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Chmel, ktery je péstovan hlavné pro kvasny priimysl jako zdroj cennych sekundarnich metabolitt lupulinu dodavajicich pivu charakte-
ristickou horkost a aroma, produkuje metabolom obsahujici latky s protinadorovou, antiangiogenni i estrogenni aktivitou, kam patfi ze-
jména prenylflavonoidy jako xanthohumol. Ziskat odrldy s vy$$im obsahem xanthohumolu proto patfi k sou¢asnému Usili Slechtitel(.
Predpoklada se, ze hladinu téchto latek, kiera se pohybuje u nejlepsich Slechtitelskych materialt v intervalu 1-2%, by pomohl zvysit
Ltransgenni metabolom* s vyuzitim biotechnologie pomoci nové identifikovanych lupulin-specifickych gen( i transkripénich faktord z rodin
Myb, bZip, WD40 a bHLH a WRKY, které se podileji na jejich regulacich. V sou€asnosti byl na zakladé nasich studii zjistén komplexni
charakter regulace biosyntetické drahy prenylflavonoidli s U€asti tzv. ternérnich i binarnich komplexu, pozitivnich regulatord i supresoru
transkripce. Tyto poznatky umozni cilené transformace chmelu pro pripravu transgenniho metabolomu i s perspektivou indukce metabo-
licky aktivnich transgennich pletiv v tkanovych kulturach. Fakticka vyuzitelnost transgenniho metabolomu chmelu pujde ruku v ruce
s poznatky zakladniho vyzkumu o metabolickych drahach lupulinu, které budou postupné zahrnovat nejen produkci polyfenol(, ale i hot-
kych a aromatickych latek i s uvédomeénim si novych praktickych vyhod GMO ve spole¢nosti.

Matousek, J.: ,,Transgenic*“ metabolome of hop, some aspects of its development and prospects of utilization. Kvasny Prum. 58,
2012, No. 1, p. 13—-19.

Hop, which is mainly cultivated for the brewing industry, as a source of flavor-active secondary metabolites providing desired bitterne-
ss and aroma to beer, produces the metabolome containing compounds beneficial for human health. These are mainly prenylflavonoids
as Xanthohumol, with anticancerogenic, antiangiogenic and estrogenic activities. It is the recent effort of breeders to gain new hop culti-
vars with higher level of Xanthohumol. It is expected that the level of these compounds which reaches just 1-2% in the best breeding
materials, could be enhanced in “transgenic metabolome” introduced by the biotechnology with the use of newly identified lupulin-speci-
fic genes and transcription factors (TF) from Myb, bZip, WD40 and bHLH families that participate in their regulations. At present, we found
complex character of regulation of prenylflavonoid bio-synthetic pathway including an involvement of so-called ternary and binary TF
complexes, positive regulators, as well as transcription suppressor. This knowledge enables targeted hop transformation for the prepara-
tion of transgenic metabolome and makes realistic the perspective to induce metabolically active transgenic tissue cultures of hop. An
effective usefulness of transgenic metabolome of hop will depend on their findings of basic research in the metabolic pathways of lupulin
and social awareness with a new practical benefit of GMO, that will include successively not only production of polyphenols, but also
bitter acids and aromatic compounds.

Matousek, J.: ,,Transgene“ Hopfenmetabolom einige Aspekte seiner Vorbereitung und Perspektive seiner Anwendung. Kvasny
Prum. 58, 2012, Nr. 1, S. 13—19.

Der Hopfen, der hauptséchlich fur die Garungsindustrie als die Quelle von wertvollen sekundaren Metabolite des Lupulins, die dem
Bier eine charakteristische Bitternis und Aroma geben, angebaut wird, produziert auch Metabolom, das die Anticancerogene-, Antiangi-
ogenne- und Estrogennestoffe (in diese Gruppe auch Prenylflavonoide gehdren) produziert. Zur zeitgenossischen Bemihung der Hop-
fenbauer deswegen gehdren die Hopfensorten mit einem erhéhten Gehalt an Xantohumulon zu pflanzen. Es gibt eine Hypothese, dass
der Gehalt an diesen Stoffen, der bei den besten Zuchthopfen im Bereich 1-2% liegt, konnte unter Verwendung der Biotechnologie durch
neuidenfizierten Lupulin- spezifischen Gens und transkriptione Gens aus den an ihrer Regulationen teilnehmenden Familien Myb, bZip,
WD40, bHLH und WRKY erhéht werden. Zurzeit auf Grund unserer Studien wurde ein komplexer Charakter der Regulation von der bio-
synthetischen Prenylflavanoidenbahn mit der Teilnahme der sogenannten Ternary- und Binary Komplexe, positiven Regulatore und auch
des Transkriptionssupresors festgestellt. Diese Ergebnisse ermdglichen eine zur Vorbereitung des transgennen Metaboloms mit einer
Perspektive der Induktion des metabolisch aktiven Gewebeflechtwerks in den Gewebekulturen gezielte Hopfentransformation. Die tat-
sachliche Verwendbarkeit des transgennen Hopfenmetaboloms wird Hand in Hand mit den Grundforschungsergebnissen iber metabo-
lische Bahnen des Lupulins, die schrittweise nicht nur Polyphenols- aber als auch Bitterstoffenproduktion und Produktion von aromatis-
chen Stoffen einschlieBen werden und mit Bewusstsein der neuen praktischen GMO Vorteile in der Gesellschaft fortgesetzt.

Kli¢ova slova: cesky chmel, lupulin, regulacni faktory, transgenose,
protirakovinné latky, biotechnologie

1 NOVE POZNATKY MOLEI’(ULARNi .
GENETIKY A GENETICKY POTENCIAL
PRO VYUZITI CHMELU

Chmel (Humulus lupulus L.) je péstovan hlavné pro kvasny primy-
sl jako zdroj cennych sekundarnich metabolitd lupulinu dodavajicich
pivu charakteristickou hofkost a aroma. V minulych ¢lancich nazva-
nych ,Ozdravné pivo“ (Matou$ek, 2001) a ,,Ozdravné“ latky a mole-
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1 RECENT KNOWLEDGE FROM THE FIELD
OF MOLECULAR GENETICS AND GENE-
TIC POTENTIAL FOR HOP UTILIZATION

Hop (Humulus lupulus L.) plants are mainly cultivated for the brew-
ing industry as a source of valuable secondary metabolites endow-
ing the beer with characteristic bitterness and aroma. Our earlier re-
views entitled “Medicinal beer’/’Ozdravné pivo” (Matousek, 2001)
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Obr.1 Sou¢asnym cilem
Slechtiteld chmelu je zis-
kat odridy s vysokym
obsahem xanthohumolu,
jehoz struktura je uvede-
na na obrazku / Fig. 1
The present aim of hop
breeders is to gain culti-
vars with the high con-
tent of Xanthohumol
having the structure pre-
sented on the figure

Obr. 2 Schéma expresnich kazet vektori pouzivanych pro analyzy transientni exprese (l), vektord pro trans-
formace chmelu transkripénimi faktory (varianta bez GFP) (Il) a vektoru pro expresi genu pro chalkonsyntazu
chs_H1 (Ill). Kédujici sekvence jsou oznaceny zkratkami gen(i ¢i TF (sequence pro transkripéni faktor). Pro-
motory jsou oznacéeny P; |, intron; BR a BL, prava a leva hranice T-DNA. Nptll, gen pro neomycin phosphot-
ransferdzu, rezistence ke kanamycinu. Promotor genu pro nopalin syntazu je ozna¢en Pnos; terminator
z CaMV, TCaMV. Restrikéni mista Xbal (X), EcoRl (E), Ascl (A), a Pacl (P) byla pouzita pro konstrukci vekto-
rl / Fig. 2 Schematic diagram of the expression cassettes within T-DNA parts of transient expression vectors
(1), vectors for hop transformation with transcription factors (variant without GFP)(Il) and vector for chs_H1 (Ill)
expression (Ill). Coding sequences are in dark gray and designated by gene abbreviations or by TF (transcrip-
tion factor sequence). Promoters are marked by P; intron is marked by I; BR and BL, right and left -DNA
borders, respectively. Nptll designates the neomycin phosphotransferase gene of resistance to kanamycin.
This gene is driven by the nopalin synthase promoter (Pnos). Terminators of CaMV (TCaMV) are shown. Re-

striction sites Xbal (X), EcoRl (E), Ascl (A), and Pacl (P) were used for the voctor construction

Xanthohumol

Hs

kularni analyza chmelovych genl (Matou$ek, 2006) jsme se zabyva-
li nékterymi aspekty kodeterminace potencialné ozdravnych latek
(napf. Zanoli and Zavatti, 2008, Magalhaes et al., 2009, Van Cleem-
put, 2009, Bolca et al., 2009, 2010), které jsou soucasti spektra me-
tabolitll (metabolomu) chmelu. MoZnost pfipravy téchto metabolit
s protinddorovou a antiangiogenni aktivitou, kam patfi zejména pre-
nylflavonoidy, se stala jiz nedilnou soucasti pozornosti Slechtitell
chmelu na celém svété. Napiiklad o snaze ziskat odridy s vysokym
obsahem xanthohumolu (obr. 1) svéd¢i usili naSich i zahrani€nich
Slechtitell, ktefi prezentovali své vysledky na nedavné konferenci
I.LH.G.C., jez probéhla v Lublinu, v Polsku 19.-23. ¢ervna 2011.
V soucasné dobé se hladiny xanthohumolu u vychozich Slechtitel-
skych materiall, o kterych se uvazuje z hlediska farmakologického
vyuziti, vétSinou pohybuji kolem jednoho procenta a ty nejlepSi v in-
tervalu 1-2% (napf. Lutz et al., 2011, Nesvadba et al., 2011). Isoxan-
thohumol, jehoz pfeména na fytoestrogenni 8-prenylnaringenin (ho-
pein) plsobenim bakterii Eubacterium limosum lidské strfevni
mikrofl6ry byla dolozena v nékolika studiich (Possemiers et al., 2005,
2011), je nadéle stfedem zajmu jako medikament zmirfujici sympto-
my menopauzy (napf. Heyerick et al., 2006, Erkkola et al., 2010).
| kdyZ hopein i nékteré jiné chmelové medikamenty jsou jiz uvedeny
na trh v souvislosti s farmaceutickym vyuzitim chmelu (viz napf. pre-
desly ¢lanek — Matousek, 2006), pfi jeho sou¢asném produkénim
potencialu jsou vSak hladiny uvedenych latek pomérné nizké.

V souvislosti s novymi moznostmi pokracujiciho vyzkumu v oblas-
ti molekularni genetiky nastava etapa analyzy novych material(, jez
budou pfipraveny na bazi geneticky modifikovaného chmelu pro pro-
dukci ,2transgenniho metabolomu®. Tato nova etapa vyzkumu je mimo
jiné umoznéna diky odhaleni nékterych chmelovych genl v ndvaz-
nosti na pokracujici vyzkum genetické determinace lupulinu. K pa-
vodné nami identifikované rodiné tzv. pravé chalkonsyntazy chs_H1
(Matousek et al., 2002 a,b, 2006, 1) a dfive valerophenonsyntazy
(Okada and Ito, 2001) pfibyly dalSi geny jako napfiklad gen pro
O-metyltransferazu 1 (Nagel et al., 2008) a prenyltransferazu (Tsuru-
maru et al., 2010) kodeterminujici biochemickou drahu prenylflavo-
noid(. V poslednich letech jsme se ve spolupraci s Chmelafskym

(O]

and ,Medicinal“ compounds and molecular analysis of hop genes
(Matousek, 2006) dealt with some aspects of genetic co-determina-
tion of potentially medical compounds (see e.g. Zanoli and Zavatti,
2008, Magalhaes et al., 2009, Van Cleemput, 2009, Bolca et al.,
2009, 2010), that compose spectrum of metabolites (metabolome) of
hop. The possibility to prepare these metabolites, mainly prenylflavo-
noids, having anti-cancerogenic and anti-angiogenic activity became
in focus of hop breeders worldwide. For instance, the common effort
to get hop cultivars with high Xanthohumol levels (Fig. 1) presented
by hop breeders on recent I.H.G.C. meeting that took place in Lublin,
Poland, June 19-23 this year. At present the Xanthohumol levels are
close to one percent in the original breeding materials considering
for pharmacological use and the levels in the best genotypes are
ranging between 1-2% (e.g. Lutz et al., 2011; Nesvadba et al., 2011).
Isoxanthohumol whose conversion to phytoestrogenic 8-prenylnarin-
genin (hopein) facilitated by the human intestinal microflora (Eubac-
terium limosum) described in several studies (Possemiers et al.,
2005, 2011) continued to be of great interest as the medicament fa-
cilitating menopausal symptoms (e.g. Heyerick et al.,2006; Erkkola et
al., 2010). Although hopein and some other hop medicaments has
been in connection to the medicinal use of hop introduced to the
market (see e.g. previous review — Matousek, 2006), the levels of
these compounds are rather low at the recent production capacity of
hop.

In connection of new possibilities of ongoing research on the field
of molecular genetics the phase of analysis of new materials pre-
pared from genetically modified hops grown for production of ,trans-
genic metabolome* is coming on. This new stage of the research is
among others enabled owing to the discovery of some hop genes to
continuing analysis of genetic determination of lupulin. In addition to
originally identified oligofamily of so-called ,true” chalcone synthase
chs_H1 in our experiments (MatouSek et al., 2002 a,b, 2006) and
sooner valerophenonsynthase (Okada and Ito, 2001), another genes
as O-metyltransferase 1 (Nagel et al., 2008) and prenyltransferase
(Tsurumaru et al., 2010) genes co-determining prenylflavonoid path-
way were isolated. In the last years, we collaborated with Hop insti-
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institutem s.r.o v Zatcj, zejména v ramci projektd Grantové agentury
Ceské republiky (GACR 521/03/0072 a GACR 521/08/0740), orien-
tovali na funkéni identifikaci regula¢nich gend pro metabolom chme-
lu (Matousek et al., 2005, 2007, 2010) a v sou€asné dobé je k dispo-
zici jiz Sest rostlinnych transformacnich vektorl (obr. 2, typ vektoru I1)
pro homologické chmelové transkripéni faktory z rodiny Myb, tfi z ro-
diny bZip, dva z rodin bHLH, jeden z rodiny WD40 a dal$i vektory
jsou pfipravovany. Kromé homologickych gent, které mohou slouzit
jako transgeny, jsou k dispozici heterologni geny zejména z druhu
Arabidopsis thaliana, u nichz je vysoka pravdépodobnost, Ze mohou
rovnéz meénit metabolom po vneseni do chmelového genomu.
Posledni vyzkumy s vyuzitim transientni exprese (Matousek,
2006) chmelovych genl u druh(i Nicotiana benthamiana a Petunia
hybrida s pouzitim vektord typu | (obr.2) zaroven ukazaly, jak slozité
je pfirozené genetické pozadi pro regulaci lupulinovych gent. Bylo
napfiiklad zjisténo, Ze chalkonsyntdza chs_H1 majici dulezitou roli pfi
syntéze xanthohumolu, je regulovana nejen nezavislym zplisobem,
jako napf. pfi regulaci heterolognim faktorem Pap1 (Matousek et al.,
2006), ale i slozitgjSimi, tzv. binarnimi a ternarnimi komplexy regu-
laénich faktort sestavajicich z komponent rodin Myb, bHIH a WDR.
Existence téchto komplexu pfi regulacich biosyntézy rostlinnych pig-
mentd, trichomu a prdduch byla prokdzana i u nékolika dalSich rost-
linnych druhli (napf. Ramsay and Glower, 2005, Hirchi et al., 2011).
U chmelu jsme dosud identifikovali dva chmelové ternarni komplexy
(obr. 3A) zcela specificky aktivujici gen chs_H1. Prvni komplex tvofi
sestava faktorlt HMYB2/HWDR1/HbHLH2 a druhy sestava s-HI-
MYB3/HWDR1/HbHLH2 (Matousek et al., 2011), jak je znazornéno
na obr. 3A. Navic faktory HbHLH2 a HMYB3 mohou pusobit pfi re-
gulacich i zcela samostatné a jak bylo pozorovano v nasi pfedeslié
praci (Matou$ek et al., 2007), delSi ¢&i krat$i formy faktoru HMYB3
mohou ménit i morfogenezi, celkovy vzhled a vzrist rostlin. Aktivace
genu ternarnimi komplexy je enormné vysoka (obr. 4) a je na Urovni
nebo i pfevySuje uroven aktivity promotoru 35S viru kvétakové mo-

tute GmbH in Zatec in the frame of projects of Czech Science Foun-
dation (GACR 521/03/0072 a GACR 521/08/0740) on functional
identification of hop metabolome regulatory genes (Matousek et al.,
2005, 2007, 2010) and recently there are already six transformation
plant vectors available (Fig. 2, the vector type Il) bearing homologous
hop transcription factors (TF) from Myb family, three from bZip TF
family, two from bHLH family and one from WD40 family and other
are in preparation. Besides the homological genes, which can serve
as transgenes, there are heterological genes available from Arabi-
dopsis thaliana with high chance to cause metabolome change after
their introduction in hop genome.

The recent analyses with the use of transient expression (see pre-
vious article [Matousek, 2006]) of hop genes in Nicotiana benthami-
ana and Petunia hybrida using vectors of type | (Fig. 2) showed si-
multaneously how complex is the genetic background regulating
lupulin genes. For instance, it has been found that chalcone synthase
chs_H1 having important role in Xanthohumol biosynthesis is regu-
lated not only by the independent action as in the case of heterologi-
cal Pap1 TF (Matou$ek et al., 2006) but also by the more complica-
ted so-called binary and ternary complexes of regulatory factors
composed by the components from Myb, bHLH and WDR families.
The involvement of such complexes at regulation of biosynthesis of
plant pigments, trichomes and lenticels was shown for several other
plant species (e.g. Ramsay and Glower, 2005, Hirchi et al., 2011). In
hop we identified up to date two ternary complexes (Fig. 3A) that
activate with high specificity chs_H1 gene. The first complex is crea-
ted by the TF set of HMYB2/HMWDR1/HbHLH2 and the second one
by s-HMYB3/HWDR1/HbHLH2 TF set (Matousek et al., 2011), as
depicted in Fig. 3A. In addition, factors HbHLH2 and HMYB3 can act
also quite independently and as observed in our earlier work (Matou-
Sek et al., 2007), longer and shorter forms of HIMyb3 TF can modify
also plant morphogenesis, habits and plant growth. The gene activa-
tion by the ternary complexes is enormously strong (Fig. 4) being on

Obr. 3 Schéma regula¢niho modelu chmelového genu chs_H1 prostfednictvim klonovanych chmelovych faktor(l, ziskané na zakladé funk¢-
nich analyz TF u heterologniho systému N. benthamiana.

A: Zakladni schéma ternarniho komplexu bylo pfizplisobeno z prace Baudry et al. (2004). (I) celkovy ternarni komplex sestavajici z Myb,
bHLH a WDR faktor(, plsobici pfedev§im prostfednictvim boxu P-Myb; (Il) binarni kombinace bHLH a WDR,; (lll) kombinace Myb a bHLH;
(IV) stiedné silné pfimé plsobeni faktoru HbHLH2 a slabé pfimé pusobeni transkripéniho faktoru s-HMyb3; (V) Myb a WDR kombinace je
nefunkéni a oznacena kfizkem (V1) stimulaéni efekt chmelovych transkripénich faktorl bZip prostfednictvim G-boxd; (VII) inhibiéni plisobeni
faktoru HMyb7. B: 3-D model faktoru HWDR1 ve schématu, ktery jsme ziskali s pouzitim programu SWISS-MODEL Workspace.

Fig. 3 Schematic diagram of chs_H1 regulation model with combinations of cloned hop TFs as observed in heterologous system of N. ben-
thamiana.

A: The basic scheme of ternary complex was accommodated from Baudry et al. (2004). (I) the whole ternary complexes consisting of Myb,
bHLH and WDR TFs acting predominantly on P-Myb box; (Il) bHLH and WDR binary combination; (Ill) Myb and bHLH combinations; (1V) direct
moderate action of HIbHLH2 and weak action of s-HIMyb3; (V) Myb and WDR combinations dessignated by crossing are non functional; (VI)
stimulatory effects of hop bZip factors on G-boxes, (VII) inhibitory effect of HIMyb7. B: 3-D model of HIWDR1 in the scheme we obtained us-
ing SWISS-MODEL Workspace.
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zaiky, ktery se komeréné vyuziva pro silnou konstitutivni expresi
transgend (Benfey and Chua, 1990, Potenza et al., 2004). Z druhé
strany je pozoruhodné, ze metabolom lupulinovych Zlazek je striktné
omezen v produkci anthokyan(. | kdyZz dochazi k aktivaci lupulino-
vych genl ternarnimi komplexy, k biosyntéze anthokyant v tomto
pletivu prakticky nedochazi. Specifické chmelové komplexy nejsou
ani schopny indukovat biosyntézu téchto pigmentu v listech petunii
na rozdil od regulaéniho faktoru Pap? z Arabidopsis thaliana (obr.
5A). Tento fakt nahrava predpokladu, ze s pouzitim specifickych
chmelovych transgent bude mozné v lupulinovych zlazkach doséh-
nout zvy$ené produkce metabolomu (prenylflavonoid(l) bez konver-
ze chalkon(l do pigmentt, anthokyant a kvétnich barviv.

Jak bylo zji§téno v nasi sou¢asné praci, potencial chmelového me-
tabolomu je dale kodeterminovan binarnimi komplexy HMyb1/H-
DR1 a HWRKY1/HWDR1, které aktivuji gen pro O-metyl transfera-
zu 1, dale pfitomnosti minoritnich pozitivnich regulator(i typu bZip
(obr. 3A; Matousek et al., 2010) a negativnich regulator(i jako je
HMyb7(Matousek et al., 2011), o kterém jsme zjistili, ze vede ke
snizeni transkripce klonovanych chmelovych transkripénich faktort
(obr. 3A). Slozita determinace metabolomu, ktera zavisi od regulac-
nich elementud strukturnich i regulatornich gena, je v souladu s fak-
tem, Ze hladina Xanthohumolu se chova jako typicky kvantitativni
znak (Patzak et al.,, 2011), a tudiz dosahuje rGzné gradace v ramci
pfirozeného biochemického potencidlu pro produkci metabolomu
u raznych kultivarG a odrad chmelu.

2 TRANSGENNI CHMEL A ZPUSOBY
JEHO PRIPRAVY PRO ZiSKANI
MODIFIKOVANEHO METABOLOMU

V roce 2007 byly ziskany transgenni klony chmelu exprimuijici kon-
stitutivné stilben syntdzu z révy vinné (Schwekendiek et al., 2007)
a bylo referovano o akumulaci resveratrolu a jeho derivat(i v metabo-
lomu chmelu. V sou€asné dobé je dostupna prvni komplexné pojata
prace (Gatica-Arias al., 2012) vznikla ve spolupraci s nasim praco-
vi§tém, ukazujici na uginnost indukce zmén chmelového metabolo-
mu pomoci transgenose a tzv. ,Myb biotechnologie“ (Broun et al.,
2006). Na obr. 5 C, D je pro porovnani prezentovano foto kontrolniho
a transgenniho chmelu cv. Tetnang, nesouciho heterologni regulaéni
faktor gen AtMyb75 s trivialnim nazvem Pap1, ktery jsme izolovali
z genomu A. thaliana (Matousek et al., 2006). Na uvedeném obrazku
Ize pozorovat, Ze u transgenniho chmelu pfi dosaZeni faze maturace
dochazi k ¢ervenému zbarveni hlavek a k akumulaci rdznych meta-
bolitli, zejména anthocyaninu, rutinu a isoquercetinu. Nékteré ze zjis-
ténych metabolitll nejsou bez zajimavosti pro farmacii a jsou tudiz
pfedmétem dalSiho studia (Gatica-Arias et al., 2012). Dekorativni
charakter tohoto transgenniho chmelu si pfitom nic nezada s okras-
nymi rostlinami. Je nepochybné, Ze vnesenim regula¢niho faktoru
dochazi k ,prolomeni limitu“ pro metabolom chmelu, ktery byl dosud
ziskavan klasickym $lechténim. Diky transgenosi tak byly ziskany
dalSi moznosti pro produkci novych latek. Tento prvni nazorny pfi-
klad transgenniho metabolomu u chmelu by mél byt v budoucnu na-
lyza genetické determinace biochemickych drah ucastnicich se
v syntéze chmelového metabolomu. Transgenni pletiva chmelu Ize
v soucasnosti ziskat klasickym zplsobem pfi pouziti transformace
bakteriemi A. tumefaciens (Oriniakova et al., 1996) a regenerace
na selekénim médiu (Horlemann et al., 2003, Schwekendiek et al.,
2007) nebo s pouzitim biolistické metody (Batista et al., 2008), i kdyz
v obou pfipadech je oproti nékterym jinym rostlinnym druhtim efekti-
vita transformace stale nizka (Horlemann et al., 2003). V obou pfipa-
dech lze uspésné vyuzit klasické monocistronické transformacéni
vektory, tj. zpravidla vektory obsahujici v ramci vnasené T-DNA neza-
visle usporadany transgen a jeden nebo vice genu pro selekci rege-
nerantd transgennich rostlin. Pro selekci se zpravidla vyuziva gen
pro kanamycinovou rezistenci, popfipadé dalsi markerové geny, jako
napfiklad gen pro zelené fosforeskujici protein (,green florescent
protein“{GFP]) (obr. 5B). Na zékladé tohoto GFP markeru, jak jsme
prokazali, je i u chmelu mozné pod UV-A svétlem selektovat potenci-
alni transgenni linie chmelu (obr. 5B, porovnej list 1 a 2).

Nové poznatky v oblasti molekularni biologie, zejména zjisténi za-
vislosti aktivace nékterych gend kodeterminujicich metabolom lupu-
linovych Zlazek jako chs_H1 na plsobeni ternarnich komplext, méni
tento koncept jednoduché transformace smérem k pouziti polycistro-
nickych vektor(l, kde bude uspofadano nékolik transgenli pod spo-
le¢nou regulaéni jednotkou s cilem dosahnout jejich synchronizova-
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the same level or is higher that activity of 35S promoter of CaMV,
which is commercially used for high constitutive expression of trans-
genes (Benfey and Chua, 1990, Potenza et al., 2004). On the other
hand, it is noteworthy that lupulin gland metabolome is strictly restric-
ted in the anthocyanins production. Even if there is strong activation
of lupulin genes by the ternary complexes, there is practically no bi-
osynthesis of anthocyanins in this tissue. Unlike to regulatory factor
Pap 1 from Arabidopsis thaliana, the specific hop complexes are
unable to induce biosynthesis of these pigments in petunia leaves
(Fig. 5A). This fact is in favor of the assumption that with the use of
hop-specific homologous TF transgenes tt will be possible to reach
enhanced metabolome production (prenylflavonoids) without chalco-
ne conversions to anthocyanin pigments and flower colors.

As found in our recent work, the hop metabolome capacity is further
co-determined by the presence of binary complexes as HMyb1/HM-
DR1 a HWRKY1/HMWDR1 that activate O-methyltransferase 1 gene,
as well as by the involvement of minor positive regulators of bZip
(Fig. 3A; Matousek et al., 2010) and negative regulators (Matou$ek et
al., 2011) such as HMyb7, which is the transcription suppressor of
cloned hop TFs (Fig. 3A). The complex determination of metabolome,
which depends on regulatory elements of structural and regulatory
genes is consistent with the Xanthohumol level that behaves as typical
quantitative trait (Patzak et al., 2011) and therefore, there is different
gradation in Xanthohumol levels within natural biochemical potential of
the metabolome production in various hop cultivars.

2 TRANSGENIC HOP AND THE WAYS
OF ITS PREPARATION TO GAIN
MODIFIED METABOLOME

In 2007 hop transgenic lines expressing constitutively the stilbene
synthase from grapevine were obtained (Schwekendiek et al., 2007)
and it was referred about an accumulation of resveratrol and its de-
rivatives in hop metabolome. At present, the first complex co-opera-
tive work (Gatica-Arias al., 2012) is available showing efficient in-
duction of changes of hop metabolome using transgenosis and
so-called myb biotechnology (Brown et al., 2006). The photo in Fig.
5CD shows comparison of control and transgenic hop cv. Tetnang
bearing hetorological TF, gene AtMyb75 designated Pap1, which we
isolated from A. thaliana genome (Matou$ek et al., 2006). It s seen
in Fig. 5CD that transgenic hop at the phase of maturation show red
coloration of cones. It accumulates various metabolites like antho-
cyanins, rutin and isoquercetin. Some of metabolites found are of
potential interest for pharmacology and, therefore, they be the sub-
ject of subsequent study (Gatica-Arias et al., 2012). The decorative
character of this transgenic hop can compete with some ornamental
plants. It is beyond any doubt that the bringing of the regulatory fac-
tor into hop genome caused the ,breaking through® the hop metabo-
lome limit that was up to now obtained by the classical breeding.
Owing to transgenosis new possibilities were opened for production
of new compounds. This first illustrative example of transgenic me-
tabolome in hop should be followed up with the targeted application
of transgenosis in connection to the progress of our knowledge of
biosynthesis pathways of hop metabolome. At present the transgen-
ic hop tissues can be prepared either by a classical way using A.
tumefaciens—mediated (Oriniakova et al., 1996) transformation and
regeneration on selection media (Horlemann et al., 2003, Schwek-
endiek et al., 2007) or with the use of biolistic method (Batista et al.,
2008), although in both cases the efficiency of hop transformation is
still low in comparison with some other plant species (Horlemann et
al., 2003). In both transformation methods it is possible to use clas-
sical monocistronic plant binary vectors i.e. as a rule the vectors
having independently arranged transgene and one or more genes
from selection of transgenic plant regenerants within the T-DNA.
Usually the gene for resistance to kanamycin is used and possibly
other marker genes like the gene for green florescent protein [GFP]
(Fig. 5B). Based on this GFP marker gene it is possible to pre-select
potential transgenic hop lines under the UV-A light as showed in our
experiments (Fig. 5B, compare leaf 1 and 2).

New knowledge on the field of molecular biology, especially the
finding of activation of some genes co-determining the metabolome
of lupulin glands on the ternary complexes, like chs_H1 gene chang-
es this concept of simple transformation to polycistronic vector trans-
formation. In polycistronic transformation vectors, several transgenes
are arranged under the common regulatory unit with the aim to make
their synchronized combinatorial expression. Though the preparation
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Obr. 4 Analyza aktivace genu chs_H1 komplexy chmelovych tran-
skripénich faktor(. Ti dny po koinfiltraci vektoru Il a vektor( typu Il
nesoucich TF (Obr. 2) do listd N. benthamiana byla stanovena po-
moci Real time RT PCR relativni hladina mRNA chalkonsyntazy
chs_H1. Hladina mRNA byla normalizovana proti elongaénimu fak-
toru 1 (,house keeping gene®). 1, kontrola infiltrace bakterii LBA
4404; 2, gen chs_H1; 3, gen chs_H1 plus kombinace TF HMyb2/
HbBbHLH2/HWDR1; 4, gen chs_H1 plus TF v kombinaci s-HMyb3/
HbHLH2/HMWDR1; 5, hladina mRNA genu chs_H1 Ffizeného konsti-
tutivnim promotorem 35S CaMV. Statistika je uvedena pfi o = 0.05
| Fig. 4 Analysis of activation of the chs_H1 gene with hop TF com-
plexes. Three days postinfiltration of N. benthamiana leaves with
vector Il a vectors Il bearing hop TFs (Fig. 2), the relative levels of
chs_H1 mRNA were determined by RT qPCR and normalized
against the elongation factor 1 housekeeping gene. 1, control infil-
tration of LBA 4404; 2, chs_H1 gene; 3, chs_H1 gene plus TF com-
bination HIMyb2/HIbHLH2/HIWDR1; 4, chs_H1 gene plus TFs in
combination s-HIMyb3/HIbHLH2/HIWDR1; 5, mRNA levels of chs_
H1 driven by 355 cAMV. Bars represent the confidence intervals at
level a. = 0.05
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né a kombinované exprese. | kdyz pfiprava takovych vektor (napf.
Weber et al., 2011) je stale spiSe v poc¢atcich, je to jedna z cest, jak
dosahnout kombinaéniho pusobeni pfi transgenni regulaci. Vysled-
kem cilené kombina¢ni regulace by pak mohla byt mnohem efektiv-
néjsi produkce transgenniho metabolomu. DalSi moznosti, jak do-
sahnout pozadovaného pusobeni gend, je klasicka hybridizace
transformantl nesoucich jednotlivé transgeny, tedy pfistup, ktery by
vyzadoval zvySené technické, péstitelské i Casové naroky pro ziskani
finalnich hybridnich materiald vyuzitelnych ve Slechténi. Jiny koncept
cilenych modifikaci metabolomu chmelu, ktery zavisi na pomérné
komplexnich znalostech genetické determinace a regulace metabo-
lickych siti u chmelu, v podstaté vyzaduje vybér tzv. uzlového regu-
lacniho faktoru (,master transcription factor” [Pattanaik et al., 2006])
jako transgenu pro aktivaci celé metabolické drahy. Na rozdil od he-
terolognich transgen( z jinych rostlin, jakym je napfiklad v chmelu jiz
zminény transgen Pap1 z huseni¢ku (obr. 5, porovnej hlavky C a D),
u homolognich, tj. chmelovych transgen( Ize ocekavat vétsi pravdé-
podobnost vyhasinani genové exprese (,silencing” [napf. Matzke et
al., 1994)), a proto jsou zde zvySené naroky na ziskani a selekci vét-
Siho mnozstvi prvotnich transgennich linii. Indukce specifického si-
lencingu by naopak mohla byt Zadouci pro umléeni negativnich regu-
lator(i biosyntézy jako napfiklad genu HMyb7.

O aplikacich transgennich materiald u rostlin byla nedavno publi-
kovana monografie pod nazvem Bild kniha (,White Book“ [Sehnal
a Drobnik eds., 2009]). Tento odborny material sumarizuje principy
prace, zkuSenosti a poznatky ziskané pfi praci s geneticky modifiko-
vanymi rostlinami na fadé pracovist a boura plané obavy a myty pra-
menici z nepochopeni nékterych faktd i skuteénych rizik z této oblas-
ti pfi praktickych aplikacich. Tato situace se mize tykat i transgenniho
metabolomu chmelu, jehoz fakticka vyuzitelnost pdjde ruku v ruce se
spole¢enskym uvédomeénim si novych praktickych moznosti. | v pfi-
padé chmelu standardni zakonné naroky budou garantovat obecny
princip pfedbézné opatrnosti ,precaution principle“ pfi zachazeni
s témito novymi materidly. V souvislosti s budoucim vyuzivanim
transgenniho metabolomu je vhodné uvést dvé dulezité skutecnosti,
a sice ze chmel je dvoudoma rostlina, coz bude usnadnovat jeho
pfipadné péstovani jako transgenniho materidlu a dale, Ze jiz primar-
ni klasické zpracovani metabolomu lupulinovych Zlazek vede k roz-
sahlé degradaci nukleovych kyselin v nich obsazenych.
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Obr.5 A Ptiklad vlivu chmelovych transkripénich faktort na produkci
pigmentu u heterologniho systému Petunia hybrida. Bakterie A tu-
mefaciens nesouci vektor Il (Obr. 2) byly koinfiltrovany do listd v
kombinacich s faktory s-HIMyb3 a HIbHLHZ2 (Zluté zbarveni [vzorek
2]) nebo s faktory AtPAP1 a HIbHLHZ2 (akumulace anthokyanu [vzo-
rek 3]). Jako kontrola byly infiltrovany samotné bakterie (vzorek 1). B:
Barevné rozliSeni transformovaného ¢eského chmelu Osvald 72 (ze-
lené zbarveni listd pod UV-A svétlem [vzorek 1]) po integraci T-DNA
nesouci transgen HbHLH1 a marker GFP. Listy kontrolniho chmelu
maji pod UV-A syté Cervené zbarveni diky fluorescenci chlorofylu
(vzorek 2). C: hlavky kontrolniho chmelu cv. Tetnang a D: chmelu
transformovaného faktorem Pap1 z prace Gatica et al. (2012).

Fig. 5 A: An example of influence of hop transcription factors on pro-
duction of pigments in heterologous system of Petunia hybrida. Agro-
bacterium bearing vector Il (Fig. 1) was co-ninfiltrated in leaves ei-
ther in combination with s-HIMyb3 and HIbHLHZ2 (yellow spots,
[sample 2]) or AtPAP1 and HIbHLHZ2 (anthocyanin production, [sam-
ple 3]). As a control the leaf was infiltrated with A. tumefaciens LBA
4404 without plant binary vectors (sample 1). B: The distinguishing
under UV-A light the transgenic Osvald’s 72 hop (green leaf colour
[sample 1]). Hop is transformed with T-DNA bearing HIbHLH1 trans-
gene and GFP marker. The control hop leaves are deeply red owing
to chlorphyl fluorescence (sample 2). C: control hop cones of cv.
Tetnang and D: the red coloured cones of Tetnang hop tranformed
with Pap1 transgene as published by Gatica et al. (2012).

of such vectors (e.g. Weber et al., 2011) is rather on the beginning,
this is one of the ways how the combinatorial TF action could be
achieved. As a result of targeted combinatorial regulation a much
efficient production of transgenic metabolome could be obtained.
Other possibility how to reach the desired gene action is the classical
hybridization between individual hop transgenotes. This is the ap-
proach that would need more technical background, more need for
hop growing and it would be time-consuming for final preparation of
hybrid materials valuable for the breeding process.

Other concept of targeted modifications of hop metabolome de-
pends on full understanding of genetic determination of regulation of
metabolic network(s) in hop. It essentially requires the selection of
“master transcription factor” [Pattanaik et al., 2006]) as transgene for
the activation of the whole metabolic pathway. Unlike heterologous
transgenes i.e. genes originating from different plants like above
mentioned Pap1 from arabidopsis (Fig. 5, compare hop cones in pa-
nels C and D), for homologous hop transgenes one can expect
higher probability of gene silencing (e.g. Matzke et al., 1994). There-
fore, there be stronger requirements to produce more transgenic li-
nes bearing homologous transgenes. On the contrary, induction of
specific silencing could be valuable to achieve suppression of nega-
tive regulators of metabolome biosynthesis like HMyb7 gene.

The monograph entitled White Book (Sehnal a Drobnik eds., 2009)
dealing with practical use and handling transgenic materials has
been published recently. In this book the principles of work, experi-
ence and knowledge obtained during work with genetically modified
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3 PERSPEKTIVA INDUKCE
,LUPULINOVEHO* METABOLOMU
V TKANOVYCH KULTURACH

Kromé vyuziti intaktnich transgennich rostlin chmelu je zde teore-
ticky predpoklad, Ze technologie vyuzivajici transkripéni faktory
umozni ucinnou indukci lupulinového metabolomu nebo jeho &asti
v tkdnovych kulturach chmelu. Zékladni kultivaéni podminky napfi-
klad pro tvorbu kalust byly popsany v nékolika pracich rovnéz v na-
vaznosti na metody transformace chmelu (napf. Rakousky and
Matousek, 1994; Batista et al.,1996; Horleman et al., 2003) a per-
spektivni je i vyuziti suspenznich kultur chmelu poprvé odvozenych
jiz v roce 1984 (Robbins and Ratcliffe, 1984). Zaroven je obecnym
faktem, Ze ve standardnich tkariovych kulturach je zpravidla biosyn-
téza sekundarnich metabolitd bud nizka, nebo k ni nedochazi vibec.
Napriklad, jak vyplyva z pomérné komplexni analyzy transkriptomu
i z rozboru ¢asti metabolomu u chmelovych nodalnich kultur (Fortes
et al. 2008), nedochazi zde za standardnich podminek kultivace k ak-
tivaci komplexu strukturnich gen( ani regulacnich faktorQ, které by
vedly k syntéze pozadovanych chmelovych/lupulinovych metabolitC.
Jind situace by vSak mohla nastat, kdyby byly napfiklad kalusové kul-
tury chmelu odvozeny pfimo od pletiv transformovanych mono- nebo
polycistronickymi vektory nesoucimi nékteré transkripéni faktory lu-
pulinu pod silnymi nebo indukovatelnymi promotory (Potenza et al.,
2004). K produkci pozadovaného ,transgenniho“ metabolomu by tak
mohlo, podle koncepce metabolického inzenyrstvi (napf. Yu et al.,
2000; Du et al., 2010), dochéazet za aseptickych podminek a pfi uza-
vieném nakladani s materialem GMO.

Je nepochybné, Ze perspektiva vyuzitelnosti transgenniho meta-
bolomu chmelu v budoucnu je v sou¢asné dobé spojena zejména
se zakladnim vyzkumem biosyntézy lupulinu. Analyza transgen-
nich pletiv chmelu je nezbytnym nastrojem pro odhaleni funkce ak-
tivacnich regulator( i supresort metabolickych drah, a to nejen pfi
regulaci biosyntézy polyfenoll, ale i hofkych a aromatickych latek
a jejich vzajemné provazanosti. Ve spojeni s molekularnimi marke-
ry chmelu (Patzak et al., 2007) tyto analyzy nepochybné povedou
zaroven k posileni naSich moznosti v oblasti klasické genetiky
a Slechténi.
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plants in number of laboratories and institutions have been summa-
rized. This destroys empty misgivings and myths arising from misun-
derstanding of some facts and real risks from this area of practical
applications. This situation can concern also transgenic metabolome
of hop, whose actual utilization will be depending on social aware-
ness with a new practical benefit of GMO. Also in the case of hop the
standard legitimate requirements will guarantee the general ,princi-
ple of precaution“ during manipulation with these new materials. It is
appropriate to mention two important facts in the respect of practical
use of transgenic hop metabolome: first, hop is the dioecious plant
and this will facilitate its growing as transgenic material and secondly,
already the primary classical treatment of lupulin gland metabolome
leads to vast degradation of nucleic acids.

3 THE PROSPECTS OF INDUCTION
OF “LUPULIN“ METABOLOME
IN TISSUE CULTURES

Beside the use of intact transgenic plants of hop, there is theoreti-
cal assumption that TF technology enables efficient induction of lu-
pulin metabolome or its part in hop tissue cultures. The basic cultiva-
tion conditions for instance for callus induction have been described
in several papers also in connection to hop transformation methods
(e.g.. Rakousky and Matousek, 1994; Batista et al.,1996; Horleman
et al., 2003) and there is some view to use hop suspension cultures
described already in 1984 (Robbins and Ratcliffe, 1984). At the same
time in is the general fact that as a rule the biosynthesis of seconda-
ry metabolites is either very low or abolished in tissue cultures. For
instance, as follows from relatively complex analysis of transcriptome
and part of metabolome of chop nodal cultures (Fortes et al. 2008),
under the standard conditions there is no significant activation of the
complex of structural and regulatory genes that would lead to biosyn-
thesis of required hop/lupulin metabolites. Quite different status
could be true for instance for hop callus cultures derived directly from
tissues transformed with mono- or polycistronic vectors bearing
some lupulin-specific transcription factors under strong or inducible
promoters (Potenza et al., 2004). Thus, according to the concept of
metabolome engineering (e.g. Yu et al., 2000; Du et al., 2010) the
desired metabolome production could be achieved under aseptic
conditions i.e. using the contained GMO handling.

Its indubitable that the prospect of use of transgenic hop metabo-
lome in the future is connected to the basic research of lupulin bio-
synthesis now. The analysis of hop transgenic tissues is necessary
experimental tool to characterize function of activators as well as
suppressors of metabolic pathways not only for regulation of po-
lyphenols but also bitter acids and aromatic compounds within the
network. In connection to molecular markers of hop (Patzak et al.,
2007) these analyses will clearly improve our possibilities on the field
of classical genetic and breeding.
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