-
lation of soluble proteins in the endoplasmic reticulum. Our results suggest that this unique feature of

Keywords:

Barley laccase

Gene structure

Nucleotide polymorphisms
Mapping

Phylogeny analysis
KDEL-like signal

HvLac1 could be important for their role in physiological processes.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Laccase is one of the oldest enzymes ever studied, first described
by Yoshida in 1883 [1] in the exudates of the Japanese lacquer
tree Toxicodendron vernicifluum (Rhus vernicifera). Laccases, EC
1.10.3.2, p-diphenol: O, oxidoreductase, are part of a larger group of
enzymes termed the multicopper enzymes, which catalyze the oxi-
dation of a broad range of substrates, e.g. polyphenols, substituted
phenols, diamines, but also some inorganic compounds with the
concomitant reduction of oxygen to water [2]. The electron trans-
fer steps in these redox reactions are coordinated in two copper
centres that usually contain four copper atoms. The type 1 copper
is bound to the enzyme via two His and one Cys residue in the
T1 centre, whereas eight His residues in the T2/T3 cluster serve as
ligands for the type 2 and type 3 copper atoms [3-5].

The fungus laccases, so far the most extensively studied group,
are known for their roles in lignin degradation, bioremediation,
morphogenesis, pathogenicity and pigment deposition [6]. Despite
many years of research, the physiological function of laccases
or laccase-like multicopper oxidases (LMCOs) in plants remains
largely unknown. Plant laccases have been proposed to be involved
in lignification and they may catalyze a wide range of enzymatic

* Corresponding author. Tel.: +420 233022425.
E-mail address: tomkova@vurv.cz (L. Tomkova).

0168-9452/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.plantsci.2011.11.003

reactions. Based on their in vitro activities and gene expres-
sion, the plant laccases are reported to be involved in lignin
synthesis [7], wound healing [8], iron acquisition [9], response
to stress [10] and maintenance of the cell wall structure and
integrity [11]. Plant laccases have been described mainly in dicot
species [7,8,12-23]. In the Arabidopsis thaliana genome, 17 laccase
genes (LAC1 to LAC17) have been annotated and a diversity of
expression patterns was demonstrated [8,13,24]. A laccase fam-
ily with five members was also characterized in maize [10,25].
Evolutionary relationships of plant LMCO genes and their classi-
fication into six phylogenetic groups have been recently suggested
[8,25].

Recently new information about monocot laccases has become
accessible from literature and public databases. Currently, we found
28 putative rice laccase genes by searching the Rice Genome Anno-
tation Project Database - RGAP 6.1 [26], five genes in Lolium
perenne and five putative laccase genes in a maize root cDNA library
[10,25,27]. The collection of full-length barley cDNA clones has
more recently been developed [28] and together with UniGene
resources, is an essential base of knowledge for identification and
analyses of laccase and other multi-copper like genes in barley.

The barley laccase-like multicopper oxidase genomic DNA
sequence, gene structure and polymorphism have not yet been
described. In this paper we report the identification, characteriza-
tion and mapping of the putative laccase-like multicopper oxidase
gene HvLac1 with a root expression in Hordeum vulgare.
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2. Materials and methods
2.1. Plant material

Barley (H. vulgare L.) seeds of the 134 varieties and barley genetic
resources (Table S1) were obtained from the Agricultural Research
Institute Kromeriz, Ltd. and the Crop Research Institute Prague-
Ruzyne. Barley plants were grown in the greenhouse until the two
or three leaves stage. The leaves were frozen immediately in liquid
nitrogen and stored at —80 °C until used.

2.2. DNA extraction

One gram of leaf sample was ground in liquid nitrogen and DNA
was extracted from barley leaves using the CTAB method [29]. The
quantification of genomic DNA was achieved using a spectropho-
tometer. DNA purity was further tested by running the extracted
genomic DNA samples on 0.8% agarose gel stained with ethidium
bromide in 1x TAE gel buffer.

2.3. PCR amplification

GeneBank sequences related to the putative laccases or multi-
copper oxidases were used for primer design using PRIMER3 and
FastPCR.

A set of primers was developed from recently published
full-length cDNA sequences in barley [28]. We used GeneBank
AK252621 from UniGene cluster Hv.18413 with a root specific EST
expression profile for designing LacF1 and LacR1 primers, which
amplify all the transcription unit, including 5" and 3’ UTR of puta-
tive barley LMCO. Total genomic DNA was used as a template for
PCR, which was performed in 25 pl reaction mixture containing:
1 !l 100 ng of total genomic template DNA, 2.5 ul 10x PCR buffer
(Qiagen), 1 wl 5mM dNTPs (Invitrogen), 6.25 pmol of each primer,
17.8 1 pure water and 0.2 .l (5U/pl) Taq DNA polymerase (Qia-
gen). Furthermore, a set of primers (FI-1, RI-2, F2-2, R2-3, F3-3 and
F4-4) was designed. These primer sets were used for resequencing
of cloned gene HvLacl.

For LacF1/LacR1 the amplified fragment was obtained
at 35 cycles with a primer annealing temperature of
60°C. Fragments obtained using the set of primers (Fl-
1, RI-2, F2-2, R2-3, F3-3 and F4-4) were obtained at 35
cycles with a primer annealing temperature of 60°C. The

primers used were: FlI-1: 5-AGGCTCTGCTGCTGCCTCTC-
3, RI-2: 5-CGCTTCACCACCGTCTCCTG-3,
F2-2: 5'-CAGTACAACGTGACCCTCCAC-3/, R2-3:
5-ATGAGGATGGTGTCAGAGACG-3/, F3-3: 5-

TCAGGCAGTCCATGGTCAC-3’ R4-4: 5'-TTGTAGTTGCCGAAGCCTG-
3’. Amplifications were performed in the 96-well thermal cycler
Veriti™ (Applied Biosystems). Amplification products were elec-
trophoresed in a 2% agarose gel in a 1x TAE buffer, stained with
ethidium bromide and visualized under UV light. A barley actin
DNA sequence was used as a positive PCR control.

2.4. Cloning and sequencing

Cloning was performed from fresh PCR products with the
pCR2.1-TOPO (TOPO TA Cloning Kit; Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The cloned fragments
and PCR products were sequenced using the BigDye Terminator
v3.1 cycle sequencing kit on an ABI PRISM 3130 sequencer (Applied
Biosystems), with either vector or sequence specific primers. The
BigDye® XTerminator™ Purification Kit (Applied Biosystems)
was used for purification of the DNA sequencing reactions prior
to electrophoretic analysis. All samples were sequenced in both
directions.

2.5. Sequence analyses

DNA sequences of obtained amplicons were assembled into
a virtual tentative genomic sequence of laccase-like MCO
genes of barley. For nucleotide sequence analysis, plant LMCO
sequences with high similarity (E-value <0.02) to HvLacl were
retrieved from the GenBank (http://www.ncbi.nih.gov), based
on BLASTn results [30]. The exons and introns in genomic
sequence were identified by comparing the obtained sequence
with full-length cDNA sequence AK252621 using SPLIGN software
(http://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi).

2.6. RNA isolation and reverse transcription

Total RNA was isolated from young leaves and roots using
the TRIZOL reagent according to the manufacturer’s instructions
(Invitrogen). The RNA was further purified using the RNeasy Kit
(Qiagen). Total RNA obtained from roots and leaves as a tem-
plate was used for reverse transcription. Tagman RT-PCR reagents
(Applied Biosystems) were used for the generation of cDNA for
all samples. A specific primer set was designed according to
the obtained genomic sequence for detection of transcripts of
the HvLacl gene. The sequence of upstrand primer F2-2 was
5'-CAGTACAACGTGACCCTCCAC-3’ (the second exon), while the
downstrand primer R2-3B was 5'-ACCACCACTCGGCCAGGA-3'. The
reverse primer was designed to span second exon and the
third exon of HvLacl. This design simultaneously provided a test
for HvLacl gene-specificity and for contamination coming from
genomic DNA. PCR amplification was carried out using 35 cycles
0f 94 °C for 5 min, 60 °C for 1 min, 72 °C for 1 min, and a final exten-
sion at 72 °C for 10 min. The PCR product was electrophoresed on a
2% agarose gel.

2.7. Characterization of derived protein sequence

The ORF sequences of the putative HvLacl gene and other FL-
cDNA sequences from barley UniGenes AK252621 (Hv18413),
AK249126 (Hv16140), AK250758 (Hv18006), AK250524
(Hv27504), AK252464 and AK250681 (Hv867) were trans-
lated into an amino acid sequence using the ExPASy [Expert
Protein Analysis System] Translate Tool, a proteomics server of
Bioinformatics. The deduced amino acid sequences were subjected
to motif analyses and to verification of the presence of laccase
signatures using the online InterPro Scan - Integrated search in
PROSITE, Pfam, PRINTS and other family and domain databases.
[-TASSER, an Internet service for protein structure and function
predictions, was used for 3D structure prediction of HvLacl
(http://zhanglab.ccmb.med.umich.edu/I-TASSER;  [31]). Plant
LMCO sequences with a high similarity to HvLac1l were retrieved
from UniProt Knowledgebase (Swiss-Prot and TrEMBL), based
on a BLASTP analysis and aligned with CLUSTALW-XXL multiple
alignment program of the European Molecular Biology Network
[http://www.ch.embnet.org/software/ClustalW-XXL.html]  [32].
The resulting alignments were optimized manually. Phylogenetic
trees were generated based on the ClustalW-XXL protein align-
ments by using MEGA5 software tools [33]. Two approaches were
used. In the first approach we aligned protein sequences with
removed signal peptide sequences and C-terminal sequences after
the last cysteine residue (e.g. C600yyac1 in the 602aa long HvLac1
isoform). In the second approach we aligned only the domains
and identified conservative sequences in LMCOs, considering the
expectation of a comparable mutation rate within these sequence
regions.
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Fig. 1. Diagram of HvLac1 and designed primers. LacF1 and LacR1 represent the primers for full length genomic DNA amplification (amplicon size: 2646 bp). FI-1 and RI-2
(amplicon size: 210bp), F2-2 and R2-3 (amplicon size: 489 bp), F3-3 and R4-4 (amplicon size: 1396 bp/1372 bp) represent the three sets of walking primers for fragment

amplification.

2.8. Post-translational modification prediction

The TargetP 1.1 Server was used for predicting the sub-
cellular location of eukaryotic proteins [34], and for cleavage
site predictions [35]. The location assignment is based on the
predicted presence of any of the N-terminal presequences:
chloroplast transit peptide (cTP), mitochondrial targeting
peptide (mTP) or secretory pathway signal peptide (SP).
Putative N-terminal signal peptides were identified using
the SignalP server (http://www.cbs.dtu.dk/service/signalP).
The theoretical isoelectric focusing point (pl) was calculated
for full-length sequences, with removed signal peptides,
using the ProtParam tool on the ExPASy proteomics server
(http://www.expasy.ch/tools/protparam.html) [36].

2.9. HvLacl gene mapping

For HvLacl mapping the Oregon Wolfe Barley (OWB) popula-
tion [37] from Oregon State University was used with a new 2383
locus linkage map [38] scored on 93 doubled haploid (DH) lines as
described in BarleyWord (corresponding figures for OWB are avail-
able at http://wheat.pw.usda.gov/ggpages/maps/OWB/, verified 29
April 2010).

2.10. Nucleotide sequence accession number

The genomic nucleotide sequence of the putative barley HvLac1
gene has been deposited in the EMBL nucleotide sequence database
under accession number FR670792.

3. Results

3.1. The nucleotide sequence of the putative barley laccase-like
multicopper oxidase gene (HvLac1)

PCR amplification using degenerated oligos did not give appro-
priate fragments for cloning and sequencing (data not shown). New
primer sets were designed according to the published full-length
cDNA sequence in barley AK252621 [28]. PCR fragments obtained
using walking primers (2646 bp, 210 bp, 489 bp, 1396 bp/1372 bp)
(Fig. 1) were cloned, sequenced and assembled to generate the
tentative genomic sequence of the barley putative LMCO gene
including all exon/intron regions. Only reads with 99% quality or
better were used (quality score of 20 and above). We named this
gene HvLacl.

The genomic sequence of barley HvLac1 gene corresponded to
laccase and related oxidoreductase sequences, as determined by
a nucleotide database search (E-value <0.02). The HvLacl genomic
sequence contains four exons and three introns (Fig. 1 and Table 1).
Splicing sites identified using SPLIGN software were verified by the

translation of a putative coding DNA sequence. All localized introns
in the HvLacl gene are bounded by standard acceptor and donor
sequences GT-AG. Results of RT-PCR using gene specific primers
demonstrated that HvLacl gene transcript was expressed at high
level in root tissue. No expression was detected in leaf, straw and
spike tissue (Fig. 2).

3.2. Insertion polymorphism

When comparing the obtained putative HvLacl gene sequence
from ‘Morex’ with the FL-cDNA sequence AK252621 (‘Haruna Nijo’),
we identified a 24-bp length insertion polymorphism (In/Del) in
the fourth exon at 976 bp position (592aa isoform) and there was
just one DNA polymorphism within the coding region but with-
out a DNA frame-shift error. We developed a co-dominant PCR
marker set for the identification of alleles (In/Del polymorphism) in
barley varieties (Fig. 3). The up-strand primer F4-4 sequence was 5'-
CCACAGGAGCAGTTGCAGTC-3’, while the downstrand primer R5-4
was 5'-GCCGTGTTCGTGTCGTTGTT-3'. Altogether, 134 barley vari-
eties and genetic resources were tested (Table S1) and in 71 barley
varieties we detected the HvLac1 allele with a 24-bp long insertion
in the fourth exon. The amplified fragments obtained in five vari-
eties - Jersey, Ditta, Xanadu, AF Lucius and Aksamit were cloned and
sequenced to confirm In/Del region. The resequenced fragments
from the mentioned varieties do not reveal any other differences
in the DNA sequence.

M 1 2 3 4 M

Actin —»

Fig. 2. Agarose gel electrophoresis of RT-PCR products from different parts of bar-
ley plant using gene HvLac1 specific primers. M=100bp DNA size standard. Lane
1 indicated leaf, lane 2 indicated root, lane 3 indicated straw and lane 4 indicated
spike tissue. A barley actin DNA sequence was used as a positive PCR control.
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Table 1
Sequence comparison of two haplotypes of barley HvLac1 gene.

Nucleotide sequence HvLac1 Length (bp) 5'UTR 1

3 UTR ORF (bp) InDel

FR670792 (‘Morex’) 2646 92
Exon length (bp) 90
Sequence identity with AK252621 (%) 100
Intron length (bp) 100
Intron phase 0
AK252621 (‘Haruna Nijo’) 2054 92

1582 1779
397 129 1163
100 100 98.2
133 384
1 1

210 1755 24 bp deletion

a Partial UTR.

3.3. Mapping HvLacl gene

Using OWB DH lines and OWB data (Barley OWB, OPA2008) the
putative HvLac1 gene was mapped on chromosome 4H at position
52.267 cM. The In/Del marker co-segregated fully with the other
43 markers (Table S2). When we compared individual markers
with map data from other published maps (e.g. Barley; Integrated;
Marcel 2009; Barley; OPA123-2008; Consensus), available at
GrainGenes (http://wheat.pw.usda.gov/GG2/maps.shtml#barley;
verified 18 October 2009), we were able to identify addi-
tional relevant markers for this region on chromosome 4H
and suitable markers for ortholog loci in the rice genome
(Figs. S1A-S1C). In the vicinity of the HvLacl locus we found
positions of some HarvEST markers common for the OWB map
(U35-923, U35-2275 and U35-2439). The orthologous locus for
HvLacl inrice (LOC_0s03g18640) is between LOC_0s03g18590 and
LOC_0s03g18690 (Fig. S1A). Apart from this orthologous locus on
rice chromosome 3, there is one paralogous locus LOC_0s03g16610,
similar to the Laccase-10 precursor, where the FL-cDNA barley
sequence AK250758 was assigned. One can expect that also, in
barley, a paralogous sequence is located on 4H at a distance
of 5-7cM from HvLacl, as indicated by the presence of com-
mon HarvEST markers close to LOC_0s03g16610 (e.g. U35-15555)
(Fig. S1B).

The identification of rice orthologues for other barley FL-
cDNA is not conclusive. For example, AK249126 is assigned
to LOC_.Os11g01730 (Os11g0108700) on rice chromosome 11
and is located at BIN3BL7 together with locus LOC_0s11g01740
(0s11g0108800).

Fig. 3. Agarose gel electrophoresis with PCR products from HvLac1 different geno-
types. M =100bp DNA size standard. Amplicons specific to detection of the ‘Morex’
allele (M) (136 bp) are indicated in lanes 1, 2 (Morex, Acrobat). Lanes 3, 4 (Ai Gan Qi,
Haruna Nijo) indicated ‘Haruna Nijo’ alelle (HN) (112 bp). Lanes 5, 6 indicated of F2
generation heterozygous plants.

3.4. Characterization of the putative peptide sequence

There are two isoforms of putative barley HvLac1 protein with
602 or 572aa, respectively derived from two in frame translation
start codons. The first ATG is in an optimal context (with guanosin at
—3; and +4) (EMBL nucleotide sequence database under accession
number FR670792), but the translation from this start codon yields
a 602aa peptide with dual targeting (Table 2). The alternative puta-
tive N-truncated isoform (592aa) with a 22aa long signal peptide is
predicted for the secretory pathway (to the apoplast, which is char-
acteristic for laccases). However, the downstream start codon ATG
for this N-truncated isoform is in a suboptimal context (cytosine at
—3; adenosine +4).

Protein sequence analyses confirm the presence of all laccase
conservative domains and signatures in the HvLac1 (Table S3). Six
conservative InterPro domains (IPRO01117,IPR002355, IPR0O08972,
[IPRO11706, IPRO11707 and IPR017761) have been described [39].
All of the expected copper ligands, including four His residues and
one Cys residue, are present in the putative sequence of HvLac1
(Fig. S2A). We found that one of the his residue of the T1 copper-
binding site (e.g. H491yy1ac1 in the 592aa long HvLac1 isoform)
is replaced by an asparagine in putative proteins derived from
FL-cDNA sequences AK252464 and AK250681 (Hv867) (Fig. S2A).
Barley putative LMCO (HvLac1) has six potential N-glycosylation
sites (ASN_GLYCOSYLATION, PS00001; N-{P}-[ST]-{P} PATTERN)
in positions 76-79, 185-188, 296-299, 353-356, 402-405 and
412-415 of the deduced HvLac1 protein (592aa isoform). This is in
accordance with characterization of laccases as glycoproteins. The
predicted HvLac1 peptide isoforms have relatively basic isoelectric
focusing points pl (8.89 or 8.69 respectively, Table 2), which is more
basic than virtually all biochemically characterized basidiomycetes
and corresponds to the values found in plant laccases [8,40,41].

More detailed analyses showed that HvLacl putative pro-
tein isoforms contain the tetrapeptide KTEL (Lys-Thr-Glu-Leu)
sequence in the C-terminal region (+15aa after last cooper bind-
ing His and —19aa from stop codon, HvLacl gene sequence,
FR670792, or putative protein sequence of translated full-length
cDNA AK252621). Interestingly, KTEL is similar to the KDEL motif
which is a characteristic signature for ER retention of proteins [42].
The cytosolic tail of the putative long HvLac1 isoform contains two
di-arginine motifs (RR) at its N-terminal end, which may be suffi-
cient to confer ER localization [43].

By comparison of the 3D HvLac1 model (created by iTASER) with
a database available 3D structure of laccase 3FU9, we found that
the barley putative LMCO has similar 3D localization of all cop-
per ligands (Fig. 4A). The 3D HvLac1 model demonstrates that the
KTEL motif is found on the surface of the putative protein molecule
(Fig. 4B).

3.5. Evolutionary relationships of HvLac1

Phylogeny reconstruction based on 89 LMCO proteins (with
removed signal peptide sequences and C-terminal sequences after
the last cysteine residue (e.g. C590yy1ac1 in the 592aa long HvLac1
isoform) confirm the opinion that the higher plant LMCO family
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Barley UniGene with laccase-like multicopper oxidase related and HvLac1 sequences - putative peptides characterization.

81

Sequence UniGene Deducted Mr (kD) Target prediction? Most likely cleavage Theoretical pI¢
amino acids site between pos.
6024 65.8 S Secretory pathway 32 and 33: ALA-EE 8.89
HvLac1 SP (0.642)
mTP (0.623)
592 64.6 S Secretory pathway 22 and 23: ALA-EE 8.69
SP (0.981)
AK252621 Hv.18413 584 63.4 S Secretory pathway 22 and 23: ALA-EE 8.42
SP (0.981)
AK249126 Hv.16140 567 60.7 S Secretory pathway 27 and 28: AIA-KE 5.14
SP (0.926)
AK250758 Hv.18006 569 62.2 S Secretory pathway 21 and 22: LLA-GT 8.35
SP (0.896)
mTP (0.416)
AK250524 Hv.27504 564 62.1 S Secretory pathway 26 and 27: ALS-VH 8.82
SP (0.866)
mTP (0.483)
AK252464 Hv.867 579 63.9 S Secretory pathway 19 and 20: AAA-GH 6.40
SP (0.984) (HMM: 24 and 25: GDA-AL) 6.46
AK250681 Hv.867 579 63.9 S Secretory pathway 19 and 20: AAA-GD 6.31

SP (0.984)

2 TargetP 1.1 Server - prediction results; SP - S Secretory pathway, i.e. the sequence contains SP, a signal peptide; mTP — mitochondrial targeting peptide.

b SignalP 3.0 Server (neural networks (NN)).
¢ Mature peptide.
d Upstream start codon on —30 bp.

is divided into five multi-member groups and a unique singleton
group with only 1 protein (Q9LMS3; LAC1_ARATH, Laccase-1 pre-
cursor (EC1.10.3.2) [5]) Fig. 5). Groups 3,4 and 5 were supported by
relatively high bootstrap values based on 1000 resamplings (58, 59
and 91, respectively). Divergence between Group 1 and Group 2 is
unsupported by bootstrap data and Q9LMS3 protein did not group
into a cluster (low bootstrap values).

In addition, to carry out a more detailed examination of evolu-
tionary relationships of Poaceae LMCO, we analyzed only sequences
of selected conservative domains from 49 Poaceae species. Due to
the fact that LMCO proteins contain several domains we selected
only conservative sequences for specification of LMCO phylogene-
sis (Fig. S3). The phylogram created from MEGA5 demonstrates that
LMCO are divided into five major groups and that barley laccases
(the putative HvLacl gene and FL-cDNA sequences from barley
UniGenes AK252621 (Hv18413), AK249126 (Hv16140), AK250758
(Hv18006), AK250524 (Hv27504), AK252464 and AK250681
(Hv867) translated into an amino acid sequence) are present in all
groups except for Group 2.

4. Discussion

In this first study of the LMCO family in barley, we report on
the isolation and characterization of the putative laccase-like mul-
ticopper oxidase gene HvLac1 in barley. Most previous studies were
focused on the fungal laccases and much less on the plant laccases,
which are reported only in Arabidopsis, poplar, maize and ryegrass
[8,18,25,27].

4.1. Characterization of HvLac1 gene structure

In the majority of cases, plant LMCO genes (Arabidopsis and rice)
have five introns [8].

We found that the HvLac1 genomic sequence contains only four
exons and three introns, which are bound by standard acceptor
and donor sequences GT-AG (Fig. 1). Surprisingly, we did not find
an intron in the nucleotide sequence for the T1 copper binding site
(HWHG), although this intron positioning is common in plant lac-
cases [8]. In addition, the HvLac1 does not contain an intron in the

3’ end of ORF, which is present in many plant laccases. This HvLac1
unique structure with four exons thus resembles the Lac13 gene of
Arabidopsis [8].

4.2. HvLacl polymorphisms in barley varieties

We identified a DNA polymorphism (In/Del polymorphism) in
the fourth exon without a DNA frame-shift error and used the
co-dominant PCR markers for the identification of alternative alle-
les (the ‘Morex’ allele with 24 bp insertion and the ‘Haruna Nijo’
allele without insertion). We characterized 65 European varieties
(the common catalogue of varieties of agricultural plant species)
and another 69 barley varieties or genetic resources (Table S1).
Of 65 registered varieties in the common catalogue, 36 barley
varieties posses the ‘Morex’ allele (M) and 29 varieties have the
‘Haruna Nijo’ allele (HN). Of 46 registered varieties in the Czech
Republic, 34 spring barley varieties were entered for certification
of seeds in 2009 and the 10 most-predominant malting varieties
with the ‘Morex’ allele or with the ‘Haruna Nijo’ allele repre-
sented respectively 56.0% and 30.9% of seed producing areas. It
is a question, whether this prevalence is resulting from the bet-
ter performance of varieties with the ‘Morex’ allele or because of
the requirements of the malt-industry in the Czech Republic. In
European malting barley-growing countries, the varieties with the
M allele are the most dominant in France (Sebastian), Italy (Scar-
lett), Austria (Xanadu), Slovakia (Malz) and Croatia (Scarlett). The
varieties with the HN allele are the most dominant in Germany
(Marthe), UK (NFC Tipple), Ireland (Quench), Holland (NFC Tip-
ple), Denmark (Quench) and Sweden (NFC Tipple). (EBC Barley &
Malt Committee data, Biennial EBC barley variety summary report,
http://www.europeanbreweryconvention.org). From our prelimi-
nary data there are significant differences in some traits connected
with the malting quality between varieties possessing alternative
HvLacl1 allele.

4.3. Characterization of derived protein sequence

There are two high pl isoforms of the putative HvLac1 protein
derived from two in-frame translation start codons with 602aa
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KTEL

Fig. 4. (a) Three dimensional structure of laccase 3FU9 (Melanocarpus albomyces)
with marked amino acids (copper ligands). Yellow - consensus of amino acid posi-
tion in the chain of compared protein (3FU9 and HvLac1), blue and brown - domains
1 and 3, domain 2 is not shown to better illustrate the binding site of Cu atoms. (b)
The 3D model of the barley HvLac1 putative protein (with removed signal peptide
sequence). Model No 1 was built using I-TASSER, template - 1AOZ, refined crys-
tal structure of ascorbate oxidase at 1.9 A resolution (from Zucchini). Letters mark
location of the N-terminal KTEL motif.

or 592aa residues. We identified the presence of signal peptide
and laccase conservative domains, signatures and copper ligands
in both isoforms. As shown, the putative HvLac1 protein contains
six N-glycosylation sites and belongs to the laccases with low
numbers of potential glycosylation sites similar to the laccases of
ZmlLac1l or ZmLac3 [25]. In this respect HvLac1 is more similar
to the plant ascorbate oxidases because these usually have less
than five N-glycosylation sites [44]. It is interesting that 4 of 6
N-glycosylation sites in HvLac1 are localized in regions adjacent
to the central, variable region between the domains of Multicop-
per oxidase-type 1 and Multicopper oxidase-type 2. Plant laccases
generally have high pl [16]. HvLac1 and some other putative bar-
ley laccases have a pl value higher than 8 but the putative LMCOs
derived from barley FL-cDNA deposited in Unigenes Hv.867 and

Hv.16140 have a low pl value (6.4-5.14). This difference in pl sug-
gests that barley putative LMCOs carry out diverse functions in the
plant.

The putative shortisoform of the HvLac1 protein with target pre-
diction to the appoplast has 79 residues upstream of the first copper
binding histidine (22aa long signal peptide and 57aa residues in the
putative mature protein). On the other hand, dual targeting for the
putative long isoform, to secretory or to the mitochondrial path-
way has been observed (Table 2). For mammalian mRNAs the most
important elements of the AUG context is a purine at position —3
and a guanine at position +4 [45]. If this first AUG is in a subop-
timal context, it may be missed, so that translation is initiated at
downstream AUG(s). However, in HvLac1 the second start codon
is in a suboptimal context, which is not in contrast to the finding
that eukaryotic mRNAs frequently contain AUG triplets in putative
5" UTRs and translation start sites (TSSs) located in a suboptimal
context [46].

Kochetov and Sarai [47] compared predicted subcellular local-
izations of annotated A. thaliana proteins and their potential
N-terminally truncated forms starting from the nearest down-
stream in-frame AUG codons and they found that subcellular
localizations of full and N-truncated proteins differ in many cases.
There are reports indicating that such protein variability might be
advantageous for a plant. For example, Thatcher et al. [48] demon-
strated that stress-responsive expression patterns and subcellular
targeting of Arabidopsis glutathione S-transferase F8 is achieved
through alternative transcription start sites.

As we found, both HvLac1 putative isoforms have the tetrapep-
tide KTEL sequence, similar to the KDEL motif, which is a
characteristic signature for ER retention of proteins [41,49,50].
Recently, Raykhel et al. [51] identified 35 KDEL-like variants that
are predisposed for efficient ER localization but they do not match
the current Prosite motif for ER localization ([KRHQSA]-[DENQ]-E-
L. Interestingly, Raykhel et al. [51] also found that the KTEL motif
was in several human proteins with ER localization.

Our identification of the KTEL motif in barley HvLac1 is unique,
especially when we consider that plant laccases are commonly
thought to be secretory proteins. The KDEL allows the proteins
that escape to the Golgi to be taken back into the ER. The
KDEL sequence may thus also serve, in some proteins, to main-
tain a pool of inactive protein that can be rapidly deployed to
its site of activity only when needed [50]. On the other hand,
the existence of KDEL-tailed vacuolar proteinases suggests that
plant cells use the C-terminal KDEL sequence for an unidenti-
fied vacuolar sorting system, in addition to the ER retention of
proteins [52]. The role and significance of the H/KDEL signal for
protein targeting are still unresolved as indicated by results of
Henderson et al. [53] or Petruccelli et al. [54]. As was found,
in connection to efficient ER retrieval, it is important to ensure
that the C-terminal KDEL tag is accessed efficiently to enable
binding to the KDEL receptor. Our results from in silico 3D mod-
eling of the HvLac1 putative protein provide evidence suggesting
that the KTEL motif is located on the surface of the putative
molecule, and thus accessible for KDEL receptors (Fig. 4B). Although
some partial information about trafficking of secreted plant pro-
teins or transport vesicle formation in plant cells is available,
the question of how secreted proteins reach the plasma mem-
brane remains currently unknown [55-57]. So far, HvLac1 is the
only plant LMCO with the KTEL motif and it would be surely
interesting to obtain detailed information about its subcellular
localization and the role for this motif in the HvLac1 function. One
can hypothesize, whether this LMCO containing the KTEL signal,
which is recognised by KDEL receptors, would utilise ER-derived
transport carriers like KDEL-protease (KV) vesicles [52], as a Golgi-
independent and unconventional protein secretory pathway to the
plasmalemma.
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Fig. 5. Evolutionary relationships of 89 plant LMCO. The evolutionary history was inferred using the Neighbor-Joining method [59]. The bootstrap consensus tree inferred
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MEGAS5 [33]. Line colours: Red - Group 1, Cyan - Group 2, Gold - Group 3, Magenta —

4.4. Synteny barley: rice for regions with laccase loci

We used available data on localization of laccase-like sequences
in rice for comparison of orthologous and paralogous positions of
barley LMCO copies. Of 91 regions identified in OryGenesDB using
the Genome Browser (version 6.1, June 2009) we confirmed only 27
individual loci. The rest accounts for alias identifiers or paralogous
cluster identifiers.

The HvLacl locus in barley corresponds to the region on
rice chromosome Os3 which was identified as the WGD region
(whole genome duplications in Triticeae) and could be considered
as part of an ancestral duplicated block AD_7 [58]. The barley
paralogous sequence FL-cDNA AK250758 corresponds to the rice
LOC_0s03g16610 in the same region. The barley FL-cDNA sequence
AK250524 has rice orthologous sequence on rice chromosome 11
(LOC_.0Os11g48060). The identification of barley-rice orthologues
for other barley FL-cDNA) is not conclusive. For example, AK249126
can be assigned to LOC_0s11g01730 on rice chromosome 11 or to
LOC_0s12g01730 on chromosome 12 as the results of sequence
similarities in the rice duplicated segments 0s11.12_1 [58]. The rice
sequence LOC_0s10g20610 that displayed the highest homology
to the barley FL-cDNA AK250681 (AK252464) probably is not true
ortholog because of the relatively high number of synonymous

Group 4, Blue — Group 5, SpringGreen - Group 6.

substitutions per synonymous site (Ks value = 1.093) characteristic
for paralogues [58].

4.5. Plant LMCO evolutionary relationships

This study demonstrates evolutionary relationships of 89 higher
plant LMCO proteins and confirms the opinion that this family
is divided into five multi-member groups and a unique single-
ton group (with only 1 protein - Q9LMS3; LAC1_ARATH; Laccase-1
precursor)[8] or else six multi-member groups. The results are sup-
ported by sufficient values of bootstrap analyses. Due to the fact
that our study was based on the most recent resources of LMCO
sequences, it is a question whether in the future it will be possible
to reclassify plant LMCOs into six multi-member groups (Group 1,
Group 2, Group 3-1, Group 3-2, Group 4 and Group 5), and one sin-
gle member group as it was found that Group 6 still consists of only
A. thaliana Lac1 (Fig. 5). The initial characterization of the barley
and rice LMCO as well as the phylogeny analysis indicate that the
monocot LMCO family is composed of five main members: Group 1,
Group 3 subgroups: Group 3-1 and Group 3-2, Group 4 and Group 5
(Fig. S3). From the presented data it is obvious that we can identify
a very close similarity between the HvLac1 protein and B7ZXZ8
(maize), CSWNF8 (sorghum), QODSN3 (rice) and Q10MR9 (rice)
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proteins. Group 3-2, to which the mentioned proteins belong, is
characterized by the presence of the KDEL-like motifs, XX[DE][FLM]
at the C terminus [51] such as EAEL, ESEL, which are not present
in LMCO proteins from other groups. VGEL and YGEL motifs are
present in seven monocot LMCO’s from the subgroup Group 3-1.
IGEL and VGEL motifs were found in three dicots LMCO’s from
Group 3 (B9HSI6 - Populus tremoides, B9S477 — Riccinus commu-
nis and Q9FLB5 - A. thaliana Lac12). Group 3 is thus characterized
by the presence of a tetrapeptide sequence XGEL in the C-terminal
region (+15aa after the last copper binding hystidine and —16aa
from a cysteine putatively involved in forming disulfide bridge at
the C terminus (Fig. S2B)).

In summary, this work reports the first characterization of
a laccase-like MCO gene in barley. Our study demonstrates the
unique feature of HvLac1 LMCO and the results support evolution-
ary relationships of the plant LMCO. We suggest that members of
the barley LMCO family can be assigned to four main phylogenetic
groups suggested by McCaig et al. [8]. The phylogeny analysis indi-
cates that Group 3 consists of two distinct subgroups. The resulting
refined classification is further well-founded by the presence of
KDEL-like motifs. Future expression studies of individual barley
LMCOs together with determination of promoter structures may
clarify their possibly divergent functions.
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Changes in polyphenol compounds and barley
laccase expression during the malting process
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Abstract

BACKGROUND: Polyphenols and phenolic acid are able to slow down or prevent oxidation processes and are therefore thought
to have important effects in malting and brewing. Laccase catalyses the oxidation of a wide variety of substrates, including
polyphenols. The aim of this paper was to determine the changes in polyphenol compounds and the relative expression of the
HvlLac1 gene during malting.

RESULTS: The dominant phenolic acid was ferulic acid. The amount of ferulic acid increased, whereas the amount of vanillic acid
decreased during malting. The highest levels of expression of the HvLac1 gene were observed during the third air rest period
in varieties with the ‘Haruna Nijo’ (HN) allele, as recommended for the production of beer with the protected geographical
indication (PGl) ‘Ceske pivo’ (Czech beer), whereas the highest expression was observed in the first day of germination in
varieties with the ‘Morex’ (M) allele. However, the profiles of HvLac1 gene expression in varieties with alternative alleles during
malting were similar, and the level of polyphenol compounds throughout malting was different.

CONCLUSION: The polyphenol contents in barley increased several-fold during malting, and the degree of increase differed with

variety. The expression of HvLac1 transcript was similar in every barley variety.

© 2015 Society of Chemical Industry
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INTRODUCTION

Barley is one of the most important crops, as it is grown for food,
stock feed and malt production worldwide. Although barley is
used to add flavour and colour to many foods, the most extensive
use of barley is for brewing and malting.’

Phenols and polyphenolic compounds are a key group of
numerous compounds that are contained in cereal grains. These
compounds have potential antioxidant activity. Ferulic acid has
been shown to have useful antioxidant properties, with bene-
ficial impacts on the stability of beer flavour.? Moreover, some
polyphenolic compounds play an important role in the defence
system and mechanism of oxygen access to the embryo.? These
compounds can be divided into two large groups: flavonoids and
phenolic acids.* Some groups of these polyphenols are present
in brewery raw material and in beer in monomeric and polymeric
forms.

The best-known organic acids in brewing are ferulic
acid and derivatives of p-hydroxybenzoic acid®, including
p-hydroxybenzoic, protocatechuic, vannilic, syringic, and gal-
lic acids.’ These acids are present mainly in bound form, linked
to cell wall structural components.” Ferulic acid, together with
proteins, forms connecting bridges between the lamellae of
non-starch polysaccharides, arabinoxylans and fg-glucans in the
cell wall of barley corn.? Enzymatic splitting of these connecting
bridges has basic significance by germination, where with the
action of enzymatic complex of f-glucans and arabinoxylans has
impact on malt extract, soluble arabinoxylans, p-glucans and
proteins in wort. Ferulic acid, together with p-coumaric acid and

vanillic acid, are major phenolic acids in barley.’ In contrast, sen-
sorially active 4-vinylguaiacol, which creates ‘phenolic’ off-flavour
in beer along with other volatile phenols, is formed by ferulic acid
decarboxylation.” In foodstuffs and in the beer-brewing process,
polyphenols are mainly minor compounds. Nevertheless, because
of their properties and reactivity they are important to brewers
because they influence several stages of the brewing process
and the overall beer stability, e.g. formation of haze, colour, taste,
filtration, foam stability and redox state.'?

In addition to malt production, the malting industry is also
a source of by-products. Malt culms as typical by-products are
obtained from malted barley by the removal of rootlets and culms.
Malt culms are often used as a livestock feed. Barley is the primary
source of compounds demonstrating pro-oxidant and antioxidant
activity, affecting the malting process and malt properties.'> Natu-
ral antioxidant polyphenols and phenolic acid are present in the
malt. The malting process significantly influences the composi-
tion and content of phenolic compounds. The content of some
phenolic compounds increases remarkably during the later stages
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of germination and subsequent kilning.'* Polyphenols and pheno-
lic acids are able to slow down or prevent oxidation processes and
are therefore thought to significantly affect malting and brewing
as inhibitors of oxidative damage.'® Therefore, it is important to
study the content of various phenolic compounds in barley vari-
eties. From a brewing point of view, the content of polyphenols
in malt is one of the most important parameters of malting barley
varieties.

Certain enzymes in barley and malt, such as polyphenol oxi-
dase (PPO, EC 1.10.3.1 ), superoxide dismutase (SOD, EC 1.15.1.1),
catalase (EC 1.11.1.16) and peroxidase (EC1.11.1.7), have been
proposed to determine the fate of polyphenols that are important
contributors to beer flavour and which play an important role
in the formation of beer haze.'® Oxidized flavonoids strongly
influence astringency, haze, and colour.'”” PPOs are one group
of enzymes that may affect the amount and proportion of
polyphenols. The activities of PPOs have been reported for a
number of plants, plant tissues and plant products.'® The expres-
sion of PPO-coding genes that are specific for injury, herbivore
or pathogen attack or exposure to external stresses has been
observed.’” 2! Polyphenol oxidases comprise catechol oxidase
and laccase. Laccase (EC 1.10.3.2, p-diphenol:0,-oxidoreductase)
is one of the oldest enzymes ever studied; it was first described
by Yoshida?? in 1883 in the exudates of the Japanese lacquer tree
Toxicodendron vernicifluum (Rhus vernicifera). Enzymes generally
contain type 1, type 2, and type 3 copper binding centres, where
the type 2 and type 3 copper binding sites are close together
and form a trinuclear centre that is involved in the catalytic
mechanism.? Laccase catalyses the oxidation of a wide variety
of low-molecular-weight substrates, including mono-, di- and
polyphenols, with a concomitant reduction of oxygen to water.?®
Laccase has been hypothesized to be involved in lignin biosyn-
thesis because it is able to oxidize lignin precursors in vitro.24~2¢
Therefore, laccase can have wide biotechnological applications,
especially in the textile, paper and food industries, including beer
production.?’ In brewing, laccase is used to prevent the formation
of off-flavour compounds, such as trans-2-nonenal, and adding
laccase may remove any excess oxygen, and at the same time
the laccase will remove some of the polyphenols.' Recently, new
information about barley laccases has become accessible,?® but
data about the activity of laccase genes in barley have not yet
been reported.

The focus of our research was to obtain new data about the
changes in (i) polyphenol content, with focus on free phenolic
acids as possible substrates for barley laccase and (ii) the expres-
sion of the laccase gene HvLacl during the malting process.
For these goals, four malting barley varieties were selected and
analysed.

MATERIALS AND METHODS

Plant materials

A set of four barley varieties from the Research Institute of Brewing
and Malting were selected: Bojos and Blanik with the ‘Haruna Nijo’
(HN) allele, and Sebastian and Streif with the ‘Morex’ (M) allele
determining barley laccase.?® The barley varieties Bojos and Blanik
are recommended for the production of beer with PGI ‘Ceske pivo’
(Czech beer).

Malting
Samples of barley varieties (500 g) were malted in the automatic
micromalting equipment of KVM (Uni¢ov, Czech Republic). The

Table 1. Pilot malting conditions
Temperature Sampling
Time (h) outgoing air (°C) after
Steeping
1st steep 5
1st air rest 19" 24h
2nd steep 4 14.5
2nd air rest 20" 48h
3rd steep 4
3rd air rest 20" 72h
Germination
1day 24" 14.5 9% h
2 day 24 120h
3day 24 144h
Kilning
12hat55+2°C 6" 55+2 150h
1.5hat60+2°C
1.5hat65+2°C 15" 65+2 158 h
1.5hat70+2°C
15hat75+2°C
4hat80+2°C
*Sampling point.

modified MEBAK method that is traditionally used in RIBM was
used for laboratory malting as follows.?®

Steeping: the temperature of water and air during the air rests
was 14.5°C. The duration of wet steps was as follows: first day,
5h; second day, 4 h. On the third day, the water content in the
germinating grain was adjusted to 45.5% by steeping or spraying
(Table 1).

Germination: the temperature during the process was 14.5°C.
The total time of steeping and germination was 144 h (Table 1).

Kilning: the kiln had one floor that was electrically heated. The
total time of kilning was 22 h; the drying stage occurred at 55 °C
and the curing stage at 80 °C for 4 h (Table 1).

RNA isolation and reverse transcription

Total RNA was extracted from the seeds, taken from various
phases of malting using TRIzol reagent according to the man-
ufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). The RNA
was further purified using the RNeasy Kit (Qiagen, Hilden, Ger-
many). The concentration and purity of the isolated RNA were
checked by OD,4,g0 measurements using a NanoPhotometer
spectrophotometer (Implen GmbH, Munich, Germany). To remove
any genomic DNA, the RNA was treated with DNase | (Qiagen)
according to the manufacturer’s instructions. The total RNA was
diluted to a concentration 150 ng uL='. The total RNA that was
obtained from the seeds was transcribed into cDNA using TagMan
real-time polymerase chain reaction (RT-PCR) reagents (Applied
Biosystems, Foster City, CA, USA).

Reference gene selection and primer design

Ten commonly used barley housekeeping gene sequences were
taken from GenBank databases (data not shown). The primers
and probes were designed using Primer3 software (Rosen, 2000)
and Primer Express software version 2.0 (Applied Biosystems).
The sequence accession numbers and sequences of the primers
and probes are described in Table 2. After the preliminary results,
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Table2. The sequences of the primers and probes and the sequence
accession numbers housekeeping genes
Target Accession

Sequence (5’ -3') gene number
ActinhvR CCCTTGGCGCATCATCTC Actin AY145451.1
ActinhvF CGACAATGGAACCGGAATG
Probe-6FAM TCA AGG CTG GTT TCG
GADPHhvR  GCAGCGGCCCATGGA GADPH M36650.1
GADPHhvF  AAGGAGGTTGCTGTGTTTGGTT
Probe-6FAM CAG AAA CCC CGA GGA GA
ACPHVR CAATCATTCCGTACGACCTCC ACP 11l BLYACPIII
ACPHVF CAGTTGAAGATGCGGCCAC
Probe-6FAM CTG CGA AGT CAT CCT G
EIFThvR ATGGGCTTGGTGGGAATCAT EIF1 Z50789.1
EIF1hvF GCGCTGCCCAAGTTCCT
Probe-6FAM  AAG AAC GGT GAT GCT

only GAPDH (Glyceraldehyde-3-phosphate dehydrogenase), EIF-1
(elongation factor 1-alpha), ACP lll (acyl carrier protein lll) and actin
were used for further analyses (Table 2).

The laccase-specific primers that were used in this study
hybridize to conserved regions of the HvLac1 mRNA gene and
were designed to span an intron to detect any contaminat-
ing genomic DNA in the cDNA template (LacF - TCTGCGGCC
TGTAGAGGTTT and LacR - CGCACGCAGACTCACGTT). The accu-
mulating amplicons were detected by FAM-labelled TagMan
probe (6FAM — CTGGTGAGTTCTGTACAT).

RT-qPCR and PCR efficiency
Real-time quantitative PCR reactions were performed using a
StepOne RT-PCR system (Applied Biosystems). The final concen-
trations of the components were as follows: 1x TaqMan® Uni-
versal Master Mix Il (Applied Biosystems), primers (150 nmol L™1),
and probe (50 nmol L~"). The volume was adjusted with water to
25 L. PCR was performed using 2 pL of cDNA. The reactions were
held at 95 °C for 10 min and then cycled 40 times at 95°C for 15
and at 60 °C for 60 s. Fluorescence readings were taken during the
anneal/extend step (60 °C incubation). A melting curve analysis
was performed at the end of each PCR by gradually increasing the
temperature from 60 to 95 °C while recording the fluorescence.
No-template controls were included for each analysis.

The efficiency of the RT-qPCR assay was calculated by analysing
a template dilution series, plotting the C, values (number of cycle
required for the fluorescent signal cross the threshold) against the
log template amount, and determining the slope of the resulting
standard curve. From the slope, the efficiency can be calculated
using the following formula: £ = 101/slope) 30

We determined the PCR efficiency by measuring serial dilutions
of cDNA. A standard curve was generated using a dilution series of
at least five different concentrations of the standard (ranging from
300 to 0.03 ng). Each standard curve was checked for validity, with
the value for the slope falling between —3.2 and —3.6. Negative
controls were included, and each reaction was run in triplicate.

Data normalization

Normalizing to a reference gene is a simple and popular method
for internally controlling for error in RT-PCR. According to
Vandesompele,*' from ten evaluated reference genes (data

not shown) four reference genes (GAPDH, EIF-1, ACP Il and actin)
were selected and used to calculate the RT-PCR normalization
factor.

The C, values were transformed to quantities based on com-
parative AC, methods, generating raw (not normalized) data. The
raw C, values were transformed to relative quantities using the
AC, formula Q= EA, where E is the efficiency of the primer pair
for the housekeeping gene or target gene, and AC, is the dif-
ference between the sample with the lowest C, and C, values
(using Microsoft Excel). Normalized-quantity data were obtained
by dividing the raw gene-of-interest quantities (laccase) by the
normalization factors.?!

High-performance liquid chromatography (HPLC)

Reagents

Calibration curves for HPLC were constructed for the following
polyphenols: (+)-catechin, (—)-epicatechin, esculin, vanillin, and
gallic, 4-hydroxyphenylacetic, hydroxybenzoic, vanillic, syringic,
caffeic, p-coumaric, ferulic and sinapinic acids (Sigma-Aldrich,
St Louis, MO, USA).

Extraction procedure

The barley samples that were collected during malting, malt and
malt culms were ground. Fifty grams of ground sample were
extracted with 150 mL of water at 45 °C. After 1h of extraction,
the weight increased to 200 g. Finally, the extract was filtrated and
stored at —20°C.

HPLC analysis

The polyphenol content was quantitatively analysed using deliv-
ery model 582 (ESA, Chelmsford, MA, USA), autosampler 542 (ESA)
with a 100 L sampling loop and electrochemical eight-channel
CoulArray detector 5600 (ESA), a thermostatic compartment con-
taining the columns and the detection array cells, and a PC with
CoulArray software for data acquisition, processing and analysis
(ESA).

The separation was performed in a Synergi-Hydro column RP
250 x 4.6 mm with a security guard column AQ C18 4 X 3 mm and
4pm particle size (Phenomenex, Torrance, CA, USA). The chro-
matographic conditions were as follows: flow rate 0.8 mLmin~’,
sample injection volume 20 xL and mobile phases A (1.2 mol L™!
acetonitrile, 5mmol L= ammonium acetate) and B (12.2 mol L™’
acetonitrile, 5mmolL~" ammonium acetate), both adjusted to
pH 3.0 with formic acid. A gradient program was used as follows:
0% B in 10 min, from 0% to 8% B in 8 min, from 8% to 10% B
in 22 min, from 10% to 21% B in 37 min, from 21% to 86% B in
27 min, from 86% to 100% B in 1 min, hold for 5 min, back to 0%
B in 5 min and 15 min of reconditioning before the next injection.
The column and detector array temperature was maintained at
35+ 0.1 °C. Analytical signals were monitored at 250, 300, 400, 500,
600, 700, 800, and 900 mV potentials applied to electrochemical
cells.

Standards and samples for HPLC

Approximately 10 mg phenolic standard were dissolved in 100 mL
methanol. Mixed stock solution of standards with approximately
100 mg L~" polyphenols was dissolved in mobile phase to obtain
1,0.5, and 0.1 mg L™ solutions for construction of the calibration
curve. For sample preparation, the malt and barley water extracts
were dissolved in mobile phase A (1:1) and then filtered through a
0.2 pm syringe filter (Whatman, 25 mm, regenerated cellulose).
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Table 3. Polyphenolic compounds during malting and in malt and malt culms (ugg~' DW)
Variety Sampling point p-HBA p- hPhAA @ VA p-CoA FA
Blanik Steeping: air rest 24h 0.23 3.10 4.16 1.46 0.77 2.76
Steeping: air rest 48h 2.71 2.88 3.28 1.35 1.09 3.76
Steeping: air rest 72h 1.85 2.38 2.50 0.87 0.94 3.50
Germination: 1st day 96 h 0.41 2.54 2.79 0.91 1.59 5.83
Germination: 2nd day 120h 0.58 3.14 2.34 1.19 1.56 7.89
Germination: 3rd day 144 h 2.57 2.59 3.04 1.14 1.38 8.96
Kilning: 55 °C 150h 0.38 2.63 1.90 1.10 2.34 9.12
Kilning: 65 °C 158h 0.29 1.20 0.89 0.46 1.44 1.41
MIN 0.23 1.20 0.89 0.46 0.77 1.41
MAX 2.71 3.14 4.16 1.46 2.34 9.12
Malt 3.17 0.87 1.12 0.40 1.50 3.46
Malt culms 13.50 2.86 0 2.86 24.50 3.34
Bojos Steeping: air rest 24 h 4.77 4.77 6.05 2.14 0.75 2.2
Steeping: air rest 48h 1.47 4.81 4.75 1.93 0.81 4.09
Steeping: air rest 72h 1.57 4.94 3.76 1.78 1.19 4.49
Germination: 1st day 96 h 3.30 4.83 2.94 1.85 1.22 5.02
Germination: 2nd day 120h 4.23 5.65 2.67 1.94 1.39 6.48
Germination: 3rd day 144 h 2.42 5.13 2.76 1.63 1.38 7.43
Kilning: 55 °C 150h 1.97 5.26 2.47 1.62 1.71 8.32
Kilning: 65 °C 158h 0.83 3.34 1.79 0.66 1.30 3.24
MIN 0.83 3.34 1.79 0.66 0.75 2.20
MAX 4.77 5.65 6.05 2.14 1.71 8.32
Malt 1.25 3.20 1.64 0.65 1.07 3.61
Malt culms 7.93 22.10 0.47 11.70 6.13 4.07
Streif Steeping: air rest 24h 1.12 1.63 5.32 1.68 0.88 3.6
Steeping: air rest 48 h 0.83 1.20 2.92 1.43 0.93 3.97
Steeping: air rest 72h 0.31 1.02 2.82 1.13 0.94 5.57
Germination: 1st day 96 h 0.23 1.27 2.39 1.34 1.51 7.14
Germination: 2nd day 120h 0.19 1.26 2.27 1.46 1.78 9.28
Germination: 3rd day 144 h 0.86 1.70 2.22 1.66 2.21 12.72
Kilning: 55°C 150h 1.46 1.51 1.98 1.36 3.13 11.44
Kilning: 65 °C 158h 0.62 0.24 0.94 0.50 1.45 4.80
MIN 0.19 0.24 0.94 0.50 0.88 3.60
MAX 1.46 1.70 5.32 1.68 3.13 12.72
Malt 0.33 0.28 0.88 0.39 1.64 4.36
Malt culms 9.72 7.09 0 3.62 11.60 1.34
Sebastian Steeping: air rest 24h 1.96 4.80 6.19 1.70 0.71 4.09
Steeping: air rest 48h 1.38 4.24 4.34 1.59 0.93 4.31
Steeping: air rest 72h 1.33 4.18 3.78 1.26 1.02 5.41
Germination: 1st day 96 h 2.81 4.59 3.40 1.54 1.32 7.50
Germination: 2nd day 120h 3.30 4.97 2.90 1.61 1.34 9.60
Germination: 3rd day 144 h 7.69 333 237 1.22 1.89 9.52
Kilning: 55°C 150h 4.93 3.15 2.58 1.15 2.00 10.16
Kilning: 65 °C 158h 4.56 1.18 1.06 0.44 1.1 3.58
MIN 1.33 1.18 1.06 0.44 0.71 3.58
MAX 7.69 4.97 6.19 1.70 2.00 10.16
Malt 2.73 2.90 1.80 0.40 1.34 3.99
Malt culms 15.30 8.55 0 2.46 8.13 1.14
VA, vanillic acid: p-CoA, coumaric acid, FA, ferulic acid; C, catechin; p-hPhAA, hydroxyphenylacetic acid; p-HBA, hydroxybenzoic acid.

RESULTS AND DISCUSSION

The results obtained in this study show that malting had a sig-
nificant impact on the phenolic compound content in the four
tested barley varieties. During steeping, water begins to activate
biochemical pathways of dormant barley grains, and the content
of some phenolic compounds decreases. Some components of

barley grains are dissolved in the steep water, including soluble
phenolic compounds, which may cause a reduced quality of
steep wastewaters potentially reusable for steeping.3? In contrast,
during later stages of germination and kilning, these contents
increased and finally, in the malt product, a lower level of phenolic
compounds content was found in all of the tested barley varieties
(Table 3).
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Figure 1. Changes in polyphenols and normalized expression of the laccase gene during micromalting in the varieties Blanik and Bojos (phenolic
compound quantities were normalized by the maximum value to scale the range in [0, 1]).

Phenolic compounds

HPLC analysis indicated the presence of phenolic acids, including
ferulic acid, vanillic acid, p-hydroxybenzoic acid, p-coumaric acid,
4-hydroxyphenylacetic acid, and catechin. Other phenolic com-
pounds (vanillin, sinapic acid, caffeic acid, gallic acid, esculin, etc.)
were represented in low quantities (data not shown). The content
of individual polyphenolic compounds in barley grains of different
barley varieties that were sampled during malting, in malt and in
malt culms is summarized in Table 3.

According to the results, ferulic acid is the most significant free
phenolic compound in malting barley grains and malt during
malting. In malt culms, a high level of more than one of phenolic
compounds was determined. During the malting process, ferulic
acid ranged from 1.41 to 9.12ugg~" dry weight (DW) for barley
varieties with the ‘HN’ allele and from 3.46 to 3.61ugg~' DW for
malt. In varieties with the ‘M’ allele, ferulic acid ranged from 3.58
to 12.75ugg~" DW and from 3.99 to 4.36 ug g~' DW respectively.
In malt culm varieties with the ‘HN’ allele, ferulic acid ranged
from 3.34 to 4.07pgg™' DW and from 1.14 to 1.34pgg~" DW,
respectively, for the ‘M’ allele varieties. Thus varieties with the ‘"HN’
allele contain a three times greater concentration of ferulic acid in
malt culms than do the varieties with ‘M’ allele.

The maximum concentration of ferulic acid was obtained after
150 h of malting in three varieties and after 144 h of malting in
variety Streif (until the kilning step). Then, different degrees of
decreased ferulic acid concentration were found. In barley varieties
with the ‘M’ allele this concentration decreased by 72%, and in
the varieties with the ‘HN’ allele this concentration decreased
by 22% compared to the maximum levels. Maillard and Berset?>
reported that during malting the concentration of ferulic acid
initially increased to approximately 130% until the kilning step,
after which it decreased by approximately 20%.

Catechin, belonging to theflavonoid family, had the second
highest content. The concentration of catechin decreased during
malting. For every variety, the lowest level of catechin was in the
last sampling point within malting (kilning, 158 h, when the tem-
perature reached 65 °C) and in malt after killing (80 °C). Several
studies have demonstrated the effect of high and low temper-
atures on the composition or concentration of flavonoids. Low
temperature induces flavonoid synthesis in various species.3*3

Dvoréakova et al.'? stated that a decreased catechin content may
be associated with higher temperatures in malting. However, the
quantity of catechin in our experiment decreased during steep-
ing and germination steps at 14.5°C (Figs 1 and 2). Therefore,
decreased catechin is most likely not directly associated with
higher temperature at kilning. Goupy et al.3® observed a decrease
in the catechin content for all of the studied barley varieties after
malting when more than 80% of the catechin was degraded. In
malt, catechin was detected at a concentration that was similar to
the eight sampling points (158 h, kilning, when the temperature
reached 65 °C). In malt culms, catechin was not detected or was
found at low concentrations.

Compared to ferulic acid, p-coumaric acid was present at rel-
atively low concentrations in all of the barley varieties (approx-
imately one-third of the ferulic acid amount). Coumaric acid
content ranged from 0.75 to 2.34 pg g~' DW for varieties with the
'HN’ allele and from 0.71 to 3.13 ug g~' DW for varieties with the
‘M’ allele. Similar to ferulic acid, p-coumaric acid increased until the
kilning phase and then decreased by approximately 40% in all of
the varieties (Figs 1-3). The highest concentration of p-coumaric
acid in all of the varieties was found after 150 h, when the temper-
ature reached 55 °C. Then, in the last stage of kilning, the content
of p-coumaric acid decreased. These results correspond to those
previously described by Szwajgier et al,.>” who observed that the
p-coumaric acid content in the barley variety Krona increased by
160 h (corresponding to our sampling point at 150 h) when the
temperature reached 55 °C and it decreased during the final stage
of kilning.

The other studied compounds were vanillic acid, hydroxypheny-
lacetic acid and hydroxybenzoic acid. During the first air rest,
the content of vanillic acid decreased slightly to the first sam-
pling point of germination when the concentration of vanillic acid
began to increase. In malt, a very low content of vanillic acid was
found, in contrast to that in malt culms. The content of hydrox-
yphenylacetic acid ranged from 1.2 to 3.14pgg~' DW in Blanik,
from 3.34 to 5.65 ugg~' DW in Bojos, from 0.24 to 1.70 pgg~' DW
in Streif and from 1.18 to 4.97 pgg~' DW in Sebastian. The high-
est content of hydroxyphenylacetic acid was detected on the sec-
ond or third day of germination (var. Streif). In malt, the content of
hydroxyphenylacetic acid was 0.87 pg g~' DW in Blanik,3.20 pg g™

J Sci Food Agric (2015)

© 2015 Society of Chemical Industry

wileyonlinelibrary.com/jsfa




@)
SCI

WWww.soci.org L Tomkova-Drabkova et al.

1.0 I 1.0 =
0.8 ! 0.8 | I !
3 1 M H
(0] L
=] L H -
g 06 ] 0.6 i
5 - - i
(0] -
N 1
= i i
£ i |
5 04 ] 0.4
Z -
0.2 ] 0.2
0.0 I I [ 0.0 I []
1_air_rest  3_air_rest 2_DG 6h_kilning 1_air_rest 3_air_rest 2_DG 6h_kilning
2_air_rest 1_DG 3_DG 15h_kilning 2_air_rest 1_DG 3_DG 15h_kilning

Figure 2. Changes in polyphenols and normalized expression of the laccase gene during micromalting in the varieties Sebastian and Streif (phenolic
compound quantities were normalized by the maximum value to scale the range in [0, 1]; keys to symbols are the same as those in Fig. 1).
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Figure 3. Sum of ferulic acid and p-coumaric acid content in samples (summarized data from all barley varieties).

DW in Bojos, 0.28 pg g~! DW in Streif and 2.90 ug g~' DW in Sebas-
tian. Although Dvoféakova et al'® and Beart et al.® reported the
opposite trend, the content of these phenolic acids decreased
after malting in our study. The content of hydroxyphenylacetic and
hydroxybenzoic acids was several times greater in malt culms than
in malt.

Phase steeping is characterized by decreasing levels of vanillic
acid, catechin and hydroxyphenylacetic acid in each barley vari-
ety (three out of four varieties). In contrast, there was an increase
in ferulic acid and p-coumaric acid until the kilning phase at
55 °C. This trend of ferulic and coumaric acid corresponds to their
biosynthetic pathway. The enzyme 4-coumarate:CoA ligase (4CL,

EC 6.2.1.12) catalyses the conversion of the three cinnamic acid
derivatives to 4-coumaric acid, caffeic acid and ferulic acid. These
phenolic acids serve as precursors for the synthesis of numer-
ous plant secondary products, such as flavonoids, isoflavonoids,
coumarins, lignin, suberin, and wall-bound phenolics.3*4° These
acids are important for plant growth and development. The
amount of phenolic acids in the barley varieties Bojos and Blanik
that is recommended for the production of beer with the PGI
‘Ceske pivo’ (Czech beer) is not significantly different from that of
other varieties. The possible differences could be due to the vari-
eties Sebastian and Streif having very good malting quality with
similar malting characteristics to those of Bojos and Blanik.
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RT-qPCR

The highest level of HvLacl gene expression in all of the anal-
ysed barley varieties was observed at the end of steeping or on
the first day of germination (96 h) (Figs 1 and 2). Although HvLac1
gene sequence variability was found between barley varieties,?®
any differences in the normalized transcript level during malt-
ing were not observed. During the steeping stage, water and
air rest periods were used, which can simulate stress condi-
tions. Plants undergoing the abiotic stress response accumulate
reactive oxygen species (ROS),*"** which interact with different
enzymes, such as laccases. This apoplastic enzyme interacts with
ROS and activated monolignols. After the activation of monolig-
nols by this enzyme, oxidized monolignol radicals bind to form a
three-dimensionally cross-linked structure, the final step of lignin
biosynthesis.** According to the results, it seems that expression
of laccase does not impact the content of phenolic acid, with the
exception of vanillic acid. Vanillic acid is one the constituents of
lignin, and is homologous compound of ferulic acid, which is a key
component of lignin in plants.**4> We compared the relative val-
ues of vanillic acid with the data of normalized transcript HvLac1
during the first stage of malting. The increased transcript expres-
sion (24-72 and 96 h, respectively) corresponds to the decreased
vanillic acid content. After the stepping phase, the content of vanil-
lic acid increased compared to the normalized transcript, which
decreases during this phase of malting.

We also observed high normalized levels of HvLac1 transcript
in the malt culms, corresponding to the finding that the HvLacT
gene is root specific.2® In malt culms, the detected level of HvLac1
transcript was as high as the maximum values after 96 h of malting
in the varieties Sebastian and Streif. In the varieties recommended
for the production of beer with the PGl ‘Ceske pivo’ (Czech beer),
the normalized transcript values were lower than were maximum
transcript values after 72 h of malting (Figs 1 and 2). Xue et al.*¢
constructed a strain of cyanobacterium Synechocystis 6803 that
heterologously expressed a foreign gene encoding a tyrosine
ammonia lyase, which converts tyrosine into p-coumaric acid and
lacks a native laccase that degrades p-coumaric acid, and used
this strain for the sustainable production of p-coumaric acid. It is
remarkable that we observed a maximum content of p-coumaric
acid in malt culms of the variety Blanik, in which the lowest
value of HvLac1 transcript (0.353) was found among the analysed
barley varieties (0.596 in Bojos, 0.605 in Sebastian, and 0.610
in Streif).

CONCLUSIONS

The results of this study indicate that ferulic acid and p-coumaric
acid are two predominant phenolic acids that are present in every
phase of malting. During the last step of germination, the content
of both acids increased until kilning, whereas the content of
catechin decreased throughout the process. The next dominant
phenolic acid was vanillic acid, with a potential impact on the
expression of the laccase gene. The increased level of laccase
expression corresponds to the decreased vanillic acid content.
The highest level of HvLac1 transcript was observed during the
early phases of malting, especially in the varieties Blanik and
Bojos, which are recommended for the production of beer with
the protected geographical indication (PGI) ‘Ceske pivo’ (Czech
beer). From ten evaluated commonly used barley housekeeping
genes, four (GAPDH, EIF-1, ACP Ill and actin) can be used for
accurate expression profiling of barley genes during the malting
process.
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