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1. B PREFACE

For the Czechs, beer is a part of their culture; a social bond between people; a national gold. At
the same time, beer contains human health-beneficial compounds, imparted into this drink by
the main aromatic ingredient in the process of brewing - hop cones. In the last decades, a branch
of the hop research focused on characterising the pathways of secondary metabolites contained
in cones and preparing future’s hop varieties with enhanced metabolite production via both
traditional breeding and genetic engineering.

Plant secondary pathways are regulated in a complex manner to produce a plethora of
metabolites in response to developmental, physiological, and pathogen-related signals. Besides
determining biological effects of hop secondary metabolites, there is also demand on knowledge
of their production mechanisms and regulation of producing enzymes. This dissertation
summarises the current knowledge on flavonoid pathways and proposes future perspectives of
hop research.
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2. #° INTRODUCTION / THEORETICAL BACKGROUND

2.1. N Biology and uses of hops

Hop (Humulus) is a genus of herbaceous plants belonging to the group Cannabaceae, which
includes also genera Cannabis (hemp) and Celtis (hackberries). Twining shoots of H. lupulus
typically reach the height of 2 to 15 metres and die back to cold-hardy rhizomes in autumn. Its
bines climb by growing clockwise around anything within reach, aided by downward-pointing
bristles developed along supporting strings.

The genus Humulus includes three species: annual H. japonicus (syn. H. scandens), and perennials
H. yunnanensis and H. lupulus. Based on morphological characteristics (such as number of lobes
on the leaves and hairs on the bine) and geographical distribution, there are five varieties of the
species H. lupulus: var. lupulus from Europe and Western Asia; var. cordifolius from Eastern Asia;
var. lupuloides (syn. H. americanus), var. neomexicanus, and var. pubescens from East, West and
midwest North America, respectively (Small 1978). North American and Japanese wild hops
resemble each other morphologically and genetically, suggesting a close relationship, while they
differ widely from European hops (Patzak and MatouSek 2011).

H. lupulus is native to temperate regions of the Northern Hemisphere; for use in brewing,
however, hop plants are grown in many parts of the world. Hop growing is limited by strict day
length and temperature (required for flowering and cone production) to regions around 35°
latitudes in both hemispheres. In 2011, the most significant regions of hop production (countries
with >1,000 ha) were (with decreasing acreage) Germany, the United States, Czechia, China,
Poland, Slovenia, and the United Kingdom. The largest area of production is in Germany (18,228
ha producing 38,110 metric tons), while Czechia with approximately one-quarter acreage
specialises in aroma hops production (98.4 % of the total area), mostly noble cultivar Saaz
(Barth 2012). Besides beer, hops are also used for flavour in some blended teas and carbonated
soft drinks. To a much lower extent, hops are also grown as seasonal delicacies, especially young
shoots and leaves, as ornamental plants, and for their medicinal and sleep-inducing effects. Hops
are also used in herbal medicine as a treatment for anxiety, restlessness, and insomnia.

The species are dioecious, although fertile monoecious individuals appear occasionally. Female
plants produce cone-like inflorescences with large number of highly metabolically active
glandular trichomes on the inner side of bracteoles, bracts, and strig, while masculine flowers
are arranged in panicles and develop fewer glands. Despite structural similarities of the cones of
individual Humulus species, only H. lupulus develops high quantity of lupulin glands (Neve
1991). Small number of lupulin glands also develops on vegetative organs, such as leaves (Fig.
1B) (Wang et al. 2008).

H. lupulus var. lupulus found their way into vast European areas after the last glaciations
(Murakami et al. 2006), and subsequently, owing to diverse desirable characteristics imparted
from cones to beer, gave rise to most cultivars of hops. Varieties "Brewers Gold" and "Northern
Brewer" were the first hop cultivars, bred around 1907 by Prof. E.F. Salmon (Lemmens 1998).
To date, there is commercial use of about 80 varieties in the world, and many more varieties are
in development. Flavour qualities, such as hoppy aroma (Goiris et al. 2002) and bitterness to
balance the sweetness of malt (Haseleu et al. 2010), bacteriostatic properties favouring the
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brewer’s yeast over less desirable microorganisms, and foam-stabilising effects (Hughes 2000),
all confer to the complex features of beer. Only female plants are grown and used extensively in
brewery; male hops are kept separated from female plants to prevent pollination, because seeds
developed in cones may cause undesirable off-flavour.

Fig. 1: Colourised electron microscan of hop leaves, lower sides. A hair trichome (A) and a lupulin gland
(peltate trichome) (B) on the surface are surrounded by epidermal cells and stomata. The bars represent 10

pum. Courtesy of Tomas Kocabek.

Hop-specific metabolites produced in cones include the terpenophenolic resin, comprised of
bitter acids and prenylflavonoids, and essential oils, a complex mixture of compounds produced
in the latter stages of the hop cone ripening, mostly mono- and sesquiterpenes (50-80 % of the
whole oil compounds; myrcene, farnesene, humulene, caryophyllene, and selinenes), terpene
alcohols (linalool and geraniol), esters, and carbonyl components (Lemmens 1998; Roberts et al.
2004). Terpenophenolics and essential oils of hops accumulate in two types of glandular
trichomes: large peltate cup-like glands composed of 100-200 cells (Fig. 1B); and much smaller
bulbous glands, containing eight cells at maturity (Sugiyama et al. 2006). Coinciding with the
growth and development of the peltate trichomes, hop secondary metabolites accumulate within
an intrawall cavity (De Keukeleire et al. 2003; 2007). The resulting mature gland is a biconal
structure, filled with secretions (Oliveira and Pais 1990; Kim and Mahlberg 2000; Sugiyama et al.
2006). In contrast to terpenophenolic-rich glandular trichomes, the green tissues of the bracts
and bracteoles contain a diverse set of polyphenolic constituents, including catechins, phenolic
acids, flavonol (quercetin and kaempferol) glycosides, and proanthocyanidins (PAs) (Kavalier et
al. 2011). The terpenophenolics determined by De Keukeleire et al. (2003) are present not only
in cones, but also in male inflorescences, albeit in low concentrations (Likens et al. 1978;
Haunold et al. 1993; De Keukeleire et al. 2003). Also, leaves of fully grown hops contain
detectable levels of hop acids (De Keukeleire et al. 2003), terpenes (Wang et al. 2008), and
flavonols (Sagesser and Deinzer 1996).

2.2. N Medicinal hops and metabolic engineering

Besides agronomy and folk medicine, hops were proven valuable also in biotechnology. It
follows from biological activities attributed to several identified beer constituents, as
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summarised by Gerhduser (2005). Cancer-preventive activities of hops include modulation of
carcinogen metabolism assayed in vitro as cytochrome P450 1A (CyplA) inhibition and
NAD(P)H:quinone reductase (QR) activation (Henderson et al. 2000; Gerhduser et al. 2002a).
Induction of apoptosis, cell differentiation (Gerhauser et al. 2002b), and reduced angiogenesis
(Bertl et al. 2004) also contribute to anti-cancerogenic effects of beer compounds, based on in
vivo tests. Further, anti-inflammatory activities were reported (Gerhauser et al. 2002a), assayed
as the rate of inducible nitric oxide synthase (iNOS) inhibition and cyclooxygenase 1 (Cox-1)
induction as a relevant in vitro marker (Gerhduser et al. 2003). Catechins/flavanols were
identified as good Cox-1 inhibitors, but only weakly interfering with Cyp1A and QR involved in
carcinogen metabolism, both indicators of elevated detoxification. In contrast, beer flavanones
were identified as effective inhibitors of Cyp1A and inductors of QR. Some compounds can affect
estrogen signalling (Milligan et al. 1999; Gerhauser et al. 2002b). Finally, antioxidant activities,
or reactive species quenching (Ghiselli et al. 2000; Miranda et al. 2000), were reported. Radical-
scavenging activity was shown for benzoic and cinnamic acid derivatives, catechins, dimeric and
trimeric PAs, and flavones (Gerhduser 2005). The results obtained suggest that the combination
of beer compounds enhances their biological effect because of different respective activity
profiles (Gerhduser 2005). Importantly, Gerhduser et al. (2002a) pointed out xanthohumol (XN)
as a compound demonstrating activity in most bioactivity screening assays.

Lupulin glands produce predominantly flavonoids of the chalcone type, with XN being the most
abundant (82-89%) of prenylated flavonoids in European hop varieties (Stevens et al. 1997). It
is because of the lack of isomerase activity, necessary for the efficient conversion of chalcones to
flavanones (see Chapter 2.3.1), although chalcone isomerase (CHI) transcripts were detected in
lupulin glands (Nagel et al. 2008). Still, the total content of prenylflavonoids in hops is low; in
most varieties the content of XN and desmethylxanthohumol (DMX) does not exceed 1 % (w/w)
of fully grown cone weight (De Keukeleire et al. 2003). Bitter acids accumulate to highest
contents in lupulin; particular hop varieties contain up to 19 % (w/w) of a-acids (super-a-hops).
The biosynthesis of bitter acids and prenylflavonoids involves common building blocks
including malonyl-CoA and dimethylallyl pyrophosphate (DMAPP) (Zuurbier et al. 1998; Okada
et al. 2001); hence, the respective pathways may be competitive. Importantly, each hop variety
exhibits individual accumulation rate of these metabolites (De Keukeleire et al. 2003). Specific
relative levels of major chemicals are rather genetically determined (De Keukeleire et al. 2003)
and reasonably constant within a variety, regardless of environment (De Cooman et al. 1998;
Heyerick et al. 2002). Therefore, traits may be selected and combined to produce suitable
cultivars (e.g. Nesvadba etal. 2011).

Largely independent breeding programmes around the world aspire to develop new and
improved cultivars with advantageous traits, such as higher yield, disease resistance, and resin
content and chemistry. One direction of hop breeding leads through marker-assisted selection of
germplasms, following searches for markers genetically linked with certain traits, e.g. pest and
fungus resistance (Weihrauch et al. 2009; Majer et al. 2012), or secondary metabolite content
(Patzak 2001; Patzak and Matou$ek 2011). Another direction may involve transformation of hop
material with either heterologous or homologous sequences, which proved promising for
secondary metabolome engineering.

Plant-breeding programs have led to the development of hop varieties that combine unusually
high concentrations of a-acids (super-a-hops) with greatly improved resistance against the most
relevant diseases (De Keukeleire et al. 2003). Conventional breeding methods however deal with
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many constraints, namely long duration, sexual incompatibility of produced lines, and
appearance of quality/chemical changes and unintended characteristics. Selection-based
breeding is also dependent on the effective utilisation of genetic diversity, which is,
unfortunately, limited among the major world’s hop cultivars (Jakse et al. 2001). Despite a long
cultivation history, current hop cultivars are derived from a narrow genetic source (Murakami et
al. 2006). Experimental approaches of material improvement include the enhancement of the
genetic potential of traditional cultivars, for instance, via hybridizing of European cultivars with
North American wild hops (Stajner et al. 2008).

Genetic transformation has become an established technology to produce single, accurate, and
rapid modifications of utilized cultivars, which may be preferred to the breeding of new cultivars
(Moir 2000). Very few reports on hop transformation have been published, partly because plant
regeneration systems are highly genotype-dependent (Batista et al. 2008). Transgenic hop
plants ‘Osvald’s clone 72’ (Oriniakova and Matousek 1996; Okada et al. 2003), ‘Tettnanger’
(Horlemann et al. 2003), and ’Aurora’ (Skof and Luthar 2005) containing gus reporter and/or
nptll selection genes were produced with the use of Agrobacterium tumefaciens-mediated
system. After that, transformation of hop ‘Tettnanger’ with a grapevine stilbene synthase (STS)
gene (Schwekendiek et al. 2007) and two genes encoding transcription factors (TFs) (Gatica-
Arias et al. 2012b; 2012a) was reported, using the system developed by Horlemann et al. (2003).
Several TF-transgenic lines have been produced by MatousSek and colleagues (unpublished). In
addition, biolistic transformation has proven to be a powerful and versatile technique with a
successful application to hops (Batista et al. 2008).

For the purpose of both marker-assisted selection and genetic modification, the understanding
of the variation in the genes of the biosynthetic pathways is instrumental. There is a lack of
information on hop flavonoid pathway network, but parallels may be deduced from other
models. The content and quality of secondary metabolites in the lupulin glands certainly
undergoes complex regulation; however, the similarity in regulation of plant models shows that
comparisons can be made across very divergent plant species in looking for common
mechanisms of regulation (Durbin 2003).

2.3. K Flavonoid pathways and their regulation in plants

Phenylpropanoids are synthesised during the normal development of plant tissues or in
response to stress, often compartmented to strategically important sites where they play a
signalling role and/or a direct role in defence (Wink 1997; Zhao and Dixon 2010): Their
presence not only accompanies plant stress responses upon variation of light or mineral
treatment, but also mediate resistance towards pathogens (La Camera et al. 2004). They
promote invasion of new habitats (Bais et al. 2003) and provide the biochemical aspects for
successful reproduction (Dudareva et al. 2004). Phenylpropanoid-based polymers, like lignin,
suberin, or condensed tannins, considerably contribute to the stability and robustness of plants
towards wounding or drought. Despite their classification as secondary metabolites,
phenylpropanoids turn out to be equivalently relevant to plant survival as photosynthesis or the
citrate cycle (Vogt 2010).

Flavonoids represent one of the largest classes of phenylpropanoids with approximately 10,000
structurally different members including flavonols, flavanols, stilbenes, and anthocyanins
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(Tahara 2007) (see Chapter 2.3.1.), synthesized from phenylpropanoid and acetate-derived
precursors into a common C6-C3-C6 scaffold (Fig. 2), except for the aurones and stilbenes.
Flavonoids are classified based upon the oxidation level of the central C heterocycle, the
substitution status of the cycles A and B, and additional modifications such as glycosylation,
acylation, and polymerisation.

The largest class of flavonoids, flavanols exist as
monomers, dimers, and polymers of eight monomers
per molecule on average, proanthocyanidins (PAs)
(Abrahams et al. 2003). The PAs accumulate in the seed
coat and are thought to function in controlling seed
longevity and dormancy, and in protection from
pathogens (Debeaujon et al. 2003). The concentration
and nature of PAs in leaves is also important to deter
herbivores (Aron and Kennedy 2008).

Fig. 2: A general structure and numbering
system for the flavonoids.

Another group of at least 400 flavonoid compounds are
the anthocyanins, the major red, purple and blue pigments, depending on pH, co-pigmentation,
metal cations, and covalent modifications (Grotewold 2006; Tanaka et al. 2009). Together with
aurones and terpenes, anthocyanins colour flowers, fruits, and pollen in order to attract
pollinators and seed dispersers (Winkel-Shirley 2001; Lepiniec et al. 2006).

The functions of developmental regulation and signalling to stress agents are largely restricted
to flavonols (Pollastri and Tattini 2011), notably quercetin and kaempferol. The flavonol
pathway has remained intact for millions of years as it yields metabolites with varied functional
roles to protect plants from diverse unpredictable injuries (Izhaki 2002). In development,
flavonoids serve as signalling molecules via modulation of auxin retention or transport (Murphy
et al. 2000; Brown et al. 2001; Buer and Muday 2004; Peer et al. 2004). In addition, flavonoid
aglycones have the capacity to regulate the activity of different protein kinases in animals
(Formica and Regelson 1995).

Flavonoids are synthesised in the cytosol and then mainly transported to the vacuole for storage.
They can also be found in cell walls, the nucleus, chloroplasts, and even in the extracellular
space, depending on the plant species, the tissue, or the stage of development (Hutzler et al.
1998; Kuras et al. 1999; Feucht et al. 2004), which may mirror their biological functions.

Flavones, flavonols, and anthocyanins accumulate as stress protectives in their glycosylated
form after an inductive light treatment in the vacuoles of epidermal cells, waxes, trichomes
(Graham 1998; Weisshaar and Jenkins 1998; Veit and Pauli 1999), and also in roots after
exposure to light (Hemm et al. 2004). Rather than absorbing UV-B light (Ormrod et al. 1995;
Olsson et al. 1998; Solovchenko and Schmitz-Eiberger 2003), flavonoids reduce reactive oxygen
species (ROS) formed as a consequence of UV-B penetration in ROS-generating cells (Pollastri
and Tattini 2011). Likewise, anthocyanins accumulate upon cold stress in seedlings of maize and
Arabidopsis thaliana (Christie et al. 1994; Leyva et al. 1995) and berries of grape (Mori et al.
2005).

In plant-microorganism interactions, many flavonoids exhibit antimicrobial and pesticide
properties, by acting as a repellent, and inhibiting growth and development of pests (Dixon et al.
2002; Chong et al. 2009). Stilbenes have been shown in vitro to have antifungal activity and
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overexpression of STS in different species led in most cases to an increased disease resistance
against pathogenic fungi (Thomzik et al. 1997; Leckband and Lorz 1998; Hipskind and Paiva
2000; Schwekendiek et al. 2007). (Iso)Flavonoids may, however, promote positive signals of
rhizobial symbiosis (Bhattacharya et al. 2010).

2.3.1. B The flavonoid biochemical pathway

Ho. 0 P-o OHH H The plant shikimate pathway is the

+ source of flavonoid and other

"o i oH © henyl id It
phosphoenolpyruvate { erythrose-4-phosphate p en.y .propan01. precursors. S
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HO,_y—oH , regulation have been investigated

o 3-deoxy-D-arabino-heptulosonate- ] ]

o -7-phosphate for decades (Schmid and Amrhein

P o OH 1995) (Fig. 3). Regulation of the

o. OH ! O._OH pathway is accomplished at

i multiple levels: transcriptional

. ' v control was shown for 3-deoxy-D-

O OH _.~ .
o \\ - NH, arabinose-heptulosonate synthase
p-hydroxybenzoate p-aminobenzoate (Herrmann and Weaver 1999),
. on%O while arogenate and prephenate
~“  OH OH 1

NH, & ! chorismate NH, dehydratase are inhibited by

0 ':' “a o phenylalanine, one of the end-

OH NH, A\ H products of the pathway (Yamada et

°© N al. 2008). The individual shikimate

phenylalanine OH pathway genes respond to changes
tyrosine tryptophan iFl light or nutrient content in a

OH tightly regulated manner and more

Fig. 3: The main compounds of the plastid shikimate pathway. complexly than the transcriptional
responses of the genes of

phenylpropanoid and flavonoid pathway, encoding phenylalanine ammonia lyase (PAL) or
chalcone synthase (CHS) (Lillo et al. 2008). The regulation of this pathway will not be discussed
in detail in this work.

The general phenylpropanoid pathway directs the carbon flow from the shikimate pathway to
result in coumaroyl-CoA, the substrate for all subsequent phenylpropanoid branches and
resulting metabolites (Fig. 4). The initial three steps of the pathway are catalyzed by PAL,
cinnamate 4-hydroxylase (C4H), and 4-coumaroyl CoA-Ligase (4-CL). Tyrosine ammonia lyase
(TAL) provides an efficient shortcut by circumventing the problematic cytochrome P450
hydroxylase C4H. PAL and TAL catalyze the non-oxidative deamination of phenylalanine and
tyrosine to yield trans-cinnamate and 4-coumarate, respectively. Several copies of the PAL-genes
are found in all plant species, comprising four genes in Arabidopsis, five in poplar and nine in rice
(according to UniprotKB database) (UniProt Consortium 2012). TAL genes have been identified
in strawberry only, while monocots take advantage of PAL/TAL that is able to utilize both
phenylalanine and tyrosine as substrate (Rosler et al. 1997). 4-hydroxylation of trans-cinnamate
to 4-coumarate is encoded by a single gene encoding Arabidopsis C4H/CYP73A5. The subsequent
step, encoded by the small gene family of four 4-CLs in Arabidopsis (five members in rice),
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channels the resulting aromatic CoA-esters to different biosynthetic pathways. 4-coumaroyl CoA
probably represents an important branchpoint within the general phenylpropanoid biosynthesis
in plants, as it is the direct precursor for flavonoid and lignin branches.

The structural diversity of flavonoids is afterwards achieved by action of enzymes and enzyme
complexes that bring about regio-specific condensation, cyclisation, aromatisation,
hydroxylation, glycosylation, acylation, prenylation, sulfation, and methylation reactions on
many positions along their backbone molecule (Fig. 2). The enzymes that catalyse these
reactions often belong to large gene families, which can be recognized in expressed sequence tag
(EST) and genome datasets through family-specific conserved sequence motifs (Naoumkina et
al. 2010).

CHS is the key enzyme synthesizing naringenin chalcone, the flavonoid backbone, by
condensation of 4-coumaroyl-CoA and malonyl-CoA moieties. CHS enzymes belong to the
polyketide synthase type III superfamily (PKSIII), share high homology with enzymes found in
several bacterial genomes (Moore et al. 2002; Austin and Noel 2003), and are distant relatives to
the 3-ketoacyl synthases and thiolase enzymes of fatty acid metabolism (Schroder 1997). PKSIII
enzymes differ by substrate specificities and the number of condensation repetitions, while the
reaction mechanisms are essentially alike. In CHS as an example, the architecture of the active
site determines how substrate preference is determined (by residues in the coumaroyl binding
pocket), and the cyclisation pocket limits the number of acetate additions and controls the
stereochemistry of the endproduct (Ferrer et al. 1999). Site-directed mutagenesis of CHS and
structural data support these models (Jez et al. 2000; Suh et al. 2000; Lukacin et al. 2001). STS
performs the reaction similarly to CHS, but folds the polyketide intermediate in a different way
to release CO; and yield a stilbene backbone (Fig. 4) (Tropf et al. 1995).

Chalcone isomerases (CHIs) catalyse the stereospecific isomerisation of chalcones into their
corresponding flavanones (Shimada et al. 2003) via an intramolecular lyase reaction resulting in
the formation of ring C (Jez and Noel 2002), though this reaction occurs spontaneously in a
lower rate. A. thaliana and petunia contain 2 and 3 genes encoding CHI, respectively (UniProt
Consortium 2012).

Hydroxylation of flavonoid skeletons is important in the biosynthesis of complex flavonoids,
accomplished by cytochrome P450 hydroxylases (flavonoid 3’ hydroxylase F3’H, flavonoid 3’5’
hydroxylase F3’'5’H, flavone synthase II FSII, isoflavone synthase IFS, and isoflavone 2’
hydroxylase [2’H) and oxoglutarate-dependent dioxygenases (flavanone 3-dioxygenase F3H,
flavonol synthase FLS, flavone synthase I FSI, and leucoanthocyanidin dioxygenase LDOX).
Addition of hydroxyl groups determines anthocyanin colour, enhances flavonoid stability and
solubility, and increases metal-binding (and thus ROS scavenging) and UV-absorbing properties
(reviewed in Heim et al. 2002). F3H, F3’H, FLS, and LDOX are encoded by a single gene in
Arabidopsis, maize, and petunia. Flavonoid skeletons are also modified by several NADPH-
dependent reductases (anthocyanidin reductase ANR, dihydroflavonol 4-reductase DFR,
leucoanthocyanidin reductase LAR, and isoflavone reductase IFR).

Most acyl-, glycosyl-, and methyltransferases identified up to now exhibit overlapping or
promiscuous substrate specificities in vitro (Bowles et al. 2006; Vogt 2010). Sugar transfer to
flavonoid skeleton lessens the toxic effects of aglycones to host plant. However, flavonoid
aglycones (often those involved in defence responses) may possess biological function, and their
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sugar moiety is removed by highly regulated deglycosylation enzymes once flavonoid glycosides
reach their final destination to exert their function (Beckman 2000). Enzymatic O-methylation of
flavonoids is catalysed by O-methyltransferases (OMTs), which transfer a methyl group from S-
adenosyl-L-methionine to a hydroxyl moiety of the acceptor molecule. The prenylation of
flavonoids enhances their antibacterial, antifungal and other biological activities by increasing
their lipophilicity and membrane permeability (Sohn et al. 2004).

At least a part - and possibly the entire - flavonoid pathway is likely associated with the
cytoplasmic surface of endoplasmic reticulum as a multi-enzyme complex (Winkel 2004). PAL
and a flavonoid glucosyltransferase, the first and the last enzyme of the pathway, respectively,
are located in the lumen of the endoplasmic reticulum. C4H is membrane-embedded, while other
enzyme activities appear to be weakly associated with the cytoplasmic face of endoplasmic
reticulum membranes (Hrazdina and Wagner 1985). The channeling of metabolic intermediates
through multi-enzyme complexes without their release into general metabolic pools can provide
not only the most effective utilisation of (unstable) intermediates in biosynthetic reactions, but
also for controlling flux among the multiple pathway branches, often concurrently functional in
the same cell. F3’H is proposed to be the membrane anchor for the flavonoid pathway, since CHS
and CHI do not co-localise in f3’h mutant compared to the wild type (Saslowsky and Winkel-
Shirley 2001). Following synthesis, flavonoids are transported to the vacuolar compartment by a
combination of transporters (Goodman et al. 2004) and vesicles (Lin et al. 2003) and may be
decompartmented upon appropriate signals (Beckman 2000).

2.3.2. B Flavonoid pathway regulation

Coordinate transcriptional control of biosynthetic genes emerges as a major mechanism
determining the flavonoid metabolic profiles in plant cells. This regulation of biosynthetic
pathways is achieved by specific TFs, sequence-specific DNA-binding proteins that interact with
the promoter regions of target genes, and modulate the rate of mRNA synthesis. These proteins
regulate gene transcription depending on cellular identity, tissue type, in response to internal
signals, for example plant hormones, and/or to external signals such as microbial elicitors or UV
light, usually in a complex and interconnected manner (Vom Endt et al. 2002). The picture of
regulation suggests interplay of various types of regulatory genes acting to regulate not only the
flavonoid pathway but sometimes also other seemingly unrelated pathways (Durbin 2003).

Genes of the flavonoid pathway are often referred to as “early” or “late” genes depending on
how the genes are regulated. In Arabidopsis, Antirrhinum, and petunia, early biosynthesis genes
common to different flavonoid branches such as CHS, CHI, F3H, and F3’H are induced prior to late
biosynthesis genes such as DFR, LDOX, ANR, and UDP-glucose:flavonoid 3-0-glucosyltransferase
(UF3GT) (Pelletier and Shirley 1996). Regulators belonging to different transcription factor
families, including R2ZR3-MYB, bHLH, WD40, WRKY, BZIP, and MADS-box factors, are involved in
the transcriptional control of flavonoid biosynthesis genes. Many of these have been identified
by genetic studies in Arabidopsis, maize, petunia, Antirrhinum, and other plants. For clarity
reasons, this work concentrates mainly on Arabidopsis flavonoid regulation.
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§ MYB

Proteins containing R2R3-MYB domains constitute an important superfamily of transcription
factors characteristic by a DNA-binding MYB domain, with a C-terminal region regulating gene
expression. MYB TFs bind to different pathway-specific MYB-binding sites (BS), some of them
showing certain flexibility (Romero et al. 1998; Jin and Martin 1999). Yanhui et al. (2006) have
identified 126 R2R3-MYB genes classified into 25 subgroups in the Arabidopsis genome (Kranz
et al. 1998; Stracke et al. 2001), where they control one or multiple stimuli: metabolism, cell
morphogenesis and cell cycle, development, stress signaling, and disease-resistance (reviewed
in Du et al. 2009). Numerous pathway-specific regulators have been identified, as reviewed by
Dubos et al. (2010). Most of MYB TFs involved in flavonoid pathway belong to subgroups (SG) 3-
7. In Arabidopsis for instance, AtMYB11/PFG2 (Production of Flavonol Glycosides2),
AtMYB12/PFG1 and AtMYB111/PFG3 (SG7) control flavonol biosynthesis in all tissues (Stracke
et al. 2007), AtMYB75/PAP1 (Production of Anthocyanin Pigmentl), AtMYB90/PAP2,
AtMYB113 and AtMYB114 (SG6) control anthocyanin biosynthesis in vegetative tissues
(Gonzalez et al. 2008), and AtMYB123/TT2 (Transparent Testa2) (SG5) control the biosynthesis
of PAs in the seed coat of Arabidopsis (Baudry et al. 2004). The regulators of the PA and
anthocyanin pathways display the [D/E]Lx2[R/K]x3LxcLx3R motif necessary for interaction with
bHLH transcription factors in their R3 repeat (Grotewold et al. 2000; Zimmermann et al. 2004),
while MYB TFs controlling flavonol biosynthesis share the SG7
[K/R][R/x][R/K]xGRT[S/X][R/G]x2[M/x]K and the SG7-2 [W/x][L/x]LS motifs in their C-
terminal end (Stracke et al. 2001; Czemmel et al. 2009). However, not all flavonoid pathway
regulators meet this classification perfectly (Stushnoff et al. 2010).

B bHLH

The bHLH TF family has also been associated with a range of functions in plants, frequently in
conjunction with MYBs (Ramsay and Glover 2005). The bHLH TFs are named thus regarding
their 16-aa basic (b) domain containing basic amino acids followed by two regions of
hydrophobic a-Helices separated by a variable stabilising Loop (HLH). The basic domain is
essential for DNA binding, recognising the G-box consensus BS (Li et al. 2006) sometimes
concurrently with 3’ flanking sequences (Shimizu et al. 1997); bHLH factors lacking this domain
act as repressors (Toledo-Ortiz et al. 2003). HLH helices are involved in homo- and
heterodimerisation; the loop and the second helix may also be involved in DNA binding. They
constitute an ancient class of eukaryotic TFs that are found in fungi, plants, and metazoans. In
Arabidopsis, there are 162 bHLH TF-encoding genes divided into 12 subgroups (Bailey et al.
2003; Heim et al. 2003), while rice encodes 167 bHLH TFs (Li et al. 2006); they regulate many
cellular processes such as development of floral organs, photomorphogenesis, fate of epidermal
cells such as trichomes, root hair, and stomata, hormonal response, and metal homeostasis
(reviewed in Feller et al. 2011). Roles of TFs AtbHLH42/TT8 (Transparent Testa8),
AtbHLH1/GL3 (Glabra3), and AtbHLH2/EGL3 (Enhancer of Glabra3) functionally overlap in
anthocyanin production and trichome development of Arabidopsis (Bernhardt et al. 2003; Zhang
et al. 2003). bHLH factors from the same subgroup share a similar sequence length, the position
of the bHLH domain, and specific regions outside this domain. Flavonoid pathway regulators
from group IIIf (Heim et al. 2003) share several common features: the N-terminal side (200 aa)
is involved in the interaction with MYB transcription factors; the following 200 amino acids
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often include an acidic region necessary for interaction with WD40 proteins and/or the RNA Pol
Il complex; and the bHLH domain itself and the C-terminal region are known to participate in
homodimer or heterodimer formation (Ferré-d'Amaré et al. 1993; Payne et al. 2000; Zhang et al.
2003; Pattanaik et al. 2008).

I o MYB and bHLH proteins often interact to

o l, pipapt/2mveity tasasaes | PTOMOtE target gene expression (Fig. 5).
cinamate AMYBLL/12/111 ACTT2Z+AETTBHACTTGL Examples of functional combinations

can PHANZ+PRANLPRANLL include AtMYB123/TT2 (Nesi et al. 2001)

oo erste that interacts with TT8 (Nesi et al. 2000)

2 “Cly o to activate the PA branch genes DFR, ANR,
% et ma‘iny_ - and the gene encoding the multidrug and
) °“Sliu toxic compound extrusion (MATE)-type
chalcone transporter TT12. Between anthocyanin-

c“'il related MYBs and bHLHs, interactions

T pr ool T priohaphenes were shown for the maize ZmC1 MYB and

L Fs”’Fz:mﬂmm e, ZmB/ZmR bHLH TFs, the petunia

B DFRul FLS Anthocyanin2 (AN2) MYB and AN1 and

g lucoanifocyanidne ~ JAF13 bHLHs, and the Antirrhinum Ros],
o '-Doxul flavan-2-ols Ros2 and Ve MYBs and the Mut and Del
: anthooyanidins ~ ANR bHLHs (Goff et al. 1992; Goodrich et al.
| )] 1992; Mol et al. 1998; Schwinn et al.
Foeyenne 2006). The binding characteristics may

Fig 5. Regulatory factors of early and late genes of diverge for TF(s) and target gene
flavonoid pathway. Dashed arrows are shown for genes | COmbinations.  Co-expression —of  the
upregulated in  plants overexpressing PAP1, | Petunia AN2-JAF13 or Arabidopsis TT2-
unconfirmed by detailed expression studies (Gonzalez | TT8 is necessary to bind and activate
el al. 2008). Spinacia oleracea DFR promoter; however,
the JAF13 and TT8 proteins can also

individually bind the SoLDOX and AtDFR promoters (Shimada et al. 2007). Together, these
results indicate that the bHLH proteins can bind DNA either alone or as a dimer with MYB,
depending on the target promoter.

E WDR

Besides the bHLH TFs, R2R3-MYBs often form complexes with a WDR protein, such as
Transparent Testa Glabral (TTG1). WD40 proteins are characterised by a peptide motif of 44-
60 amino acids, typically delimited by the GH dipeptide 11-24 residues from the N-terminus and
the WD dipeptide on the C-terminus (Smith et al. 1999). This motif can be tandemly repeated 4-
16 times within a given protein forming a higher-order (-propeller structure; a large majority of
Arabidopsis WDR TFs exhibit 4 or more WD repeats (van Nocker and Ludwig 2003). WDR
proteins take part in multitude of cellular processes, including cell division, vesicle formation
and trafficking, signal transduction, transcription, and RNA processing (van Nocker and Ludwig
2003). They are not thought to bind DNA, but rather enhance transcription through
modifications of the histone proteins and chromatin remodelling (Suganuma et al. 2008; Zhu et
al. 2008). In addition, they seem to be a docking platform, as they can interact with several
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proteins simultaneously (van Nocker and Ludwig 2003). Only TTG1 was clearly demonstrated to
bind the promoter of AtTTG2 encoding a WRKY TF mainly involved in trichome patterning (Zhao
et al. 2008). Their functional versatility is dependent on the available protein partners present in
the cells at a given developmental stage (Fig. 6). The fine regulation of flavonoid biosynthesis is
hence achieved by combinatorial action(s) of TFs, expressed in a spatially and temporally
controlled manner (reviewed in Hichri et al. 2011).

B MBW complexes

MYB-bHLH-WDR (MBW) transcription complexes regulate flavonoid biosynthesis as has been
clearly demonstrated for A. thaliana and petunia complexes TT2-TT8-TTG1 and AN2-AN1-AN11,
respectively. The TT2-TT8-TTG1 complex regulates PA accumulation in the seed coat
(Debeaujon et al. 2003; Baudry et al. 2004), PAP1-EGL3-TTG1 induces the anthocyanin pathway
(Zhang et al. 2003), while the GL1-GL3/EGL3/TT8-TTG1 complex (the bHLH TFs show an
overlapping action) controls trichome development (Fig. 6) (Payne et al. 2000; Zhang et al. 2003;
Maes et al. 2008). The AN2-AN1-AN11 complex controls the anthocyanin accumulation in
petunia (Quattrocchio et al. 1993; deVetten et al. 1997; Spelt et al. 2000), while another MYB,
PH4 is recruited by AN1-AN11 to control the vacuolar pH (Quattrocchio et al. 2006). MBW
complexes were implicated in anthocyanin pathway regulation also in grapevine, pea, Lotus
japonicus, and Pyrus pyrifolia (Hellens et al. 2010; Matus et al. 2010; Yoshida et al. 2010; Zhang
et al. 2011). The flavonol biosynthesis itself, however, is regulated by MYB factors lacking the
motif for interaction with bHLH proteins. AtMYB11, AtMYB12, and AtMYB111 activate on their
own the early genes CHS, CHI, F3H, and FLS expression, but neither DFR nor UFGT late gene
expression (Stracke et al. 2007).

The MBW complex is highly organised and each subunit fulfils a specific function such as
recognition of target DNA, activation of expression, or stabilisation of the TF complex. The WDR
component stabilises the complex, since it further enhances the DFR activation of the TT2-TT8
dyad (Baudry et al. 2004). The subcellular localisation of the complex itself may be determined
upon components interaction. For instance, WD40 proteins seem to be translocated into the
nucleus upon interaction with a bHLH protein. PFWD and AN11 WDR proteins reside in the
cytosol (deVetten et al. 1997; Sompornpailin et al. 2002), while co-expression of MYC-RP bHLH
mediates PFWD transport to the nucleus (Sompornpailin et al. 2002). In addition, TTG1 and GL1

Arabidopsis thaliana Petunia hybrida
PA Anthocyanin Trichome PA Anthocyanin pH
WDR TTG1 AN11
bHLH o G3/Ees R
R2R3 MYB TT2 PAP1/2 GL1 AN2/AN4 PH4

R3 MYB MYBL2 CPC

Fig. 6: Regulatory proteins controlling flavonoid accumulation and related signaling in Arabidopsis and
petunia via MBW complexes. For abbreviations, see text.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |14



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

TFs are required for the proper subnuclear distribution of GL3 (Zhao et al. 2008). The above
mentioned examples suggest that since WD40 and bHLH TFs participate in general and
overlapping functions, the target gene specificity seems to be conferred by the MYB component.

B Additional regulators

While MYB, bHLH, and WDR proteins play major roles in flavonoid pathway regulation,
additional TFs take part in this complex network. A combinatorial interaction towards
coordinated expression of flavonoid pathway genes was shown in the work of Hartmann et al.
(2005), guided by MYB, bHLH, and bZIP BSs.

Proteins with a basic DNA-binding domain and a leucine zipper dimerisation motif (bZIPs) are
present in all eukaryotes analysed to date. A. thaliana genome encodes 75 bZIP factors (Jakoby
et al. 2002) regulating diverse biological processes such as pathogen defence, light and stress
signalling, seed maturation, and flower development. Cooperating with MYB factors, they
mediate light-responsiveness of CHS, F3H, and FLS promoters via a light-response unit (LRU) BS
(Hartmann et al. 1998; Czemmel et al. 2009), different from the site combination recognised by
MBW complexes.

A. thaliana encodes 107 MADS family members, mostly involved in the regulation of flower-
related physiological and developmental processes (Parenicova 2003), meristem identity, root
development, and fruit dehiscence (Theissen et al. 2000). These proteins share a conserved
MADS DNA-binding domain (DBD) binding to the CArG-box (West et al. 1997). An Arabidopsis B-
sister MADS is required for DFR expression in seed PA pathway, acting upstream of TT2 MYB
factor (Nesi et al. 2002).

The WRKY superfamily consists of 72 members in A. thaliana (http://www.arabidopsis.org/
browse/genefamily/WRKY.jsp). Members of this family contain at least one conserved WRKY
domain, comprising the highly conserved WRKYGQK peptide sequence, and a zinc finger motif,
that generally binds to the W-box DNA element, although alternative BSs have been identified
(e.g. van Verk et al. 2008). WRKY factors are crucial in defence response and pathogen resistance
(reviewed in Eulgem and Somssich 2007). TTG2 WRKY is involved in PA pathway, downstream
of the PAP1/PAP2/TT2-GL3/EGL3-TTG1 complexes (Tohge et al. 2005; Ishida et al. 2007) that
directly activate TTGZ expression.

B Regulation of regulators

Plants modulate the expression levels of these regulators to fine-tune flavonoid accumulation.
The response cascades of several environmental and developmental cues are briefly
summarised in this subchapter.

Light is a key environmental stimulus for flavonoid biosynthesis. Arabidopsis utilises more than
three independent photoreceptor systems, perceiving the red/far-red (phytochromes, PHYA-E),
blue/UV-A (cryptochromes, CRY1 and CRY2) and UV-B (UVB-Resistance 8, UVR8) fractions.
Apart from light spectrum sensing through photoreceptors, plants use the photosynthetic
electron transfer chain to integrate light information (both the quantity and quality) and
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regulate flavonoid pathway genes (Cominelli et al. 2008; Das et al. 2011), together with the plant
hormone ethylene and plant hormone-like sugars (Leon and Sheen 2003). Elongated Hypocotyl
(HY5) and HY5-Homolog (HYH) serve as points of convergence for UVR8 (Brown and Jenkins
2008; Favory et al. 2009), PHY, and CRY signalling (Gyula et al. 2003). This way, the light-
response system can adjust balance of photomorphogenesis and high light-responsive pathways.
HY5 and HYH function as positive components controlling several important genes (Tohge et al.
2011), suggesting that the complex structure of light signalling cascades allows adaption to
severe changes of light intensity: AtMYB111, AtMYB12, and PAP1 are regulators of
flavonol/anthocyanin pathways (Tohge et al. 2005; Stracke et al. 2007); Early Light-Inducible
Protein 1 (ELIP1) is a major light-responsive protein mediating tolerance to photoinhibition and
photooxidative stress (Rossini et al. 2006); AtMYB4 is a negative regulator of an early
phenylpropanoid step, C4H (Jin et al. 2000; Hemm et al. 2001). In addition, HY5 and
Phytochrome-Interacting Factor3 (PIF3) bHLH positively regulate anthocyanin biosynthesis,
binding directly to the promoters of anthocyanin structural genes such as CHS, CHI, F3H, F3’H,
DFR, and LDOX (Lee et al. 2007; Shin et al. 2007).

Sugar is a common regulator for the expression of genes encoding metabolic enzymes and
proteins involved in photosynthesis, carbohydrate metabolism, pathogenesis (Rolland et al.
2002), and anthocyanin biosynthesis (Mita et al. 1997; Baier et al. 2004). Sucrose induced CHS
(Tsukaya et al. 1991; Takeuchi et al. 1994), DFR, and LDOX (Gollop et al. 2001; Gollop et al. 2002)
expression, possibly via PAPI upregulation (Lloyd and Zakhleniuk 2004; Teng et al. 2005;
Solfanelli et al. 2006). In contrast, sucrose inhibited flavonol accumulation in hypocotyl and
cotyledons. Solfanelli et al. (2006) also indicated that sucrose-induced anthocyanin
accumulation is sensed either by sucrose transporters (SUCs) or proteins closely associated with
SUCs (Lalonde et al. 1999) and the signal is transferred via a sucrose-specific pathway (reviewed
in Rolland et al. 2002). The regulatory roles of other genes cannot be ruled out (Solfanelli et al.
2006).

Another important player in the flavonoid induction is the HY5-independent negative regulation
by ethylene (Jeong et al. 2010). This might be a mechanism to balance between carbon
assimilation and anthocyanin accumulation in target tissues via the suppression of light- and
sugar-induced anthocyanin pigmentation (Das et al. 2011). Ethylene was shown to modulate
anthocyanin accumulation in response to phosphate starvation (Lei et al. 2011), interplaying
with DELLA growth repressors and gibberelic acid (Jiang et al. 2007). These suppressions were
shown to be mediated through regulation of the transcription factors of the MBW complex
components such as PAP1, GL3, and EGL3. Ethylene maintains anthocyanin pigmentation in
Arabidopsis leaves through the upregulation of MYBL2 at the transcriptional level (Jeong et al.
2010), rendering the MBW complex inactive (see below).

Cold stress induces flavonoid pathway genes, as observed for instance in maize, A. thaliana,
grapevine, purple kale, and strawberry (Christie et al. 1994; Leyva et al. 1995; Mori et al. 2005;
Feng et al. 2011; Koehler et al. 2012; Zhang et al. 2012). In grape, the individual enzyme-
encoding genes respond differentially to the cold stress during berry development/veraison
(Mori et al. 2005). A key role of light in cold-induced flavonoid accumulation is plausible, since
PAL and CHS expression is light-dependent (Leyva et al. 1995). However, the exact signalling
pathway is not known to date, except the involvement of PAP1 and TT8 homologs from apple
and Brassica oleracea (Ban et al. 2007; Zhang et al. 2012).
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Besides abiotic stresses, flavonoid biosynthesis genes are responsive to elicitation by microbial
signal molecules (Bhattacharya et al. 2010) and pathogen-responsive genes (Lozoya et al. 1991).
PAL and 4CL are induced, but CHS is silenced rapidly upon elicitor signal (Lozoya et al. 1991). A
number of common cis-acting elements have been identified in the promoters of PR genes; for
instance, the GCC box function as an ethylene-responsive element that is specifically bound by
AP2/ERF (Apetala2/Ethylene Responsive Factors)-domain TFs from Arabidopsis (Stepanova and
Ecker 2000). Ethylene seems to integrate these elicitor-responsive processes, including
pathways leading to phenolics accumulation (Beckman 2000; Lee et al. 2009).

As discussed above, the deposition of PA oligomers in the seed coat of Arabidopsis is
developmentally regulated upon a MADS signal by MBW complexes (Nesi et al. 2002; Baudry et
al. 2004). ABI3 (ABA-Insensitive3) is also involved in the expressional activation of downstream
TFs (such as AN2 MYB) in seed and flower development and flavonoid accumulation (Kardailsky
et al. 1999; Kurup et al. 2000; Suzuki et al. 2003).

Small RNAs are also important regulators of TF gene expression. MYB genes are targets to both
microRNAs (miRNAs) and trans-acting, silencing RNAs (ta-siRNAs). miR828 down-regulates
AtMYB113, involved in anthocyanin biosynthesis. This MYB is also targeted by TAS4-siR81, a
dominant ta-siRNA, along with PAP1 and PAP2 (Rajagopalan et al. 2006). miR858 targets
AtMYB13, -20, and -111, regulating stress responses, secondary cell wall biogenesis, and flavonol
biosynthesis, respectively (Addo-Quaye et al. 2008). Furthermore, miR156-targeted SPL9
(Squamosa Promoter-Binding-Like Protein9) gene activity has recently been coupled to MBW
complex destabilisation within the developing Arabidopsis shoot (Gou et al. 2011).

After an initial signal from signal-transducing cascades, the expression level of TF genes is often
controlled by complex interactions. For instance, TT8 forms complex with TTG1 and MYB TFs
(TT2 or PAP1) to enhance its own transcription (Tohge et al. 2005; Baudry et al. 2006), in
addition to the PAP1-GL3 dimer that also regulates TT8 expression (Baudry et al. 2006). In
petunia, the MYB TFs AN2 and AN4 regulate AN1 expression, without affecting JAF13
(Quattrocchio et al. 1998; Spelt et al. 2000). A repressive loop has been described in grape.
Overexpression of the specific both anthocyanin and PA regulators, VIMYBA1 and VvMYBPAZ
respectively (Cutanda-Perez et al. 2009; Terrier et al. 2009), induces the expression of a C2 MYB
repressor.

These regulatory interactions may as well include auto-regulation. PCWRKY1 binds the W box
elements within the promoters of parsley PR1 genes in vitro. However, it also binds a specific
arrangement of W boxes in its own promoter augmenting its own expression in response to
elicitation, which is necessary and sufficient for early pathogen-responsive activation (Eulgem et
al. 1999). In red-fleshed apples, MAMYB10 also binds to and trans-activates its own promoter,
where a minisatellite forms an autoregulatory element, comprising five direct repeats of a 23-
base element, each one predicted to contain a MYB-BS (Espley et al. 2009).

Despite the activities of most TFs are controlled at the transcriptional level, the activity of some
can be regulated by post-translational modifications and/or interactions with various proteins.
Post-translational modifications of proteins include phosphorylation, acetylation, hydroxylation,
nitrosylation, gluthathiolation, intra- and intermolecular S-S bridge formation, myristoylation,
farnesylation, ubiquitination, or glycosylation. TF modifications may alter protein conformation,
allow interaction with other regulatory proteins, or affect subcellular localisation. These changes
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in turn can affect DNA binding affinity, activation potential, nuclear localisation and/or protein
stability. Post-translational modifications in plants are mostly occurring upon TFs acting early in
regulatory cascades of light- (Hardtke and Deng 2000), cell cycle-, and stress-response signalling
(Schutze et al. 2008; Ishihama and Yoshioka 2012) with consequences for the flavonoid
pathway. Indeed, the DNA-binding affinity of an A. majus flavonoid regulator AmMYB340 was
shown to be negatively affected by phosphorylation (Moyano et al. 1996) via a unknown
mechanism. In addition, the transcriptional activity of several MYB proteins related to cell cycle
regulation is positively affected by phosphorylation (Dubos et al. 2010 and references therein).
Intramolecular S-S bond formation under oxidizing conditions prevents DNA binding of maize
P1 (Heine et al. 2004) and is predicted for Arabidopsis MYB11, MYB12, and MYB111.

Protein-protein interactions may also regulate TF activity. An example already discussed here is
the interaction between MYB, bHLH and WDR TFs. Interactions between TFs may stabilise their
interaction with target promoters and/or may have synergistic effects on transcription rate.
Negative regulation may occur as nuclear exclusion upon interaction with a 14-3-3 regulatory
protein partner (Igarashi et al. 2001). The single-repeat R3-MYB proteins MYBL2 and Caprice
are negative regulators of anthocyanin biosynthesis. In addition to being regulated
developmentally, their expression also depends upon environmental cues such as high light
levels and, presumably, nitrogen deficiency (Dubos et al. 2008; Matsui et al. 2008; Zhu et al.
2009). MYBL2 and Caprice are thought to inhibit anthocyanin biosynthesis by outcompeting
positive R2R3-Myb regulators to form an inactive complex, MYBL2/CPC-bHLH-TTG1 (L2BW).
Hence, the anthocyanin content in a specific cell type is proposed to be regulated by a balance
between MBW and L2BW complexes (Dubos et al. 2008; Zhang et al. 2009; Zhu et al. 2009).

TF abundance can also be regulated by adjustment of protein turnover rate. Protein stability is
often regulated via covalent modifications such as phosphorylation and/or ubiquitination,
and/or via interaction with other proteins (Vom Endt et al. 2002). An example of regulation by
specific proteolysis combined with phosphorylation is given by HY5. Constitutive
Photomorphogenesisl (COP1) is an E3-ubiquitin ligase that is localised to the nucleus under
dark conditions and marks unphosphorylated HY5 for degradation (Hardtke and Deng 2000).
The activity of casein kinase Il maintains a small pool of phosphorylated HY5 that is less
susceptible to degradation but physiologically inactive. Upon light stimulus, COP1 is excluded
from the nucleus and the HY5-related casein kinase II activity is reduced (Hardtke and Deng
2000), resulting in an increase of active unphosphorylated HY5 level and the activation of its
target genes.

2.4. N Secondary pathways of hops

The biosynthesis of prenylchalcones such as XN represents a diverged branch from the general
flavonoid pathway of plants. As described above, naringenin chalcone represents the first
intermediate of the pathway, often rapidly cyclised to naringenin by CHI. This standard route is
functional in hop tissues, such as leaves, stems, and cone bracts, as shown by their content of
flavonols, PAs, and anthocyanins (Sdgesser and Deinzer 1996), but it appears repressed in
lupulin glands (Stevens et al. 1997). Despite advances in hop-specific metabolite research, the
knowledge about metabolic activities in lupulin glands remains incomplete.
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By initiative of several laboratories worldwide (Fortes, Jeltsch, Page, JakSe, Xuechun), the hop
EST database has broadened considerably to contain valuable information. Nagel et al. (2008)
extracted the counts of ESTs corresponding to identifiable enzymes for the three major lupulin-
specific pathways (terpenoid, bitter acid, and XN) and managed, with a few exceptions, to link
the transcriptome of lupulin glands with the biosynthetic activities thereof.

Isopentenyl diphosphate (IPP) and DMAPP function both as precursors for terpenoid
biosynthesis and as the source of the prenyl side chains of terpenophenolics. In lupulin glands,
the plastidic methylerythritol 4-phosphate pathway dominates over cytoplasmic mevalonate
pathway in the synthesis of IPP and DMAPP in EST counts (Nagel et al. 2008), and is supported
by other evidence (Goese et al. 1999; Dudareva et al. 2005). The entire terpenoid enzymatic
machinery was identified in the EST library of Nagel et al. (2008).

XN originates in flavonoid pathway, formed in hops from the CHS_H1 product (Okada et al.
2004), naringenin chalcone, before intramolecular isomerisation takes place. Prenylation of
naringenin chalcone (see below) yields DMX, which is methylated to form XN. The 6’-0O-
methylation of DMX by OMT1 serves to inhibit isomerisation; XN is much more stable than its
precursor (Nagel et al. 2008). The trichome-specifically expressed CHS_H1 is encoded by an
oligofamily of chs_H1 genes (Novak et al. 2003; Matousek et al. 2006). Humulone and lupulone
are derived from primary metabolism by the two-step degradation of Leu and Val to form
isovaleryl-CoA and isobutyryl-CoA (Goese et al. 1999) used as substrates by valerophenone
synthase (VPS) to form acylphloroglucinols phlorisovalerophenone (PIVP) and PIBP,
respectively (Paniego et al. 1999). The resulting acylphloroglucinols then undergo two or three
transfers of prenyl moieties catalysed by an aromatic substrate prenyltransferase.

The VPS protein shares a high degree of homology with plant CHSs as well as other hop CHSs;
amino acid differences result in a slight, but significant, change in substrate specificity (Paniego
et al. 1999; Matousek et al. 2002; Novak et al. 2006) achieved through variations in the number
of rounds of condensation, differences in starter molecule specificity, and the folding pattern of
the reaction intermediate (Schroder 1997; Austin and Noel 2003). Naringenin chalcone is also
formed by VPS, albeit at a much lower rate, and conversely, CHS_H1 inefficiently accepts
isovaleryl-CoA to yield phlorisovalerophenone (Okada et al. 2004). VPS is expected to
accumulate substantially and specifically in lupulin glands (Okada et al. 2003); its transcript was
the second most abundant in the EST data of Nagel et al. (2008).

Seven expressed OMTs predicted to methylate low molecular weight substrates were identified
by Nagel et al. (2008). OMT4 resembled salicylic acid carboxyl methyltransferase, while OMT5
and OMT6 were similar to methyltransferases of caffeoyl-CoA and other phenylpropanoids of
lignin biosynthesis. OMT1, OMTZ2, OMT3, and OMT7 showed homology to enzymes catalysing
methylation of flavonoids and were further characterised as to their substrate specificity.
Notably, OMT1 methylated chalcones DMX and xanthogalenol, while OMT2 showed catalytic
activity over a broader range of substrates including DMX (on a different hydroxyl group) and
XN (Nagel et al. 2008).

Prenyltransferases catalysing aromatic substances prenylation are divalent cation-requiring
membrane-bound proteins, and those characterised to date are localised to plastids (Sasaki et al.
2008; Akashi et al. 2009; Sasaki et al. 2011; Tsurumaru et al. 2012). HIPT-1 exhibited a unique
broad substrate specificity, catalysing the first transfer of dimethylallyl moiety to PIVP and PIBP
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(Tsurumaru et al. 2012), as well as naringenin chalcone to yield XN. Besides HIPT-1, however,
there should be other prenyltransferase members showing different substrate specificity
(Tsurumaru et al. 2012). Their candidates may be within the 23 ESTs (4 contigs and 3
singletons) identified by Nagel et al. (2008), annotated as small-molecule prenyltransferases,
excluding sequences encoding protein prenyltransferases and short-chain terpenoid
prenyltransferases.

From other enzymes, CHS2 or CHS4 accept isovaleryl-CoA as substrate, but the reaction stops
prematurely (Okada et al. 2004). Despite undisclosed functions, CHS2 and CHS4 ESTs were
rather numerous, while CHS3, which appears non-functional, is not expressed (Nagel et al.
2008). A high number of ESTs for CHI-like proteins were found, forming three large contigs and
two singletons (Nagel et al. 2008). These proteins may not function as true CHIs, since only trace
amounts of isoxanthohumol and other flavanones, products of CHI activity, were detected in
lupulin glands. Rather, CHI-like proteins are thought to have enzymatic activity beyond chalcone
isomerisation or to possess non-catalytic functions as flavonoid carriers or stabilisers
(Gensheimer and Mushegian 2004; Ralston et al. 2005). Several ESTs were found that
correspond to FLS, UFGT, and LDOX (Nagel et al. 2008).

Metabolic channeling of intermediates is hypothesised in lupulin glands via a multi-enzyme
complex that would prevent chalcone cyclisation (Winkel 2004; Nagel et al. 2008). As mentioned
in Chapter 2.3.1., the advantages of such regulation would be the quick conversion of the labile
chalcone into stable compounds and the control of metabolic crosstalk, such as the availability of
DMAPP for both the humulone and XN pathways.

Despite efforts to screen cDNA libraries of hop for regulatory factors, only two MYB TFs were
described (Matousek et al. 2005; 2007a) until the beginning of this Ph.D. thesis. Based on
genomic sequence data, MatouSek et al. (2006) predicted a set of cis-regulatory sites in the
chs_H1 promoter (Pchs_H1), with a putative involvement of TFs from MYB, bHLH, and bZIP
families. Consistently with this, the Arabidopsis PAP1 MYB proved to be a potent chs_H1
activator (MatouSek et al. 2006). Therefore, we set out to a journey of discovery and
characterisation of other regulators, with a battery of methods to analyse TFs discussed in the
following chapter.

2.5. B Methods and approaches of TFs research

To achieve a detailed knowledge of the regulatory circuits in plants, a comprehensive set of
methods and approaches must be used. The functional analysis of TFs is increasingly important
as huge quantities of high-throughput sequence and expression data are generated over the last
years, often without adequate experimental support. Approaches of functional analysis may be
divided into following categories: bioinformatic methods; molecular function analyses;
expression profiling; and phenotype determination (reviewed in Mitsuda and Ohme-Takagi
2009). These approaches complement each other in the characterisation of entire
transcriptional regulatory networks.
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2.5.1. B Sequence analyses

Bioinformatic techniques may be implemented in several steps of TF analysis, based on DNA or
protein sequence characteristics and comparison with the published data. Bioinformatics may
provide information on evolutionarily conserved domains of pathway regulators that may be
screened within sequence databases or cDNA/genomic libraries, or, conversely, identify
conserved domains in unknown sequences obtained by cloning and/or sequencing. For instance,
it is frequently observed that TFs with high homology in the DBD, such as MYB proteins, function
redundantly. Homology searches, using for instance BLAST, may identify functions that are
shared in a group of highly homologous proteins. Most described Arabidopsis and rice genes are
assigned a Gene Ontology (GO) term that characterises their function in the biological system
(AmiGO) (Ashburner et al. 2000)). Additionally, many web-based programs can be used to
perform conserved domain searches within queried sequences, including InterProScan
(Quevillon et al. 2005), while MEME (Bailey et al. 2006) and SALAD
(http://salad.dna.affrc.go.jp/salad/en/) perform searches for common motifs within a queried
sequence set, which alleviates putative function assignments. Finally, proteins larger than 60
kDa require the presence of a nuclear localisation signal (NLS) for a selective nuclear import
(Raikhel 1992) that is vital for proper TF function. The subcellular localisation of TFs may be
predicted by routinely used TargetP (Emanuelsson et al. 2000) and WoLF PSORT (Horton et al.
2007).

2.5.2. B Expression profiling

The expression of a gene in time, space, and response to varying conditions is vital to its
biological function. Expression analysis using quantitative reverse transcription-PCR (qRT-PCR)
is routinely employed to assay individual TF transcript abundance throughout the plant body,
development, or upon stress. Particular attention must be drawn to the selection of robust
reference gene(s) and normalisation (Czechowski et al. 2005). To obtain detailed expression
profiles, promoter-reporter experiments may be implemented using E. coli B-glucuronidase
(GUS) or green fluorescent protein (GFP) coupled to the assayed gene’s promoter. This
simplified approach has been applied to the hop VPS gene (Okada et al. 2003). However, such
constructs disregard the possibility of additional regulatory elements, including miRNA
targeting sites, elsewhere in the gene’s sequence, e.g. in introns (Deyholos and Sieburth 2000), 5’
and 3’ untranslated regions, or sequences distant from the coding region. For an accurate
profiling, it is therefore advisable to use a largest possible genomic fragment, in which the
reference is inserted to generate a fusion protein (Wu and Poethig 2006).

Large-scale expression profiles may be obtained using microarray or massively parallel
sequencing technologies. In fact, huge amount of microarray data were already accumulated
over last years and are accessible via NCBI Gene Expression Omnibus (GEO) and EBI
ArrayExpress. Co-expression, i.e. positive or negative correlation of gene expression, with other
Arabidopsis genes may be analysed using ATTED-II (Obayashi et al. 2009) and BAR eFP (Winter
et al. 2007) web sites. Correlated expression of genes may infer functional relation,
downstream /upstream position within a transcriptional cascade, and/or putative interaction.
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2.5.3. B Networking of genes

The comprehensive understanding of the entire regulatory network is an ultimate challenge for
TF research. Besides bioinformatics, genetic and non-genetic approaches are employed to
achieve this.

Genes that resemble by expression profiles often share regulatory motifs within their sequences.
These regulatory motifs may be identified in genomic sequences using several online tools such
as PLACE (Higo et al. 1999) and Match based on TRANSFAC (BioBase GmbH, Wolfenbiittel,
Germany). Updated cis-regulatory sites may be explored using the software employing MatBase
(Genomatix, Miinchen, Germany) and TRANSFAC knowledge bases. Though hop genomic
sequence data are rather scarce, we can take advantage of the Cannabis genome from two
cultivars Finola and Purple Kush, available via Cannabis Genome Browser
(http://genome.ccbr.utoronto.ca/).

Analysis of mutant lines provides robust data, if suppressors that reduce the phenotypic
abnormality of mutants are found. Restored DFR activity in an11 mutants with induced ectopic
expression of ANZ may serve as a proof that AN11 acts upstream of the MYB TF, i.e. enhances its
activation potential (deVetten et al. 1997). Complementation experiments may be carried out to
restore wild type phenotype in A. thaliana T-DNA insertion mutants with a heterologous gene, if
suspected to share function with the insertion mutant.

Non-genetic approaches include high-throughput experiments, such as yeast one-hybrid
screening (Luo et al. 1996) to identify upstream-acting TFs. This system uses a tandem repeat of
a putative short cis-element as bait to screen a cDNA library prepared for Y1H. An improved
protocol employing directly a <500 bp promoter fragment has been successfully applied
(Deplancke et al. 2006; Pruneda-Paz et al. 2009). To identify downstream genes of a TF,
microarray approaches are most suitable. Morohashi and Grotewold (2009) proposed distinct
roles for GL1 and GL3 that form an MBW complex to regulate trichome initiation using these
methods.

For identification of direct targets, TF BSs need to be revealed. The consensus BS may be
determined via selection of a purified protein’s target site from a pool of random
oligonucleotides (Wright et al. 1991). Alternatively, electrophoretic mobility shift assay (EMSA)
is used to monitor the interaction of a TF with its BS, typically a labelled double-stranded
oligonucleotide of 20-25 bp containing a known cis-element (Garner and Revzin 1981). The
mobility of a TF-BS complex during non-denaturing PAGE is determined by both size and
charge: the TF-BS complex will migrate more slowly than free DNA molecules. When unlabelled
wild-type BS is added in excess over the labelled probe, the band representing TF-BS complex
diminishes by competition. Mutation of the BS prevents competition. Purification of TFs is
challenging because of their low abundance and post-translational modifications, so specialised
purification and analysis methods have been developed (Jiang et al. 2009). However, EMSA is
accomplishable with crude proteins, such as nuclear extract.

Chromatin immunoprecipitation (ChIP) is an approach to identify genomic fragments that are
bound by a TF (O'Neill and Turner 1996). It is considered as strong evidence that the assayed TF
regulates a putative target gene if its promoter sequence is enriched in the pool of TF-bound
fragments. If combined with high-throughput array and sequencing technologies, ChIP-chip and
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ChIP-seq, respectively, allow genome-wide BS identification and comprehensive networking
(Morohashi and Grotewold 2009).

2.5.4. B Molecular function analyses

To characterise activation or repression properties of a TF, an effector-reporter assay is often
employed (Mitsuda and Ohme-Takagi 2009). The effector is often an in frame fusion of a TF with
the GAL4-DBD, driven by a strong constitutive promoter, such as cauliflower mosaic virus 35S
promoter (CaMV-P35S). The reporter consists of a minimal promoter containing tandemly
repeated GAL4-BSs that drives the expression of GUS or firefly luciferase. As an internal control
or reference, another reporter gene driven by a constitutive promoter is used. Upon transient
co-expression of the effector, reporter, and reference constructs, the activity of the reporter is a
measure of the assayed TF activation potential. The repressive activity may be examined in a
similar way, only with the reporter driven by an additional enhancer in its promoter (such as
CaMV-P35S). The decrease of the reporter activity is therefore a measure of the assayed TF
repressive potential.

Site-directed mutagenesis further dissects TF function from a mechanistic point of view. It is
pointed mainly on known post-translational regulatory sites, e.g. phosphorylation, glycosylation
and ligand-binding sites, and NLS. The analysis can be accomplished via random mutagenesis
using DNA shuffling systems to a measurable trait, e.g. higher cis-element affinity or improved
trans-activational properties (so-called in vitro, or directed, evolution). For instance, Pattanaik et
al. (2006) identified variants with significant increase in transcriptional activities through two
rounds of DNA shuffling, with the majority of resulting mutants in the activation domains of the
improved variants.

To function properly, TFs may require protein-protein interactions, as discussed in Chapter
2.3.2. For protein-protein interactions prediction, information may be retrieved from databases.
EBI stores and updates literature data in the IntAct database (Kerrien et al. 2007), while the A.
thaliana Protein Interactome Database (AtPID) presents a searching tool with a graphical output
of interactions, including pathway depictions (Cui et al. 2008). Protein-protein interactions may
be also assayed in vitro and in vivo by yeast and bacteria two-hybrid systems (Y2H and B2H,
respectively). Compared to effector-reporter assay, there are two effectors: GAL4 sequence is
split to parts encoding the activation domain (AD) and the DBD. While the DBD sequence is
fused to a known protein (referred to as bait) screened for interaction partners, the AD sequence
is fused in a separate vector to a different protein (referred to as prey) represented by a single
known coding sequence or a library of sequences. The reporter construct consists of a promoter
containing GAL4-BS(s) driving the expression of a reporter gene. If bait and prey interact upon
co-transfer into the cell, the AD and DBD reconstitute to a functional TF, which recruits RNA Pol
Il and leads to reporter expression (Fields and Song 1989; reviewed in Bruckner et al. 2009). A
modified procedure for E. coli was presented by Joung et al. (2000).

The Agrobacterium tumefaciens-mediated transient expression in planta has several advantages.
It allows protein-protein interactions with virtually no limitation for the number of co-expressed
TF effectors. Promoter regions of putative downstream genes are coupled to a reporter
(typically GUS or GFP), whose activity (Jefferson et al. 1987) is a measure of combinatorial
interactions of TFs on this promoter sequence.
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2.5.5. B Phenotype analyses

Identification of an informative phenotype associated with the assayed TF is instrumental in
order to verify its biological function. Flavonoid pathway mutant phenotypes encompass
affected metabolite accumulation, morphological changes, and altered stress tolerance. The
mutant phenotype may be “hidden”, only visible under certain conditions. To induce phenotypic
changes by manipulating TFs, two strategies, “gain of function” and “loss of function”, are usually
applied in either homologous or heterologous plant systems. The “gain of function” approach
induces a mutant phenotype by ectopic TF gene expression driven by a CaMV-P35S promoter.
Inducible promoter or a hormone-receptor system is useful to prevent bias phenotypes, co-
suppression, or lethality (Severin and Schoffl 1990; Aoyama and Chua 1997; Caddick et al. 1998;
Zuo et al. 2000). This system may not always reflect the native function of assayed TFs since the
expression of a single TF might be insufficient to activate the expression of target genes; a
cooperation with other factors may be missing.

Phenotypes induced by “loss of function” analysis should more directly mirror native gene
function. Inactivation of genes or of a gene’s activity may be accomplished through the
expression of complementary RNA, namely antisense RNA, RNA interference (Fire et al. 1998),
and hairpin RNA strategies (Wesley et al. 2001). The functional redundancy of TFs sharing
similar DBDs is however a major obstacle for “loss of function” approaches. The CRES-T system
(Hiratsu et al. 2003) uses a repressor domain fused to the assayed TF to overcome this problem,
producing a dominant suppressor of all downstream genes. The native promoter of the TF is
preferred to drive the chimeric protein expression to correct tissues.
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3. B AIMS

= Screening for additional transcription factors involved in the regulation of lupulin
flavonoid pathways.

= Sequence analyses and elucidation of gene organisation - description of promoter
region, intron(s), and gene family arrangement, if applicable.

* Characterisation of domain structure of putative protein products; phylogenetic
analyses; prediction of post-translational modification sites.

= Functional analyses in connection to viroid pathogenesis, phenological examination of
heterologous transformants.
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4. B RESULTS

4.1. N Identification of bZIP factors involved in secondary pathways of hops

Owing to the roles of flavonoids in UV protection, the light-activation of CHS as the first
committed step of their production was described quite early (Duell-Pfaff and Wellmann 1982;
Chappell and Hahlbrock 1984; Bruns et al. 1986). The sequences involved in the light-
responsiveness of CHS were identified soon after (Schulze-Lefert et al. 1989; Fritze et al. 1991),
comprising MYB and bZIP BSs. Also hop chs_H1 oligofamily promoter regions was found to
contain MYB BSs as well as G-box BSs (MatousSek et al. 2006), generally recognised by the stress-
related TFs from bZIP family (Jakoby et al. 2002). Consistently, the PAP1 proved to be a potent
chs_H1 activator (Matousek et al. 2006). Interplay between MYB, bZIP and bHLH BSs was shown
instrumental for activation of phenylpropanoids in response to light and developmental signals
(Hartmann et al. 2005). This directed our research to screen cDNA libraries for bZIP sequences,
which resulted in identification of two genes encoding HIbZIP1 and -2, plus a truncated version
of the former, described in the following Paper I. Their respective gene products mediated the
activation of chs_H1 promoter (Pchs_H1) and O-methyltransferase 1 promoter (Pomt1) in an
independent manner as well as in combination with HIMYB3, but did not activate Pvps. Their
role in flavonoid regulation is underlined by their lupulin gland-specific expression and
metabolic changes observed in P. hybrida HIbZIP transgenotes.
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from this version of the thesis that is open to public. The bibliographic information as well as the
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L. Matousek ], Kocabek T, Patzak ], Stehlik ], Fiissy Z, Krofta K, Heyerick A, Roldan-Ruiz I,
Maloukh L, De Keukeleire D. Cloning and molecular analysis of HIbZip1 and HIbZipZ2
transcription factors putatively involved in the regulation of the lupulin metabolome in hops
(Humulus lupulus L.). ] Agric Food Chem 2010;58:902-12.

Abstract

Hop (Humulus lupulus L.), the essential source of beer flavor is of interest from a medicinal
perspective in view of its high content in health-beneficial terpenophenolics including
prenylflavonoids. The dissection of biosynthetic pathway(s) of these compounds in lupulin
glands, as well as its regulation by transcription factors (TFs), is important for efficient
biotechnological manipulation of the hop metabolome. TFs of the bZIP class were preselected
from the hop transcriptome using a cDNA-AFLP approach and cloned from a cDNA library based
on glandular tissue-enriched hop cones. The cloned TFs HIbZIP1A and HIbZIP2 have predicted
molecular masses of 27.4 and 34.2 kDa, respectively, and both are similar to the group A3 bZIP
TFs according to the composition of characteristic domains. While HIbZIP1A is rather neutral (pl
6.42), HIbZIP2 is strongly basic (pI 8.51). A truncated variant of HIbZIP1 (HIbZIP1B), which is
strongly basic but lacks the leucine zipper domain, has also been cloned from hop. Similar to the
previously cloned HIMyb3 from hop, both bZIP TFs show a highly specific expression in lupulin
glands, although low expression was observed also in other tissues including roots and
immature pollen. Comparative functional analyses of HIbZip1A, HIbZip2, and subvariants of
HIMyb3 were performed in a transient expression system using Nicotiana benthamiana leaf
coinfiltration with Agrobacterium tumefaciens strains bearing hop TFs and selected promoters
fused to the GUS reference gene. Both hop bZIP TFs and HIMyb3 mainly activated the promoters
of chalcone synthase chs_H1 and the newly cloned O-methyl transferase 1 genes, while the
response of the valerophenone synthase promoter to the cloned hop TFs was very low. These
analyses also showed that the cloned bZIP TFs are not strictly G-box-specific. HPLC analysis of
secondary metabolites in infiltrated Petunia hybrida showed that both hop bZIP TFs interfere
with the accumulation and the composition of flavonol glycosides, phenolic acids, and
anthocyanins, suggesting the possibility of coregulating flavonoid biosynthetic pathways in hop
glandular tissue.
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4.1.1. B Unpublished results - Functional analysis of HIbZIP1A

HSVd-infected
4 13 30 44 59

healthy
Std 14 23 71

76 Std

Fig. 7: Example of heteroduplex analysis by PAGE.
Sample DNA fragments (numbered) from two
HIbZIP2 cDNA libraries are allowed to form
heteroduplex with a standard (Std) DNA fragment
and electrophoresed at a temperature favouring
resolution of homo- and heteroduplexes (Flssy
2008). Several samples exhibit additional bands as
proof of sequence difference(s) from the Std.

My work produced additional data related to
hop bZIP TFs. In preliminary studies, I
elucidated the expression and sequence
variability of hop bZIP TFs during viroid
pathogenesis. [ discovered some changes in
HIbZIP1 and -2 expression upon viroid
infection (to be expanded in my later work),
and sequence variability in case of HIbZIPZ.
Several clones contained nucleotide changes
compared to the published HIbHLHZ
sequence, as determined by temperature-
gradient gel electrophoresis (Fig. 7)
(Matousek et al. 2001) and sequencing (Fiissy
2008), consistent with the observed
variability between hop cultivars in terms of
HIbZIP1 and -2 genomic arrangements
(Matousek et al. 2010).

The following functional experiment was
inspired by a bioinformatic prediction.

Sharing sequence identity with the Group A of plant bZIP proteins (Choi et al. 2000; Jakoby et al.
2002), HIbZIP1A exhibits motifs 1 and 2 near its N-terminal end. The roles of these
phosphorylation sites have not been unequivocally determined (Meggio and Pinna 2003). A
casein kinase I (CK2) phosphorylation site deletion diminished light-mediated degradation of
PIF1 bHLH (Bu et al. 2011), but another CK2 site is assumed in ABA-related activation of

AREB1/2 (Uno et al. 2000; Jakoby et al. 2002).

To shed light on this ambiguity, I
performed site-directed mutagenesis
to remove two CK2 phosphorylation
sites via replacing Ser41 (motif 1) and
Thr102 (motif 2) by Ala. The site-
directed mutagenesis was carried out
on the original HIbZIP1A clone 2547 in
pCR-Script, using KOD polymerase
(Merck, Darmstadt, Germany) and
primers covering the mutated site
(Zip1S41Af  5'-GATTCTAGAAACAT-
TGCTGCCATGGATGATTTGCTCAAG-3';
Zip1S41Ar 5'-CTTGAGCAAATCATCC-
ATGGCAGCAATGTTTCTAGAATC-3';

sites of mutation underlined),
designed to replace Ser41 with Ala.
After the PCR synthesis of the whole
plasmid, the wild type HIbZIP1A-
bearing template was degraded with a
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Fig. 8: Activation potential of wild-type and mutated HIbZIP2
proteins, assayed on promoter::GUS reportem Pchs_H1,
Pomt1, and Pvps in an A. tumefaciens-mediated transient
expression assay.
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methylation-specific endonuclease Dpnl. The procedure was repeated to introduce the second
mutation, Thr102Ala (using primers Z1T102Af 5'-GAGATAGGCAGCGCGATGGCCTTGGAGGATTA-
CTTGACG-3'; Z1T102Ar 5'-CGTCAAGTAATCCTCCAAGGCCATCGCGCTGCCTATCTC-3"). The coding
region was then excised and cloned to an expression vector, as described in Matousek et al.
(2010). The activation potential of the mutated HIbZIP1A proteins was assayed using an in
planta transient expression system followed by GUS assay (Jefferson et al. 1987; Matousek et al.
2010).

As seen in Fig. 8, both mutated variants of HIbZIP2 had higher activation potential than the wild
type protein, possibly due to higher stability. This, however, has not been analysed into detail.

4.2. B An MBW complex is involved in chs_H1 activation

As MBW complexes became well-established in the flavonoid pathway regulation (Ramsay and
Glover 2005), a question arose whether the characterised hop TFs fulfil their function via a
ternary complex as well. In the meantime, we isolated two genes encoding bHLH TFs, HIbHLH1
and HIbHLHZ, several MYB TFs, and a WDR protein. Also, despite their description earlier
(Matousek et al. 2005; 2007a), the influence of HIMYB1 and HIMYB3 on the activation of chs
genes has not been investigated in detail. Intriguingly in the case of HIMYB3, alternative start
codon variants s-HIMYB3 and I-HIMYB3 were identified, causing divergent phenotypic and
metabolic responses in transgenotes (Matousek et al. 2007a) and transient expression assays
(Matousek et al. 2010). However, these variants exhibit similar activation capacity with respect
to Pchs_H1 and Pomt1 (Matousek et al. 2010), leaving the function of the N-terminus unspecified.

By means of functional analyses, we validated the model of MBW complexes as potent activators
of the chs_H1 promoter. Pchs_H1 showed the strongest response to the ternary complexes of
HIMYB2, HIMYB3, and AtPAP1, combined with HIbHLH2 and HIWDR1, confirmed using GUS
reporter construct, as well as “native” chs_H1 gene (MatouSek et al. 2006). In contrast, the
activation of Pchs4 is mainly achieved by independent MYB TFs, such as AtMYB12, or their
binary MYB-WDR combinations; HIMYB2 and AtPAP1 showed low capability to activate Pchs4.
This may be due to different promoter architecture of the two chs genes, possibly reflecting their
diverged functions, as CHS4 lacks the ability to produce naringenin chalcone. In addition,
metabolic assays in petunia leaves transiently expressing TFs demonstrate the inability of
described hop TFs to activate anthocyanin pathway genes, possibly due to a regulatory role in
another flavonoid branch.

In Paper II, we also identified the first hop MYB TF with inhibitory effect on the activation
potential of other MYBs on Pchs_H1 and Pchs4. Despite HIMYB7 shares high sequence similarity
with HIMYB2 and AtMYB12, a suppressor motif in its C-terminal region confers suppressive
activity.

The two HIMYB3 variants showed an interesting diversion. While 1-HIMyb3 shows a maximum
of activation for Pchs4 in the MYB-bHLH combination, s-HIMyb3 is most potent in the activation
of Pchs_H1 in an MBW complex. The difference at the N-terminus therefore account for some
protein-protein interactions, consistently with previous reports (Matousek et al. 2010).
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II. Matousek ], Kocabek T, Patzak ], Fiissy Z, Prochazkova ], Heyerick A. Combinatorial
analysis of lupulin gland transcription factors from R2ZR3Myb, bHLH and WDR families indicates
a complex regulation of chs_H1 genes essential for prenylflavonoid biosynthesis in hop (Humulus
lupulus L.). BMC Plant Biol 2012;12:27.

Background

Lupulin glands of hop produce a specific metabolome including hop bitter acids valuable for the
brewing process and prenylflavonoids with promising health-beneficial activities. The detailed
analysis of the transcription factor (TF)-mediated regulation of the oligofamily of one of the key
enzymes, i.e., chalcone synthase CHS_H1 that efficiently catalyzes the production of naringenin
chalcone, a direct precursor of prenylflavonoids in hop, constitutes an important part of the
dissection of the biosynthetic pathways leading to the accumulation of these compounds.

Results

Homologues of flavonoid-regulating TFs HIMyb2 (M2), HIbHLHZ (B2) and HIWDR1 (W1) from
hop were cloned using a lupulin gland-specific cDNA library from the hop variety Osvald's 72.
Using a "combinatorial” transient GUS expression system it was shown that these unique
lupulin-gland-associated TFs significantly activated the promoter (P) of chs_ H1 in ternary
combinations of B2, W1 and either M2 or the previously characterized HIMyb3 (M3). The
promoter activation was strongly dependent on the Myb-P binding box TCCTACC having a core
sequence CCWACC positioned on its 5' end region and it seems that the complexity of the
promoter plays an important role. M2B2W1-mediated activation significantly exceeded the
strength of expression of nativechs H1 gene driven by the 35S promoter of CaMV, while
M3B2W1 resulted in 30% of the 35S:chs_H1 expression level, as quantified by real-time PCR.
Another newly cloned hop TF,HIMyb7, containing a transcriptional repressor-like motif
pdLNLD/ELxiG/S (PDLNLELRIS), was identified as an efficient inhibitor of chs_H1-activating
TFs. Comparative analyses of hop and A. thaliana TFs revealed a complex activation of Pchs_H1
and Pchs4 in combinatorial or independent manners.

Conclusions

This study on the sequences and functions of various lupulin gland-specific transcription factors
provides insight into the complex character of the regulation of the chs_H1 gene that depends on
variable activation by combinations of RZR3Myb, bHLH and WDR TF homologues and inhibition
by a Myb repressor.
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4.2.1. B Unpublished results - Functional analyses of the MBW complex

To assay protein-DNA and protein-protein interactions, I implemented EMSA and B2H systems,
respectively. Several optimisations were carried out to remove background DNA-binding
activity, including optimisation of the extraction procedure and the binding buffer ion content.
The final procedure takes into
account a major role of unknown
light-induced factors in generating
background Pchs_H1 DNA-binding
activity (see below). In Fig. 9,
- - ™ — specific protein-DNA interaction can
be seen in MBW complex-containing

sample (lanes 3) and a partial
Fig. 9: EMSA of crude protein extracts from plants transiently | inhibition of this interaction if

wt chs_H1 chs HIACEM  cpg 1 ACE

1 2 3 1 2 3 1 2 3

expressing TFs HIWDR1, HIbHLH2, and s-HIMyb3. As a probe, mutated Pchs H1 DNA is used as
we used variants of Pchs_H1, as indicated above the lanes. (1) probe. Additio;lal experiments using
blank sample without protein; (2) negative control extract; (3)
extract from plant expressing P19, s-HIMyb3, HIbHLH2, and
HIWDR1. Mutation of ACE and MYB elements in Pchs_H1 did
not clearly inhibit the M3B2W1-DNA complex formation.

partially  purified protein or
supershift assays are however
needed to provide conclusive
results.

For B2H assay, [ used the BacterioMatch II Two-Hybrid System (Stratagene, La Jolla, CA, USA)
according to manufacturer’s instructions. The following combinations of TFs were assayed for
interaction (bait x target): HHWDR1 x HIbHLHZ; I-HIMYB x HIbHLH2; HIWDR1 x s-MYB3; and s-
MYB3 x HIbHLH2. Very weak or no interaction was shown for all combinations (not shown),
despite clear evidence of co-operation is provided by the transient expression experiments (see
Paper II).

As an attempt to determine TF trans-activation, we screened for promoter regions of TF-
encoding genes in hop genomic and BAC libraries. I isolated the HIMYB1 promoter and, using
MatInspector (Genomatix), identified high-probability BSs for several TF families, suggesting
HIMYB1 responsiveness to various stimuli (Fig. 10): light- and stress induction mediated by bZIP
BSs and light-responsive GAP-boxes; MYB and bHLH trans-activation; pathogen elicitation via
WRKY BSs; floral development-related expression via binding of MADS and homeobox TFs
(Matousek et al. 2005). In planta activation of HIMYB1 promoter remains to be established.
Cloning and characterisation of several other TF-encoding genes’ promoter sequences is in
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Fig. 10: Organisation of the HIMYB1 promoter region 2000 bp upstream of presumed transcription start
(+1). Binding sites of various TFs predicted by Matlnspector (Genomatix) are shown: MYB and MYB-like
(green), bHLH (yellow), bZIP and light-responsive boxes (light-blue), WRKY (red), MADS (mauve), and
homeobox TFs (violet). Note the accumulation of MADS BSs around position -1800 and homeobox protein
BSs around position -200.
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progress (HIbHLH2, HIMYB3, HIWDR1, and HIWRKY1).
Method: Crude protein extraction and EMSA procedure

Crude protein extracts were prepared using an A. tumefaciens-mediated transient expression system in N.
benthamiana leaves. TFs were co-expressed with a silencing inhibitor (Voinnet et al. 2003), P19, coupled
to CaMV 35S promoters, while A. tumefaciens expressing only P19 was used as negative control, as in
(Matousek et al. 2012). Following infiltration, plant were kept in a shade for four days, then 4 hours prior
to protein extraction transferred to darkness to eliminate background generated by unknown light-
activated factors. Following extraction (3 v/w leaf material 83mM Tris-HCI pH=7.5, 66mM KCI, 100mM
NaCl, 0,8mM MgCl;, 2mM B-mercaptoethanol, 1mM PMSF), the samples were clarified by centrifugation
for 15 minutes at 18,000 rcf and 4 °C, filtered through sterile glass wool and snap frozen to -80 °C until
EMSA analysis was carried out.

The probes for EMSA were radiolabelled using modified PCR. Reactions of 50 pl contained 1x PCR buffer
(10x = 100mM Tris-HCI pH=8.3, 500mM KCl, 25mM MgCl2, 0.5% Nonidet P40), dATP+dTTP+dGTP 0.2mM
each, 0.02mM dCTP, 1mM each primer, 100 ng Pchs_H1 DNA fragment as template, 1 U Taq polymerase,
and 1 pmol a-32P dCTP (0.12 MBq). Subsequently, the PCR product was purified using QIAquick PCR
purification kit (Qiagen, Hilden, Germany) following manufacturer's instructions. Using a scintillation
counter, we evaluated the probe activities.

The EMSA procedure was adapted from Maliga et al. (1995). Samples, composed of 75 ug crude extract,
15,000 cpm of probe, 1 pg dsDNA as competitor, 1x binding buffer (10mM Tris-HCI pH=7.5, 40mM Na(l,
4% glycerol, 1mM EDTA, 0.1mM {-mercaptoethanol), and water added to 30 pl, were mixed and kept on
ice for 30 min. After that, loading buffer was added (10x = 30% glycerol, 0.25% bromophenol blue, 0.25%
xylene cyanol blue) and the samples were run in 4.5% acrylamide gel (19:1) containing 1x TGE buffer
(25mM Tris, 0.19M glycine, 1mM EDTA, pH=8.3) at 6 V/cm for 4 hours. The gels were dried and exposed
over-night in a Phospholmager cassette; signal was detected by a Typhoon 9200 Imager (Amersham
Pharmacia, Amersham, UK).

4.3. W Viroids interfere with hop secondary metabolite composition

Hops are natural host of three viroids genera. During 1952, hop stunt disease emerged in Japan
to infect hops, causing stunting, along with abnormal plant growth and a significant decrease in
cone yields. The causal agent was later determined to be the hop stunt viroid (HSVd), 297
nucleotides in length (Ohno et al. 1983). Hop latent viroid (HLVd) was first identified as a 256-nt
viroid simultaneously occurring with HSVd in hop plants (Pallas et al. 1987). HLVd apparently
lacks the detrimental effects of HSVd on hop and is therefore undiscernibly distributed
worldwide (Puchta et al. 1988). Still, HLVd is reported to cause bitter acid level changes in
infected plants (Barbara et al. 1990). Apple fruit crinkle viroid (AFCVd) has been detected
recently in Japan as the third viroid of hops, occasionally causing dwarfing and severe leaf
curling in infected plants (Sano et al. 2004).

Viroids comprise of a self-complementary circular single-stranded RNA molecule. Viroids
evolved to perform all the processes necessary for their replication and translocation via
exploiting the host’s molecular machinery that remains largely uncovered (reviewed in Ding
2009). The symptoms, ranging from morphological to metabolic changes, seem entirely
dependent on the interaction of viroid and host RNA species. For several reasons, the
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involvement of viroid-derived small RNA species (vd-sRNAs) in pathogenesis is plausible (Wang
etal. 2004).

Various plant-pathogen interactions also include the biosynthesis of phenylpropanoid
compounds. Metabolic changes were reported upon infection by several genera of Pospiviroidae,
the group HSVd and HLVd belong to (see references in Paper Il and IV). The pathogenesis
resulting from vd-sRNA is attractive to investigate, because the presumed direct interaction with
host RNA world may help reveal regulatory points of symptom-related pathways.

In an attempt to describe the pool of vd-sRNAs generated during a pospiviroid disease, we
carried out small RNA sequencing of viroid-infected and viroid-free tomato plants. Using
bioinformatic approaches, we subsequently mapped these small RNA sequences along the
mature viroid molecule to identify “hot spots”, where the majority of small RNAs are generated.
This was still a matter of debate for both PSTVd (Itaya et al. 2007; Machida et al. 2007; Diermann
et al. 2010) and HSVd (Navarro et al. 2009; Martinez et al. 2010) and appears to be determined
by viroid vs. host genetic interaction (Matousek et al. 2007b), as well as environmental factors,
such as temperature (Harris and Browning 1980; Matousek et al. 2001; Gomez et al. 2008). In
addition, we mapped the vd-sRNA pool to the recently sequenced genome of tomato to identify
genes potentially affected by small RNA targeting. Four of them, namely TCP3 and VSF growth-
and development-related TF, CIPK kinase involved in the cell physiology, and VPE protease as a
signalling metacaspase are discussed as potential targets of viroid in Paper III, as they are
differentially expressed in healthy and mild strain-infected tomatoes on one side and in severe
strain-infected symptomatic plants on the other side.
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(Matricaria chamomilla). Biol Chem 2012;393:605-15.

Abstract

Viroid-caused pathogenesis is a specific process dependent on viroid and host genotype(s), and
may involve viroid-specific small RNAs (vsRNAs). We describe a new PSTVd variant C3, evolved
through sequence adaptation to the host chamomile (Matricaria chamomilla) after biolistic
inoculation with PSTVd-KF440-2, which causes extraordinary strong (‘lethal’) symptoms. The
deletion of a single adenine A in the oligoA stretch of the pathogenicity (P) domain appears
characteristic of PSTVd-C3. The pathogenicity and the vsRNA pool of PSTVd-C3 were compared
to those of lethal variant PSTVd-AS1, from which PSTVd-C3 differs by five mutations located in
the P domain. Both lethal viroid variants showed higher stability and lower variation in analyzed
vsRNA pools than the mild PSTVd-QFA. PSTVd-C3 and -AS1 caused similar symptoms on
chamomile, tomato, and Nicotiana benthamiana, and exhibited similar but species-specific
distributions of selected vsRNAs as quantified using TaqMan probes. Both lethal PSTVd variants
block biosynthesis of lignin in roots of cultured chamomile and tomato. Four ‘expression
markers’ (TCP3, CIPK, VSF-1, and VPE) were selected from a tomato EST library to quantify their
expression upon viroid infection; these markers were strongly downregulated in tomato leaf
blades infected by PSTVd-C3- and -AS1 but not by PSTVd-QFA.
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Lignin synthesis, branching off the main flavonoid pathway after p-coumarate, is suppressed in
PSTVd-infected chamomile (see Paper III). HSVd and HLVd interfere with the biosynthesis of
bitter acids (Momma and Takahashi 1984; Barbara et al. 1990; Kawaguchi-Ito et al. 2009), as
well. Pospiviroid diseases may be therefore relevant to investigate phenylpropanoid regulation.
We chose the interaction model of HSVd x hop ‘Admiral’ to study the regulation of bitter acids
and prenylflavonoid pathways. This is partly due to the presence of lupulin glands on ‘Admiral’
leaves, accounting for detectable levels of terpenophenolics (De Keukeleire et al. 2003). In
addition, despite substantial lupulin gland specificity, chs_H1 is significantly expressed in other
tissues such as coloured petioles (MatousSek et al. 2002). Changes in the regulatory networks
described in Paper Il may account for metabolic shifts upon HSVd infection.

In Paper IV, we observed changes in expression of several TF-encoding genes, most notably
HIDHLHZ and HIMYB3, and also a marked decrease of chs_H1 expression. According to transient
co-expression experiments, the latter may be a combined result of TF imbalance and vd-sRNA
targeting, both upon HSVd infection. This hypothesis is supported by strain-specific responses of
hop ‘Admiral’ to HSVd, i.e. less imbalanced response to the mild strain compared with the severe
strain. We also observed changes in metabolite content, consistent with the downregulation of
chs_H1.
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Abstract

Viroid-derived small RNAs generated during hop stunt viroid (HSVd) pathogenesis may induce
the symptoms found in hop cultivar ‘Admiral’, including observed shifts in phenylpropanoid
metabolites and changes in petiole coloration. Using quantitative RT-PCR, we examined hop
lupulin gland-specific genes which have been shown to be involved in phenylpropanoid
metabolism, for altered expression in response to infection with two HSVd isolates, HSVd-g and
CPFVd. Most notably, the expression of a gene encoding a key enzyme for phenylpropanoid
synthesis, naringenin-chalcone synthase H1 (chs_H1), decreased up to 40-fold in infected
samples. In addition, marked decrease in expression of HIbHLHZ and increase in expression of
HIMyb3 were observed. These two genes encode transcription factors that form a ternary
complex with HIWDR1 for chs_H1 promoter activation. In a transient expression assay, a
decrease in the ternary complex potential to activate the chs_H1 promoter was observed upon
the decrease of HIbHLHZ expression. In addition, targeting of the chs_H1 transcript by vd-sRNAs
may contribute to these expression changes. Our data show that HSVd infection causes a
significant imbalance in the expression of phenylpropanoid metabolite-affecting genes via
complex mechanism, possibly involving regulatory disorders and direct targeting by vd-sRNA.
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4.3.1. B Unpublished results- targets of HSVd-derived sRNAs

To clarify HSVd pathogenesis in hop, we searched sequence databases for putative vd-sRNA
targets, and assayed whether these hop genes alter expression in symptomatic leaves.

A list of all possible HSVd-derived 25-bp sequences was screened against the H. lupulus
sequence data (both nr and EST accessions from GenBank) publicly available in September 2011
using psRNATarget (Dai and Zhao 2011). The list of 564 accessions with higher than medium
probability expectation (=2.5), was submitted to BLAST 2.0 (Altschul et al. 1997) and AmiGO
(Ashburner et al. 2000) to assign putative functions, resulting in 46 sequences similar to
proteins with known functions. These functions can be grouped to kinases and TFs regulating
gene expression (3 accessions), proteins involved in nutrition, stress, and developmental
signaling (19), RNA processing (2), enzymes (17) including proteases (5) and transporter
proteins (8), resistance-related proteins (3) and/or photosynthesis (4). Nine candidates for
mRNA quantification were selected according to possible link with observed HSVd symptoms.
Importantly, chs_H1 proved as a good target using this bioinformatic prediction (see Paper V).

3 Using the material and methods
described in Paper 1V, we observed
that transcript levels of DEADc,
putatively encoding a  stress-
suppressing RNA helicase, and DRLI,
+ possibly involved in meristem

0,5 ]Erl-r-f-HTHTI‘ u activity and organ growth, were
IR e e e L B e significantly lower in diseased
S L A (B v é\,’b Qsz\,% < material (Fig. 11). Increased levels

*
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Expression ratio [%]
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were observed for a transcript
showing similarity to ribosomal
Fig. 11: Changes in candidate target levels upon HSVd-g | protein S13-encoding genes (Fig. 11).
infection in leaves. The data points show the means of all | Further analyses are needed to be
obtained samples for each variant, bars represent S.E. of | carried out to confirm our data and
these data sets, and asterisks indicate significantly altered elucidate the roles of these putative

genes. targets.
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5. # CONCLUSION AND FUTURE PROSPECTS

Undoubtedly, transcription factors play important roles in cellular and systemic responses to
variety of external and internal signals via target gene regulation. Their concerted interactions
enable changes in cells’ metabolism and development relevant to the actual set of environmental
conditions. Production of ‘secondary metabolites’ such as flavonoids is regarded as an essential
and complex response to developmental, pathogen- and stress-related cues. For this purpose,
large families of transcriptional regulators evolved, including Myb, bHLH, bZIP, MADS and WRKY
TFs. Their involvement in model plants was reviewed in this work, inspiring research in a non-
model crop, H. lupulus.

Two main methodical approaches are used to investigate the functions of TFs: on the gene and
the protein level. The genetic level includes searching genomic and cDNA libraries for TF genes
and analysing their coding and surrounding regulatory sequences using bioinformatics. Within
this framework, I identified regulatory sequences of the recently cloned HIMYB1 promoter that
are to be functionally characterised in a future work. Bioinformatic analyses were also helpful in
identifying HSVd-derived small RNA targets in hops.

Protein investigation includes purification and methods of DNA-binding analysis, e.g. EMSA and
ChIP. Protein-protein interaction and transactivation properties are analysed in vitro and in vivo
by one- and two-hybrid systems, as well as similar procedures carried out in planta based on
transient expression. I carried out EMSA analyses to prove the interaction of HIMYB3-HIbHLH2-
HIWDR1 with a promoter fragment of chs_H1. Unsatisfactory results were obtained using B2ZH
system to underline protein-protein interactions of MBW components as determined by
transient expression system with a Pchs_H1:GUS reporter.

For further understanding of protein functions, mutational analyses are frequently carried out.
Basic information is obtained by observing phenotype in “loss of function” and “gain of function”
mutants, while site-directed mutagenesis might be pointed at protein activity connected with
DNA binding or post-transcriptional regulatory motifs including phosphorylation, dimerisation
and trans-activation domains. Random mutagenesis or DNA-shuffling methods may help
improving TF activity (DNA-binding or transactivation) or clarify the involvement of particular
aminoacids. To clarify the roles of putative casein kinase Il phosphorylation sites characteristic
of Group A bZIP factors, I used site-directed mutagenesis of HIbZIP1A, resulting in a protein of
higher activation potential and/or molecular stability.

During the past years, there has been a major increase in genomic and expression data, largely
produced by high throughput sequencing technologies. It remains a huge challenge, however, to
understand the flavonoid metabolism in detail, with the entirety of structural genes involved and
the complexity of transcriptional and hormonal regulation. Non-targeted approaches correlating
co-expression data and metabolomics at the organ or tissue level can provide solutions to
unravel parts of this intriguing puzzle (Tohge et al. 2005). Still, detailed analyses of single tiles of
this puzzle may provide valuable information in non-model plants such as hop. This field of
study, thus, remains challenging and might offer many interesting theoretical and practical
outcomes.
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7. B ABBREVIATIONS

4-CL - 4-coumaroyl CoA-Ligase

AD - activation domain

AN1/2/11 - Anthocyanin phenotype-related proteins
ANR - anthocyanin reductase

B2H - bacterial two-hybrid system

BS - binding site

bHLH - basic Helix-Loop-Helix

C4H - cinnamate 4-hydroxylase

CHI - chalcone isomerise

ChIP - chromatin immunoprecipitation

CHS - chalcone synthase

CoA - coenzyme A

COP1 - Constitutive Photomorphogenesis1 protein
Cox-1 - cyclooxygenase 1

CRY - cryptochrome

CyplA - cytochrome P450 1A

DBD - DNA-binding domain

DFR - dihydroflavonol 4-reductase

DMAPP - dimethylallyl pyrophosphate

EGL - Enhancer of Glabra3 bHLH protein
EMSA - electrophoretic mobility shift assay

EST - expressed sequence tag

F3’H - flavonoid 3’ hydroxylase

F3’5'H - flavonoid 3’5’ hydroxylase

F3H - flavanone 3-dioxygenase

FLS - flavonol synthase

FSI - flavone synthase |

FSII - flavone synthase II

GFP - green fluorescent protein

GL1/3 - GLABRA phenotype-related proteins
GUS - B-glucuronidase

HY5 - Elongated Hypocotyl5

HYH - HY5-homolog

[2’H - isoflavone 2’ hydroxylase

IFR - isoflavone reductase

IFS - isoflavone synthase

iNOS - inducible nitric oxide synthase

IPP - isopentenyl diphosphate

L2BW - MYBL2/CPC-bHLH-TTG1 transcription factor complex
LAR - leucoanthocyanidin reductase

LDOX - leucoanthocyanidin dioxygenase/anthocyanin synthase
LRU - light-response unit, a cis-regulatory site
MBW - a general MYB-bHLH-WDR transcription factor complex
miRNA - microRNA

OMT - O-methyltransferase

QR - NAD(P)H:quinone reductase
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gRT-PCR - quantitative reverse transcription-PCR

PA - proanthocyanidin

PAL - phenylalanine ammonia lyase

PAP - Production of Anthocyanin Pigment MYB protein
PFG - Production of Flavonol Glycosides MYB protein
PHY - phytochrome

PIBP, PIVP - phlorisobutyrophenone, phlorisovalerophenone
PKSIII - polyketide synthase type III superfamily

ROS - reactive oxygen species

SG - subgroup

STS - stilbene synthase

TAL - tyrosine ammonia lyase

ta-siRNA - trans-acting silencing RNA

TT2/8/12 - Transparent Testa phenotype-related proteins
TTG1/2 - Transparent Testa Glabra phenotype-related proteins
TF - transcription factor

UF3GT - UDP-glucose:flavonoid 3-0-glucosyltransferase
UVRS8 - UVB-Resistance 8 protein

vd-sRNA - viroid-derived small RNA

Y2H - yeast two-hybrid system

XN - xanthohumol

Faculty of Science, University of South Bohemia Ceské Budé&jovice |87



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

8. B REFERENCES

Abrahams S, Lee E, Walker AR, Tanner GJ, Larkin PJ, Ashton AR. The Arabidopsis TDS4 gene encodes
leucoanthocyanidin dioxygenase (LDOX) and is essential for proanthocyanidin synthesis and
vacuole development. Plant J 2003;35:624-36.

Addo-Quaye C, Eshoo TW, Bartel DP, Axtell MJ. Endogenous siRNA and miRNA targets identified by
sequencing of the Arabidopsis degradome. Curr Biol 2008;18:758-62.

Akashi T, Sasaki K, Aoki T, Ayabe S, Yazaki K. Molecular cloning and characterization of a cDNA for
pterocarpan 4-dimethylallyltransferase catalyzing the key prenylation step in the
biosynthesis of glyceollin, a soybean phytoalexin. Plant Physiol 2009;149:683-93.

Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z, Miller W et al. Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic Acids Res 1997;25:3389-402.

Aoyama T, Chua NH. A glucocorticoid-mediated transcriptional induction system in transgenic plants.
PlantJ 1997;11:605-12.

Aron PM, Kennedy JA. Flavan-3-ols: Nature, occurrence and biological activity. Mol Nutr Food Res
2008;52:79-104.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM et al. Gene Ontology: tool for the
unification of biology. Nat Genet 2000;25:25-9.

Austin MB, Noel AJP. The chalcone synthase superfamily of type Ill polyketide synthases. Nat Prod
Rep 2003;20:79-110.

Baier M, Hemmann G, Holman R, Corke F, Card R, Smith C et al. Characterization of mutants in
Arabidopsis showing increased sugar-specific gene expression, growth, and developmental
responses. Plant Physiol 2004;134:81-91.

Bailey PC, Martin C, Toledo-Ortiz G, Quail PH, Huqg E, Heim MA et al. Update on the basic helix-loop-
helix transcription factor gene family in Arabidopsis thaliana. Plant Cell 2003;15:2497-501.

Bailey TL, Williams N, Misleh C, Li WW. MEME: discovering and analyzing DNA and protein sequence
motifs. Nucleic Acids Res 2006;34:W369-W73.

Bais HP, Vepachedu R, Gilroy S, Callaway RM, Vivanco JM. Allelopathy and exotic plant invasion: From
molecules and genes to species interactions. Science 2003;301:1377-80.

Ban Y, Honda C, Hatsuyama Y, Igarashi M, Bessho H, Moriguchi T. Isolation and functional analysis of
a MYB transcription factor gene that is a key regulator for the development of red coloration
in apple skin. Plant Cell Physiol 2007;48:958-70.

Barbara DJ, Morton A, Adams AN, Green CP. Some effects of hop latent viroid on 2 cultivars of hop
(Humulus lupulus) in the UK. Ann Appl Biol 1990;117:359-66.

Barth S. 2012. The Barth Report. In Hops 2011/2012, (ed. S Meier), p. 32. Joh. Barth & Sohn GmbH &
Co KG, Nuremberg.

Batista D, Fonseca S, Serrazina S, Figueiredo A, Pais MS. Efficient and stable transformation of hop
(Humulus lupulus L.) var. Eroica by particle bombardment. Plant Cell Rep 2008;27:1185-96.

Baudry A, Caboche M, Lepiniec L. TT8 controls its own expression in a feedback regulation involving
TTG1 and homologous MYB and bHLH factors, allowing a strong and cell-specific
accumulation of flavonoids in Arabidopsis thaliana. Plant J 2006;46:768-79.

Baudry A, Heim MA, Dubreucq B, Caboche M, Weisshaar B, Lepiniec L. TT2, TT8, and TTG1
synergistically specify the expression of BANYULS and proanthocyanidin biosynthesis in
Arabidopsis thaliana. Plant J 2004;39:366-80.

Beckman CH. Phenolic-storing cells: keys to programmed cell death and periderm formation in wilt
disease resistance and in general defence responses in plants? Physiol Mol Plant P
2000;57:101-10.

Bernhardt C, Lee MM, Gonzalez A, Zhang F, Lloyd A, Schiefelbein J. The bHLH genes GLABRA3 (GL3)
and ENHANCER OF GLABRA3 (EGL3) specify epidermal cell fate in the Arabidopsis root.
Development 2003;130:6431-9.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |88



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Bertl E, Becker H, Eicher T, Herhaus C, Kapadia G, Bartsch H et al. Inhibition of endothelial cell
functions by novel potential cancer chemopreventive agents. Biochem Biophys Res Commun
2004;325:287-95.

Bhattacharya A, Sood P, Citovsky V. The roles of plant phenolics in defence and communication
during Agrobacterium and Rhizobium infection. Mol Plant Pathol 2010;11:705-19.

Bowles D, Lim EK, Poppenberger B, Vaistij FE. Glycosyltransferases of lipophilic small molecules. Annu
Rev Plant Biol 2006;57:567-97.

Brown BA, Jenkins Gl. UV-B signaling pathways with different fluence-rate response profiles are
distinguished in mature Arabidopsis leaf tissue by requirement for UVR8, HY5, and HYH.
Plant Physiol 2008;146:576-88.

Brown DE, Rashotte AM, Murphy AS, Normanly J, Tague BW, Peer WA et al. Flavonoids act as
negative regulators of auxin transport in vivo in Arabidopsis. Plant Physiol Bioch
2001;126:524-35.

Bruckner A, Polge C, Lentze N, Auerbach D, Schlattner U. Yeast two-hybrid, a powerful tool for
systems biology. Int J Mol Sci 2009;10:2763-88.

Bruns B, Hahlbrock K, Schafer E. Fluence dependence of the ultraviolet-light-induced accumulation of
chalcone synthase mRNA and effects of blue and far-red light in cultured parsley cells. Planta
1986;169:393-8.

Bu Q, Zhu L, Huqg E. Multiple kinases promote light-induced degradation of PIF1. Plant Signal Behav
2011;6:1119-21.

Buer CS, Muday GK. The transparent testa4 mutation prevents flavonoid synthesis and alters auxin
transport and the response of Arabidopsis roots to gravity and light. Plant Cell 2004;16:1191-
205.

Caddick MX, Greenland AJ, Jepson |, Krause KP, Qu N, Riddell KV et al. An ethanol inducible gene
switch for plants used to manipulate carbon metabolism. Nat Biotechnol 1998;16:177-80.

Cominelli E, Gusmaroli G, Allegra D, Galbiati M, Wade HK, Jenkins Gl et al. Expression analysis of
anthocyanin regulatory genes in response to different light qualities in Arabidopsis thaliana. )
Plant Physiol 2008;165:886-94.

Cui J, Li P, Li G, Xu F, Zhao C, Li YH et al. AtPID: Arabidopsis thaliana protein interactome database -
an integrative platform for plant systems biology. Nucleic Acids Res 2008;36:0999-D1008.

Cutanda-Perez MC, Ageorges A, Gomez C, Vialet S, Terrier N, Romieu C et al. Ectopic expression of
VImybA1l in grapevine activates a narrow set of genes involved in anthocyanin synthesis and
transport. Plant Mol Biol 2009;69:633-48.

Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR. Genome-wide identification and testing
of superior reference genes for transcript normalization in Arabidopsis. Plant Physiol
2005;139:5-17.

Czemmel S, Stracke R, Weisshaar B, Cordon N, Harris NN, Walker AR et al. The grapevine R2R3-MYB
transcription factor VVMYBF1 regulates flavonol synthesis in developing grape berries. Plant
Physiol 2009;151:1513-30.

Dai X, Zhao PX. psRNATarget: a plant small RNA target analysis server. Nucleic Acids Res
2011;39:W155-9.

Das PK, Geul B, Choi S-B, Yoo S-D, Park Y-I. Photosynthesis-dependent anthocyanin pigmentation in
Arabidopsis. Plant Signal Behav 2011;6:23-5.

De Cooman L, Everaert E, De Keukeleire D. Quantitative analysis of hop acids, essential oils and
flavonoids as a clue to the identification of hop varieties. Phytochem Analysis 1998;9:145-50.

De Keukeleire J, Ooms G, Heyerick A, Roldan-Ruiz I, Van Bockstaele E, De Keukeleire D. Formation
and accumulation of alpha-acids, beta-acids, desmethylxanthohumol, and xanthohumol
during flowering of hops (Humulus lupulus L.). J Agr Food Chem 2003;51:4436-41.

De Keukeleire J, Janssens |, Heyerick A, Ghekiere G, Cambie J, Roldan-Ruiz | et al. Relevance of
organic farming and effect of climatological conditions on the formation of alpha-acids, beta-
acids, desmethylxanthohumol, and xanthohumol in hop (Humulus lupulus L.). J Agr Food
Chem 2007;55:61-6.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |89



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Debeaujon |, Nesi N, Perez P, Devic M, Grandjean O, Caboche M et al. Proanthocyanidin-
accumulating cells in Arabidopsis testa: regulation of differentiation and role in seed
development. Plant Cell 2003;15:2514-31.

Deplancke B, Mukhopadhyay A, Ao W, Elewa AM, Grove CA, Martinez NJ et al. A gene-centered C.
elegans protein-DNA interaction network. Cell 2006;125:1193-205.

deVetten N, Quattrocchio F, Mol J, Koes R. The an11 locus controlling flower pigmentation in petunia
encodes a novel WD-repeat protein conserved in yeast, plants, and animals. Gene Dev
1997;11:1422-34.

Deyholos MK, Sieburth LE. Separable whorl-specific expression and negative regulation by enhancer
elements within the AGAMOUS second intron. Plant Cell 2000;12:1799-810.

Diermann N, Matousek J, Junge M, Riesner D, Steger G. Characterization of plant miRNAs and small
RNAs derived from potato spindle tuber viroid (PSTVd) in infected tomato. Biol Chem
2010;391:1379-90.

Ding B. The biology of viroid-host interactions. Annu Rev Phytopathol 2009;47:105-31.

Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MSS, Wang LJ. The phenylpropanoid pathway and plant
defence - a genomics perspective. Mol Plant Pathol 2002;3:371-90.

Du H, Zhang L, Liu L, Tang X-F, Yang W-J, Wu Y-M et al. Biochemical and molecular characterization of
plant MYB transcription factor family. Biochemistry (Moscow) 2009;74:1-11.

Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, Lepiniec L. MYB transcription factors in
Arabidopsis. Trends Plant Sci 2010;15:573-81.

Dubos C, Le Gourrierec J, Baudry A, Huep G, Lanet E, Debeaujon | et al. MYBL2 is a new regulator of
flavonoid biosynthesis in Arabidopsis thaliana. Plant ) 2008;55:940-53.

Dudareva N, Pichersky E, Gershenzon J. Biochemistry of plant volatiles. Plant Physiol 2004;135:1893-
902.

Dudareva N, Andersson S, Orlova |, Gatto N, Reichelt M, Rhodes D et al. The nonmevalonate pathway
supports both monoterpene and sesquiterpene formation in snapdragon flowers. P Natl
Acad Sci USA 2005;102:933-8.

Duell-Pfaff N, Wellmann E. Involvement of phytochrome and a blue light photoreceptor in UV-B
induced flavonoid synthesis in parsley (Petroselinum hortense Hoffm.) cell suspension
cultures. Planta 1982;156:213-7.

Durbin M. Genes that determine flower color: the role of regulatory changes in the evolution of
phenotypic adaptations. Mol Phylogenet Evol 2003;29:507-18.

Emanuelsson O, Nielsen H, Brunak S, von Heijne G. Predicting subcellular localization of proteins
based on their N-terminal amino acid sequence. J Mol Biol 2000;300:1005-16.

Espley RV, Brendolise C, Chagne D, Kutty-Amma S, Green S, Volz R et al. Multiple repeats of a
promoter segment causes transcription factor autoregulation in red apples. Plant Cell
2009;21:168-83.

Eulgem T, Somssich IE. Networks of WRKY transcription factors in defense signaling. Curr Opin Plant
Biol 2007;10:366-71.

Eulgem T, Rushton PJ, Schmelzer E, Hahlbrock K, Somssich IE. Early nuclear events in plant defence
signalling: rapid gene activation by WRKY transcription factors. EMBO J 1999;18:4689-99.

Favory JJ, Stec A, Gruber H, Rizzini L, Oravecz A, Funk M et al. Interaction of COP1 and UVR8 regulates
UV-B-induced photomorphogenesis and stress acclimation in Arabidopsis. EMBO
2009;28:591-601.

Feller A, Machemer K, Braun EL, Grotewold E. Evolutionary and comparative analysis of MYB and
bHLH plant transcription factors. Plant J 2011;66:94-116.

Feng Y, Cao CM, Vikram M, Park S, Kim HJ, Hong JC et al. A three-component gene expression system
and its application for inducible flavonoid overproduction in transgenic Arabidopsis thaliana.
PLoS One 2011;6.

Ferré-d'Amaré AR, Prendergast GC, Ziff EB, Burley SK. Recognition by Max of Its Cognate DNA
through a Dimeric B/HIh/Z Domain. Nature 1993;363:38-45.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |90



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Ferrer JL, Jez JM, Bowman ME, Dixon RA, Noel JP. Structure of chalcone synthase and the molecular
basis of plant polyketide biosynthesis. Nat Struct Biol 1999;6:775-84.

Feucht W, Treutter D, Polster J. Flavanol binding of nuclei from tree species. Plant Cell Rep
2004;22:430-6.

Fields S, Song OK. A novel genetic system to detect protein-protein interactions. Nature
1989;340:245-6.

Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific genetic
interference by double-stranded RNA in Caenorhabditis elegans. Nature 1998;391:806-11.

Formica JV, Regelson W. Review of the biology of quercetin and related bioflavonoids. Food Chem
Toxicol 1995;33:1061-80.

Fritze K, Staiger D, Czaja I, Walden R, Schell J, Wing D. Developmental and UV-light regulation of the
snapdragon chalcone synthase promoter. Plant Cell 1991;3:893-905.

Flssy Z. 2008. Expression analysis of selected regulation factors in hop with relation to symptoms of
viroid pathogenesis., Vol MSc., p. 70. University of South Bohemia, Ceské Budé&jovice.

Garner MM, Revzin A. A gel-electrophoresis method for quantifying the binding of proteins to
specific DNA regions - application to components of the Escherichia coli lactose operon
regulatory system. Nucleic Acids Res 1981;9:3047-60.

Gatica-Arias A, Stanke M, Hantzschel KR, Matousek J, Weber G. Over-expression of the transcription
factor HIMYB3 in transgenic hop (Humulus lupulus L. cv. Tettnanger) modulates the
expression of genes involved in the biosynthesis of flavonoids and phloroglucinols. Plant Cell
Tiss Organ Cult 2012a:1-11.

Gatica-Arias A, Farag MA, Stanke M, Matousek J, Wessjohann L, Weber G. Flavonoid production in
transgenic hop (Humulus lupulus L.) altered by PAP1/MYB75 from Arabidopsis thaliana L.
Plant Cell Rep 2012b;31:111-9.

Gensheimer M, Mushegian A. Chalcone isomerase family and fold: No longer unique to plants.
Protein Sci 2004;13:540-4.

Gerhduser C. Beer constituents as potential cancer chemopreventive agents. Eur J Cancer
2005;41:1941-54.

Gerhduser C, Alt AP, Klimo K, Knauft J, Frank N, Becker H. Isolation and potential cancer
chemopreventive activities of phenolic compounds of beer. Phytochem Rev 2002a;1:369-77.

Gerhauser C, Klimo K, Heiss E, Neumann |, Gamal-Eldeen A, Knauft J et al. Mechanism-based in vitro
screening of potential cancer chemopreventive agents. Mutat Res-Fund Mol M 2003;523-
524:163-72.

Gerhdauser C, Alt A, Heiss E, Gamal-Eldeen A, Klimo K, Knauft J et al. Cancer chemopreventive activity
of Xanthohumol, a natural product derived from hop. Mol Cancer Ther 2002b;1:959-69.

Ghiselli A, Natella F, Guidi A, Montanari L, Fantozzi P, Scaccini C. Beer increases plasma antioxidant
capacity in humans. J Nutr Biochem 2000;11:76-80.

Goese M, Kammhuber K, Bacher A, Zenk MH, Eisenreich W. Biosynthesis of bitter acids in hops - A C-
13-NMR and H-2-NMR study on the building blocks of humulone. Eur J Biochem
1999;263:447-54.

Goff SA, Cone KC, Chandler VL. Functional analysis of the transcriptional activator encoded by the
maize B gene: evidence for a direct functional interaction between two classes of regulatory
proteins. Gene Dev 1992;6:864-75.

Goiris K, De Ridder M, De Rouck G, Boeykens A, Van Opstaele F, Aerts G et al. The oxygenated
sesquiterpenoid fraction of hops in relation to the spicy hop character of beer. J | Brewing
2002;108:86-93.

Gollop R, Farhi S, Perl A. Regulation of the leucoanthocyanidin dioxygenase gene expression in Vitis
vinifera. Plant Sci 2001;161:579-88.

Gollop R, Even S, Colova-Tsolova V, Perl A. Expression of the grape dihydroflavonol reductase gene
and analysis of its promoter region. J Exp Bot 2002;53:1397-409.

Gomez G, Martinez G, Pallas V. Viroid-induced symptoms in Nicotiana benthamiana plants are
dependent on RDR6 activity. Plant Physiol 2008;148:414-23.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |91



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Gonzalez A, Zhao M, Leavitt JM, Lloyd AM. Regulation of the anthocyanin biosynthetic pathway by
the TTG1/bHLH/Myb transcriptional complex in Arabidopsis seedlings. Plant J 2008;53:814-
27.

Goodman CD, Casati P, Walbot V. A multidrug resistance-associated protein involved in anthocyanin
transport in Zea mays. Plant Cell 2004;16:1812-26.

Goodrich J, Carpenter R, Coen ES. A common gene regulates pigmentation pattern in diverse plant
species. Cell 1992;68:955-64.

Gou JY, Felippes FF, Liu CJ, Weigel D, Wang JW. Negative regulation of anthocyanin biosynthesis in
Arabidopsis by a miR156-targeted SPL transcription factor. Plant Cell 2011;23:1512-22.

Graham TL. Flavonoid and flavonol glycoside metabolism in Arabidopsis. Plant Physiol Bioch
1998;36:135-44.

Grotewold E. The genetics and biochemistry of floral pigments. Annu Rev Plant Biol 2006;57:761-80.

Grotewold E, Sainz MB, Tagliani L, Hernandez JM, Bowen B, Chandler VL. Identification of the
residues in the Myb domain of maize C1 that specify the interaction with the bHLH cofactor
R. P Natl Acad Sci USA 2000;97:13579-84.

Gyula P, Schafer E, Nagy F. Light perception and signalling in higher plants. Curr Opin Plant Biol
2003;6:446-52.

Hardtke CS, Deng XW. The cell biology of the COP/DET/FUS proteins. Regulating proteolysis in
photomorphogenesis and beyond? Plant Physiol 2000;124:1548-57.

Harris P, Browning |. The effects of temperature and light on the symptom expression and viroid
concentration in tomato of a severe strain of potato spindle tuber viroid. Potato Res
1980;23:85-93.

Hartmann U, Sagasser M, Mehrtens F, Stracke R, Weisshaar B. Differential combinatorial interactions
of cis-acting elements recognized by R2R3-MYB, BZIP, and BHLH factors control light-
responsive and tissue-specific activation of phenylpropanoid biosynthesis genes. Plant Mol
Biol 2005;57:155-71.

Hartmann U, Valentine WJ, Christie JM, Hays J, Jenkins Gl, Weisshaar B. Identification of UV/blue
light-response elements in the Arabidopsis thaliana chalcone synthase promoter using a
homologous protoplast transient expression system. Plant Mol Biol 1998;36:741-54.

Haseleu G, Lagemann A, Stephan A, Intelmann D, Dunkel A, Hofmann T. Quantitative sensomics
profiling of hop-derivated bitter compounds throughout a full-scale beer manufacturing
process. J Agr Food Chem 2010;58:7930-9.

Haunold A, Nickerson GB, Gampert U, Whitney PA, Hampton RO. Agronomic and quality
characteristics of native North American hops. ] Am Soc Brew Chem 1993;51:133-7.

Heim KE, Tagliaferro AR, Bobilya DJ. Flavonoid antioxidants: chemistry, metabolism and structure-
activity relationships. J Nutr Biochem 2002;13:572-84.

Heim MA, Jakoby M, Werber M, Martin C, Weisshaar B, Bailey PC. The basic helix-loop-helix
transcription factor family in plants: a genome-wide study of protein structure and functional
diversity. Mol Biol Evol 2003;20:735-47.

Heine GF, Hernandez JM, Grotewold E. Two cysteines in plant R2R3 MYB domains participate in
REDOX-dependent DNA binding. J Biol Chem 2004;279:37878-85.

Hellens RP, Moreau C, Lin-Wang K, Schwinn KE, Thomson SJ, Fiers MWEJ et al. Identification of
Mendel's White Flower Character. PLoS One 2010;5.

Hemm MR, Herrmann KM, Chapple C. AtMYB4: a transcription factor general in the battle against
UV. Trends Plant Sci 2001;6:135-6.

Hemm MR, Rider SD, Ogas J, Murry DJ, Chapple C. Light induces phenylpropanoid metabolism in
Arabidopsis roots. Plant J 2004;38:765-78.

Henderson MC, Miranda CL, Stevens JF, Deinzer ML, Buhler DR. In vitro inhibition of human P450
enzymes by prenylated flavonoids from hops, Humulus lupulus. Xenobiotica 2000;30:235-51.

Herrmann KM, Weaver LM. The shikimate pathway. Annu Rev Plant Phys 1999;50:473-503.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |92



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Heyerick A, De Keukeleire D, Van Peteghem C, De Saeger S. Modulation of the phytoestrogenicity of
beer by monoterpene alcohols present in various hop oil fractions. J | Brewing 2002;108:94-
101.

Higo K, Ugawa Y, Ilwamoto M, Korenaga T. Plant cis-acting regulatory DNA elements (PLACE)
database: 1999. Nucleic Acids Res 1999;27:297-300.

Hichri |, Barrieu F, Bogs J, Kappel C, Delrot S, Lauvergeat V. Recent advances in the transcriptional
regulation of the flavonoid biosynthetic pathway. J Exp Bot 2011;62:2465-83.

Hipskind JD, Paiva NL. Constitutive accumulation of a resveratrol-glucoside in transgenic alfalfa
increases resistance to Phoma medicaginis. Mol Plant Microbe In 2000;13:551-62.

Hiratsu K, Matsui K, Koyama T, Ohme-Takagi M. Dominant repression of target genes by chimeric
repressors that include the EAR motif, a repression domain, in Arabidopsis. Plant J
2003;34:733-9.

Horlemann C, Schwekendiek A, Hohnle M, Weber G. Regeneration and Agrobacterium-mediated
transformation of hop (Humulus lupulus L.). Plant Cell Rep 2003;22:210-7.

Horton P, Park KJ, Obayashi T, Fujita N, Harada H, Adams-Collier CJ et al. WoLF PSORT: protein
localization predictor. Nucleic Acids Res 2007;35:W585-W7.

Hrazdina G, Wagner GJ. Metabolic Pathways as Enzyme Complexes - Evidence for the Synthesis of
Phenylpropanoids and Flavonoids on Membrane-Associated Enzyme Complexes. Arch
Biochem Biophys 1985;237:88-100.

Hughes P. The significance of iso-alpha-acids for beer quality - Cambridge prize paper. J | Brewing
2000;106:271-6.

Hutzler P, Fischbach R, Heller W, Jungblut TP, Reuber S, Schmitz R et al. Tissue localization of phenolic
compounds in plants by confocal laser scanning microscopy. J Exp Bot 1998;49:953-65.
Chappell J, Hahlbrock K. Transcription of Plant Defense Genes in Response to Uv-Light or Fungal

Elicitor. Nature 1984;311:76-8.

Choi HI, Hong JH, Ha JO, Kang JY, Kim SY. ABFs, a family of ABA-responsive element binding factors.
Journal of Biological Chemistry 2000;275:1723-30.

Chong JL, Poutaraud A, Hugueney P. Metabolism and roles of stilbenes in plants. Plant Sci
2009;177:143-55.

Christie PJ, Alfenito MR, Walbot V. Impact of low-temperature stress on general phenylpropanoid
and anthocyanin pathways: enhancement of transcript abundance and anthocyanin
pigmentation in maize seedlings. Planta 1994;194:541-9.

Igarashi D, Ishida S, Fukazawa J, Takahashi Y. 14-3-3 proteins regulate intracellular localization of the
bZIP transcriptional activator RSG. Plant Cell 2001;13:2483-97.

Ishida T, Hattori S, Sano R, Inoue K, Shirano Y, Hayashi H et al. Arabidopsis TRANSPARENT TESTA
GLABRA2 is directly regulated by R2R3 MYB transcription factors and is involved in regulation
of GLABRAZ2 transcription in epidermal differentiation. Plant Cell 2007;19:2531-43.

Ishihama N, Yoshioka H. Post-translational regulation of WRKY transcription factors in plant
immunity. Curr Opin Plant Biol 2012;15:431-7.

ltaya A, Zhong X, Bundschuh R, Qi Y, Wang Y, Takeda R et al. A structured viroid RNA serves as a
substrate for dicer-like cleavage to produce biologically active small RNAs but is resistant to
RNA-induced silencing complex-mediated degradation. J Virol 2007;81:2980-94.

Izhaki I. Emodin - a secondary metabolite with multiple ecological functions in higher plants. New
Phytol 2002;155:205-17.

Jakoby M, Weisshaar B, Droge-Laser W, Vicente-Carbajosa J, Tiedemann J, Kroj T et al. bZIP
transcription factors in Arabidopsis. Trends Plant Sci 2002;7:106-11.

Jakse J, Kindlhofer K, Javornik B. Assessment of genetic variation and differentiation of hop
genotypes by microsatellite and AFLP markers. Genome 2001;44:773-82.

Jefferson RA, Kavanagh TA, Bevan MW. Assaying chimeric genes in plants: The GUS gene fusion
system. Plant Mol Biol Rep 1987;5:387-405.

Jeong SW, Das PK, Jeoung SC, Song JY, Lee HK, Kim YK et al. Ethylene suppression of sugar-induced
anthocyanin pigmentation in Arabidopsis. Plant Physiol 2010;154:1514-31.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |93



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Jez JM, Noel JP. Reaction mechanism of chalcone isomerase. pH dependence, diffusion control, and
product binding differences. J Biol Chem 2002;277:1361-9.

Jez JM, Austin MB, Ferrer JL, Bowman ME, Schroder J, Noel JP. Structural control of polyketide
formation in plant-specific polyketide synthases. Chem Biol 2000;7:919-30.

Jiang C, Gao X, Liao L, Harberd NP, Fu X. Phosphate starvation root architecture and anthocyanin
accumulation responses are modulated by the gibberellin-DELLA signaling pathway in
Arabidopsis. Plant Physiol 2007;145:1460-70.

Jiang D, Jarrett HW, Haskins WE. Methods for proteomic analysis of transcription factors. J
Chromatogr A 2009;1216:6881-9.

Jin HL, Martin C. Multifunctionality and diversity within the plant MYB-gene family. Plant Mol Biol
Rep 1999;41:577-85.

Jin HL, Cominelli E, Bailey P, Parr A, Mehrtens F, Jones J et al. Transcriptional repression by AtMYB4
controls production of UV-protecting sunscreens in Arabidopsis. EMBO J 2000;19:6150-61.

Joung JK, Ramm El, Pabo CO. A bacterial two-hybrid selection system for studying protein-DNA and
protein-protein interactions. P Natl Acad Sci USA 2000;97:7382-7.

Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Christensen SK, Nguyen JT et al. Activation tagging of the
floral inducer FT. Science 1999;286:1962-5.

Kavalier AR, Litt A, Ma C, Pitra NJ, Coles MC, Kennelly EJ et al. Phytochemical and morphological
characterization of hop (Humulus lupulus L.) cones over five developmental stages using high
performance liquid chromatography coupled to time-of-flight mass spectrometry, ultrahigh
performance liquid chromatography photodiode array detection, and light microscopy
techniques. J Agr Food Chem 2011;59:4783-93.

Kawaguchi-Ito Y, Li SF, Tagawa M, Araki H, Goshono M, Yamamoto S et al. Cultivated grapevines
represent a symptomless reservoir for the transmission of hop stunt viroid to hop crops: 15
years of evolutionary analysis. PLoS One 2009;4:e8386.

Kerrien S, Alam-Faruque Y, Aranda B, Bancarz |, Bridge A, Derow C et al. IntAct - open source resource
for molecular interaction data. Nucleic Acids Res 2007;35:D561-D5.

Kim ES, Mahlberg PG. Early development of the secretory cavity of peltate glands in Humulus lupulus
L. (Cannabaceae). Mol Cells 2000;10:487-92.

Koehler G, Wilson RC, Goodpaster JV, Sonsteby A, Lai X, Witzmann FA et al. Proteomic study of low-
temperature responses in strawberry cultivars (Fragaria x ananassa) that differ in cold
tolerance. Plant Physiol 2012;159:1787-805.

Kranz HD, Denekamp M, Greco R, Jin H, Leyva A, Meissner RC et al. Towards functional
characterisation of the members of the R2R3-MYB gene family from Arabidopsis thaliana.
Plant J 1998;16:263-76.

Kuras M, Stefanowska-Wronka M, Lynch JM, Zobel AM. Cytochemical localization of phenolic
compounds in columella cells of the root cap in seeds of Brassica napus - Changes in the
localization of phenolic compounds during germination. Ann Bot-London 1999;84:135-43.

Kurup S, Jones HD, Holdsworth MJ. Interactions of the developmental regulator ABI3 with proteins
identified from developing Arabidopsis seeds. Plant J 2000;21:143-55.

La Camera S, Gouzerh G, Dhondt S, Hoffmann L, Fritig B, Legrand M et al. Metabolic reprogramming
in plant innate immunity: the contributions of phenylpropanoid and oxylipin pathways.
Immunol Rev 2004;198:267-84.

Lalonde S, Boles E, Hellmann H, Barker L, Patrick JW, Frommer WB et al. The dual function of sugar
carriers: Transport and sugar sensing. Plant Cell 1999;11:707-26.

Leckband G, Lorz H. Transformation and expression of a stilbene synthase gene of Vitis vinifera L. in
barley and wheat for increased fungal resistance. Theor Appl Genet 1998;96:1004-12.

Lee CW, Efetova M, Engelmann JC, Kramell R, Wasternack C, Ludwig-Muller J et al. Agrobacterium
tumefaciens promotes tumor induction by modulating pathogen defense in Arabidopsis
thaliana. Plant Cell 2009;21:2948-62.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |94



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Lee J, He K, Stolc V, Lee H, Figueroa P, Gao Y et al. Analysis of transcription factor HY5 genomic
binding sites revealed its hierarchical role in light regulation of development. Plant Cell
2007;19:731-49.

Lei M, Zhu C, Liu Y, Karthikeyan AS, Bressan RA, Raghothama KG et al. Ethylene signalling is involved
in regulation of phosphate starvation-induced gene expression and production of acid
phosphatases and anthocyanin in Arabidopsis. New Phytol 2011;189:1084-95.

Lemmens G. The breeding and parentage of hop varieties. Brew Dig 1998;73:16-26.

Leon P, Sheen J. Sugar and hormone connections. Trends Plant Sci 2003;8:110-6.

Lepiniec L, Debeaujon |, Routaboul JM, Baudry A, Pourcel L, Nesi N et al. Genetics and biochemistry
of seed flavonoids. Annu Rev Plant Biol 2006;57:405-30.

Leyva A, Jarillo JA, Salinas J, Martinezzapater JM. Low temperature induces the accumulation of
phenylalanine ammonia-lyase and chalcone synthase mRNAs of Arabidopsis thaliana in a
light-dependent manner. Plant Physiol 1995;108:39-46.

Li X, Duan X, Jiang H, Sun Y, Tang Y, Yuan Z et al. Genome-wide analysis of basic/helix-loop-helix
transcription factor family in rice and Arabidopsis. Plant Physiol 2006;141:1167-84.

Likens ST, Nickerson GB, Haunold A, Zimmermann CE. Relationship between alpha-acids, beta-acids,
and lupulin content of hops. Crop Sci 1978;18:380-6.

Lillo C, Lea US, Ruoff P. Nutrient depletion as a key factor for manipulating gene expression and
product formation in different branches of the flavonoid pathway. Plant Cell Environ
2008;31:587-601.

Lin YL, Irani NG, Grotewold E. Sub-cellular trafficking of phytochemicals explored using auto-
fluorescent compounds in maize cells. BMC Plant Biol 2003;3:10.

Lloyd JC, Zakhleniuk OV. Responses of primary and secondary metabolism to sugar accumulation
revealed by microarray expression analysis of the Arabidopsis mutant, pho3. J Exp Bot
2004;55:1221-30.

Lozoya E, Block A, Lois R, Hahlbrock K, Scheel D. Transcriptional repression of light-induced flavonoid
synthesis by elicitor treatment of cultured parsley cells. Plant J 1991;1:227-34.

Lukacin R, Schreiner S, Matern U. Transformation of acridone synthase to chalcone synthase. FEBS
Lett 2001;508:413-7.

Luo Y, Vijaychander S, Stile J, Zhu L. Cloning and analysis of DNA-Binding proteins by yeast one-hybrid
and one-two-hybrid systems. Biotechniques 1996;20:564-&.

Maes L, Inze D, Goossens A. Functional specialization of the TRANSPARENT TESTA GLABRA1 network
allows differential hormonal control of laminal and marginal trichome initiation in
Arabidopsis rosette leaves. Plant Physiol 2008;148:1453-64.

Machida S, Yamahata N, Watanuki H, Owens RA, Sano T. Successive accumulation of two size classes
of viroid-specific small RNA in potato spindle tuber viroid-infected tomato plants. J Gen Virol
2007;88:3452-7.

Majer A, JakSe J, Javornik B. 2012. Hop ESTs as a source of resistance gene analogs and their
application in genetic mapping. In lll International Humulus Symposium, p. 31. International
Society for Horticultural Sciences, Zatec, Czech Republic.

Maliga P, Klessig DF, Cashmore AR, Gruissem W, Varner JE. 1995. Methods in plant molecular biology:
a laboratory course manual. Cold Spring Harbor Laboratory Press, New York.

Martinez G, Donaire L, Llave C, Pallas V, Gomez G. High-throughput sequencing of Hop stunt viroid-
derived small RNAs from cucumber leaves and phloem. Mol Plant Pathol 2010;11:347-59.

Matousek J, Novak P, Bfiza J, Patzak J, Niedermeierova H. Cloning and characterisation of chs-specific
DNA and cDNA sequences from hop (Humulus lupulus L.). Plant Sci 2002;162:1007-18.

Matousek J, Kocdbek T, Patzak J, Fuessy Z, Prochazkova J, Heyerick A. Combinatorial analysis of
lupulin gland transcription factors from R2R3Myb, bHLH and WDR families indicates a
complex regulation of chs_H1 genes essential for prenylflavonoid biosynthesis in hop
(Humulus Lupulus L.). BMC Plant Biol 2012;12.

Matousek J, Patzak J, Orctova L, Schubert J, Vrba L, Steger G et al. The variability of hop latent viroid
as induced upon heat treatment. Virology 2001;287:349-58.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |95



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Matousek J, Vrba L, Skopek J, Orctova L, Pesina K, Heyerick A et al. Sequence analysis of a "true"
chalcone synthase (chs_H1) oligofamily from hop (Humulus lupulus L.) and PAP1 activation of
chs_H1 in heterologous systems. J Agr Food Chem 2006;54:7606-15.

Matousek J, Vrba L, Novak P, Patzak J, De Keukeleire J, Skopek J et al. Cloning and molecular analysis
of the regulatory factor HIMyb1 in hop (Humulus lupulus L.) and the potential of hop to
produce bioactive prenylated flavonoids. J Agr Food Chem 2005;53:4793-8.

Matousek J, Kocabek T, Patzak J, Skopek J, Maloukh L, Heyerick A et al. HIMyb3, a putative regulatory
factor in hop (Humulus lupulus L.), shows diverse biological effects in heterologous
transgenotes. J Agr Food Chem 2007a;55:7767-76.

Matousek J, Kozlova P, Orctova L, Schmitz A, Pesina K, Bannach O et al. Accumulation of viroid-
specific small RNAs and increase in nucleolytic activities linked to viroid-caused pathogenesis.
Biol Chem 2007b;388:1-13.

Matousek J, Kocabek T, Patzak J, Stehlik J, Flissy Z, Krofta K et al. x. J Agr Food Chem 2010;58:902-12.
Matsui K, Umemura Y, Ohme-Takagi M. AtMYBL2, a protein with a single MYB domain, acts as a
negative regulator of anthocyanin biosynthesis in Arabidopsis. Plant J 2008;55:954-67.

Matus JT, Poupin MJ, Cafién P, Bordeu E, Alcalde JA, Arce-Johnson P. Isolation of WDR and bHLH
genes related to flavonoid synthesis in grapevine (Vitis vinifera L.). Plant Mol Biol
2010;72:607-20.

Meggio F, Pinna LA. One-thousand-and-one substrates of protein kinase CK2? Faseb J 2003;17:349-
68.

Milligan SR, Kalita JC, Heyerick A, Rong H, De Cooman L, De Keukeleire D. Identification of a potent
phytoestrogen in hops (Humulus lupulus L.) and beer. J Clin Endocr Metab 1999;84:2249-52.

Miranda CL, Stevens JF, lvanov V, McCall M, Frei B, Deinzer ML et al. Antioxidant and prooxidant
actions of prenylated and nonprenylated chalcones and flavanones in vitro. J Agr Food Chem
2000;48:3876-84.

Mita S, Murano N, Akaike M, Nakamura K. Mutants of Arabidopsis thaliana with pleiotropic effects
on the expression of the gene for beta-amylase and on the accumulation of anthocyanin that
are inducible by sugars. Plant J 1997;11:841-51.

Mitsuda N, Ohme-Takagi M. Functional analysis of transcription factors in Arabidopsis. Plant Cell
Physiol 2009;50:1232-48.

Moir M. 2000. Hops: A millennium review. American Society of Brewing Chemists, St. Paul, MN,
ETATS-UNIS.

Mol J, Grotewold E, Koes R. How genes paint flowers and seeds. Trends Plant Sci 1998;3:212-7.

Momma T, Takahashi T. Developmental morphology of hop stunt viroid-infected hop plants and
analysis of their cone yield. J Phytopathol 1984;110:1-14.

Moore BS, Hertweck C, Hopke JN, Izumikawa M, Kalaitzis JA, Nilsen G et al. Plant-like biosynthetic
pathways in bacteria: From benzoic acid to chalcone. J Nat Prod 2002;65:1956-62.

Mori K, Sugaya S, Gemma H. Decreased anthocyanin biosynthesis in grape berries grown under
elevated night temperature condition. Sci Hortic (Amsterdam) 2005;105:319-30.

Morohashi K, Grotewold E. A systems approach reveals regulatory circuitry for Arabidopsis trichome
initiation by the GL3 and GL1 selectors. PLoS Genet 2009;5:e1000396.

Moyano E, MartinezGarcia JF, Martin C. Apparent redundancy in myb gene function provides gearing
for the control of flavonoid biosynthesis in Antirrhinum flowers. Plant Cell 1996;8:1519-32.

Murakami A, Darby P, Javornik B, Pais MS, Seigner E, Lutz A et al. Molecular phylogeny of wild hops,
Humulus lupulus L. Heredity 2006;97:66-74.

Murphy A, Peer WA, Taiz L. Regulation of auxin transport by aminopeptidases and endogenous
flavonoids. Planta 2000;211:315-24.

Nagel J, Culley LK, Lu Y, Liu E, Matthews PD, Stevens JF et al. EST analysis of hop glandular trichomes
identifies an O-methyltransferase that catalyzes the biosynthesis of xanthohumol. Plant Cell
2008;20:186-200.

Naoumkina MA, Zhao Q, Gallego-Giraldo L, Dai X, Zhao PX, Dixon RA. Genome-wide analysis of
phenylpropanoid defence pathways. Mol Plant Pathol 2010;11:829-46.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |96



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Navarro B, Pantaleo V, Gisel A, Moxon S, Dalmay T, Bisztray G et al. Deep sequencing of viroid-
derived small RNAs from grapevine provides new insights on the role of RNA silencing in
plant-viroid interaction. PLoS One 2009;4:e7686.

Nesi N, Jond C, Debeaujon |, Caboche M, Lepiniec L. The Arabidopsis TT2 gene encodes an R2R3 MYB
domain protein that acts as a key determinant for proanthocyanidin accumulation in
developing seed. Plant Cell 2001;13:2099-114.

Nesi N, Debeaujon |, Jond C, Pelletier G, Caboche M, Lepiniec L. The TT8 gene encodes a basic helix-
loop-helix domain protein required for expression of DFR and BAN genes in Arabidopsis
siliques. Plant Cell 2000;12:1863-78.

Nesi N, Debeaujon |, Jond C, Stewart AJ, Jenkins GI, Caboche M et al. The TRANSPARENT TESTA16
locus encodes the ARABIDOPSIS BSISTER MADS domain protein and is required for proper
development and pigmentation of the seed coat. Plant Cell 2002;14:2463-79.

Nesvadba V, Krofta K, Poloncikova Z. 2011. New knowledge in Czech hop breeding. In International
Hop Growers' Convention Meeting, (ed. E Seigner), pp. 15-8. Scientific Commission, I.H.G.C.,
Lublin, Poland.

Neve RA. 1991. Hops. Springer.

Novdk P, Matousek J, Bfiza J. Valerophenone synthase-like chalcone synthase homologues in
Humulus lupulus. Biol Plantarum 2003;46:375-81.

Novdk P, Krofta K, Matousek J. Chalcone synthase homologues from Humulus lupulus: some
enzymatic properties and expression. Biol Plantarum 2006;50:48-54.

O'Neill LP, Turner BM. Immunoprecipitation of chromatin. Method Enzymol 1996;274:189-97.

Obayashi T, Hayashi S, Saeki M, Ohta H, Kinoshita K. ATTED-II provides coexpressed gene networks
for Arabidopsis. Nucleic Acids Res 2009;37:D987-D91.

Ohno T, Takamatsu N, Meshi T, Okada Y. Hop stunt viroid: molecular cloning and nucleotide
sequence of the complete cDNA copy. Nucleic Acids Res 1983;11:6185-97.

Okada Y, Yamazaki Y, Suh DY, Sankawa U, Ito K. Bifunctional activities of valerophenone synthase in
hop (Humulus lupulus L.). ) Am Soc Brew Chem 2001;59:163-6.

Okada Y, Saeki K, Inaba A, Suda N, Kaneko T, Ito K. Construction of gene expression system in hop
(Humulus lupulus) lupulin gland using valerophenone synthase promoter. J Plant Physiol
2003;160:1101-8.

Okada Y, Sano Y, Kaneko T, Abe |, Noguchi H, Ito K. Enzymatic reactions by five chalcone synthase
homologs from hop (Humulus lupulus L). Biosci Biotech Bioch 2004;68:1142-5.

Oliveira MM, Pais MS. Glandular trichomes of Humulus lupulus var. Brewer’s Gold (hops):
Ultrastructural aspects of peltate trichomes. J Submicr Cytol Path 1990;22:241-8.

Olsson LC, Veit M, Weissenbock G, Bornman JF. Differential flavonoid response to enhanced UV-B
radiation in Brassica napus. Phytochemistry 1998;49:1021-8.

Oriniakova P, Matousek J. Viroid infection of hop (Humulus lupulus L.) mediated by Agrobacterium
tumefaciens and conditions for hop transformation. Rostlinna Vyroba 1996;42:233-9.
Ormrod DP, Landry LG, Conklin PL. Short-term UV-B radiation and ozone exposure effects on
aromatic secondary metabolite accumulation and shoot growth of flavonoid-deficient

Arabidopsis mutants. Physiol Plantarum 1995;93:602-10.

Pallds V, Navarro A, Flores R. Isolation of a viroid-like RNA from hop different from Hop stunt viroid. J
Gen Virol 1987;68:3201-5.

Paniego NB, Zuurbier KWM, Fung SY, van der Heijden R, Scheffer JJC, Verpoorte R.
Phlorisovalerophenone synthase, a novel polyketide synthase from hop (Humulus lupulus L.)
cones. Eur J Biochem 1999;262:612-6.

Parenicova L. Molecular and phylogenetic analyses of the complete MADS-box transcription factor
family in Arabidopsis: New openings to the MADS world. Plant Cell 2003;15:1538-51.
Pattanaik S, Xie CH, Yuan L. The interaction domains of the plant Myc-like bHLH transcription factors

can regulate the transactivation strength. Planta 2008;227:707-15.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |97



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Pattanaik S, Xie CH, Kong Q, Shen KA, Yuan L. Directed evolution of plant basic helix-loop-helix
transcription factors for the improvement of transactivational properties. Biochim Biophys
Acta 2006;1759:308-18.

Patzak J. Comparison of RAPD, STS, ISSR and AFLP molecular methods used for assessment of genetic
diversity in hop (Humulus lupulus L.). Euphytica 2001;121:9-18.

Patzak J, Matousek J. Development and evaluation of expressed sequence tag-derived microsatellite
markers for hop genotyping. Biol Plantarum 2011;55:761-5.

Payne CT, Zhang F, Lloyd AM. GL3 encodes a bHLH protein that regulates trichome development in
arabidopsis through interaction with GL1 and TTG1. Genetics 2000;156:1349-62.

Peer WA, Bandyopadhyay A, Blakeslee JJ, Makam SN, Chen RJ, Masson PH et al. Variation in
expression and protein localization of the PIN family of auxin efflux facilitator proteins in
flavonoid mutants with altered auxin transport in Arabidopsis thaliana. Plant Cell
2004;16:1898-911.

Pelletier MK, Shirley BW. Analysis of flavanone 3-hydroxylase in Arabidopsis seedlings - Coordinate
regulation with chalcone synthase and chalcone isomerase. Plant Physiol 1996;111:339-45.

Pollastri S, Tattini M. Flavonols: old compounds for old roles. Ann Bot 2011;108:1225-33.

Pruneda-Paz JL, Breton G, Para A, Kay SA. A functional genomics approach reveals CHE as a
component of the Arabidopsis circadian clock. Science 2009;323:1481-5.

Puchta H, Ramm K, Sanger HL. The molecular structure of Hop latent viroid (HLV), a new viroid
occurring worldwide in hops. Nucleic Acids Res 1988;16:4197-216.

Quattrocchio F, Wing JF, Leppen HTC, Mol JNM, Koes RE. Regulatory genes controlling anthocyanin
pigmentation are functionally conserved among plant species and have distinct sets of target
genes. Plant Cell 1993;5:1497-512.

Quattrocchio F, Wing JF, van der Woude K, Mol JNM, Koes R. Analysis of bHLH and MYB domain
proteins: species-specific regulatory differences are caused by divergent evolution of target
anthocyanin genes. Plant J 1998;13:475-88.

Quattrocchio F, Verweij W, Kroon A, Spelt C, Mol J, Koes R. PH4 of Petunia is an R2R3 MYB protein
that activates vacuolar acidification through interactions with basic-helix-loop-helix
transcription factors of the anthocyanin pathway. Plant Cell 2006;18:1274-91.

Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R et al. InterProScan: protein
domains identifier. Nucleic Acids Res 2005;33:W116-W?20.

Raikhel N. Nuclear targeting in plants. Plant Physiol 1992;100:1627-32.

Rajagopalan R, Vaucheret H, Trejo J, Bartel DP. A diverse and evolutionarily fluid set of microRNAs in
Arabidopsis thaliana. Genes Dev 2006;20:3407-25.

Ralston L, Subramanian S, Matsuno M, Yu O. Partial reconstruction of flavonoid and isoflavonoid
biosynthesis in yeast using soybean type | and type Il chalcone isomerases. Plant Physiol
2005;137:1375-88.

Ramsay NA, Glover BJ. MYB-bHLH-WD40 protein complex and the evolution of cellular diversity.
Trends Plant Sci 2005;10:63-70.

Roberts MT, Dufour J-P, Lewis AC. Application of comprehensive multidimensional gas
chromatography combined with time-of-flight mass spectrometry (GCxGC-TOFMS) for high
resolution analysis of hop essential oil. J Sep Sci 2004;27:473-8.

Rolland F, Moore B, Sheen J. Sugar sensing and signaling in plants. Plant Cell 2002;14:5185-S205.

Romero |, Fuertes A, Benito MJ, Malpica JM, Leyva A, Paz-Ares J. More than 80R2R3-MYB regulatory
genes in the genome of Arabidopsis thaliana. Plant J 1998;14:273-84.

Rosler J, Krekel F, Amrhein N, Schmid J. Maize phenylalanine ammonia-lyase has tyrosine ammonia-
lyase activity. Plant Physiol 1997;113:175-9.

Rossini S, Casazza AP, Engelmann ECM, Havaux M, Jennings RC, Soave C. Suppression of both ELIP1
and ELIP2 in Arabidopsis does not affect tolerance to photoinhibition and photooxidative
stress. Plant Physiol 2006;141:1264-73.

Sagesser M, Deinzer M. HPLC-ion spray tandem mass spectrometry of flavonol glycosides in hops. J
Am Soc Brew Chem 1996;54:129-34.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |98



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Sano T, Yoshida H, Goshono M, Monma T, Kawasaki H, Ishizaki K. Characterization of a new viroid
strain from hops: evidence for viroid speciation by isolation in different host species. J Gen
Plant Pathol 2004,70:181-7.

Sasaki K, Tsurumaru Y, Yamamoto H, Yazaki K. Molecular characterization of a membrane-bound
prenyltransferase specific for isoflavone from Sophora flavescens. J Biol Chem
2011;286:24125-34.

Sasaki K, Mito K, Ohara K, Yamamoto H, Yazaki K. Cloning and characterization of naringenin 8-
prenyltransferase, a flavonoid-specific prenyltransferase of Sophora flavescens. Plant Physiol
2008;146:1075-84.

Saslowsky D, Winkel-Shirley B. Localization of flavonoid enzymes in Arabidopsis roots. Plant J
2001;27:37-48.

Severin K, Schoffl F. Heat-inducible hygromycin resistance in transgenic tobacco. Plant Mol Biol Rep
1990;15:827-33.

Shimada N, Aoki T, Sato S, Nakamura Y, Tabata S, Ayabe S. A cluster of genes encodes the two types
of chalcone isomerase involved in the biosynthesis of general flavonoids and legume-specific
5-deoxy(iso)flavonoids in Lotus japonicus. Plant Physiol 2003;131:941-51.

Shimada S, Otsuki H, Sakuta M. Transcriptional control of anthocyanin biosynthetic genes in the
Caryophyllales. J Exp Bot 2007;58:957-67.

Shimizu T, Toumoto A, lhara K, Shimizu M, Kyogoku Y, Ogawa N et al. Crystal structure of PHO4 bHLH
domain-DNA complex: Flanking base recognition. EMBO J 1997;16:4689-97.

Shin J, Park E, Choi G. PIF3 regulates anthocyanin biosynthesis in an HY5-dependent manner with
both factors directly binding anthocyanin biosynthetic gene promoters in Arabidopsis. Plant J
2007;49:981-94.

Schmid J, Amrhein N. Molecular organisation of the shikimate pathway in plants. Phytochemistry
1995;39:737-49.

Schroder J. A family of plant-specific polyketide synthases: Facts and predictions. Trends Plant Sci
1997;2:373-8.

Schulze-Lefert P, Beckerandre M, Schulz W, Hahlbrock K, Dangl JL. Functional architecture of the
light-responsive chalcone synthase promoter from parsley. Plant Cell 1989;1:707-14.

Schutze K, Harter K, Chaban C. Post-translational regulation of plant bZIP factors. Trends Plant Sci
2008;13:247-55.

Schwekendiek A, Spring O, Heyerick A, Pickel B, Pitsch NT, Peschke F et al. Constitutive expression of
a grapevine stilbene synthase gene in transgenic hop (Humulus lupulus L.) yields resveratrol
and its derivatives in substantial quantities. J Agr Food Chem 2007;55:7002-9.

Schwinn K, Venail J, Shang YJ, Mackay S, Alm V, Butelli E et al. A small family of MYB-regulatory genes
controls floral pigmentation intensity and patterning in the genus Antirrhinum. Plant Cell
2006;18:831-51.

Small E. A numerical and nomenclatural analysis of morpho-geographic taxa of Humulus. Syst Bot
1978;3:37-76.

Smith TF, Gaitatzes C, Saxena K, Neer EJ. The WD repeat: a common architecture for diverse
functions. Trends Biochem Sci 1999;24:181-5.

Sohn HY, Son KH, Kwon CS, Kwon GS, Kang SS. Antimicrobial and cytotoxic activity of 18 prenylated
flavonoids isolated from medicinal plants: Morus alba L., Morus mongolica Schneider,
Broussnetia papyrifera (L.) Vent, Sophora flavescens Ait and Echinosophora koreensis Nakai.
Phytomedicine 2004;11:666-72.

Solfanelli C, Poggi A, Loreti E, Alpi A, Perata P. Sucrose-specific induction of the anthocyanin
biosynthetic pathway in Arabidopsis. Plant Physiol 2006;140:637-46.

Solovchenko A, Schmitz-Eiberger M. Significance of skin flavonoids for UV-B-protection in apple
fruits. J Exp Bot 2003;54:1977-84.

Sompornpailin K, Makita Y, Yamazaki M, Saito K. A WD-repeat-containing putative regulatory protein
in anthocyanin biosynthesis in Perilla frutescens. Plant Mol Biol 2002;50:485-95.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |99



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Spelt C, Quattrocchio F, Mol JNM, Koes R. anthocyaninl of petunia encodes a basic helix-loop-helix
protein that directly activates transcription of structural anthocyanin genes. Plant Cell
2000;12:1619-31.

Stajner N, Satovic Z, Cerenak A, Javornik B. Genetic structure and differentiation in hop (Humulus
lupulus L.) as inferred from microsatellites. Euphytica 2008;161:301-11.

Stepanova AN, Ecker JR. Ethylene signaling: from mutants to molecules. Curr Opin Plant Biol
2000;3:353-60.

Stevens JF, Ivancic M, Hsu VL, Deinzer ML. Prenylflavonoids from Humulus lupulus. Phytochemistry
1997;44:1575-85.

Stracke R, Werber M, Weisshaar B. The R2R3-MYB gene family in Arabidopsis thaliana. Curr Opin
Plant Biol 2001;4:447-56.

Stracke R, Ishihara H, Huep G, Barsch A, Mehrtens F, Niehaus K et al. Differential regulation of closely
related R2R3-MYB transcription factors controls flavonol accumulation in different parts of
the Arabidopsis thaliana seedling. Plant J 2007;50:660-77.

Stushnoff C, Ducreux LJM, Hancock RD, Hedley PE, Holm DG, McDougall GJ et al. Flavonoid profiling
and transcriptome analysis reveals new gene—metabolite correlations in tubers of Solanum
tuberosum L. J Exp Bot 2010;61:1225-38.

Suganuma T, Pattenden SG, Workman JL. Diverse functions of WD40 repeat proteins in histone
recognition. Gene Dev 2008;22:1265-8.

Sugiyama R, Oda H, Kurosaki F. Two distinct phases of glandular trichome development in hop
(Humulus lupulus L.). Plant Biotechnol 2006;23:493-6.

Suh DY, Fukuma K, Kagami J, Yamazaki Y, Shibuya M, Ebizuka Y et al. Identification of amino acid
residues important in the cyclization reactions of chalcone and stilbene synthases. Biochem J
2000;350:229-35.

Suzuki M, Ketterling MG, Li QB, McCarty DR. Viviparousl alters global gene expression patterns
through regulation of abscisic acid signaling. Plant Physiol 2003;132:1664-77.

Skof S, Luthar Z. Detection of the reporter and selection genes in transformed hop (Humulus lupulus
L.). Acta Agric Slov 2005;85:351-8.

Tahara S. A journey of twenty-five years through the ecological biochemistry of flavonoids. Biosci
Biotech Bioch 2007;71:1387-404.

Takeuchi A, Matsumoto S, Hayatsu M. Chalcone synthase from Camellia sinensis: Isolation of the
cDNAs and the organ-specific and sugar-responsive expression of the genes. Plant Cell
Physiol 1994;35:1011-8.

Tanaka Y, Brugliera F, Chandler S. Recent progress of flower colour modification by biotechnology. Int
J Mol Sci 2009;10:5350-69.

Teng S, Keurentjes J, Bentsink L, Koornneef M, Smeekens S. Sucrose-specific induction of anthocyanin
biosynthesis in Arabidopsis requires the MYB75/PAP1 gene. Plant Physiol 2005;139:1840-52.

Terrier N, Torregrosa L, Ageorges A, Vialet S, Verries C, Cheynier V et al. Ectopic expression of
VvMybPA2 promotes proanthocyanidin biosynthesis in grapevine and suggests additional
targets in the pathway. Plant Physiol 2009;149:1028-41.

Theissen G, Becker A, Di Rosa A, Kanno A, Kim JT, Munster T et al. A short history of MADS-box genes
in plants. Plant Mol Biol 2000;42:115-49.

Thomzik JE, Stenzel K, Stocker R, Schreier PH, Hain R, Stahl DJ. Synthesis of a grapevine phytoalexin in
transgenic tomatoes (Lycopersicon esculentum Mill.) conditions resistance against
Phytophthora infestans. Physiol Mol Plant P 1997;51:265-78.

Tohge T, Kusano M, Fukushima A, Saito K, Fernie AR. Transcriptional and metabolic programs
following exposure of plants to UV-B irradiation. Plant Signal Behav 2011;6:1987-92.

Tohge T, Nishiyama Y, Hirai MY, Yano M, Nakajima J, Awazuhara M et al. Functional genomics by
integrated analysis of metabolome and transcriptome of Arabidopsis plants over-expressing
an MYB transcription factor. Plant J 2005;42:218-35.

Toledo-Ortiz G, Huq E, Quail PH. The Arabidopsis basic/helix-loop-helix transcription factor family.
Plant Cell 2003;15:1749-70.

Faculty of Science, University of South Bohemia Ceské Budé&jovice | 100



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Tropf S, Karcher B, Schroder G, Schréder J. Reaction Mechanisms of Homodimeric Plant Polyketide
Synthases (Stilbene and Chalcone Synthase): A single active site for the condensing reaction
is sufficient for synthesis of stilbenes, chalcones, and 6'-deoxychalcones. J Biol Chem
1995;270:7922-8.

Tsukaya H, Ohshima T, Naito S, Chino M, Komeda Y. Sugar-dependent expression of the CHS-A gene
for chalcone synthase from petunia in transgenic Arabidopsis. Plant Physiol 1991;97:1414-21.

Tsurumaru Y, Sasaki K, Miyawaki T, Uto Y, Momma T, Umemoto N et al. HIPT-1, a membrane-bound
prenyltransferase responsible for the biosynthesis of bitter acids in hops. Biochem Biophys
Res Commun 2012;417:393-8.

UniProt Consortium. Reorganizing the protein space at the Universal Protein Resource (UniProt).
Nucleic Acids Res 2012;40:D71-5.

Uno Y, Furihata T, Abe H, Yoshida R, Shinozaki K, Yamaguchi-Shinozaki K. Arabidopsis basic leucine
zipper transcription factors involved in an abscisic acid-dependent signal transduction
pathway under drought and high-salinity conditions. P Natl Acad Sci USA 2000;97:11632-7.

van Nocker S, Ludwig P. The WD-repeat protein superfamily in Arabidopsis: conservation and
divergence in structure and function. BMC Genomics 2003;4.

van Verk MC, Pappaioannou D, Neeleman L, Bol JF, Linthorst HJ. A novel WRKY transcription factor is
required for induction of PR-1a gene expression by salicylic acid and bacterial elicitors. Plant
Physiol 2008;146:1983-95.

Veit M, Pauli GF. Major flavonoids from Arabidopsis thaliana leaves. ) Nat Prod 1999;62:1301-3.

Vogt T. Phenylpropanoid biosynthesis. Mol Plant 2010;3:2-20.

Voinnet O, Rivas S, Mestre P, Baulcombe D. An enhanced transient expression system in plants based
on suppression of gene silencing by the p19 protein of tomato bushy stunt virus. Plant J
2003;33:949-56.

Vom Endt D, Kijne JW, Memelink J. Transcription factors controlling plant secondary metabolism:
what regulates the regulators? Phytochemistry 2002;61:107-14.

Wang G, Tian L, Aziz N, Broun P, Dai X, He J et al. Terpene biosynthesis in glandular trichomes of hop.
Plant Physiol 2008;148:1254-66.

Wang MB, Bian XY, Wu LM, Liu LX, Smith NA, Isenegger D et al. On the role of RNA silencing in the
pathogenicity and evolution of viroids and viral satellites. P Natl Acad Sci USA
2004;101:3275-80.

Weihrauch F, Baumgartner A, Felsl M, Lutz A. Aphid tolerance of different hop genotypes: First
attempts to develop a simple biotest for hop breeding by the use of Phorodon humuli.
Proceedings of the Second International Humulus Symposium 2009;848:125-9.

Weisshaar B, Jenkins Gl. Phenylpropanoid biosynthesis and its regulation. Curr Opin Plant Biol
1998;1:251-7.

Wesley SV, Helliwell CA, Smith NA, Wang MB, Rouse DT, Liu Q et al. Construct design for efficient,
effective and high-throughput gene silencing in plants. Plant J 2001;27:581-90.

West AG, Shore P, Sharrocks AD. DNA binding by MADS-box transcription factors: A molecular
mechanism for differential DNA bending. Mol Cell Biol 1997;17:2876-87.

Wink M. Compartmentation of secondary metabolites and xenobiotics in plant vacuoles. Adv Bot Res
1997;25:141-69.

Winkel-Shirley B. Flavonoid biosynthesis. A colorful model for genetics, biochemistry, cell biology,
and biotechnology. Plant Physiol 2001;126:485-93.

Winkel BS. Metabolic channeling in plants. Annu Rev Plant Biol 2004;55:85-107.

Winter D, Vinegar B, Nahal H, Ammar R, Wilson GV, Provart NJ. An "electronic Fluorescent
Pictograph" browser for exploring and analyzing large-scale biological data sets. PLoS One
2007;2.

Wright WE, Binder M, Funk W. Cyclic Amplification and Selection of Targets (CASTing) for the
myogenin consensus binding-site. Mol Cell Biol 1991;11:4104-10.

Wu G, Poethig RS. Temporal regulation of shoot development in Arabidopsis thaliana by miR156 and
its target SPL3. Development 2006;133:3539-47.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |101



Zoltan Fiissy: Structure-function analysis of selected hop regulatory factors

Yamada T, Matsuda F, Kasai K, Fukuoka S, Kitamura K, Tozawa Y et al. Mutation of a rice gene
encoding a phenylalanine biosynthetic enzyme results in accumulation of phenylalanine and
tryptophan. Plant Cell 2008;20:1316-29.

Yanhui C, Xiaoyuan Y, Kun H, Meihua L, Jigang L, Zhaofeng G et al. The MYB transcription factor
superfamily of Arabidopsis: expression analysis and phylogenetic comparison with the rice
MYB family. Plant Mol Biol 2006;60:107-24.

Yoshida K, lwasaka R, Shimada N, Ayabe S-i, Aoki T, Sakuta M. Transcriptional control of the
dihydroflavonol 4-reductase multigene family in Lotus japonicus. ) Plant Res 2010;123:801-5.

Zhang B, Hu ZL, Zhang YJ, Li YL, Zhou S, Chen GP. A putative functional MYB transcription factor
induced by low temperature regulates anthocyanin biosynthesis in purple kale (Brassica
Oleracea var. acephala f. tricolor). Plant Cell Reports 2012;31:281-9.

Zhang F, Gonzalez A, Zhao M, Payne CT, Lloyd A. A network of redundant bHLH proteins functions in
all TTG1-dependent pathways of Arabidopsis. Development 2003;130:4859-69.

Zhang W, Ning GG, Lv HY, Liao L, Bao MZ. Single MYB-type transcription factor AtCAPRICE: A new
efficient tool to engineer the production of anthocyanin in tobacco. Biochem Biophys Res
Commun 2009;388:742-7.

Zhang X, C Allan A, Yi Q, Chen L, Li K, Shu Q et al. Differential gene expression analysis of yunnan red
pear, Pyrus pyrifolia, during fruit skin coloration. Plant Mol Biol Rep 2011;29:305-14.

Zhao J, Dixon RA. The 'ins' and 'outs' of flavonoid transport. Trends Plant Sci 2010;15:72-80.

Zhao M, Morohashi K, Hatlestad G, Grotewold E, Lloyd A. The TTG1-bHLH-MYB complex controls
trichome cell fate and patterning through direct targeting of regulatory loci. Development
2008;135:1991-9.

Zhu HF, Fitzsimmons K, Khandelwal A, Kranz RG. CPC, a single-repeat R3 MYB, is a negative regulator
of anthocyanin biosynthesis in Arabidopsis. Mol Plant 2009;2:790-802.

Zhu J, Jeong JC, Zhu Y, Sokolchik I, Miyazaki S, Zhu JK et al. Involvement of Arabidopsis HOS15 in
histone deacetylation and cold tolerance. P Natl Acad Sci USA 2008;105:4945-50.

Zimmermann IM, Heim MA, Weisshaar B, Uhrig JF. Comprehensive identification of Arabidopsis
thaliana MYB transcription factors interacting with R/B-like BHLH proteins. Plant J
2004,;40:22-34.

Zuo JR, Niu QW, Chua NH. An estrogen receptor-based transactivator XVE mediates highly inducible
gene expression in transgenic plants. Plant J 2000;24:265-73.

Zuurbier KWM, Fung SY, Scheffer JIC, Verpoorte R. In-vitro prenylation of aromatic intermediates in
the biosynthesis of bitter acids in Humulus lupulus. Phytochemistry 1998;49:2315-22.

Faculty of Science, University of South Bohemia Ceské Budé&jovice |102



Structure-function analysis of selected hop (Humulus lupulus L.) regulatory factors.
Ph.D. Thesis, in English.

© for non-published parts Zoltan Fiissy: zoltan.fussy@gmail.com
All rights reserved
For non-commercial use only

Printed in Czech Republic by Vlastimil Johanus
Edition of 7 copies

University of South Bohemia in Ceské Budéjovice
Faculty of Science

BraniSovska 31

CZ-37005 Ceské Budéjovice, Czech Republic

Phone: +420 387 772 244
www.prfjcu.cz, e-mail: sekret@prf.jcu.cz



	Thesis-ZF-epub
	Thesis-titulka 0.2
	Thesis-ZF
	Thesis 1.0
	pub 1
	pub 3
	pub 4
	Imbalance in expression of hop (Humulus lupulus) chalcone synthase H1 and its regulators during hop stunt viroid pathogenesis
	Introduction




	abstrakty


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 500
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 500
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




