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Summary

For a long time, hop (Humulus lupulus L.) has been used in the brewing industry as flavoring and preserving
agent. Moreover, the hop plant has been used for medicinal purposes. Recently, xanthohumol and
desmethylxanthohumol have received special attention due to their potential cancer chemopreventive
properties.

Hop breeding programs have been mainly focused on the development of new cultivars with a high content of
a- and p-acids in order to satisfy the demand of the brewing industry. However, due to the medical and
pharmaceutical importance of hops, new breeding efforts have been done to create new cultivars with a
higher content of xanthohumol and desmethylxanthohumol. In order, to complement these efforts, metabolic
engineering of flavonoid biosynthesis offers tremendous potential to modify the production of these

compounds.

The flavonoid biosynthetic pathway has been intensively studied in plants. Often single target genes are
regulated by several transcription factors. The R2R3 MYB transcription factor family plays an important role
in the regulation of the biosynthesis of phenylpropanoids and flavonoids. Ectopic expression of these

transcription factors in transgenic plants stimulated the production and enhanced the quantity of flavonoids.

The main objective of the research presented here was to modulate the production of pharmaceutical

metabolites in hop through metabolic engineering of the flavonoid biosynthesis pathway.

Towards this goal, in a first approach, genetic engineering of hop cv. Tettnanger with the heterologous
transcription factor PAP1/AtMYB75 from Arabidopsis thaliana L. was successfully accomplished. It was
shown that PAP1/AtMYB75 was stably incorporated and expressed in the hop genome. The transgenic events
showed reddish to pink female flowers and cones. Moreover, compared to the wildtype plants, the expression
of the structural genes CHS_H1, CHI, and F3"H was elevated in transgenic hop plants. In addition, the
production of anthocyanins, rutin, isoquercitin, kaempferol-7-O-glucoside, kaempferol-7-O-glucoside-
malonate, desmethylxanthohumol, xanthohumol, a-acids, and S-acids in transgenic hop plants was influenced
by the PAP1/AtMYB75 transcription factor.

In a second approach, the homologous transcription factor HIMYB3 from H. lupulus L. was genetically
introduced and expressed in the hop genome. The effect of the over-expression of the transgene on the
expression rate of structural flavonoid and phloroglucinol biosynthetic genes, like PAL, C4H, 4CL, CHS_H1,
CHI, F3H, F3'H, FLS, F3'5"H, OMT1, HIPT1, and VPS was examined. Transgenic events with an elevated

expression of genes of flavonoid and phloroglucinol biosynthesis were identified.
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For quite some time successful plant tissue culture and Agrobacterium tumefaciens-mediated transformation
procedures are available to genetically modify hop. However, these procedures are characterized by the low
regeneration and transformation rates. Moreover, A. tumefaciens-mediated transformation is a laborious and

time consuming process.

For that reason, in order to evaluate further homologous or heterologous transcription factors with respect to
the regulation of flavonoid and phloroglucinol biosynthesis in hop was highly desirable to have a simple and
fast transformation system. A. rhizogenes-mediated transformation represents an alternative to express genes
in hairy roots. Therefore, hop explants were genetically transformed with A. rhizogenes strains K599 and
15834. Hairy roots were only induced by A. rhizogenes 15834. The transgenity of the obtained hairy roots
was confirmed by histochemical GUS assay. The integration of rolC and mgfp5 genes in transgenic hairy

roots was confirmed by PCR.

Particle bombardment combined with the regeneration of plants in temporary immersion bioreactors could
provide another alternative for hop genetic transformation. In this study, a protocol for the micropropagation
and shoot induction from organogenic calli of hop cv. Tettnanger using the temporary immersion bioreactors
was developed. Furthermore, a procedure for particle bombardment was established using the following

parameters: helium pressure of 900 psi, and target distance of 6 cm.

The importance of hop relies on the secondary metabolites contain in the lupulin glands of the female cones.
The present thesis demonstrated that the production of these secondary metabolites in transgenic hop plants
could be influenced and enhanced by the expression of homologous or heterologous transcription factors.
Moreover, the new developed transformation methods open the possibility for evaluating further genes that
might influence the composition of secondary metabolites in the lupulin glands of hop.
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Zusammenfassung

Seit langer Zeit wird Hopfen (Humulus Ilupulus L.) von der Brauindustrie als Aroma- und
Konservierungsmittel genutzt. Zudem wird Hopfen fiir medizinische Zwecke verwendet. In den letzten
Jahren haben Xanthohumol und Desmethylxanthohumol aufgrund ihrer potenziellen krebsbek&mpfenden
Eigenschaften besondere Aufmerksamkeit erhalten.

In Hopfenziichtungsprogrammen wurde das Hauptaugenmerk auf neue Sorten mit hohen Gehalten an
a- und p-Sduren gelegt, um den Anforderung der Brauindustrie gerecht zu werden. Aufgrund der
medizinischen und pharmazeutischen Bedeutung von Hopfen wurden jedoch neue Ziichtungsanstrengungen
unternommen, um Sorten mit einem hohen Gehalt von Xanthohumol und Desmethylxanthohumol zu
erhalten. Im Hinblick darauf, bietet die Modifizierung der Flavonoidbiosynthese ein enormes Potential zur
Steigerung der Produktion solcher Inhaltstoffe.

Der Flavonoidbiosyntheseweg ist in Pflanzen ausfiihrlich erforscht worden. In der Regulation dieses
Synthesewegs werden einzelne Gene durch verschiedene Transkriptionsfaktoren reguliert. Die
Transkriptionsfaktorfamilie R2R3 MYB spielt eine wichtige Rolle in der Regulation der Biosynthese von
Phenylpropanoiden und Flavonoiden. Durch eine ektopische Expression dieser Transkriptionsfaktoren in

transgenen Pflanzen wurden die Produktionsrate und die Menge der Flavonoide erhoht.

Das Hauptaugenmerk dieser Forschungsarbeit war deshalb auf die Erhéhung der Produktion von
pharmakologisch  relevanten Inhaltsstoffen im Hopfen durch ,metabolic engineering”“ des

Flavonoidbiosynthesewegs gerichtet.

So wurde in einem ersten Ansatz eine gentechnische Veranderung von Tettnanger Hopfen mit dem
heterologen Transkriptionsfaktor PAP1/AtMYB75 aus Arabidopsis thaliana L. erfolgreich durchgefuhrt. Das
Gen PAP1/AtMYB75 wurde stabil im Hopfengenom integriert und exprimiert. Die Bluten und Dolden
transgener Klone zeigten einen neuen Phénotyp, d.h. sie waren rosa bis rétlich geférbt. Die Dolden des nicht
transgenen Wildtyps haben eine griine Farbe. Desweiteren war in transgenen Pflanzen, verglichen mit dem
Wildtyp, die Expression der Strukturgene CHS_HI, CHI und F3’H erhdht. AuBerdem wurde die Produktion
von Anthocyaninen, Kampferol-7-O-Glykoside, Ké&mpferol-7-O-Glykoside-Malonate, Rutin, Isoquercitin,
Desmethylxanthohumol, Xanthohumol, a-Sduren und g-Séuren in den transgenen Hopfenpflanzen durch den
PAP1/AtMYBT75 Transkriptionsfaktor beeinflusst.
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In einem zweiten Ansatz wurde der homologe Transkriptionsfaktor HIMYB3 aus H. lupulus L. in das
Hopfengenom integriert und exprimiert. Der Effekt einer Uber-Expression des Transgens auf die
Expressionsrate von Strukturgenen der Flavonoid- und Phloroglucinolbiosynthese, wie zum Beispiel PAL,
C4H, CHS_H1, CHI, F3H, F3’H, FLS, F3‘5’H, OMT1, HIPT1, und VPS, wurde untersucht. Transgene
Events mit einer erhéhten Expression von Genen der Flavonoid- und Phloroglucinolbiosynthese wurden
identifiziert.

Seit langerem gibt es Arbeitsverfahren fur Hopfen in Pflanzengewebekultur und zur genetischen
Transformation von Hopfen mittels Agrobacterium tumefaciens. Allerdings sind all diese Verfahren durch
niedrige Regenerations- und Transformationsraten gekennzeichnet. Obwohl erfolgreiche genetische

Transformationen von Hopfen durchgefihrt werden kann, bleibt es ein arbeits- und zeitaufwéndiger Prozess.

Aus diesem Grund, wére es wichtig, ein einfacheres und schnelleres Transformationssystem zu entwickeln.
Somit konnte der Einfluss einer Reihe homologer oder heterologer Transkriptionsfaktoren auf die
Flavonoid- und Phloroglucinolbiosynthese im Hopfen abgeschatzt werden. Eine Alternative zum Gentransfer
bietet A. rhizogenes. Hopfenexplantate wurden mit den A. rhizogenes Stammen K599 und 15834 genetisch
transformiert. Haarwurzeln konnten nur durch A. rhizogenes 15834 induziert werden. Die Transgenitat dieser
Haarwurzeln wurde durch histochemische GUS Tests nachgewiesen. Die Integration von rolC und mgfp5

Genen in transgenen Haarwurzeln wurde durch PCR bestatigt.

Partikelbeschuss und anschlieBende Regeneration von Hopfepflanzen in ,,temporary immersion bioreactors®
(z.B RITA®) kénnte eine weitere alternative Methode fiir die genetische Transformation darstellen. In dieser
Studie wurde ein Protokoll zur Mikropropagation und Sprossinduktion aus organogenen Kalli von Hopfen
cv. Tettnanger in RITA-Gefalen abwickelt. Weiterhin wurde ein Verfahren zum Partikelbeschuss erarbeitet.
Unter folgenden Bedingungen wurde Hopfen behandelt: Heliumdruck von 900 psi und Entfernung des Ziels

von 6 cm.

Die Bedeutung von Hopfen besteht im Gehalt der sekundéren Metaboliten in den Lupulindriisen der
weiblichen Dolden. Durch diese Arbeit wurde gezeigt, dass die Produktion solcher Sekundarmetaboliten in
transgenen Hopfenpflanzen durch die Expression homologer und heterologer Transkriptionsfaktoren
beeinflusst und gesteigert werden kann. Zudem eréffnen die neu entwickelten Transformationsverfahren die
Madglichkeit, die Bedeutung weiterer Transkriptionsfaktoren, welche die Zusammensetzung der sekundéren

Metabolite in den Lupulindriisen der Hopfendolden beeinflussen kénnten, abzuschatzen.
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Resumen

El ldpulo (Humulus lupulus L.) ha sido utilizado tradicionalmente en la elaboracion de cerveza como
saborizante y agente conservante. Ademas, ha sido empleado durante mucho tiempo con fines medicinales.
Recientemente, el xanthohumol y el desmetilxantohumol han recibido gran atencidn debido a sus potenciales
propiedades anti-cancerigenas.

Los programas de mejoramiento genético en ldpulo se han centrado principalmente en el desarrollo de nuevas
variedades con alto contenido de a- acidos y S-acidos, con el fin de satisfacer la demanda de la industria
cervecera. Debido a la importancia médica y farmacéutica del lGpulo, nuevos esfuerzos de mejoramiento
genético se llevan a cabo con el fin de obtener nuevas variedades con alto contenido de xanthohumol y
desmetilxantohumol. En este sentido, para complementar estos esfuerzos, la ingenieria metabdlica de la
biosintesis de flavonoides ofrece un enorme potencial para modificar la produccién de estos compuestos.

La biosintesis de flavonoides ha sido estudiada intensamente en las plantas y ha sido demostrado que la
actividad de los genes involucrados esta regulada por varios factores de transcripcion. La familia de factores
de transcripcion R2R3 MYB juega un papel importante en la regulacion de la biosintesis de los
fenilpropanoides y flavonoides. La expresion ectopica de estos factores de transcripcion en plantas

transgénicas estimul6 la produccion y aumenté la cantidad de flavonoides.

Por lo tanto, el objetivo principal de esta investigacion fue aumentar la produccion de metabolitos
secundarios de interés farmacoldgico en IGpulo a través de la ingenieria metabolica de la ruta de biosintesis

de flavonoides.

Para ello, en una primera aproximacion, se modificd genéticamente la planta de lipulo cv. Tettnanger con el
factor de transcripcion PAP1/AtMYB75 de Arabidopsis thaliana L. Se demostré que el transgen
PAP1/AtMYBY75 fue incorporado y expresado en el genoma del lGpulo. Las plantas transgénicas mostraron
flores femeninas y estrobilos de color rojizo a rosado. La expresion de los genes estructurales CHS_H1, CHI,
y F3'H fue elevada en las plantas transgénicas de Idpulo en comparacion con las plantas no transgénicas.
Ademas, el factor de transcripcion PAP1/AtMYB75 influencidé la produccion de antocianinas, rutina,
isoquercitin,  kaempferol-7-O-glucésido,  kaempferol-7-O-glucésido-malonato,  desmetilxantohumol,

xantohumol, a-acidos y f-acidos en las plantas transgénicas de lupulo.
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En un segundo enfoque, el factor transcripcién HIMYB3 de H. lupulus L. se introdujo genéticamente y se
expreso en el genoma del lupulo. Se evalud el efecto de la sobre-expresion del transgen en la tasa de
expresion de genes biosintéticos de flavonoides y floroglucinoles, tales como PAL, C4H, 4CL, CHS_H1,
CHI, F3H, F3'H, FLS, F3'5'H, OMTL, HIPT1 y VPS. Se identificaron eventos transgénicos con una elevada
expresion de los genes involucrados en la biosintesis de flavonoides y floroglucinoles.

En lGpulo, desde hace varios afios, se cuenta con protocolos de cultivo de tejidos y transformacion genética
mediada por Agrobacterium tumefaciens. Sin embargo, estos procedimientos se caracterizan por la baja
regeneracion y tasas de transformacion. Asimismo, la transformacion genética mediada por A. tumefaciens es

un proceso laborioso y demanda mucho tiempo.

Por esa razon, con el fin de evaluar posibles genes candidatos con respecto a la regulacion de la biosintesis de
flavonoides y floroglucinoles en lapulo, es deseable disponer de un sistema de transformacién simple y

rapido.

En este sentido, la transformacion genética mediada por A. rhizogenes constituye una alternativa para
expresar genes en las raices transgénicas. Por lo tanto, los explantes de ldpulo se transformaron
genéticamente con A. rhizogenes K599 y 15834. Se obtuvieron solamente raices transgénicas con
A. rhizogenes 15834. La presencia del gen gusA se comprobd en las raices transgénicas mediante el ensayo
histoquimico de la enzima f-glucoronidasa. Asimismo, la integracion de los genes rolC y mgfp5 en las raices

transgénicas se confirmé mediante PCR.

La transformacion genética mediante el sistema de biobalistica en combinacion con la regeneracion de
plantas en biorreactores de inmersion temporal podria proporcionar un método alternativo para la
transformacion genética en lapulo. En este estudio, se establecid un protocolo para la micropropagacion y la
induccidn de brotes a partir de callos de organogénicos de lapulo cv. Tettnanger usando los biorreactores de
inmersion temporal (RITA®). Asimismo, se establecié un procedimiento para la transformacién genética
mediante el sistema de biobalistica. Las condiciones de biolistica consisten en una presion de helio de 900 psi

y una distancia de bombardeo de 6 cm.

El valor comercial del lGpulo radica en los metabolitos secundarios presentes en las glandulas de lupulina de
los estrébilos femeninos. La presente tesis demostré que la produccién de estos metabolitos secundarios en
plantas de lupulo transgénicas puede ser influenciada por la expresion de factores de transcripcién. Por otra
parte, los nuevos métodos desarrollados para la transformacién genética de lGpulo abren la posibilidad para la
evaluacion de genes candidatos que pueden influir en la composicién de metabolitos secundarios en las

glandulas de lupulina.
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1.  Introduction®

1.1 General information about hop

The hop plant belongs to the order Rosales and to the Cannabaceae family, which comprises the genera
Humulus L. and Cannabis L. (Chadwick et al. 2006; Bremer et al. 2009). Previously this family was placed in
the order Urticales. The literature reported that the genus Humulus consists of three species: H. lupulus L.,
H. japonicus Sieb. & Zucc. and H. yuannensis Hu (Verzele and De Keukeleire 1991; Chadwick et al. 2006).
Since, H. yuannensis Hu. has only been known from a herbarium collection, only H. lupulus L. and

H. japonicus Sieb. & Zucc will be described in detail.

Based on geographical locations and leaf morphology the species of H. lupulus L. have been classified into
five taxonomic varieties: lupulus Small for European hops, cordifolius Small for Japanese hops,
neomexicanus Nelson & Cockerell, pubescens Small and lupuloides Small for hops of North America
(Small 1978).

The common hop (H. lupulus L.) is a perennial, climbing, and herbaceous plant (Fig. 1.1.a). New shoots re-
grow during spring from the rhizomes of an underground rootstock. The climbing dextrorse-twining
herbaceous bines grow up to 6-9 m in length. In fall the plants dry up and only the perennial rootstock
survives (Verzele and De Keukeleire 1991). The dark green colored leaves are heart-shaped with 3-5 lobes
with serrate margins. They are distributed opposite one another in the stem. The abaxial surface of the leaves
and the nodes of the stems of H. lupulus L. var lupulus have limited number of trichomes and lupulin glands
(Small 1978).

As dioecious plant, male and female flowers are on separate plants; however monoecious plants have been
found (Verzele and De Keukeleire 1991; Haunold et al. 1993). Male plants produce flowers in loose panicles
(Fig. 1.1.b), whereas the female inflorescences develop to a strobile-like structure (Fig. 1.1.c). Female cones,
known as hop cones or hops, are made up of overlapping bracts (Fig. 1.1.d). The base of each bract is covered

with yellow lupulin glands (glandular trichomes) (Fig. 1.1.e, f).

Unlike H. lupulus L., the annual H. japonicus Sieb. & Zucc. is a very distinct plant, showing lobed and
extremely pubescent leaves. The glands present in the leaves and the cones are smaller than those of

H. lupulus L. Moreover, lupulin glands are absent in H. japonicus Sieb. & Zucc. (Small 1978).

! The citations included in this section are listed in general references.
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Fig. 1.1 (A) Female plants growing in a hop yard. A close-up view of a male (B) or female (C) plant. (D) Mature cones
of hop as found on female plants. (E) Longitudinal section of a hop cone showing lupulin glands at the base of the
bracts. (F) Light microscopic image of mature lupulin glands (Photos A. Gatica-Arias).

H. lupulus L. is a diploid (2n = 20) species with heteromorphic sex chromosomes. The chromosome system
for hop plants of European origin is XX for females and XY for males. In H. japonicus Sieb. & Zucc. the
chromosome system for females plants is 2n = 14+XX and for males is 2n = 14+XY,Y,.(Grabowska-
Joachimiak et al. 2006).

1.2 Uses of hop

The economic value of hop relies on the secondary metabolites present in the lupulin glands of female cones.
Hop is widely cultivated throughout the temperate zones of the world between latitudes 35°-55° north and
south. Therefore, it is grown for commercial purpose in Europe, America, South Africa, Australia, and New
Zealand. Hops are grown worldwide on 49,060 hectares. The largest hop growing areas are in Germany
(37.1%), USA (25.0%), Czech Republic (9.6%), and China (8.9 %) (Hopsteiner 2011). In 2011 the total hop
world production yielded approximately 96,672 t. From the total yield Germany produced 37,113 t (38.4 %),
the USA 29,131t (30.1 %), China 10,250 t (10.6 %), and Czech Republic 6,191 t (6.4 %) (Hopsteiner 2011).



Hops have been employed for a long time as ingredient for beer production confering aroma and flavor to
beer, as well as for preserving it. In 2011, the beer production worldwide was approximately 1,854 hectoliter
(Hopsteiner 2011). Moreover, hops are also used as flavoring ingredient in nonalcoholic beverages and foods.
Female hop plants used for brewing purposes are derived from H. lupulus L., whereas male plants are
essential to develop new varieties (Verzele and De Keukeleire 1991). H. japonicus Sieb. & Zucc. does not
produce bitter substances nor xanthohumol and it is only cultivated for ornamental purposes
(Verzele and De Keukeleire 1991, Stevens et al. 2000).

Hop plants are not only used in the brewing industry, they have also been utilized in the traditional medicine.
For decades, the sedative effect of hop has been recognized contributing to the treatment of sleep
disturbances and anxieties (Chadwick et al. 2006; Zanoli and Zavatti 2008). Besides these properties,
anti-proliferative, anti-oxidative, anti-mycotic, anti-bacterial, and estrogenic effects have been reported in
numerous studies (Stevens and Page 2004; Chadwick et al. 2006; Zanoli and Zavatti 2008). Therefore, hop
was named as “Medical plant of the year 2007” by the Study Group for the Historical Development of
Medicinal Plant Science at the University of Wirzburg in Germany (Biendl 2008).

1.3 Composition of secondary metabolites in hop

Most of the important components of hop are produced in the glandular trichomes found at the base of the
bracts, though, some of them are also synthesized in the trichomes on the underside of young leaves
(Stevens and Page 2004). So far more than 1000 compounds have been identified in hop, including essential
oils, bitter acids, and prenylflavonoids (Chadwick et al. 2006). The composition of these compounds is

defined by the genotype and has been used for distinguishing different hop varieties (Wang et al. 2008).

1.3.1 Essential oils

Essential oils comprise 0.5% to 3% (v/w) of the weight of the female cones. The primary components of this
fraction are the monoterpenes S-myrcene and the sesquiterpenes g-caryophyllene, and g-humulene (Fig. 1.2).
The essential oil contributes to the aroma and flavor of beer (Chadwick et al. 2006; Wang et al. 2008).
The content of the primary essential oils of some major German aroma and bitter hop varieties is shown in
the Table 1.1.



Table 1.1 Content of essential oils?, a-acids®, f-acids®, xanthohumol®, and isoxanthohumol of some major

German aroma and bitter hops varieties

p- . p- P
Variety myrcene P hu(r(;l;lene caryophyllene  a-acids (%) i gﬁl)d S Xant?;t;umol Isoxa(r;h??)umol
(%) ! (%) i i J
Tettnanger  20-35 22-32 6-11 2555 3.050 03-04 073
Hallertaver 45 4, 35-50 10-15 4.0-7.0 3.0-6.0 ~04 0.51
Aroma Tradition
hops Perle 20-35 35-55 10-20 4.0-9.0 2545 0.4-05 0.66
Spalter 20-35 20-30 813 2555 3.0-5.0 ~023 0.75
Saphir 25-40 20-30 9-14 2.0-45 4.0-7.0 0.3-0.4 0.85
H,\"’}l”e“a”er 30-45 30-45 8-13 5070  11.0-16.0 04-05 0.40
agnum
Biter | halerauer g, g 23-33 6-11 120-170  4.0-6.0 0.9-1.0 0.62
Taurus
hops Hi;':rrmer 2535 35-50 9-15 10.0-140 3570 ~023 0.37
Herkules 30-50 30-45 7-12 12.0-17.0  4.0-5-5 ~0.7 0.49
Nugget 27-42 25-40 10-20 9.0-13.0 3.0-5.0 0.5-0.7 0.67

2 9% relative to the total oil content. ® % weight (w/w)

Data  obtained from  The  spirit of  beer:  hops from  Germany  (http://www.deutscher-
hopfen.de/contentserv/hopfenpflanzerverband.de/data/media/2099/HM-eng-komplett-05.pdf) Accessed 22 August 2012

1.3.2 Bitter acids

The bitter acids comprise 5% to up 25% (v/w) of the weight of female hop cones (De Keukeleire 2000). They
are di- or tri-prenylated phloroglucinol derivates and contain a 3-, 4-, 5-, or 6-carbon oxo-alkyl side chain.
The bitter acids comprise a-acids (humulone, adhumulone, cohumulone, prehumulone, and posthumulone)
and p-acids (lupulone, adlupulone, colupulone, prelupulone, and postlupulone) (De Keukeleire 2000;
Chadwick et al. 2006; Zanoli and Zavatti 2008) (Fig. 1.2). The bitter acids are weak acids with poor solubility
in water and no bitter taste (De Keukeleire 2000). The a-acids stabilize the beer foam and inhibit the growth
of gram-positive bacteria. During the brewing of beer, a-acids are isomerized to iso- a-acids, which are
responsible for the bitter taste of the beer (Verzele and De Keukeleire 1991; De Keukeleire 2000; Zanoli and
Zavatti 2008). Moreover, bitter acids have sedative, anti-oxidative, anti-depressant, and anti-cancer properties
(Tagashira et al. 1995; Chen and Lin 2004; Zanoli et al. 2005; Schiller et al. 2006; Lamy et al. 2007).


http://www.deutscher-hopfen.de/contentserv/hopfenpflanzerverband.de/data/media/2099/HM-eng-komplett-05.pdf
http://www.deutscher-hopfen.de/contentserv/hopfenpflanzerverband.de/data/media/2099/HM-eng-komplett-05.pdf
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Fig. 1.2 Chemical structure of essential oils, bitter acids, and prenylflavonoids present in hop. Figure adapted from Wang et al. (2008) and Zanoli and Zavatti (2008).
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According to the content of «- and S-acids hop varieties are grouped into aroma or bitter hops (Table 1.1).
Aroma hops have a lower a-acid content and but a higher essential oil profile associated with aroma, whereas
bitter hops are characterized by a higher o-acid content. German aroma varieties include Tettnanger,
Hallertauer Tradition, Hallertauer Mittelfriiher, Perle, Spalter, Spalter Select, Opal, Smaragd, and Saphir.
Tettnanger as a typical aroma cultivar originated in the Tettnang hop growing area of Germany as a land-race
hop. On the other hand, Hallertauer Magnum, Hallertauer Taurus, Hallertauer Merkur, Herkules, Northern
Brewer, and Nugget are representative varieties of bitter hops.

1.3.3 Prenylflavonoids

Prenylflavonoids comprise 4-14 % of the weight of female hop cones (Gerhduser 2005). The primary
components of this fraction are phenolic acids, prenylated chalcones, flavonoids, catechins, and
proanthocyanidins (Stevens and Page 2004; Gerhauser 2005) (Fig. 1.2). The principal prenylated flavonoid is
the chalcone xanthohumol (3'-prenyl-6'-O-methylchalconaringenin). This compound comprises 0.1-1% of the
dry weight of hop cones. Xanthohumol is only found in H. lupulus L and recently has received attention due
to its cancer chemopreventive properties (Gerhduser 2005). During the brewing process xanthohumol is
converted into isoxanthohumol, which is the most abundant prenylflavonoid present in beer (Stevens and
Page 2004) (Table 1.1). Another prenylated flavonoid named xanthogalenol
(3'-prenyl-4'-O-methylchalconaringenin) has been isolated from H. lupulus L. cv. Galena and H. cordifolius
Small (Stevens et al. 2000).

Most of the flavonoids present in the hop are derivated from the prenylated flavonoid desmethylxanthohumol
(2',4,4',6'-tetrahydroxy-3'-prenylchalcone) (Chadwick et al. 2006). This compound comprises 0.1 % of the
weight of female hop cones (Stevens et al. 1999). A chemical isomerization of desmethylxanthohumol gives
rise to the flavanone 6-prenylnaringenin along with 8-prenylnaringenin. The former displayed antifungal
activity, whereas the latter is the most potent phytoestrogen isolated to date (Mizobuchi and Sato 1984;
Milligan et al. 2002).



1.4 Flavonoids

1.4.1 Structure of flavonoids

Flavonoids are a large family of low molecular weight polyphenolic secondary metabolites. They are
accumulated in different types of plant tissues and organs. The basic skeleton of flavonoids consists of
C6-C3-C6 structure forming the A, C, and B rings, respectively. Depending on the position of the linkage of
the aromatic ring to the benzopyrano (chromano) moiety, this group of natural products includes three major
subgroups: the flavonoids (2-phenylbenzopyrans), isoflavonoids (3-benzopyrans), and the neoflavonoids
(4-benzopyrans) (Marais et al. 2006). Moreover, based on the modification of the C-ring, flavonoids can be
subdivided in the following subclasses: flavanones, isoflavones, flavones, flavonols, flavanols, and
anthocyanins (Fig. 1.3). The great variety of flavonoids within a class is the result of further modification
such as hydroxylation, methylation, acylation, and glucosylation (Koes et al. 1994; Schijlen et al. 2004).

1.4.2 Functions of flavonoids

Although flavonoids are nonessential for plant growth and development, they play an important role in the
survival and propagation of plants. For instance, they participate in the attraction of pollinators, and
organisms for dispersing seeds. Additionally, they are involved in plant fertilization, and pollen germination.
Other roles include the defense against insects, and microorganisms, and the protection against UV-radiation,
and physical stress. As well, flavonoids are important for the pigmentation of flowers, fruits and seed
(Koes et al. 1994; Schijlen et al. 2004; Buer et al. 2010). Moreover, flavonoids modulate the levels of reactive
oxygen species (ROS) (Taylor and Grotewold 2005). Furthermore, they influence the transport of the
phytohormone auxin (Peer and Murphy 2007).

Besides their function in plants, flavonoids have shown various benefits for the health of humans.
Consumption of foods and beverages rich in flavonoids are beneficial to human health by preventing
degenerative diseases associated with oxidative stress, coronary heart, and/or diseases related to aging
(Ross and Kasum 2002; Schijlen et al. 2004). Moreover, it was demonstrated that flavonoids induce
apoptosis, and inhibit the division of cancer cells (Khan et al. 2008). In addition, these secondary metabolites
have shown to possess anti-inflammatory, neuroprotective, analgesic, bactericidal, fungicidal, and

spasmolytic properties (Harbone and Williams 2000; Ross and Kasum 2002).
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1.4.3 Biosynthetic pathway of flavonoid biosynthesis

Flavonoids are synthesized in the cytosol and transported to the vacuole for storage. However, they are also
present in the cell wall, in the nucleus, in the chloroplast, and in extracellular spaces (Zhao and Dixon 2009).
The flavonoid biosynthetic pathway has been one of the most intensively studied metabolic systems in plants.
Most of the genes and enzymes involved in flavonoid biosynthesis have been cloned and characterized in
model plants such as Arabidopsis thaliana L., Zea mays L., Petunia hybrida, and Vitis vinifera L.
(Lepiniec et al. 2006).

The first step in the flavonoid biosynthesis is the condensation of one molecule of 4-coumaroyl-CoA
(or p-coumaroyl-CoA) with three molecules of malonyl-CoA to give naringenin chalcone. This reaction is
catalyzed by the enzyme chalcone synthase (CHS, E.C. 2.3.1.74). Coumaroyl-CoA, a product of the
phenylpropanoid pathway, is synthesized from the amino acid phenylalanine by the enzymes phenylalanine
ammonia-lyase (PAL, E.C. 4.3.1.5), 4-coumarate-CoA ligase (C4H, E.C.1.14.13.11), and
cinnamate 4-hydroxylase (4CL, E.C.6.2.1.12). Malonyl-CoA originates from the carboxylation of
acetyl-CoA. In the next step of the biosynthesis of flavonoids, naringenin chalcone is isomerized by the
enzyme chalcone isomerase (or chalcone-flavanone isomerase) (CHI, E.C.5.5.1.6) to yield the flavanone
naringenin. A subsequent hydroxylation of naringenin in the C-3 position by the enzyme
flavanone-3-hydroxylase (F3H, E.C.1.14.11.9) results in the formation of dihydrokaempferol, which is
hydroxylated at the 3" position of the B-ring to yield dihydroquercetin. The latter reaction is catalyzed by the
enzyme flavonoid 3"-hydroxylase (F3'H, E.C.1.14.13.21). Moreover, the dihydrokaempferol is hydroxylated
at the 3" and 5 positions of the B-ring by the enzyme flavonoid 3", 5 -hydroxylase (F3'5'H, E.C.1.14.13.88)
to yield dihydromyricetin. At this point, the pathway diverges into flavonols and anthocyanins. The enzyme
flavonol  synthase (FLS, E.C.1.14.11.23) catalyzes the conversion of dihydroflavonols
(i.e. dihydrokaempferol, dihydroquercetin, and dihydromyricetin) into the corresponding flavonols
(i.e. kaempferol, quercetin, and myricetin). The reduction of dihydroflavonols in position 4 by the enzyme
dihydroflavonol 4-reductase (DFR, E.C. 1.1.1.219) leads to leucoanthocyanidins, which are converted into
anthocyanidins by the enzyme anthocyanidins reductase (ANS, E.C. 1.14.11.19) (Schijlen et al. 2004;

Ferrer et al. 2008). A generalized flavonoid biosynthetic pathway is shown in the Figure 1.4.

For the synthesis of prenylflavonoids in hop, the A-ring of naringenin chalcone is prenylated with
dimethylallyldiphosphate (DMAPP) by an aromatic prenyltransferase to yield desmethylxanthohumol.
A prenyltransferase, HIPT-1, has been cloned from hops and it has been implicated to catalyze this step
(Tsurumaru et al. 2010, 2012). Subsequent desmethylxanthohumol is methylated at the 6’-hydroxylgroup by
the enzyme O-methyltransferase-1 (OMT-1) to form xanthohumol (Nagel et al. 2008) (Fig. 1.4).
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1.5 Regulation of flavonoid biosynthesis

The activity of the genes involved in the biosynthesis of flavonoids is largely regulated at the transcriptional
level by transcription factors (Winkel-Shirley 2001; Schijlen et al. 2004). Transcription factors are defined as
proteins that recognise and bind to a specific DNA sequence and control the rate of transcription initiation of
target genes. They can act as activators, repressors, or both (Stracke et al. 2001; Yanhui et al. 2006). R2R3
MYB and/or a basic helix-loop-helix (bHLH) transcription factors, together with WD40 or WDRL1 proteins,

are important for regulating the biosynthesis of flavonoids (Hichri et al. 2011).

1.5.1 MYB transcription factors

MYB genes are exclusive to eukaryotes and comprise one of the largest families of transcription factors in
plants (Jiang et al. 2004). Plant MYB genes are characterized by the conserved N-terminal MYB domain,
which consists of 1, 2, 3 or 4 imperfect repeats (hamed R) consisting of 52 residues. Each one of this repeats
give rise to a helix-turn-helix secondary structure that binds to the major groove of a target DNA sequences.
The N-terminal domain is involved in DNA binding and dimerization, whereas an activation or repression
domain is located at the C-terminus (Dubos et al. 2010; Hichri et al. 2011). Plant MYB transcription factors
are classified into four major groups: those with one (1R-MYB), with two (R2R3-MYB), with three
(R1IR2R3-MYB), or with four repeats (R1R2R2R1/2-MYB) (Dubos et al. 2010).

The R2R3 subfamily is the most abundant in plants. In A. thaliana L. 126 R2R3 members have been
identified (Stracke et al. 2001). Moreover, R2R3 MYB genes have also been identified in Populus trichocarpa
Hook. (192 members), Vitis vinifera L. (108 members), and Oryza sativa L. (109 members)
(Yanhui et al. 2006; Matus et al. 2008; Wilkins et al. 2009). R2R3 MYB genes are involved in the regulation
of several processes, including cell morphogenesis, meristem formation, floral and seed development, and the
cell cycle (Stracke et al. 2001; Yanhui et al. 2006; Dubos et al. 2010; Hichri et al. 2011). They also
participate in the control of the synthesis of flavonoids (Stracke et al. 2007), anthocyanins (Feng et al. 2010),
and proanthocyanidins (Zifkin et al. 2012).

The first MYB transcription factor, C1 (Colorless 1), regulating the flavonoid biosynthesis was isolated from
Z. mays L. (Paz-Ares et al. 1987). Since then several MYB transcription factor involved in the control of the
flavonoid pathway have been identified and characterized in crop, ornamental, and model plants
(Hichri et al. 2011).
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For instance, the transcription factor PAP1/AtMYB75, which is a conserved member of the R2R3 gene
family, stimulates the expression of genes of the biosynthesis of phenylpropanoids and flavonoids, such as
PAL, 4CL, CHS, CHI, F3H, F'3H, ANS, and DFR in A. thaliana L., B. napus L., and S. lycopersicum L.
(Borevitz et al. 2000; Matsui et al. 2004; Tohge et al. 2005; Stracke et al 2007; Zuluaga et al. 2008;
Li et al. 2010) (Fig 1.4). Furthermore, the transcription factors AtMYB11, AtMYB12, and AtMYB111
regulate the expression of the genes CHS, CHI, F3H, and FLS in A. thaliana L (Hartmann et al. 2005;
Mehrtens et al. 2005; Stracke et al 2007).

By contrast, the transcription factor AtMYBL2 suppresses the expression of DFR and TT8 (transparent testa
8 coding for a bHLH protein) and acts as a transcriptional repressor and negatively regulates the biosynthesis
of anthocyanin in Arabidopsis (Matsui et al. 2008). In transgenic tobacco, over-expression of FaMYB1, a
member of the strawberry R2R3 gene family, suppressed the expression of ANS affecting the biosynthesis of
flavonoids (Aharoni et al. 2001). Similarly, the expression levels of CHS, CHI, FLS, DFR, LDOX, and
UF3GT were lower in transgenic Arabidopsis plants over-expressing the transcription factor MdMYB6 from

apples resulting in less anthocyanin accumulation (Gao et al. 2011).

1.5.2 Transcription factors in hop

Recently, a number of different transcription factors including members of the gene families MYB
(Matousek et al. 2005; Matousek et al. 2007; Matousek et al. 2012), bHLH (Matousek et al. 2012), bZip
(Matousek et al. 2010), and WDR (Matousek et al. 2012) have been identified and characterized in hop. These
factors are expressed at a high rate in the lupulin glands of female cones. According to similarities of DNA
sequences to known regulators of the flavonoid biosynthesis it has been suggested that these transcription

factors are involved in the regulation of the synthesis of secondary metabolites in lupulin glands.

To date, seven R2R3 MYB transcription factors had been entered in the NCBI sequence database. Among
them, positive regulators [(HIMYB2, Gen Bank: FN646081.1) and (HIMYB3, Gen Bank: AM501509.1)] and
repressors (HIMYB7, Gen Bank: FR873650) of the flavonoid biosynthesis have been described. Furthermore,
the identified bHLH, and WDR transcription factors correspond to HIbHLH2 (Gen Bank: FR751553.1) and
HIWDR1 (Gen Bank: FN689721.1), respectively (Matousek et al. 2012).
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In hop, the chalcone synthase gene CHS_H1 has been cloned and identified as part of a multiple gene family
consisting of six members. This gene is specifically expressed in female cones and is responsible for the
biosynthesis of naringenin chalcone (Matousek et al. 2006). The analysis of the promoter of CHS_H1
revealed various MYB and bHLH binding motifs suggesting its regulation by the complex
MY B/bHLH/WDR. Consequently, transient expression analysis in Nicotiana benthamiana L. leaves showed
that the complexes HIMYB2/HIbHLH2/HIWDR1 or HIMYB3/HIbHLH2/HIWDR1 strongly activated the
CHS_H1 gene expression. By contrast, the transcription factor HIMYB7 showed no ability to activate the
promoter of CHS_H1 (Matousek et al. 2012).

1.6 Metabolic engineering of flavonoids

Plants as natural factories represent a promising system for the production of valuable pharmaceutical and
industrial compounds. However, the yield is not always satisfactory because synthesis of many secondary
metabolites is often limited to particular organs/tissues and triggered under specific climatic, stress, or
nutrient conditions (Verpoorte et al. 2002). Moreover, because of the structural complexity of secondary
metabolites, their de novo chemical synthesis is difficult (Tian and Dixon 2006).

As a result, efforts have been focused on the commercial production of plant metabolites using plant callus,
cell suspension cultures, and differentiated cells. Nevertheless, these approaches have had limited success.
Moreover, even if the proper metabolic pathway is activated, the production of certain compounds in cultured

cells was very low (Verpoorte et al. 2002).

As an alternative, over the last years, plant metabolic engineering has become an attractive tool for the
production of commercial important compounds in plants. The access to the complete genome sequences of
several plants, the knowledge on the various biosynthetic pathways, the development of transformation
methods, and the availability of plant tissue culture procedures have contributed for this (DellaPenna 2001;
Wurtzel and Grotewold 2006).

Plant metabolic engineering involves the manipulation of one or more endogenous biosynthesis pathways to
enhance the production of a desired compound, or to reduce the production of an undesired compound
(DellaPenna 2001; Capell and Christou 2004). This can be achieved by manipulating a single step in a
pathway or by manipulating multiple steps of the same pathway. The first strategy involves the
over-expression or down-regulation of a single structural gene. The second strategy uses endogenous or
heterologous transcription factors that control one or more genes in a given biosynthetic pathway
(Capell and Christou 2004).
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An increasing knowledge of flavonoid biosynthesis and their important function in plants and in human
health have made flavonoids excellent targets for metabolic engineering. Metabolic engineering of flavonoids
began in 1987 and has been successfully employed to improve flavonoid composition for nutritional
purposes, to generate novel flower and fruit color, and to induce male sterility (Forkmann and Martens 2001).

Changes in flower color have been reported in several studies. For example, the over-expression of the
Viola spp. F3'5'H gene in a Rosa hybrida resulted in violet-colored flowers (Katsumoto et al. 2007). In
addition, CHI-suppression by RNAI led to reduced pigmentation and changed flavonoid components in
N. tabacum L. flower petals (Nishihara et al. 2005). Transgenic hop plants expressing the transcription factor
PAP1/AtMYB75 showed reddish to pink female flowers and cones (Gatica-Arias et al. 2012).

In tomato, over-expression of the structural genes STS, CHS, CHR, CHI, FNS in the fruit peel improved the
flavonoid composition. These transgenic tomatoes contained high levels of stilbenes, deoxychalcones,
flavones, and flavonols (Schijlen et al. 2006). Moreover, over-expression of the gene CHI in hairy roots of
Glycyrrhiza uralensis Fisch enhanced the accumulation of flavonoids (Zhang et al. 2009). Another example is
the RNA. silencing of the tomate CHS resulting in the reduction of total flavonoid levels and induction of

parthenocarpic fruits (Schijlen et al. 2007).

The possibility of controlling a biosynthetic pathway by introducing transcription factors offers a novel
approach for the metabolic engineering. Recent studies have demonstrated the role of MYB transcription
factor in regulating the flavonoid biosynthesis. For example, over-expression of the PyMYB10, a R2R3 MYB
gene from Pyrus pyrifolia L., induced anthocyanin accumulation in A. thaliana L. transgenic immature seeds
(Feng et al. 2010). Similarly, over-expression of MdMYB10 in transgenic apple enhanced anthocyanin
production (Espley et al. 2007). Moreover, the transcription factor PAP1/AtMYB75 stimulated the
production of flavonoids in B. napus L., and S. lycopersicum L. (Zuluaga et al. 2008; Li et al. 2010).
In S. miltiorrhiza Bunge, expression of the transcription factor PAP1/AtMYB75 enhanced the production of
flavonoids, anthocyanins, lignins, and phenolic acids (Zhang et al. 2010). In this regard, transcription factors

have emerged as a potential tool for metabolic engineering of flavonoid biosynthesis.
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1.7  Objectives of the thesis

The main objective of this research was to modulate the production of pharmaceutical metabolites in hop
(Humulus lupulus L.) through the metabolic engineering of the flavonoid biosynthesis pathway. Furthermore,
an efficient, simple and fast transformation protocol for functional validation of candidate genes, such as

those involved in the biosynthesis of flavonoids was developed.
In order to accomplish the described objectives, the following specific objectives were proposed:

e To analyze at the molecular level the transgenic hop plants, which were transformed with the

heterologous transcription factor PAP1/AtMYB75 from Arabidopsis thaliana L.

e To compare the level of gene expression of the flavonoid genes in transgenic hop plants, expressing
the heterologous transcription factor PAP1/AtMYB75.

e To evaluate at the molecular level the transgenic hop plants, which were transformed with the

homologous transcription factor HIMYB3 from Humulus lupulus L.

e To determine the expression level of flavonoid genes in transgenic hop plants, expressing the

homologous transcription factor HIMYB3.

e To develop a transformation system through Agrobacterium rhizogenes or particle gun in order to test

candidate genes that could modify the flavonoid pathway in hop.

1.8 Publications

The present cumulative doctoral thesis consists of five scientific articles®, which have been published or
submitted in peer reviewed academic journals. The publications Il and IV are reproduced with the
corresponding permission of Brewing Science, Fachverlag Hans Carl, Nirnberg, Germany. The full papers

can be accessed through the presented links.

Publication |

Gatica-Arias A, Farag MA, Stanke M, Matousek J, Wessjohann L, Weber G (2012) Flavonoid production in
transgenic hop (Humulus lupulus L.) altered by PAP1/MYB75 from Arabidopsis thaliana L. Plant Cell Rep
31: 111-119 (http://www.springerlink.com/content/130276n418p0u211/)

2 Each one of the following five chapters represents one article. The reference system of each journal, to
which the article was submitted, is maintained.
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http://www.springerlink.com/content/130276n418p0u2l1/

Publication Il

Gatica-Arias A, Farag MA, Hintzschel KR, Matousek J, Weber G (2012) The transcription factor
AtMYB75/PAP1 regulates the expression of flavonoid biosynthesis genes in transgenic hop
(Humulus lupulus L.). Brew Sci 65: 103-111 (http://www.brewingscience.de)

Publication 111

Gatica-Arias A, Stanke M, Hantzschel KR, Matousek J, Weber G (2012) 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 (Submitted to Plant Cell Tiss Org Cult)

Publication IV

Gatica-Arias A, Amma N, Stanke M, Weber G (2012) Agrobacterium rhizogenes-mediated transformation of
hop (Humulus lupulus L. cv. Tettnanger): establishment of a system for functional evaluation of genes.

Brew Sci 65: 91-95 (http://www.brewingscience.de)

Publication V

Gatica-Arias A, Weber G (2012) Genetic transformation of hop (Humulus lupulus L. cv. Tettnanger) by
particle bombardment and plant regeneration using temporary immersion system (Submitted to Plant Biotech
Rep)
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2. Flavonoid production in transgenic hop (Humulus lupulus L.)
altered by PAP1/MYBT75 from Arabidopsis thaliana L?

2.1 Abstract

Hop is an important source of secondary metabolites, such as flavonoids. Some of these are
pharmacologically active. Nevertheless, the concentration of some classes as flavonoids in wildtype plants is
rather low. To enhance the production in hop, it would be interesting to modify the regulation of genes in the
flavonoid biosynthetic pathway. For this purpose, the regulatory factor PAPL/AtMYB75 from Arabidopsis
thaliana L. was introduced into hop plants cv. Tettnanger by Agrobacterium-mediated genetic
transformation. Twenty kanamycin-resistant transgenic plants were obtained. It was shown that
PAP1/AtMYB75 was stably incorporated and expressed in the hop genome. In comparison to the wildtype
plants, the color of female flowers and cones of transgenic plants was reddish to pink. Chemical analysis
revealed higher levels of anthocyanins, rutin, isoquercitin, kaempferol-glucoside, kaempferol-glucoside-
malonate, desmethylxanthohumol, xanthohumol, o-acids and pg-acids in transgenic plants compared to
wildtype plants.

Keywords Hop, plant transcriptional factors, genetic transformation, secondary metabolites, flavonol
glycosides, anthocyanins

® This chapter consists of the correspondent article which was accepted by the journal Plant Cell Reports. Any
reference to this chapter should be cited as: Gatica-Arias A, Farag M, Stanke M, Matousek J, Wessjohann L,
Weber G (2012) Flavonoid production in transgenic hop (Humulus lupulus L.) altered by PAP1/MYB75 from
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2.2 Introduction

Hop (Humulus lupulus L.) has been cultivated for its commercial use in the brewing industry and as a
medicinal plant for a long time (Verzele and De Keukeleire 1991). More than 1,000 compounds have been
identified in hop, including volatile oils, a-acids, f-acids and prenylated flavonoids (Chadwick et al. 2006).
Xanthohumol and desmethylxanthohumol are important prenylated flavonoids in the lupulin glands
(glandular trichomes) of the female cones (Matousek et al. 2006). Because of their potential anti-cancer,
anti-proliferative, anti-oxidative and estrogene-like properties, these compounds have received attention
recently (Tagashira et al. 1995; Miranda et al. 2000; Milligan et al. 2002; Chen and Lin 2004;
Gerhauser 2005; Lamy et al. 2007). Due to these beneficial effects on the human health, there is a growing
interest in the development of food crops with high levels and/or altered composition of flavonoids
(Schijlen et al. 2004).

Toward this goal, metabolic engineering offers tremendous potential to modify, improve and enhance the
production and quality of flavonoids (Tian and Dixon 2006; Sato et al. 2007). Flavonoid biosynthesis in
plants appears to be complex and highly regulated. A tight correlation between the regulation of gene
expression and flavonoid biosynthesis has been demonstrated in Arabidopsis thaliana L.
(Yonekura-Sakakibara et al. 2008). Altering biosynthesis by introducing genes of enzymes of individual
biosynthetic steps could be one approach for increasing the production of bioactive flavonoids. Another
attractive way to improve yield could be the introduction of genes from heterologous sources known to

up-regulate the production of flavonoids (Schijlen et al. 2004).

The activity of genes involved in flavonoid biosynthesis is largely regulated at the transcriptional level.
Usually, regulation is facilitated by an R2R3 MYB and/or a basic helix—loop-helix (bHLH) transcription
factor (Schijlen et al. 2004; Allan et al. 2008). For example, in A. thaliana L. as well as in Petunia hybrida,
the transcription factor PAP1/AtMYB75 (production of anthocyanin pigment 1) stimulated the expression of
genes for enzymes of the biosynthesis of phenylpropanoids and flavonoids, such as phenylalanine ammonia-
lyase (PAL), chalcone synthase (CHS), chalcone isomerase (CHI) and dihydroflavonol 4-reductase (DFR)
(Borevitz et al. 2000; Matsui et al. 2004; Tohge et al. 2005; Matousek et al. 2006). Ectopic expression of
genes of MYB transcription factors in various plant species has confirmed that these regulatory elements are

conserved among different species (Borevitz et al. 2000; Schijlen et al. 2004).
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Here, we described the introduction of the gene of the regulatory factor PAP1/AtMYB75 from A. thaliana L.
into hop by genetic transformation. Moreover, transgenic plants were evaluated if and to which extent the
transgene was expressed. The altered composition and quantity of secondary metabolites and in particular the
anthocyanin content was determined and compared to wildtype plants.

2.3 Material and methods

2.3.1 Plant transformation, regeneration and acclimatization

Genetic transformation of hop (H. lupulus L. cv. Tettnanger) was performed with Agrobacterium tumefaciens
EHA 101 harboring the plasmid pLV-65. The T-DNA contained the regulatory gene PAP1/AtMYB75
(GenBank accession: AT1G56650.1) under the control of the 35S CaMV promoter and the selection marker
nptll under the control of the nopaline synthase promoter (Matousek et al. 2006) (Fig. 2.1.a).

From in vitro grown hop plants, 1,000 stem segments (1 cm) were transformed and regenerated to plants
(modified from Horlemann et al. 2003). Two days prior to transformation, the explants were pre-cultured on
shoot induction medium [MS salts (Murashige and Skoog 1962), B5 vitamins (Gamborg et al. 1968),
2% (w/v) glucose, 1.43 uM 1AA, 9.08 uM TDZ and 0.6% (w/v) agar]. Timentin (250 mgl™) (Duchefa, The
Netherlands) was used to remove A. tumefaciens from plant cultures. Rooted single shoots (5-7 cm length)

were acclimated in the greenhouse and then the plants were transferred to an outdoor containment facility.

2.3.2 Detection of transgenic plants

Genomic DNA of leaves of WT or transgenic plants was extracted according to Fleischer et al. (2004).
Plasmid DNA containing nptll and PAP1/AtMYB75 was used as positive control. All putative transgenic
plants were analyzed by triplex PCR for the detection of hop chitinase, nptll, and virG genes
(Horlemann et al. 2003). Twenty transformants were further analyzed to confirm the presence of the
transgene PAP1/AtMYB75 using the primers PAP29.2S (5'-GGAGGGTTCGTCCAAAGG-3) and
PAP29.2AS (5-AGGAATGGGCGTAATGTC-3") (Fig. 2.1.a).
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The PCR was performed in a mixture (25 pl) containing 100 ng of genomic DNA, 1X Mango Taq PCR
buffer, 0.25 mM of each dNTPs, 0.2 uM of each primer, 1.5 mM of MgCl, and 2.5 U Mango Taq™
polymerase (Bioline, Germany). The amplification conditions were 94°C for 3 min followed by 35 cycles at
94°C for 1 min, 60°C for 1 min, 72°C for 1 min and a final step of 72°C for 10 min. After staining with

ethidium bromide, the PCR products were evaluated on 1.5% (w/v) agarose gel, visualized under UV and

documented with a digital camera.

A 385bp

385bp

-‘o———.—-—_—-—.———___——-—_-

Fig. 2.1 (A) Schematic representation of the T-DNA of the pLV 65 vector used for transforming H. lupulus L. RB: Right
border, P35S: 35S CaMV promoter, PAP1 regulatory gene PAP1/AtMYB75, P, nopaline synthase promoter,
nptll: neomycin phosphotransferase 11 gene, LB: left border. (B) PCR analysis for the detection of PAP1/AtMYB75 gene
in transgenic plants 9, 10, 11, 14, 15, 16, 22, 24, 25, 27, 28, 29, 31, 32, 34, 41, 43, 54, 56 and 203. Lanes WT: wildtype,

P*: positive control (pLV 65), N: negative control (PCR reaction mix without template), M: molecular weight marker

(100 bp DNA Ladder).

2.3.3 RNA isolation and RT-PCR

Total RNA was isolated from WT and transgenic plants using the RNeasy plant mini kit (Qiagen, Germany)
with a user-developed lysis buffer (MacKenzie et al. 1997). After RNA extraction, DNA was removed by
DNase | treatment (MBI Fermentas, St. Leon-Rot). RNA was purified by using the RNA clean-up protocol
from the RNeasy plant mini kit. The total RNA was quantified using a spectrophotometer
(NanoPhotometer™, Germany) at wavelengths of 260 and 280 nm, and RNA integrity was verified by

analyzing samples on a 1.2% (w/v) denaturing agarose gel.
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The transcript of the gene PAPL/AtMYB75 was analyzed with the One Step RT-PCR Kit (Qiagen, Germany)
using the primers PAPshortS (5-TGGCACCAAGTTCCTGTA-3) and PAPshortAS
(5'-AAAGACCACCTATTCCCT-3"). The reactions were carried out in 25 pl containing 1X One Step
RT-PCR buffer, 10 mM of each dNTPs, 0.6 uM of each primer, 2 pul of One Step RT-PCR enzyme mix, 3 pl
of total RNA (100 ngul™), and 12 pl of RNase free water. As a positive control for the integrity of RNA, 18S
RNA from each sample was amplified using the primers 18S_S: (5-AGGTAGTGACAATAAATAACAA-3)
and 18S_AS: (5-TTTCGCAGTTGTTCGTCTTTC-3"). For detecting possible DNA contaminations in RNA
preparations, each reaction mixture was divided into two aliquots. In one aliquot, the reverse transcriptase
was activated at 50°C for 30 min, and in the other sample the enzyme was inactivated for 15 min at 94°C.
A successive PCR with all the sample was carried out over 30 cycles under the following conditions: 95°C for
15 min, 95°C for 1 min, 53°C for 30 s and 72°C for 1.5 min, followed by a final elongation step at 72°C for
10 min. The PCR products were evaluated on 1.5% (w/v) agarose gel, stained with ethidium bromide,
visualized under UV and documented with a digital camera.

2.3.4 Gene expression analysis of PAP1/AtMYB75

Quantitative real-time PCR was used to determine the strength of PAP1/AtMYB75 gene expression in cones
from transgenic and WT plants. For cDNA synthesis, 1 pg of hop total RNA was reverse transcribed in 20 pl
for 30 min at 42°C using 1 ul RT primer mix, 4 ul Quantiscript RT Buffer and 1 pl Quantiscript RT. Then,
the mixture was incubated for 3 min at 95°C to inactivate the reverse transcriptase (Qiagen, Germany). Each
PCR reaction was carried out in 20 pl of final volume containing 1X SensiMix™ SYBR Master Mix, 1 pM
of each primer [(PAPshortS: 5-TGGCACCAAGTTCCTGTA-3) and (PAPshortAS:
5-AAAGACCACCTATTCCCT-3], 2.5 ul cDNA (40 ngul), and 3.5 pul RNase free water (Bioline,
Germany). Real-time analysis was performed on an Step One™ System (Applied Biosystems, USA) with the
following conditions: 95°C for 10 min followed by 40 cycles at 95°C for 15 s, 60°C for 45 s, and 72°C for
45 s. Melting curve analysis was used to verify PCR identity and single product formation. All samples were
measured twice in two independent experiments. The difference between the cycle threshold (Ct) of the target
gene and the Ct of GAPDH (ACt: Ctraget - Cloappn) Was used to obtain the normalized expression of
PAP1/AtMYB75, which corresponds to 27",
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2.3.5 Extraction procedure and sample preparation

Transgenic and wildtype hop cones were harvested from plants grown outdoors in a containment facility
during 2010. After harvest, they were dried at 65°C and ca. 11% humidity for 24 h. Dried hop cones were
ground in a mortar using liquid nitrogen. Then, the samples (40 mg) were homogenized five times for 20 s
with 4 ml methanol containing 8 ugml™ umbelliferone (used as internal standard for relative quantification);
1 min separated each mixing period. All extractions were carried out in triplicate. Then, the samples were
vortexed vigorously and subsequently cleared by centrifugation for 30 min. Next, 500 pul was placed on a
Chromoband C18 cartridge (500 mg) (Macherey & Nagel, Germany) preconditioned with methanol and
water. Samples were eluted using 6 ml methanol and the eluent was evaporated under a nitrogen stream and

the obtained dry residue was resuspended in 1.5 ml of methanol; 2 pl was used for LC-MS analysis.

2.3.6 LC-MS analysis

The LC-ESI and ESI-MS" mass spectra were obtained from an LCQ Deca XP MAX system
(ThermoElectron, San Jose, USA) equipped with an ESI source (electrospray voltage 4.0 kV, sheath gas
nitrogen, capillary temperature 275°C). The lon Trap MS system is coupled with a Surveyor micro-HPLC
and equipped with a HYPERSIL GOLD RP18- column (5 mm, 150 x 1 mm, Thermo Scientific). For HPLC,
a gradient system was used starting from H,O:CH;CN = 90:10 (each of them containing 0.2% HOAC) to
100% CH3CN within 30 min, then isocratically for a further 10 min; the flow rate was 70 plmin. All mass
spectra were averaged and the background subtracted. The Xcalibur™ 2.0 software was used for data
evaluation. The MS" spectra were recorded during the HPLC run by using the following conditions: MS/MS

analysis with starting collision-induced dissociation energy of 20 eV and an isolation width of £2 amu.

2.3.7 Anthocyanins quantification

For the analysis of anthocyanins, transgenic and wildtype hop cones (50 mg) were homogenized five times
for 20 s with 5 ml of methanol (0.1% HCI); 1 min separated each mixing period. Samples were vortexed
vigorously and subsequently cleared by centrifugation for 10 min. Then, 300 ul was aliquoted, and diluted
with 200 pl of milliQ water and 500 pl chloroform. The mixture was vortexed vigorously for 1 min and
centrifuged for 2 min. The upper aqueous phase was then aliquoted, diluted with an equal volume of
methanol (0.1% HCI) and measured using UV spectrophotometer at 528 nm. Standard calibration curve of
cyanidin standard prepared at 1, 10, 100 and 1,000 ugml'1 under the same conditions and measured at

528 nm was used to derive relative quantifications of anthocyanins in hops.
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2.4 Results

2.4.1 PCR detection of transformed plants

The A. thaliana L. PAPL/AtMYB75 gene was introduced into the hop genome via A. tumefaciens. A total of
20 kanamycin-resistant plants transformed with pLV-65 were obtained from 1,000 infected internodal
segments. All the plants showed a signal for nptll (640 bp), whereas no signal was observed with the virG
primer (data not shown). Every tested plant gave signals specific for hop chitinase, confirming the quality of
extracted DNA (data not shown). Moreover, the nptll positive transgenic plants were tested for the
integration of the PAP1/AtMYB75 gene. When the primer set PAP29.2 was used for amplification, the 20
plants showed a signal for PAP1/AtMYB75 (385 bp). No bands were observed in wildtype plants (Fig. 2.1.b).
The overall transformation frequency [(transgenic plants confirmed by PCR/total internodal segments
transformed) * 100] was 2%. The stability of the integrated PAP1/AtMYB75 and nptll genes was assessed
over the years 2008-2010. In all transgenic plants, the transgenes were present.

2.4.2 Analysis of transgene expression by RT-PCR

RT-PCR analysis was performed with seven transgenic plants (10, 11, 14, 15, 24, 29 and 56) as well as with
WT plants. The primer pair PAPshortS and PAPshortAS was used to verify the expression of the gene
PAP1/AtMYB75. A PAP1 specific band (163 bp) was amplified from leaves (Fig. 2.2.a) and cones (Fig. 2.2.b)
of transgenic plants. In WT plants, no signal was detected. As a positive control, a DNA sample from a
transgenic plant was used. In all samples, the quality of RNA was verified by RT-PCR using the 18S primer
(481 bp) (Fig. 2.2.c). In the controls where the reverse transcriptase was inactivated, no amplicons were

detected (data not shown).
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Fig. 2.2 RT-PCR analysis demonstrating PAP1/AtMYB75 in (A) leaves, (B) cones, and (C) 18S expression in transgenic
plants 10, 11, 14, 15, 24, 29 and 56. Lanes WT: wildtype, C*: positive control (DNA transgenic plant), N: negative
control (PCR reaction mix without template), M: molecular weight marker (50 bp DNA Ladder).

2.4.3 Quantitative analysis of transgene expression by real time PCR

The expression level of the transcription factor PAPL/AtMYB75 in female cones was compared among seven
transgenic hop plants (10, 11, 14, 15, 24, 29 and 56) and conspicuous differences were observed (Fig. 2.3).
The highest expression level of PAP1/AtMYB75 was observed in the transgenic plants no. 24, 29 and 56, in
which the relative RNA level was ~1,089, ~614 and ~1,160, respectively. The PAP1/AtMYB75 expression
level of the other transgenic plants range from ~143 to~250 (Fig. 2.3). No PAP1/AtMYB75 expression was
detected in wildtype plants.
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Fig. 2.3 Relative expression of PAP1/AtMYB75 in female cones of wildtype and transgenic plants. GAPDH was used as
housekeeping gene to normalize the expression of the transcription factor PAP1/AtMYB75. Each experiment was

performed with four replicates.

2.4.4 Morphology of transgenic plants and chemical analysis of secondary metabolites

The transgenic PAP1/AtMYB75 hop plants showed no phenotypical difference to WT plants while growing
under tissue culture conditions or in the greenhouse (data not shown). Seven transgenic plants (10, 11, 14, 15,
24, 29 and 56) as well as WT plants were grown under agronomic conditions in an outdoor containment
facility. The plants were observed during the vegetation periods of 2008-2010 and at the end of the
vegetation period all transgenic plants flowered and produced cones. However, compared to the wildtype
plants, the PAP1/AtMYB75 transgenic plants displayed an unusual coloration. Transgenic plants exhibited
reddish to pink pigmentation of flowers and cones, whereas WT plants developed the usual green color of
flowers and cones (Fig. 2.4.a, b, ¢, d). The phenotype of the PAP1/AtMYB75 transgenic plants was
maintained and consistently observed over the years 2008—2010.
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Fig. 24 An example of the phenotype of transgenic hop plant 24 expressing the PAP1/AtMYB75 gene.
(A) Wildtype and (B) transgenic female flower (C) wildtype and (D) transgenic cones.

In addition, extracts prepared from hop cones revealed a significant increase in anthocyanins content in
transgenic plants compared to WT as revealed by measuring the UV absorbance of extracts at 528 nm
(Table 2.1). The expression of PAP1/AtMYB?75 in transgenic plants led to an increase in anthocyanin content.
The highest yield of anthocyanins, calculated as cyanidin, was detected in transgenic plant 24 (4.2-fold),
15 (3.5-fold), 29 (3.3-fold), 56 (2.8-fold), 14 (1.8-fold), and 11 (1.5-fold) in comparison to WT plants.
Transgenic plant 10 showed no difference compared to the WT (Table 2.1).

Moreover, the profile of secondary metabolites in both WT and transgenic PAP1/AtMYB75 hop cones was
determined using HPLC coupled to PDA and MS". Identified metabolites belonged to various classes
including chalcones, flavanones, flavonols, and bitter acids with a total of 11 major peaks identified (Fig.
2.5.a, b). Flavonoids from female hop cone extracts were recognized by comparing retention time, UV/Vis
and MS" spectra with compounds reported in the literature and with authentic standards when available
(Fig. 2.5.c). The relative quantitative analysis of metabolites to that of spiked internal standard
(umbelliferone) in the different transgenic PAP1/AtMYB75 plants and WT is summarized in Table 2.1
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Table 2.1 Relative quantification (ugml™) of secondary metabolites identified in female cones from wildtype and transgenic PAP1/AtMYB75 plants

using LC-MS and normalized to the internal standard umbelliferone.

WT 10 11 14 15 24 29 56

Anthocyanins ® 2.840.7 2.8£0.9 4.1%0.2 4.9%0.3 0.8+2.4 11.8£0.9 9.240.3 7.8£1.6
Rutin 5.3£0.7 10.5¢1.0 21.641.2 26.3+1.3 28.36.6 32.6£9.3 53.3:8.8 31.148.0
Isoquercitin 17.5¢1.6 24.743.0 32.3+1.7 41.1£1.3 34.248.2 38.2+9.6 5124103 4494117
Kaempferol-7-O-glucoside 9.8+1.2 16.2+2.0 20.3£0.8 28.3+1.8 22.9+6.0 25.746.6 40.8+7.8 28.9+7.1
Kaempferol-7-O-glucoside 16.8+1.5 17.3t1.6 27.8+3.4 29.5+3.8 22.845.2 29.0£7.9 50.76.7 33.1+8.9

malonate

Desmethylxanthohumol 50.55.8 34.742.8 48.747.2 57.548.3 436£115  49.1#171  855£17.6  78.9+23.0
Xanthohumol 344.2+32.0  200.9+7.2 2463280  305.7+16.8  293.7+80.6  313.0+1127  424.7+815  417.5:106.5
Cohumulone 686.9t059  320.1t6.5  520.3t50.6  467.6+27.0  568.4+160.0 440.8+174.1 11853+244.4 893.2+246.9
Humulone/adhumulone 1640.8+2255 758.6+19.1 1216.1+845 1017.8+50.2 1329.2+368.2 1054.3t403.3 2906.2+609.5 1978.1+496.1
Colupulone 152351780 1181.2+539 1181.8+1352 1750.8+189.6 1716.8+474.1 1656.9+592.3 1676.9+378.2 2516.4+690.6
1833.4+165.8 1495.0£80.5 1356.5:04.3 2027.7+150.8 2236.9+681.0 2005.4+6631 1978.9+343.3 2888.9+735.4

Lupulone/adlupulone

Each value represents the mean (+SD) of 3 replicates. Transgenic and wildtype hop cones were harvested from plants grown outdoors in a containment facility during

2010.

2 Quantification of total anthocyanins in extracts (ugml™) relative to that of cyanidin standard, measured using UV at 528 nm.
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1 Rutin 7.76 265,350 609 [M-H]J 301,271, 255,179
2 Isoquercitin 8.32 265,350 463 [M-H]J 301,271, 255,179
3 Isoquercitrin malonate 9.04 285,350 549 [M-H] 505, 462, 301
4 Astragalin 9.56 265:285shd, 350 447 [M-HJ 285, 255
= Desmethylxanthohumol 20.25 290, 365 339[M-H] 220,175, 151,133
6 Xanthohumol 21.89 235,370 353[M-H] 233, 218,189,165
7 Cohumulone 25.88 285,323 347[M-H] 278, 235, 223
8 Humulone 27.2 285,325 361[M-H] 361,292
9 Adhumulone 27.64 285,325 361[M-H] 345,292, 249,237
10 Colupulone 30.41 280,333 399[M-H] 330, 287, 275, 262
11 Lupulone/Adlupulone 31.56/31.81 280,335 413[M-H] 344,301, 276, 289

Fig. 2.5 Representative LC-MS chromatograms (total ion count) of secondary metabolites identified in (A) transgenic,
(B) WT cones, and (C) major secondary metabolites identified in cones. Peak 1: rutin, 2: isoquercitin, 3: isoquercitin
malonate, 4: astragalin, 5: desmethyl xanthohumol, 6: xanthohumol, 7: cohumulone, 8: humulone, 9: adhumulone,
10: colupulone, 11: lupulone/adlupulone.

that of
(quercetin-3-O-p-D-glucoside) in all

Significant differences were found in flavonol glycosides levels especially rutin

(quercetin-3-O-B-D-rutinoside) and isoquercetin transgenic
PAP1/AtMYB75 plants relative to the WT (Table 2.1). In transgenic plant 29, rutin content was detected at
10.1 times that of the wildtype (Table 2.1). Moreover, the highest isoquercetin content was found in the
transgenic plant 29 (2.9-fold that in the WT) (Table 2.1). Increase in other flavonol glycosides,
i.e., kaempferol-7-O-glucoside (astragalin) and kaempferol-7-O-glucoside malonate levels, was observed in
transgenic plants. Particularly, the highest kaempferol-7-O-glucoside and kaempferol-7-O-glucoside-

malonate content was, respectively, 4.1 and 3.0 times higher in the transgenic plant 29 compared to WT.
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The prenylated chalcones xanthohumol and desmethylxanthohumol are naturally present in hop.
Nevertheless, the xanthohumol level was lower in most transgenic plants (10, 11, 14, 15 and 24) in
comparison to the WT. Exceptions were found in the transgenic plants 29 and 56, which showed,
respectively, 1.3 and 1.2 times more xanthohumol than the WT. Similarly, the higher concentration of
desmethylxanthohumol was observed in the transgenic plants 29 and 56. Regarding bitter o-acids, the
transgenic plant 29 showed 1.7 times more cohumulone and 1.8 times more humulone/adhumulone than the
WT plants. In contrast, a slight increase in quantity of the f-acids was observed in the transgenic plants 14,
15, 24, 29 and 56. Principally, in the transgenic plant 56, the colupulone content was 1.7 times and the
lupulone/adlupulone content was 1.6 times that of the wild type (Table 2.1).

2.5 Discussion

In the present study, genetic engineering of hop (H. lupulus L. cv. Tettnanger) with the heterologous
transcription factor PAP1/AtMYB75 from A. thaliana L. was successfully accomplished. Previously, this
regulatory element has been genetically transformed in other species (Borevitz et al. 2000; Tohge et al. 2005;
Matousek et al. 2006; Xie et al. 2006; Zhou et al. 2008; Zuluaga et al. 2008; Li et al. 2010).

MYB transcription factors represent a group of proteins that include the conserved myb DNA binding domain.
This domain consists of three imperfect repeats (R1, R2, and R3), each forming a helix—turn—helix structure
(Stracke et al. 2001). In plants, the MYB transcription factor family has been implicated in a range of
functions, such as regulation of the flavonoid biosynthetic pathway and developmental steps
(Stracke et al. 2001; Matousek et al. 2007).

The PAP1 gene encodes the MYB75 transcription factor, which is a conserved member of the R2R3 gene
family and is implicated in the regulation of the biosynthetic pathway of phenylpropanoids in A. thaliana L.
(Allan et al. 2008; Rowan et al. 2009). When the expression of MYB transcription factors was up- or down-
regulated, the color of plant organs changed (Allan et al. 2008). It is interesting to note that transgenic hop
flower and cones displayed red color suggesting a tissue-specific regulation of flavonoid biosynthesis genes
by PAP1/AtMYB75. The increase in red pigmentation among transgenic hop is likely to be attributed to
anthocyanin compounds, considering that following standard procedure for anthocyanins extraction
considerable increase in UV absorbance at 528 nm, typical UV maximum for anthocyanins, was observed in

transgenic plants.
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Over-expression of PAPL1 in A. thaliana L. resulted in red-colored leaves and pink roots and flowers
(Borevitz et al. 2000). Moreover, it has been shown that transgenic tobacco plants showed purple leaves,
stems, roots, and flowers (Borevitz et al. 2000; Xie et al. 2006), whereas transgenic calli were red or white
(Zhou et al. 2008). Transgenic tomato plants expressing PAP1 showed a red coloration in the veins, rachis,
and petioles, as well as a reddish-purple pigmentation in stems, flowers, and fruits (Zuluaga et al. 2008).
Furthermore, over-expression of PAP1 in canola resulted in purple plants (Li et al. 2010).

In the present study, it was demonstrated that the PAP1/AtMYB75 transcription factor increased the
production of anthocyanins, rutin, and isoquercitin in transgenic hop plants. This observation is consistent
with the biochemical analysis of PAP1 tomato plants, which showed higher anthocyanins level in transgenic
plants than in the wild type (Zuluaga et al. 2008). Moreover, in A. thaliana L., the over-expression of PAP1
resulted in increased biosynthesis of anthocyanins and quercetin glycosides (Borevitz et al. 2000).
Furthermore, Zhou et al. (2008) have demonstrated that quercetin was dramatically increased by PAP1 in
transgenic tobacco plants. Recently, Li et al. (2010) reported that the level of cyanidin, pelagonidin, quercitin

and sinapic acid increased in transgenic Brassica napus expressing the transcription factor PAP1/AtMYB75.

The economic value of hop relies on the important secondary metabolites present in the lupulin glands of the
female cones, including a-acids and g-acids, which are used as flavoring ingredients in beer production
(De Keukeleire et al. 2003). Moreover, the lupulin glands contain important prenylated chalcones, which are
of special interest to the pharmaceutical and medicinal field, due to their anti-cancer, anti-proliferative,
anti-oxidative and estrogen-like activity (Tagashira et al. 1995; Miranda et al. 2000; Milligan et al. 2002;
Chen and Lin 2004; Gerhduser 2005; Lamy et al. 2007).

Several studies have demonstrated that the concentration of prenylated chalcones (xanthohumol and
desmethylxanthohumol), a-acids (humulone, cohumulone, and adhumulone) and p-acids (lupulone,
colupulone, and adlupulone) differs among the developmental stages of hop cultivars and cones
(Stevens et al. 1997; De Keukeleire et al. 2003; Kavalier et al. 2011). In current hop breeding programs,
major focus is directed toward the development of new varieties with high a-acids, f-acids and prenylated
chalcones content (Nesvadba et al. 2011). In the last few years, research has been carried out to increase the
production of these important secondary metabolites in hop through conventional breeding
(Beatson et al. 2003; Nesvadba et al. 2011) or using plant suspension cultures (PSendkova et al. 2009;
Urgeova et al. 2011).
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The biosynthesis of prenylated chalcones in hop cones could be mediated by an enzyme with chalcone
synthase activity, which catalyzes the condensation of three molecules of malonyl-CoA and one molecule of
p-coumaroyl-CoA (Matousek et al. 2006). The PAPL/AtMYB75 was capable of activating the CHS_H1 gene
in tobacco and petunia, suggesting that this transcription factor is suitable for modifying the hop metabolome
via activation of the CHS_H1 gene (Matousek et al. 2006).

In the present study, it was shown that the production of flavonol glycosides (i.e., kaempferol and quercetin
conjugates), a-acids, S-acids, xanthohumol, desmethylxanthohumol, kaempferol-glucoside and kaempferol-
glucoside-malonate in transgenic hop plants was influenced by the PAP1/AtMYB75 transcription factor.

Metabolic engineering of plants promises to create new opportunities in agriculture, environmental
applications, production of chemicals, and even medicine (Lessard et al. 2002). Increasing the levels of
flavonoids in food plants can provide health benefits, as these molecules often have antioxidant activity
(Capell and Christou 2004). Several studies have demonstrated that the flavonoid biosynthesis can be
engineered using transcription factors, such as the MYB genes. The present study demonstrates that the
expression of the PAP1/AtMYB75 transcription factor is a viable method for modifying flavonoid

biosynthesis in hop.
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3. The transcription factor AtMYB75/PAPL1 regulates the expression of

flavonoid biosynthesis genes in transgenic hop (Humulus lupulus L.)
4

3.1 Abstract

Metabolic engineering of the flavonoid biosynthesis pathway may be used for modifying nutritional and
pharmaceutical properties of food crops as well as for producing ornamentals with novel color patterns. In
plants, MYB transcription factors play a crucial role in regulating the biosynthesis of flavonoids. The
AtMYB75/PAPL1 is a member of the R2R3 MYB gene family and stimulates the expression of genes involved
in the biosynthesis of flavonoids. Previously, AtMYB75/PAP1 from Arabidopsis thaliana L. was introduced
into Humulus lupulus L. cv. Tettnanger plants by Agrobacterium- mediated genetic transformation. In this
study, the copy number of AtMYB75/PAP1 was estimated in seven transgenic hop plants employing
quantitative real-time PCR. Using this system it was demonstrated that each transgenic plant harbors only one
copy of AtMYB75/PAP1. Moreover, the expression of the genes CHS_H1, CHI, and F3"H in AtMYB75/PAP1
transgenic and wildtype hop plants was analyzed by reverse transcriptase quantitative real-time PCR. The
expression of the structural genes CHS_H1, CHI, and F3"H was elevated in transgenic hop plants compared
to the wildtype plants. Chemometric methods were successfully used to discriminate between wildtype and
transgenic plants expressing the transcription factor AtMYB75/PAPL. These results revealed that the
transcription factor AtMYB75/PAP1 activated the expression of these three genes essential for the
biosynthesis of flavonoids in transgenic hop plants. Therefore, metabolic engineering using transcription
factors, such as the MYB genes, may open the possibility for improving the content of pharmaceutically

important secondary metabolites in hop.

Keywords Hop, flavonoids, MYB transcription factor, quantitative real-time PCR, gene expression

* This chapter consists of the correspondent article which was accepted by the journal Brewing Science. This
chapter is reproduced with the corresponding permission of Brewing Science, Fachverlag Hans Carl,
Nurnberg, Germany. Any reference to this chapter should be cited as: Gatica-Arias A, Farag MA, Hantzschel
KR, Matousek J, Weber G (2012) The transcription factor AtMYB75/PAP1 regulates the expression of
flavonoid biosynthesis genes in transgenic hop (Humulus Ilupulus L.) Brew Sci 65: 103-111

(http://www.brewingscience.de)

34


http://www.brewingscience.de/

3.2 Introduction

Flavonoids are a large family of secondary metabolites which are accumulated in different types of tissues
and organs of plants. Flavonoids can be important for the survival of plants with roles in the attraction of
pollinators, seed dispersal, and as part of a defense response against insects, diseases, UV light, and physical
stress. Furthermore, flavonoids are essential for the pigmentation of flowers, fruits, and seeds [1, 2, 3].
Besides their functions in plants, flavonoids are important in the medicinal and pharmaceutical field.
Flavonoids have been found to have a preventive capacity in terms of human degenerative diseases associated
with oxidative stress, coronary heart, and age related diseases [3, 4, 5]. Moreover, it has been demonstrated
that flavonoids have also neuroprotective, anti-inflammatory, analgesic, bactericidal, fungicidal, and
spasmolytic properties [3].

The female cones of hop are mainly used in the brewing industry to provide flavor and taste to the beer [6].
Moreover, several secondary metabolites are of special interest for the pharmaceutical and medicinal field,
due to their anti-cancer, and anti-proliferative activity [7, 8, 9]. The a-, B-acids, essential oils, and prenylated
chalcones, which are synthesized and accumulated in the lupulin glands of female cones, are responsible for
these traits. Therefore, research has been carried out to understand the biosynthesis of important secondary
metabolites in hop and the biosynthetic pathway of a-, B-acids bitter acids, and essential oils have been
reported [10, 11]. In order to improve the content and quality of these compounds, it is important to identify
the genes responsible for their biosynthesis. Several structural genes and transcription factors, including
CHS_H1 (chalcone synthase H1), VPS (valerophenone synthase), OMT1 (O-methyltransferase-1), HIPT-1
(prenyltransferase), MYB, bHLH, and WDR have been cloned in H. lupulus L. [12, 13, 14, 15, 16].

The biosynthesis of flavonoids in plants has been intensively studied [4]. Two groups of genes are required:
structural genes, i.e. enzymes for biosynthetic steps, as well as regulatory genes like transcription factors [17].
R2R3 MYB transcription factors play a critical role in the regulation of the biosynthesis of phenylpropanoids
and flavonoids [18].

The flavonoid production in plants could be enhanced through the genetic transformation with structural
genes or by the introduction of homologous or heterologous regulatory elements [19]. The transcription factor
AtMYB75/PAP1 (production of anthocyanin pigment 1) of Arabidopsis thaliana L. is a conserved member of
the R2R3 MYB gene family and stimulates the expression of genes related to the biosynthesis of
phenylpropanoids and flavonoids [12, 20, 21, 22,].
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For the first time, metabolic engineering was employed to increase the flavonoid content in H. lupulus L.
cv. Tettnanger [23]. In those AtMYB75/PAPL transgenic hop plants higher levels of anthocyanins, rutin,
isoquercitin, kaempferol-glucoside, kaempferol-glucoside-malonate, desmethylxanthohumol, xanthohumol,
a-acids, and g-acids in cones were observed compared to wildtype plants [23].

Here we have investigated how the level of expression of the genes involved in the flavonoid biosynthesis
was modified in transgenic hop plants by the presence of AtMYB75/PAP1. The expression of the genes
involved in the flavonoid biosynthesis was analyzed in transgenic hop plants using quantitative real-time
PCR. Moreover, a principal component analysis (PCA) was used to discriminate between transgenic hop
plants and wildtype plants.

3.3 Materials and methods

3.3.1 Plant material

Young leaves and mature female hop (H. lupulus L cv. Tettnanger) cones were collected (sampling date:
3" September 2010) from three-year-old wildtype and AtMYB75/PAP1 transgenic (10, 11, 14, 15, 24, 29, and
56) plants grown in an outdoor containment facility. For DNA and RNA extraction, the material was

immediately immersed in liquid nitrogen and stored at -80°C.

3.3.2 Primer design and assessment of specificity

The primer sequences of AtMYB75/PAP1 and hop CHS H1 (chalcone synthase H1) were obtained from
previous studies [12, 23]. Specific primers were designed for CHI (chalcone isomerase), and F3'H
(flavonoid 3"-hydroxylase) using available hop DNA sequences (unpublished data). Primers used are listed in
Table 3.1. Primer specificity was confirmed by blasting each primer sequence against the nucleotide

collection available at NCBI (http://www.ncbi.nlm.nih.gov/). Moreover, the amplifications of specific genes

were confirmed by sequencing of the PCR (polymerase chain reaction) products (commercial service, GATC

Biotec AG, Germany).

RT-PCR (reverse transcriptase-PCR) was performed with RNA from leaves and cones of AtMYB75/PAP1
transgenic and wildtype plants and the newly designed primers using the procedure described by Gatica-Arias
et al. [23]. Briefly, the reactions were carried out in 25 pl containing 1X OneStep RT-PCR buffer, 10 mM of
each dNTPs, 0.6 uM of each primer, 2 ul of OneStep RT-PCR enzyme mix, 3 pl of total RNA (100 ngul™),
and 12 pl of RNase free water (Qiagen, Germany).
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In order to test if RNA was existent, the 18S gene from each sample was amplified. An additional control was
incorporated to detect DNA contaminations in RNA preparations. For this purpose each reaction mixture was
divided into two aliquots: i) in one sample the reaction of the reverse transcriptase was carried out normally at
50°C for 30 min and ii) in the other sample the enzyme was inactivated for 15 min at 94°C. The successive
PCR of the sample and the respective control were performed over 30 cycles under the following conditions:
95°C for 15 min, 95°C for 1 min, 53°C for 30 s, 72°C for 1.5 min. Cycling was followed by a final elongation
step at 72°C for 10 min. After staining with ethidium bromide, the PCR products were evaluated on
1.5% (wi/v) agarose gel, visualized under UV, and documented with a digital camera.

Table 3.1 Primer sequences used in this study and predicted length of the amplification products

PCR Annealing
Gen Primer Sequence (5'— 3") product temperature  Reference

size (bp) (°C)
AMYBTSIPAPL CACSCAS  asagacoscaationc 163 58 28
CHSHL i imhon As ssmtagossaggeacate 20 S5 12
CHI CHihortAS  ttotiobicasgucase. 127 56 sudy
ST i N T B T
GAPDH  ChpDiAS  togacgrgaiote 10 60 13
ey SIS, e o
185 185 AS togeagtigtiogitte 481 52 sudy

3.3.3 Estimation of AtMYB75/PAP1 copy number

Genomic DNA was extracted from leaves of transgenic and wildtype plants following the procedure
described by Gatica-Arias et al. [23]. Total DNA was quantified using a spectrophotometer
(NanoPhotometer™, Germany) and adjusted to a concentration of 20 ngul™. The primer pairs
PAPshort_S-PAPshort_AS and GPPS.LSU_S-GPPS.LSU_AS were employed for the quantitative real-time
PCR (qPCR) analysis (Table 3.1). The GPPS.LSU (geranyl geranyl diphosphate synthase large subunit) gene

was used as an endogenous reference for a gene present in one copy in the genome [24].
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To obtain a standard curve for AtMYB75/PAP1 and GPPS.LSU, genomic DNA was diluted to final
concentration of 250, 50, 10, and 2 ngul™. The reactions were carried out in 20 pl containing 1X SensiFAST
SYBR Hi-ROX buffer, 0.5 pM of each primer, 5 pl of total DNA (20 ngul™), and 6 pl of RNase free water
(Bioline, Germany). qPCR analysis was performed in the StepOne™ System (Applied Biosystems, USA)
following the requirements described by Udvardi et al. [25] and Bustin et al. [26]. Cycling conditions were:
95°C for 3 min followed by 40 cycles at 95°C for 5 s, 60°C for 10 s, and 72°C for 5 s. Melting curve analysis
and agarose gel electrophoresis were used to verify single PCR product formation. Two sets of DNA, each
one corresponding to a biological replication were used. Every individual sample was measured as duplicates
in  two independent experiments. AtMYB75/PAP1 copy number was calculated to be
28t (ACt: Ciapps.isu — Cirarger) [27].

3.3.4 Expression analysis of flavonoid biosynthesis genes

Total RNA was isolated from female cones of AtMYB75/PAP1 transgenic and wildtype plants using the
RNeasy plant mini kit (Qiagen, Germany) following the procedure described by McKenzie et al [28]. Plant
material was ground in a mortar to a fine powder using liquid nitrogen. The powder was transferred
immediately to a tube containing 600 pl lysis buffer [4 M guanidinium thiocyanate, 0.2 M sodium acetate,
25 mM EDTA, 2.5% (w/v) PVP-40, and 1% (v/v) B-mercaptoethanol] and vortexed. Then, 60 ul of
20% (w/v) sarkosyl were added to the mixture and it was incubated at 70°C for 10 min with vigorous shaking.
The lysate was pipetted directly onto a QIAshredder Spin Column (Qiagen, Germany) placed in a 2 ml tube
and centrifuged for 2 min at maximum speed. All following steps including precipitation with ethanol, matrix
binding, washing and drying were carried out according to the Qiagen user’s manual. After RNA extraction a
digestion with DNase | (MBI Fermentas, St. Leon-Rot) was performed, and the RNA was cleaned up using
the clean-up protocol from the RNeasy plant mini kit. The total RNA was quantified at wavelengths of
260 and 280 nm using a spectrophotometer (NanoPhotometer™, Germany) and the RNA integrity was

verified by analyzing samples on a 1.2 % (w/v) denaturing agarose gel.

For cDNA synthesis, 1 pg of total RNA was reverse transcribed in 20 pl for 30 min at 42°C using
1yl Quantiscript reverse transcriptase, 1 pl RT primer mix, and 4 ul Quantiscript RT Buffer. Then, the

reverse transcriptase was inactivated at 95°C for 3 min (Qiagen, Germany).
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RT-gPCR (reverse transcriptase-qPCR) was used to determine the level of gene expression of CHS_H1, CHI
and F3"H in cones from AtMYB75/PAP1 transgenic and wildtype plants. Each PCR reaction was carried out
in 20 pl containing 1X SensiMix™ SYBR Master Mix, 1 uM of each primer, 2.5 pl cDNA (40 ngul™) and
3.5 ul RNase free water (Bioline, Germany). RT-qPCR analysis was performed in the StepOne™ System
(Applied Biosystems, USA) following the requirements described by Udvardi et al. [25] and Bustin et al.
[26]. Cycling conditions were: 95°C for 10 min followed by 40 cycles at 95°C for 15 s, 60°C for 45 s and
72°C for 45 s. Melting curve analysis and agarose gel electrophoresis were used to verify single PCR product
formation. Two experiments were carried out with one set of RNA. Each sample was analyzed twice in each
experiment. Normalization was performed against GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
which has been reported as a suitable reference gene in hop [13]. The normalized expression of target genes

was determined as 274°' [29].

3.3.5 Chemometrics analysis

A principal component analysis (PCA) was performed as an unsupervised statistical method to determine the
differences caused in the metabolite profiles caused by the transcription factor PAP1/AtMYB75 in transgenic
plants. The profile of secondary metabolites (rutin, isoquercitin, kaempferol-7-O-glucoside, kaempferol-7-O-
glucoside malonate, desmethylxanthohumol, xanthohumol, humulone, cohumulone and adhumulone, and
lupulone, colupulone, and adlupulone) in PAP1/AtMYB75 transgenic and wildtype hop female cones was
determined using HPLC (high performance liquid chromatography) coupled to PDA (photodiode array
detection) and MS" (tandem mass spectrometry) as described by Gatica-Arias et al. [23]. Relative
quantification of hops metabolites profiles after LC/MS (liquid chromatography-mass spectrometry) was
performed using XCMS data analysis software (http://137.131.20.83/download/). Native LC/MS files from
Xcalibur 1.4 (Thermo Fisher Scientific, Inc., USA) were first converted into netCDF files and arranged in one

folder that was set as the file source. Peaks were subsequently extracted using XCMS under R 2.9.2
environment with signal-to-noise ratio set at 4. After peak extraction and grouping, nonlinear retention time
correction of peaks was accomplished in two iterative cycles with descending bandwidth. This was
accomplished manually by decreasing the bandwidth parameter (from 30 to 10 s). The resulting peak list was
further processed using the Microsoft Excel software (Microsoft, USA) where the ion features were
normalized to the total integrated area (1,000) per sample and imported into the R 2.9.2 software package for
PCA. Absolute peak area values were auto scaled (the mean area value of each feature throughout all samples
was subtracted from each individual feature area and the result divided by the standard deviation) prior to
PCA. This provides similar weights for all the variables. PCA was then performed on the MS-scaled data to

visualize general clustering, trends, and outliers among all samples on the scores plot.
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3.4 Results and discussion

3.4.1 Phenotypic characterization of AtMYB75/PAP1 transgenic plants

As described in our previous study [23], the transgenic hop plants expressing the heterologous transcription
factor AtMYB75/PAPL1 were characterized by the reddish to pink pigmentation of the female cones
(Fig. 3.1.a). The total amount of anthocyanins accumulated by the transgenic plants varied from 2.8 to
11.8 ugml™. The transgenic plants were classified in three groups according to the levels of anthocyanins
accumulated in the female cones. Low levels of anthocyanins were observed in the transgenic plant no.10,
which was comparable to the wildtype plants. Transgenic plants no. 11 and no. 14 showed intermediate levels
of anthocyanins, while high levels of anthocyanins were observed in the transgenic plants no. 15, no. 24,
no. 29, and no. 56 (Fig. 3.1.b) [23]. The accumulation of anthocyanins in transgenic hop plants was correlated
to the expression level of AtMYB75/PAP1. Those transgenic plants with high levels of anthocyanins showed
also elevated expression of AtMYB75/PAP1 (Fig. 3.1.b) [23]. The correlation between anthocyanin content
and relative expression of AtMYB75/PAP1 was calculated as r*: 0.499 (Fig. 3.1.b).

The heterologous AtMYB75/PAPL1 transcription factor has been genetically transformed into H. lupulus L.,
A. thaliana L., Nicotiana benthamiania L., N. tabacum L., Petunia hybrida, Solanum lycopersicum L., and
Brassica napus L. [12, 20, 22, 23, 30, 31, 32, 33]. It has been demonstrated that when the AtMYB75/PAP1
transcription factor was expressed in A. thaliana L., N. tabacum L., and S. lycopersicum L. the color of plant
organs changed [20, 30, 31, 32].

3.4.2 Estimation of AtMYB75/PAP1 copy number

The estimation of the transgene copy number is an indispensable step after obtaining transgenic plants. The
number of transgene copies has a great influence on the level of expression, as well as the stability of the
exogenous gene in transgenic plants [34]. Conventionally, Southern blot analysis has been used to estimate
the copy number. Nevertheless, it is a laborious and time-consuming method and large amounts of DNA are
required. Recently, gPCR has become an alternative tool to determine the gene copy number in transgenic
Manihot esculenta Mill., Citrus sp. L., Gossypium hirsutum L., Zea mays L., Oryza sativa L., and Saccharum
officinarum L. [34, 35, 36, 37, 38, 39].
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Fig. 3.1 (A) Phenotype of the wildtype and transgenic hop female cones expressing the transcription factor
AtMYBT75/PAP1. (B) Correlation of the AtMYB75/PAP1 relative expression and the anthocyanin content (ug ml™) in
wildtype and transgenic hop plants. Data correspond to the means from two replicates in the case of AtMYB75/PAP1 and

3 measurements in the case of anthocyanin content. Data obtained from Gatica-Arias et al. [13].

However, before using this method to determine the gene copy number in transgenic hop plants, it is
necessary to demonstrate that the amplification efficiencies are approximately equal for the transgene and the
reference gene [34, 38]. For this purpose, GPPS.LSU and AtMYB75/PAP1 standard curves were generated
using 250, 50, 10, and 2 ngul™ of genomic DNA. A slope of -3.504 for GPPS.LSU showed that the PCR
efficiency was 92.94%. PCR efficiency and slope were 98.92% and -3.348 for AtMYB75/PAP1. The
correlation coefficients for GPPS.LSU and AtMYB75/PAP1 were 0.988 and 0.989, respectively.

The copy number of the transgene AtMYB75/PAP1 was determined relative to the endogenous one-copy-gene
GPPS.LSU following the method described by Gaines et al. [27]. In this approach, when normalized to an
endogenous one copy-gene, a one copy insert should have a ACt value of zero; a two copy insert should have
a ACt value of one, etc. Therefore, a reference gene with low copy number and high conservation should be
chosen [35]. Seven transgenic hop plants (10, 11, 14, 15, 24, 29, and 56) were tested and the results indicated
that each transgenic plant carried only one copy of the transcription factor AtMYB75/PAP1 (Table 3.2).
Variation in the copy number of the samples across different runs of PCR was minimal, except for the
transgenic plant no.56. Nevertheless, in all cases the coefficient of variation [(standard deviation/ average

C1)*100] values were less than 5% (data not shown).
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Table 3.2 Estimated copy number of AtMYB75/PAP1 in transgenic and wildtype hop plants

2ACT
. . . Second Estimated co
Sample Al *?'0'99";}&' biological number i
replication L
replication
WT 0.03+0.03 0.01+0.00 0
10 0.92+0.21 1.11+0.06 1
11 1.13+0.10 1.03+0.09 1
14 1.07+0.05 1.31+0.14 1
15 1.02+0.36 0.78+0.11 1
24 1.40+0.83 1.11+0.16 1
29 1.00+0.10 1.14+0.04 1
56 0.75+0.26 1.53+0.17 1

 Values are the mean (+SD) of two independent experiments in which each sample was measured in duplicate.
WT: wild type.

An example of the AtMYB75/PAP1 amplification plot is shown in the Fig. 3.2. Though there was a low level
of amplification in the wildtype control, the resolution of the quantitative real-time PCR products indicated
that the primer pair PAPshort_S-PAPshort_AS do not amplify any endogenous gene in hop, since no bands
were observed in the wildtype plants (Fig. 3.2). The analysis of the dissociation curve showed the ratio
between specific and non-specific products. Whereas the specific AtMYB75/PAP1 product in transgenic
plants showed a melting temperature of 81.54 °C, the non-specific product in the wildtype control exhibited a
melting temperature of 85.56 °C (Fig. 3.2). One of the most commonly used qPCR chemistries is SYBR
Green | Dye, which is an intercalating fluorescent dye and binds to any double-stranded DNA molecule,
whether it is the specific or the non-specific product. The latter melts at temperatures above or below that of
the desired product [40, 41]. However, it has been demonstrated that SYBR Green | Dye binds preferentially
to specific DNA sequences [40, 41], in our case the AtMYB75/PAP1 product in transgenic plants. Moreover,
the binding performance of SYBR Green | Dye could be altered by the additional components, which

increase shelf life or enhance PCR, of commercial SYBR Green kits [41].
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Fig. 3.2 (A) Quantitative real-time PCR amplification plot of AtMYB75/PAP1 gene in transgenic and wildtype plants
and resolution of the same PCR products in an agarose gel 1.5%. Ct threshold cycle is indicated. N: negative control
(reaction mix without template), WT: wildtype plants, M: molecular maker (50 bp DNA Ladder). (B) Melting curve
corresponding to the amplification of the AtIMYB75/PAP1 gene in transgenic and wildtype plants.

3.3.3 Assessment of primer specificity

RT-PCR analysis was performed with RNA from AtMYB75/PAP1 transgenic and wildtype plants. Primer
pairs for CHS_H1 (250 bp), CHI (127 bp), and F3'"H (147 bp) amplified a single PCR product with the
expected size and no additional background bands were observed, indicating that the primers were specific to
that one gene only (Fig. 3.3). As positive control a DNA sample from a transgenic plant was used (Fig. 3.3).
In all samples a 481 bp PCR fragment was amplified using the 18S primer, indicating that RNA was existent
(data not shown). In the controls where the reverse transcriptase was inactivated no amplicons were detected
(data not shown).

In addition, single product formation for each primer pair was confirmed by the presence of a single peak in
the melting curve obtained after 40 cycles of amplification (Fig. 3.3). The sequenced PCR fragments of
CHS_H1, CHI, and F3'H showed similarity with the naringenin-chalcone synthase of H. lupulus L.
(GenBank: AM263201.1), chalcone isomerase of Cannabis sativa L. (GenBank: JN679226), and flavonoid
3"-hydroxylase of Fragaria x ananassa (GenBank: AB665441), respectively.
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Fig. 3.3 Specificity of primer pairs for quantitative real-time PCR amplification: 1.5% agarose gel showing a single
RT-PCR product of the expected size and melt curve showing a single peak for (A) CHS_H1, (B) CHI, and (C) F3'H.
The non template control is indicated by arrows. Lane 1: RNA from leaves, 2: RNA from cones, 3: DNA from leaves,

4: non template control (PCR reaction mix without template), M: molecular maker (1 Kb DNA Ladder).

3.4.4 Effect of gene modification on expression analysis of flavonoid biosynthesis genes

The effect of the heterologous transcription factor AtMYB75/PAP1 on the expression level of CHS_H1, CHI,
and F3'H in transgenic and wildtype hop plants was compared using quantitative real-time PCR.
AtMYB75/PAP1, a member of the R2R3 MYB gene family, stimulated the expression of genes involved in the
biosynthesis of flavonoids of A. thaliana L., S. lycopersicum L., and B. napus L. [21, 32, 33]. In the present
study, the expression level of CHS_H1 was up-regulated in hop transgenic plants compared to wildtype
plants. The CHS_H1 expression levels were increased in transgenic plant no. 10 (1.2 fold), no. 11 (2.4 fold),
no. 14 (1.9 fold), no. 15 (1.8 fold), no. 24 (1.5 fold), no. 29 (1.4 fold), and no. 56 (2.3 fold) (Fig. 3.4.a).
The biosynthesis of prenylated chalcones in hop cones could be mediated by an enzyme with chalcone
synthase activity, which catalyzes the condensation of three molecules of malonyl-CoA and one molecule

p-coumaroyl-CoA [12].
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It has been reported that CHS gene expression could be induced by transcription factors, such as
AtMYB75/PAP1, PFG1/MYB12, PFG2/MYB11, and PFG3/MYB111 [20, 42, 43]. Moreover, in tobacco and
petunia used as heterologous expression system, AtMYB75/PAP1 was capable of activating the CHS_H1
gene, suggesting that this transcription factor is suitable for modifying the hop metabolome via activation of
CHS_H1 gene [12].

CHI showed different expression levels among hop transgenic plants. The expression levels of CHI were
slightly increased in the transgenic plant no. 10 (1.2 fold), no. 15 (1.1 fold), no. 24 (1.1 fold), and
no. 56 (1.4 fold) in comparison with wildtype plants (Fig. 3.4.b). Whereas the expression levels of CHI in
transgenic plant no. 11 (0.9 fold), no. 14 (1.0 fold) and no. 29 (0.9 fold) were comparable to the wildtype. The
expression of the Delila and Roseal genes encoding transcription factors from snapdragon
(Antirrhinum majus L.) resulted in a transient increase of CHI activity in transgenic tomato fruits [44]. In
transgenic soybean (Glycine max L. Merr) seeds, which express the transcription factors C1 and R from
maize, the expression of CHI was increased [45]. The expression of the maize LC and C1 transcription
factors in the flesh and peel of transgenic tomatoes induced the flavonoid gene CHS; but not the genes CHI
and F3"H [46].

The expression levels of F3"H were slightly higher in hop transgenic plants compared to wildtype plants. The
expression of F3'H was 1.7, 1.6, 1.4, 1.1, 1.7, 1.6, and 1.3 times higher in the transgenic plant no. 10, 11, 14,
15, 24, 29, and 56 respectively (Fig. 3.4.c). In A. thaliana L., the transcription factor AtMYB75/PAP1 was
capable of regulating late anthocyanins biosynthetic genes, from F3"H onwards [47]. In transgenic
B. napus L. expressing the transcription factor AtMYB75/PAP1, the gene F3'H was induced and the
expression was increased (~50 fold) compared with wildtype plant [33].
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Fig. 3.4 Normalized mRNA gene expression of (A) CHS_H1, (B) CHI, and (C) F3"H in transgenic (10, 11, 14, 15, 24,
29, and 56) and wildtype hop female cones determined by RT-qPCR. The relative expression is expressed as the fold
increases relative to wildtype. WT: wildtype.
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3.4.5 Effect of gene modification on metabolic profiles

In this study, PCA was able to discriminate among hop transgenic plants and wildtype plants. PCA is a
clustering method requiring no knowledge of the data and identifies patterns and allows highlighting
similarities and differences in data [48, 49]. PCA has been used for the differentiation and classification of
plants products according to geographical origin or for the chemotaxonomic approach to botanical
classification, as well as for the determination of the substantial equivalence of transgenic plants [50, 51, 52,
53, 54, 55, 56].

The application of the PCA resulted in the PC plot shown in figure 3.5.a, where the first principal component
(PC1) describes 91% and the second one (PC2) 4% of the total variance. The transgenic plants were clearly
separated from the wildtype plants. The PCA score plot showed that samples for wildtype and transgenic
plants no. 11, and no. 29 were located in the positive region of PC1, while other samples (10, 14, 15, 24, and
56) were positioned in the negative region of PC1l. A loading plot was constructed to determine the
metabolites that were responsible for the separation and it was determined that «-acids
(humulone/adhumulone), and p-acids (lupulone/adlupulone) contributed to the separation of the transgenic
plants (Fig 3.5.b).

In a second PCA analysis, in order to evaluate variation in other metabolites, a-acids, and S-acids analogues
were excluded from the data set (Fig 3.6.a). The first two main PCs captured 77% of the variance. PC1
explained most of the variance observed (56%) and was related to quercetin and kaempferol glycosides,
contributing for samples segregation along PC1 (Fig 3.6.a). The plotting of samples was slightly different
from that obtained when all analytical data were considered. The PCA score plot showed that samples for
wildtype plants were situated on the top of the negative region of PC1, whereas samples for transgenic plants
no. 11, and no. 29 were located on the top of the positive region of PC1 (Fig 3.6.a), similar to the results
derived from all metabolites shown in Fig 3.5.a. The other samples for transgenic plants no. 10, no. 14,
no. 15, and no. 56 were located in one group separated along PC2 (negative PC2 values). Examination of the
loadings plot suggested that the variables referred to rutin contributed the most to the discrimination of

samples (Fig 3.6.b).
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3.5 Conclusions

The flavonoid biosynthesis pathway appears to be conserved in plants. Efforts have been made to manipulate
the structural genes in order to increase or decrease the production of a desired compound [4]. Flavonoid
biosynthesis is largely regulated at the transcriptional level and it is controlled at multiple levels. Therefore,
the manipulation of single genes is of limited value and attention has been focused towards the simultaneous
modification of several steps in a given pathway [19]. The present study demonstrates that the heterologous
transcription factor AtMYB75/PAP1 influenced the expression of CHS_H1, CHI, and F3"H in transgenic hop
plants. These results indicated that AtMYB75/PAP1 is a positive regulator of the biosynthesis of flavonoids in
hop. Therefore, metabolic engineering using transcription factors, such as the MYB genes, may open the
possibility for altering the content of important secondary metabolites in hop.
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4. Over-expression of the transcription factor HIMYB3 in transgenic
hop (Humulus lupulus L. cv. Tettnanger) modulates the expression
of genes involved iIn the biosynthesis of flavonoids and

phloroglucinols®

4.1 Abstract

Genes belonging to the R2R3 MYB transcription factor family play an important role in the regulation of the
expression of structural genes involved in the biosynthesis of flavonoids. In this study, the regulatory gene
s-HIMYB3 under the control of the CaMV 35S promoter was genetically transformed into hop cv. Tettnanger
in order to investigate its effect on the expression of genes involved in the biosynthesis of flavonoids and
phloroglucinols. The transgene s-HIMYB3 was stably introduced and expressed in the transgenic plants.
Quantitative real-time PCR indicated that HIMYB3 was highly over-expressed in transgenic events compared
to wildtype plants. The effect of the over-expression of the transgene on the expression rate of structural
flavonoid and phloroglucinol biosynthetic genes, like PAL, C4H, 4CL, CHS H1, CHI, F3H, F3'H, FLS,
F3'5'H, OMT1, HIPT1, and VPS, as well as the hop regulatory genes HIMYB1, HIMYB2, HIMYB7, HIbZip1,
HIbZip2, HIbHLH2, and WDR1 was examined. Transgenic events with an elevated expression of genes of
flavonoid and phloroglucinol biosynthesis were identified. In hop flavonoids and phloroglucinols play an
important role as flavoring compounds in beer brewing. Moreover, prenylated chalcones (e.g. xanthohumol
and desmethylxanthohumol) have received considerable attention due to their pharmacological properties.
Metabolic engineering using genes of homologous MYB transcription factors may open the possibility for

increasing the production of important secondary metabolites in hop.

Keywords Hop, HIMYB3, R2R3 MYB transcription factors, genetic transformation, flavonoid biosynthesis,

phloroglucinol biosynthesis

> This chapter consists of an unpublished manuscript that has been submitted to Plant Cell Tissue and Organ

Culture

53



4.2 Introduction

Hop (Humulus lupulus L.) has been mainly cultivated as material for the brewing industry. The secondary
metabolites contained in the lupulin glands are responsible for flavoring and preserving beer. In addition,
female cones of hop have been used for medicinal purposes (Zanoli and Zavatti 2008). Particularly,
pharmacologically relevant compounds, such as xanthohumol, and desmethylxanthohumol have received
considerable attention due to their potential anti-cancer, anti-proliferative, and anti-oxidative properties
(Stevens and Page 2004).

In hop, research has been focused on the development of new cultivars with a high content of important
secondary metabolites (Lutz et al. 2012). In this sense, metabolic engineering offers tremendous potential to
modify, improve, and enhance the production and quality of flavonoids. Toward this goal, the flavonoid
production in plants could be enhanced through the genetic manipulation of the structural genes or by the
introduction of homologous or heterologous regulatory elements (Schijlen et al. 2004).

In plants, the biosynthesis of flavonoids has been intensively studied. It has been demonstrated that the
activity of the genes involved is largely regulated at the transcriptional level (Schijlen et al. 2004). The R2R3
MYB and/or a basic helix-loop-helix (bHLH) transcription factors, together with WD40 or WDR1 proteins,
are important for regulating this pathway (Hichri et al. 2011).

Ectopic expression of MYB transcription factors in transgenic plants has confirmed that these regulatory
elements stimulated the production and enhanced the quantity of anthocyanins and flavonoids
(Gonzalez et al. 2008; Zhou et al. 2008; Zuluaga et al. 2008; Li et al. 2010). Furthermore, the transcription
factor AtMYB75/PAP1 (production of anthocyanin pigment 1) was introduced into H. lupulus L. cv.

Tettnanger and the production of flavonoids in transgenic clones was enhanced (Gatica-Arias et al. 2012a).

In the present study, we described the introduction of the homologous transcription factor s-HIMYB3 from
H. lupulus L. into hop by Agrobacterium-mediated genetic transformation. The gene s-HIMYB3 was
originally characterized by Matousek et al. (2007). It was interesting to investigate how the over-expression
of s-HIMYB3 affects the expression of structural flavonoid and phloroglucinol genes, as well as hop

regulatory genes of the phenylpropanoid pathway.
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4.3 Material and methods

4.3.1 Plant transformation procedure

Genetic transformation of hop (H. lupulus L. cv. Tettnanger) and transgenic plant regeneration was
performed following the procedure described by Gatica-Arias et al. (2012a). The T-DNA of the plasmid
pLV-71 harbors the regulatory gene s-HIMYB3 under the control of the CaMV 35S promoter, as well as the
selection marker nptll (neomycin phosphotransferase I1) under the control of the nopaline synthase promoter
(Matousek et al. 2007). The integrity of the construct was verified by sequencing (commercial service, GATC
Biotec AG, Konstanz, Germany). The plasmid pLV-71 was introduced by the freeze-thaw method into
Agrobacterium tumefaciens strain EHA 101, which was subsequently used for the stable transformation of
hop.

4.3.2 Primer design and assessment of specificity

Primers were designed for the identification of the transgene, genes involved in flavonoid and
phloroglucinols biosynthesis, as well as regulatory elements. Primers used are listed in the Table 4.1. The
primer sequences of HIMYB3 (AM501509.1), CHS_H1 (AM263201.1), CHI, F3'"H, OMT1 (EU309725.1),
HIMYB2 (FN646081.1), HIMYB7 (FR873650), HIbZipl (FN395065.1), HIbZip2 (AM998490.1), and
WDR1 (FN689721.1) were obtained from previous studies (Matousek et al. 2006; Matousek et al. 2007;
Nagel et al. 2008; Matousek et al. 2010; Gatica-Arias et al. 2012b; Matousek et al. 2012). Specific primers
for 4CL (NM101899.3), F3H (NM114983.3), FLS (NM120951.2), and F3'5"H (AY093085) were designed
based on A. thaliana L. sequences. Development of primers for PAL (EF624245.1), C4H (FJ617541.1),
HIMYBL1 (AJ876882.1), HIPT1 (AB543053.1), VPS (AB015430.1), and HIbHLH2 (FR751553.1) were based
on hop sequences. The primers were developed using Primer Premiers (Premier Biosoft International) and
synthesized by Biomers (UIm, Germany). Primer specificity was confirmed by blasting each primer sequence
against the nucleotide collection available at National Center for Biotechnology Information. Moreover, PCR
products were sequenced to confirm the amplification of specific genes (commercial service, GATC Biotec

AG, Konstanz, Germany).
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4.3.3 Verification of transgenic plants and estimation of HIMYB3 copy number

Genomic DNA of leaves (sampling date: 5™ August 2011) of transgenic and wildtype plants were extracted
according to Gatica-Arias et al. (2012a). Plasmid DNA, containing s-HIMYB3 and nptll genes, was used as
positive control. All putative transgenic plants were analyzed by triplex PCR for the detection of hop
chitinase, nptll, and virG genes (Horlemann et al. 2003). Six transgenic plants, which belongs to 3 different
events [(event 1: 2, and 209), (event 2: 137, and 233), (event 3: 129, and 224)], were further analyzed to
confirm the presence of the transgene s-HIMYB3 using the primers HIMYB3-2-F and HIMYB3-2-R
(Table 4.1). PCR reactions were performed in a volume of 50 pl containing 100 ng of genomic DNA,
1X Mango Taq PCR buffer, 0.25 mM of each dNTPs, 0.3 uM of each primer, 1.5 mM of MgCl, and
0.5 U Mango Taq™ polymerase (Bioline, Germany).

Amplification conditions were 94°C for 3 min followed by 35 cycles at 94°C for 1 min, 60°C for 1 min, 72°C
for 1 min and a final step of 72°C for 10 min. After staining with DNA Stain G (Serva, Germany), the PCR
products were evaluated on 1.5% (w/v) agarose gel, visualized under UV, and documented with a digital
camera. Moreover, PCR fragments were recovered from gel, purified using the NucleoSpin © Extract 11 Kit
(Macherey-Nagel GmbH & Co, Germany) sequenced (commercial service, GATC Biotec AG, Konstanz,
Germany) and the nucleotides sequences were compared with those deposited in the National Center for
Biotechnology Information.

For the estimation of HIMYB3 copy number, the primer set HIMYB3-1-F/ HIMYB3-1-R and
GPPS.LSU-S/ GPPS.LSU-AS were employed for the quantitative real-time PCR analysis (Table 4.1). The
GPPS.LSU gene was used as endogenous one copy gene (Wang and Dixon 2009). To obtain a standard curve
for HIMYB3, and GPPS.LSU genomic DNA was diluted to final concentration of 250, 50, 10, and 2 ngul'l.
The reactions were carried out in 15 pl containing 1X SensiFAST SYBR Hi-ROX buffer, 0.5 uM of each
primer, 5 pl of total DNA (20 ngul™), and 6 pl of RNase free water (Bioline, Germany). Quantitative real-
time PCR analysis was performed on a StepOne™ System (Applied Biosystems, USA) following the
requirements described by Bustin et al. (2009). Cycling conditions were: 95°C for 3 min followed by
40 cycles at 95°C for 5 s, 60°C for 10 s and 72°C for 5 s. Melting curve analysis and agarose gel
electrophoresis were used to verify single PCR product formation. HIMYB3 copy number was calculated as
2—AACI

(Ingham et al. 2001). Values are the mean + SD of two biological replications in which each sample

was measured in triplicate.
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Table 4.1 Primer sequences and predicted length of the amplification products used in this study

Gen Primer Sequence (5' - 3') PCSZiliep(rgs)ulct tﬁgggsémgr’e FImEs seqtfjfgnt;es ClETREE

s NS ggig;gﬁggsgéﬁ%:gm 201 60 Matousek et al. 2007
HIMYB3-2-F catggacggttgaggaagat 214 60 This study
HIMYB3-2-R ttaccccaccgagaatgaag

e ST e o reas
Himysz  TIMYB2LE e 233 60 Matousek et al. 2012
HiMye?  IYBTE ?ggggg?;f;ggsgng::: na 60 Matousek et al. 2012
HIbZip1 ::Eé:gﬁ; gg:ggiﬁgﬁfﬁgg&%zgg 182 60 Matousek et al. 2010
HIbZip2 ::gé:ggig agsaaacioetoonoe 200 60 Matousek et al. 2010
HipHLH — TIPHEHZLF R 156 60 This study
HwDRL [ WORILE ggg;agzgggg;%%gafgf; 188 60 Matousek et al. 2012
T T
O i e 176 60 This study
o pEr e g
CHS_H1 gﬂiﬂﬁﬂﬁﬁf’\s :;ﬁg;%ccccgc?g;;ggm 250 55 Matousek et al. 2006
CHI hnon S e fti‘gtcttcgccéggg‘cﬁgsa 127 56 Gatica-Arias et al. 2012b
T
F3'H 2:228225 ;%i%%;;ggg:;%ﬁggggagaa 147 60 Gatica-Avrias et al. 2012b
T A
men  HNTHT  maees @ was
OMIT  GuriAs e — = e ol 2032
I e o
VS Vesas copgetongtacg 208 55 " communicaton)
GPPSLSU  Shoo ol S et aate g na 60 Wang and Dixon 2009
7SLRNA  TSURNAT Ao 160 60 Maloukh et al. (2009)
GAPDH  ChobiiAs  toqagtgtatott 165 60 Nagel e al. 2008

n.a: Data not available

! The tool PCR Products from the Sequence Manipulation Site was used to determinate the product sizes

(http://www.bioinformatics.org/sms2/pcr_products.html)
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4.3.4. RNA isolation and RT-PCR

Mature female hop cones (consisting of bracts and lupulin glands) and leaves from one wildtype plant and
from one of each HIMYB3 transgenic plants (2, 209, 137, 233, 129 and 224) were collected during the
vegetation period 2011 (sampling date: 8" September 2011) and immediately immersed in liquid nitrogen and
stored at -80°C until RNA extraction. Total RNA was isolated using the ISOLATE Plant RNA Mini kit
(Bioline, Germany) following the procedure described by Gatica-Arias et al. (2012b). After RNA extraction,
DNA was removed by DNase | treatment (MBI Fermentas, St. Leon-Rot). The total RNA was quantified
using a spectrophotometer (NanoPhotometer™, Germany) at wavelengths of 260 and 280 nm. The integrity

of RNA was verified by analyzing samples on a 1.2 % (w/v) denaturing agarose gel.

The transcript of the gene HIMYB3 was analyzed using MyTaq™ One-Step RT-PCR Kit (Bioline, Germany)
with the primers HIMYB3-1-F and HIMYB3-1-R (Table 4.1). The reactions were carried out in a volume of
20 pl containing 1X MyTaq One-Step mix, 0.5 uM of each primer, 0.5 ul RiboSafe RNase inhibitor,
0.25 pl reverse transcriptase, 5 pl of total RNA (20 ngul™), and 2.25 pl of RNase free water. For detecting
possible DNA contaminations in RNA preparations, a negative control was included in which the reverse
transcriptase was eliminated from the reaction. The reverse transcriptase-PCR was performed under the
following conditions: 45°C for 20 min, 95°C for 1 min followed by 40 cycles at 95°C for 10 s, 60°C for 10 s,
72°C for 30 s. The PCR products were evaluated on 1.5% (w/v) agarose gel, stained with DNA Stain G
(Serva, Germany), visualized under UV, and documented with a digital camera.

4.3.5 Gene expression analysis

Reverse transcriptase quantitative real-time PCR was used to determine the level of PAL, C4H, 4CL,
CHS_H1, CHI, F3H, F3'H, FLS, F3'5'H, OMT1, HIPT1, VPS, HIMYB1, HIMYB2, HIMYB7, HIbZipl,
HIbZip2, HIbHLH2, and WDR1 gene expression in cones from transgenic and wildtype plants. Each PCR
reaction was carried out in 20 pl final volume containing 1X SensiMix™ SYBR master mix, 0.5 uM of each
primer, 0.2 reverse transcriptase, 0.4 RiboSafe RNase inhibitor, 2 ul RNA, and 5.4 ul RNase free water
(Bioline, Germany). Reverse transcriptase quantitative real-time PCR was performed on a StepOne™ System
(Applied Biosystems, USA) following the requirements described by Bustin et al. (2009). Cycling conditions
were: 45°C for 10 min, 95°C for 2 min followed by 40 cycles at 95°C for 5 s, and 60°C for 20 s. Melting curve

analysis and agarose gel electrophoresis were used to verify single PCR product formation.
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The reference genes 7SL-RNA or GAPDH (Nagel et al. 2008; Maloukh et al. 2009) were used to obtain the
normalized expression of target genes, which was determined as 2*“* (Livak and Schmittgen 2001).
RT-gPCR values are the mean + SD of two biological replications in which each sample was measured in

triplicate.

4.4 Results

4.4.1 Verification of transformed plants and estimation of HIMYB3 copy number

The H. lupulus L. endogenous gene s-HIMYB3 was introduced into the hop genome using A. tumefaciens.
Putative transgenic events were screened by triplex PCR for the presence of the hop chitinase endogenous
gene (290 and 330 bp), and the transgene nptll (640 bp), as well as for the absence of virG (390 bp). Of 1,000
transformed stem segments, a total of 6 kanamycin-resistant plants were obtained. These plants belonged to 3
different events (event 1: plant 2, and 209; event 2: plant 137, and 233; and event 3: plant 129, and 224)
(Fig. 4.1.a). All the transgenic plants showed a signal for nptll whereas no signal was observed for virG,
indicating no contamination with A. tumefaciens. Every tested plant gave signals specific for the hop
chitinase gen, confirming the quality of extracted DNA (Fig. 4.1.a). Moreover, the presence of the transgene
s-HIMYB3 and the endogenous HIMYB3 was confirmed in all previously identified transgenic plants by
detecting a 214 bp and 400 bp fragment, respectively. The native HIMYB3 was only detected in the wildtype
plants (non-transformed controls) (Fig. 4.1.b). The partial sequences of the PCR amplification products
obtained using the primer set HIMYB3-2-F/ HIMYB3-2-R showed high similarity to the sequence of the
transcription factor HIMYB3 (GenBank: AM501509.1) (data not shown). The stability of the integrated
s-HIMYB3 and nptll genes was assessed over the years 2010, 2011, and 2012. In all transgenic plants the

transgenes were present (data not shown).

In order to determine the copy number of HIMYBS3 in transgenic hop events, it was necessary to determine the
efficiency of the quantitative real-time PCR reaction. Therefore, standard curves for HIMYB3 and GPPS.LSU
were generated using 250, 50, 10, and 2 ngul™ of genomic DNA. A slope of -3.222 for GPPS.LSU showed
that the PCR efficiency was 104.3%. PCR efficiency and slope were 150.7% and -2.506 for HIMYB3. The
correlation coefficients for HIMYB3 and GPPS.LSU were 0.998 and 0.993, respectively. The results indicated
that each transgenic plant (2, 209, 137, 233, 129, and 224) harbored two copies of the gene HIMYB3, whereas
wildtype plants contained one copy of HIMYB3 (Table 4.2).
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Event | Event2 Event 3
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M N P" WT 2 209 137 233 129 224

N- P" WT 2 209 137 233 129 224

.| —>Transgene HiMyb3

Fig. 4.1 Detection of hop transgenic plants. (A) Triplex PCR showing nptll (640 bp), virG (390 bp) and hop chitinase
gene (290 and 330 bp). (B) PCR analysis for the detection of the s-HIMYB3 gene. M: molecular weight marker
(100 bp DNA, MBI Fermentas, St. Leon-Rot), N: negative control (PCR reaction mix without template), P*: positive
control (plasmid pLV-71 DNA), WT: wildtype.

Table 4.2 Estimated copy number of the transcription factor HIMYB3 in transgenic events and wildtype hop

plants
- WT 1.0 1.0 1.0+0.00 1
1 2 2.2 2.3 2.2+0.05 2
209 1.8 1.8 1.8+0.00 2
2 137 15 1.7 1.6+0.15 2
233 1.6 1.4 1.5+0.16 2
3 129 1.7 2.0 1.9+0.18 2
224 1.4 2.6 2.0+0.89 2

® Values are the mean = SD of two biological replications in which each sample was measured in triplicate.
WT: wildtype
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4.4.2 Morphology of transgenic events

Since May 2011, transgenic plants (2, 209, 137, 233, 129, and 224) as well as wildtype plants were grown
under agronomic conditions in an outdoor containment facility. Throughout the growing season the
phenotype of the transgenic plants was the same as that of wildtype plants (Fig. 4.2).

Fig. 4.2 Phenotype of (A) transgenic and (B)
wildtype hop female cones. Plants were
photographed in September 2011.

4.4.3 Gene expression analysis of HIMYB3

Reverse transcriptase-PCR analysis was performed with six transgenic plants (2, 209, 137, 233, 129, and 224)
and with wildtype plants to verify the expression of the gene HIMYB3. A 201 bp specific band was amplified
from leaves (Fig. 4.3.a) and female cones (Fig. 4.3.b) of transgenic and wildtype plants. In the controls where
the reverse transcriptase was omitted no signal was detected (data not shown).

In wildtype plants, the expression of the endogenous transcription factor HIMYB3 was assayed in leaves,
roots and female cones by RT-qPCR. Relative expression of the endogenous gene HIMYB3 in wildtype
female cones was five and twelvefold higher than in roots and leaves, respectively (Fig. 4.4). For further
analysis, the expression level of the endogenous HIMYB3 in wildtype female cones was assigned as 1. The
expression level of the transcription factor HIMYB3 in female cones was compared among the transgenic hop
plants 209, 137, 233, and 224, as well as in wildtype plants. The levels of HIMYB3 were higher in transgenic
plant no. 209 (18.3 fold), no. 137 (14.3 fold), no. 233 (16.8 fold), and no. 224 (17.7 fold) than in wildtype
plants (Fig. 4.3.c).
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Fig. 4.3 RT-PCR analysis demonstrating HIMYB3 expression in (A) leaves and in (B) cones of wildtype and transgenic
plants. (C) Relative expression of HIMYB3 in female cones of wildtype and transgenic plants. 7SL-RNA was used as
housekeeping gene to normalize the expression of the transcription factor HIMYB3. RT-qPCR data represent the
mean + SD of two biological repeats with three replicates each one. M: molecular weight marker (100 bp DNA, MBI
Fermentas, St. Leon-Rot), N negative control (PCR reaction mix without template), P*: positive control

(plasmid pLV-71 DNA), WT: wildtype.
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Fig. 4.4 Expression of HIMYB3 determined in leaves, roots, and female cones of wildtype hop plants. GAPDH was used

as housekeeping gene to normalize the expression of the transcription factor HIMYB3. RT-gPCR data represent the

mean + SD of three replicates.
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4.4.4 Expression analysis of genes of flavonoid and phloroglucinol biosynthesis

It was interesting to learn the effect of the over-expression of the regulatory gene HIMYB3 on the expression
of the structural genes involved in the biosynthesis of flavonoids and phloroglucinols. Therefore, the
respective expression levels of PAL, 4CL, CHS_H1, CHI, F3H, F3'H, F3'5"H, OMT1, HIPT1, and VPS were
investigated. The expression rate of the flavonoid biosynthetic genes PAL, 4CL, CHS_H1, CHI, F3H, F3'H,
and F3'5'H was generally higher in transgenic plants compared to wildtype plants (Fig 4.5). Notably,
transgenic plants no. 209, and no. 224 showed increased levels of 4CL, CHS H1, CHI, F3H, F3'H, and
F3'5"H. Interestingly, the transgenic plant no. 137 showed lower levels of CHS H1, CHI, F3H, F3"H, and
F3"5"H in comparison to other transgenic or wildtype plants, respectively. No dramatically increased levels
of expression of C4H were observed in transgenic plants. However, low transcript levels of FLS were

observed, except in the transgenic plant no. 224, in comparison with wildtype plants.

Surprisingly, the expression level of the phloroglucinols biosynthetic genes OMTL1, HIPT1, and VPS was
up-regulated in hop transgenic plants compared to wildtype plants. OMTL1 transcripts levels were increased in
transgenic plant no. 209 (1.4 fold), and no. 224 (3.9 fold). Similarly, the transcript levels of HIPT1 and VPS
were increased in the transgenic plant no. 209 (1.7 fold and 38 fold, respectively), no. 224 (3.1 fold and 15.2
fold, respectively) (Fig 4.5).

4.4.5 Expression analysis of regulatory genes

The effect of the over-expression of HIMYB3 on the expression of other hop regulatory genes HIMYB1,
HIMYB2, HIMYB7, HIbZipl, HIbZip2, HIbHLH2, and WDR1 was examined (Fig. 4.6). The transcription
factors HIMYB1, HIMYB2 and HIMYB7 were up-regulated in transgenic plant no. 137 in comparison with
wildtype. The expression levels of HIbZipl and HIbZip2 were slightly higher in the transgenic plant no. 137,
no. 233, and no. 224 in comparison with wildtype plants. The expression level of HIbHLH2 was reduced in
transgenic plants in comparison with wildtype plants. The transcript levels of HIWDR1 were slightly higher

in the transgenic plant no. 209, no. 137 and no. 233 in comparison with wildtype plants.
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Fig. 4.5 Normalized mRNA gene
expression of (A) PAL, (B) C4H,
(C) 4CL, (D) CHS_H1, (E) CHI,
(F) F3H, (G) F3'H, (H) F3'5H,
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Fig. 4.6 Relative expression of (A) HIMYB1, (B) HIMYB2, (C) HIMYB?7, (D) HIbZipl, (E) HIbZip2, (F) HIbHLHZ2, and
(G) WDRL1 in female cones of wildtype and transgenic plants. GAPDH was used as housekeeping gene to normalize the

expression of the regulatory genes. RT-qPCR data represent the mean + SD of three replicates

4.5 Discussion

In the present study, genetic engineering of hop cv. Tettnanger with the homologous transcription factor
HIMYB3 under the control of the CaMV 35S promoter was successfully accomplished. Previously, this
promoter has been employed to generate hop transgenic plants and all tissues showed uidA activity
(Horlemann et al. 2003). The transcription factor HIMYB3 was characterized and ectopically introduced into
A. thaliana L., N. benthamiana L. and Petunia hybrida. The gene HIMYB3 encodes a typical R2R3 protein
showing similarity to known regulators of the flavonoid biosynthesis, such as the Gossypium hirsutum L.
MY B factor GhMYB5 (Matousek et al. 2007).
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Metabolic engineering has been used to introduce the heterologous transcription factor AtMYB75/PAP1 into
hop cv. Tettnanger (Gatica-Arias et al. 2012a). Genetic transformation of MYB transcription factors has
enhanced the production of flavonoids in A. thaliana L., B. napus L., M. domestica L., N. tabacum L.,
Petunia hybrida, S. lycopersicum L., and H. lupulus L. (Matousek et al. 2007; Espley et al. 2007; Zhou et al.
2008; Zuluaga et al. 2008; Li et al. 2010; Gatica-Arias et al. 2012a). Moreover, constitutive or transient
expression of MYB transcription factors in transgenic plants resulted in a change of the color of leaves,
stems, roots, flowers, and fruits (Xie et al. 2006; Espley et al. 2007; Zuluaga et al. 2008; Li et al. 2010).
Interesting, the over-expression of the regulatory gene AtMYB75/PAP1 in transgenic tobacco produced red
and anthocyanin free white callus (Zhou et al. 2008). Ectopic expression of the transcription factor
AtMYB75/PAP1 in H. lupulus L. produced red flowers and female cones with red bracteoles (Gatica-Arias et
al. 2012a). However, over-expression of s-HIMYB3 in hop did not produce a visible change of the phenotype
of all transgenic events. In contrast, the expression of the HIMYBS3 transcription factor in A. thaliana L.,
N. benthamiana L. and Petunia hybrida influenced plant morphogenesis depending on the HIMYB3 variant
analyzed (Matousek et al. 2007).

The expression of the transcription factor HIMYB3 in wildtype hop plants demonstrated that the transcript
levels were higher in female cones than in roots and leaves. These observations were in accordance with
previous studies in hop (Matousek et al. 2010). These authors demonstrated that the HIMYB3 transcription
factor is highly expressed in the lupulin glands and roots than in other tissues. Moreover, Matousek et al.

(2007) reported that in different hop genotypes the expression of HIMYB3 increased during cone maturation.

In the present study, over-expression of the transgene s-HIMYB3 in H. lupulus L. activated the genes involved
in the flavonoid biosynthesis pathway. This is consistent with MatousSek et al. (2007) who hypothesized that
HIMYB3 is a positive regulator of the biosynthesis of flavonoids. Moreover, it has been demonstrated that
transient expression of GtMYB3 together with GtboHLH1 enhanced the promoter activities of late anthocyanin
biosynthesis genes in tobacco (Nakatsuka et al. 2008).

In A. thaliana L., and B. napus L. over-expression of MYB transcription factors, such as AtMYB75/PAP1,
stimulated the expression of genes related to the biosynthesis of phenylpropanoids (Gonzalez et al. 2008;
Li et al. 2010). Moreover, in our previous study, we have demonstrated that the AtMYB75/PAP1
transcription factor increased the expression rate of CHS_H1, CHI, and F3"H in transgenic hop in comparison
to the wildtype plants (Gatica-Arias et al. 2012b).
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In higher plants, the regulation of the flavonoid biosynthetic pathway is mediated by the R2R3 MYB and a
basic helix-loop-helix (bHLH) transcription factors, together with WD40 or WDR1 proteins
(Hichri et al. 2011). A. thaliana L. over-expressing AtMYB75/PAP1 transgenic plants have elevated transcript
levels of the TT8 gene that encodes a bHLH protein involved in regulating anthocyanin biosynthesis
(Nesi et al. 2000). MYB, bHLH, and WDR1 genes have been recently identified in H. lupulus L. and they have
been related to the regulation of the biosynthesis of flavonoid (Matousek et al. 2012). Interesting, the
HIMYB?7 transcription factor has been described as an inhibitor of the complex MYB/bHLH/WDR1
(Matousek et al. 2012). Our results showed that the transgenic plant no. 137 had the highest HIMYB7 and at
the same time the lowest CHS_H1, CHI, F3H, F3"H, FLS, and OMT1 relative expression.

The present study demonstrated that the homologous transcription factor HIMYB3 modulated the expression
of the structural genes involved in the biosynthesis of flavonoids in transgenic hop events. Moreover, the
expression of phloroglucinol biosynthetic genes was up-regulated by the over-expression of the transcription
factor HIMYBS3. Therefore, metabolic engineering using homologous MYB transcription factors may open

the possibility for modifying the lupulin metabolome in hop.
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5. Agrobacterium rhizogenes-mediated transformation of hop
(Humulus lupulus L. cv. Tettnanger): establishment of a system for

functional evaluation of genes®

5.1 Abstract

Secondary metabolites produced in the lupulin glands (glandular trichomes) of hop cones are important for
beer production, and for the pharmaceutical and medicinal industry. However, in wildtype plants the
concentration of these compounds is rather low. To enhance their production, it would be interesting to
modify by genetic transformation the regulation of genes involved in the biosynthesis of flavonoids and
phloroglucinols. Although, genetic transformation of hop has been used successfully for some time, it is a
laborious and time consuming process. Therefore, the development of a simple and fast assay for functional
validation of candidate genes is very desirable. As an alternative A. rhizogenes-mediated transformation
could be employed for stably expressing genes in hairy roots. The latter being morphologically related to
trichomes. A. rhizogenes K599 and 15834 were tested for their ability to induce the formation of hairy roots
on hop explants. Only A. rhizogenes 15834 was able to induce hairy roots after 12-27 days of culture. The
highest percentage of explants with roots as well as the total number of roots was obtained when infected leaf
segments were cultivated with the adaxial surface in contact with the culture medium. Transgenic hairy roots
were verified by GUS staining. The integration of rolC and mgfp5 genes in transgenic hairy roots was
confirmed by PCR. We developed a system to investigate the role of genes and transcription factors involved

in the biosynthesis of flavonoids and phloroglucinols.

Keywords Hop, Humulus lupulus, Agrobacterium rhizogenes, genetic transformation

® This chapter consists of the correspondent article which was accepted by the journal Brewing Sciences. This
chapter is reproduced with the corresponding permission of Brewing Science, Fachverlag Hans Carl,
Nurnberg, Germany. Any reference to this chapter should be cited as:Gatica-Arias A, Amma N, Stanke M,
Weber G (2012) Agrobacterium rhizogenes-mediated transformation of hop (Humulus lupulus L. cv.
Tettnanger): establishment of a system for functional evaluation of genes. Brew Sci 65: 91-95

(http://www.brewingscience.de)
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5.2 Introduction

Hop (Humulus lupulus L., Cannabaceae) has been used in the brewing industry and as a medicinal plant. The
lupulin glands (glandular trichomes) of the female cones contain «-, $-acids, and essential oils. They are used
in beer production as flavoring components, and as preservative agents [1, 2]. Moreover, the lupulin glands
contain secondary metabolites (like desmethylxanthohumol, and xanthohumol) with a potential use as
pharmaceuticals and in human medicine, due to their anti-cancer, anti-proliferative, anti-oxidative, and
estrogene activity [3, 4, 5, 6, 7, 8]. Therefore, it is of growing interest to develop new hop cultivars with

higher content of these important secondary metabolites.

The flavonoid production in plants could be enhanced through genetic transformation with structural genes or
by the introduction of genes of homologous or heterologous regulatory elements [9, 10]. For the first time the
transcription factor AtMYB75/PAP1 (production of anthocyanin pigment 1), which is a conserved member of
the R2R3 gene family, was introduced in H. lupulus L. cv. Tettnanger and consequently the production of
flavonoids in transgenic clones was elevated [11]. This transcription factor stimulates the expression of genes
related to the biosynthesis of phenylpropanoids and flavonoids [12, 13, 14].

Successful genetic transformation of hop has been reported using Agrobacterium tumefaciens. However, it is
a laborious, and time consuming process [11, 15, 16]. Consequently, using A. tumefaciens-mediated
transformation in hop for functional validation of candidate genes has this major drawback.

Therefore, the development of an efficient, simple and fast transformation protocol for testing gene function
in hop is very desirable. Particle bombardment [17] or A. rhizogenes-mediated transformation represents
alternatives for generating transgenic hop plants. A. rhizogenes is a phytopathogenic gram negative soil
bacterium responsible for the induction of transgenic hairy roots in plants [18]. This agrobacteria transfers a
DNA segment (T-DNA) of the root-inducing (Ri) plasmid into the genome of the plant. The T-DNA carries a
set of genes involved in the induction of hairy roots (rolA, rolB, rolC, rolD), and for the biosynthesis of

auxins, and opines (iaaM, iaaH, masl’, mas2’, and ags) [18].

Hairy root genetic transformation has been employed for studying the function of genes [19, 20, 21] or for
producing secondary metabolites [22, 23, 24, 25]. This approach provides a major advantage over other
methods because of its rapidity and technical simplicity. Moreover, hairy roots are morphologically similar to
trichomes [40] making them a suitable system to study candidate genes which are normally functional in

similar structures, like trichomes or lupulin glands, respectively.
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The present study describes the induction of hairy roots in hop (H. lupulus L. cv. Tetthanger) through
A. rhizogenes-mediated transformation and a method for screening and molecular analysis of putative

transgenic hairy roots.

5.3 Materials and methods

5.3.1 Plant material

In vitro hop plants (H. lupulus L. cv. Tettnanger) were cultured in 500 ml polystyrene vessels with 20 ml of
elongation medium under a 16 h light photoperiod at 21 + 1°C according to Horlemann et al. [15]. Leaf
segments, internodes, petioles, and shoots with two nodes from in vitro grown plants were used as explants

for genetic transformation.

5.3.2 Bacterial strains and binary plasmids

The following Agrobacterium strains were used: A. rhizogenes K599 (pRi 2659) [26] harboring the binary
plasmid pPCAMGUSGFP [the T-DNA contained the reporter genes uidA (which codes for S-glucuronidase)
and gfp (which codes for green fluorescent protein) under the control of the cauliflower mosaic virus (CaMV)
35S promoter], A. rhizogenes 15834 (pRi 15834) [27] carrying the plasmid pCAMGFP-CvMV-GWox-Stisy
[the T-DNA contained the reporter gene gfp under the control of the cassava vein mosaic virus (CvMV)
promoter], and A. rhizogenes 15834 (pRi 15834) containing the plasmid pCAMBIA 1303 [the T-DNA
contained the reporter genes mgfp5, and uidA, and the selectable marker gene hptll (which codes for
hygromycin phosphotransferase) under the control of the CAMV 35S promoter]. The plasmids were
introduced into the agrobacteria by the freeze- thaw method [28]. Their presence was corroborated by

restriction analysis, as well as by PCR (Polymerase chain reaction) using specific primers for the gene rolC.

Prior to transformation experiments, a single agrobacteria colony was grown overnight in liquid YEB
medium supplemented with MgSO, (2 mM), rifampicin (50 mg/l) and kanamycin (100 mg/l) on an orbital
shaker with 250 rpm at 26 °C. The bacterial suspensions were centrifuged at 3500 rpm for 15 min and then
the pellets were resuspended in MS (Murashige and Skoog) medium supplemented with 10 mM MES to an
ODggo Nm between 0.5 and 1.0.
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5.3.3 Transformation procedure

In a first experiment, internodes, leaf segments, and double node shoots were co-cultured for 30 min with a
solution of A. rhizogenes K599::pCAMGUSGFP. Afterwards, the explants were cultivated on co-culture
medium (MS-B5 basal medium + 1.43 pM 1AA + 9.08 uM TDZ + 2 % sucrose + 0.7 % agar) for 2 days.
Then, the explants were collected, washed with distilled water, and cultivated on co-culture medium
supplemented with 250 mgl™ cefotaxime [15]. Different co-culture media composition (with or without TDZ
and IAA), light conditions (light, and darkness), and co-cultivation time (0, 2, 5, 7, 9, and 11 days) were

evaluated.

In a second experiment, leaf segments, internodes, and petioles were co-cultivated with A. rhizogenes
15834::pCAMGFP-CvMV-GWox-Stisy following the protocol described by Horlemann et al. [15] with some
modifications. Briefly, Agrobacterium-infected explants were cultivated on hormone-free co-culture medium

supplemented with 250 mgl™ cefotaxime.

In a third experiment, leaf segments and internodes were transformed with A. rhizogenes 15834::pCAMBIA
1303 following the protocol described above. In a fourth experiment, the effect of the pre-culture of leaf
segments prior to the transformation with A. rhizogenes 15834::pCAMBIA 1303 was evaluated. For this
purpose, 500 leaf segments were cut two days prior to transformation and cultivated on hormone-free
co-culture medium. Moreover, another 500 leaf segments, without pre-culture, were inoculated with the
agrobacteria following the protocol described above. In all experiments, explants which had not been exposed
to A. rhizogenes were included as controls.

5.3.4 Histochemical GUS assays

GUS assays were performed by immersing tissues in the staining buffer [50mM sodium phosphate (pH 7.0),
0,5 mM potassium ferrocyanide, 0,5 mM potassium ferricyanide, 10 mM EDTA, 0,1% Triton, 1 mM X-Gluc
(5-bromo-4-chloro-3-indolyl-p-D-glucuronide)] for 24 h at 37 °C in the dark [29]. The GUS stained tissue
was observed under 10-fold magnification using a stereomicroscope (Stemi SV6, Zeiss, Germany) equipped

with a digital camera (EOS 450D, Canon, Japan).
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5.3.5 DNA isolation and PCR analysis

Genomic DNA from putative transgenic hairy roots was extracted using the CTAB method [30]. The PCR
was performed in a mixture (25 pl) containing 1X Mango Taqg PCR buffer, 0.25 mM of each dNTPs, 0.2 uM
of each primer, 1.5 mM of MgCl,, 0.5 U Mango Taq"™ polymerase (Bioline, Germany), and 1 pul DNA. Three
different specific primers were used: mgfp5 [gfp-f: (5’-atgagtaaaggagaagaacttttcactgg-3’) and gfp-r:
(5’-ttatttgtatagttcatccatgccatgtg-3’);  expected fragment length: 790 bp], rolC [rolC-f: (5-
tgtgacaagcagcgatgage-3’) and rolC-r: (5’-gattgcaaacttgcactcge-3°); expected fragment length: 487 bp], and
virG [virG-1f: (5’-ttatctgagtgaagtcgtctcagg-3’) and virG-1r: (5’-cgtcgcectgagattaagtgtc-3°); expected fragment
length: 900 bp]. Primers for rolC (X03433.1) and gfp (U87624.1) were designed based on sequences
available in the GenBank. The primer sequences for virG were obtained from Lee et al. [41]. The
amplification conditions for mgfp5 and rolC were as follows: 94 °C for 3 min followed by 35 cycles at 94 °C
for 1 min, 60 °C for 1 min, 72 °C for 1 min and a final step of 72 °C for 10 min. For virG the amplification
conditions were as follows: 96 °C for 5 min followed by 36 cycles at 94 °C for 30 s, 55 °C for 30 s, 72 °C for
1 min and a final step of 72 °C for 10 min [41]. PCR products were evaluated on 1.5% (w/v) agarose gel and
stained with DNA Stain G (Serva, Germany). The plasmid pCAMBIA 1303 was used as positive control to
test the presence of the genes mgfp5, and rolC, whereas DNA isolated from A. rhizogenes was used as
positive control for virG.

5.4 Results and discussion

A. rhizogenes strain K599 (pRi 2659) and A. rhizogenes strain 15834 (pRi 15834) were tested for their ability
to induce the formation of hairy roots on hop explants. Using A. rhizogenes strain K599 with different organ
types, co-culture media composition, light conditions, and co-cultivation times, no hairy root formation was
observed in any of the treatments (data not shown). It has been reported that A. rhizogenes strains, which
differ in their virulence, determines the successful induction of hairy roots [20, 31, 32, 33].
A. rhizogenes K599 (pRi 2659) is a low virulence strain and has been used for genetic transformation of

Glycine max, Lotus corniculatus, Phaseolus vulgaris, and Cucumis melo [34, 35, 36, 37].

74



As an alternative A. rhizogenes strain 15834 (pRi 15834) was used for the transformation of hop explants.
The different response of leaf segments, internodes, and petioles after inoculation with
A. rhizogenes 15834::pCAMGFP-CvMV-GWox-Stisy is shown in Table 5.1. The highest percentage of
explants with roots and total number of roots were obtained when infected leaf segments were cultivated with
the adaxial surface in contact with the co-culture medium (Table 5.1). No hairy root formation was observed

in non-transformed controls.

Furthermore, this confirmed previous reports that the type of inoculated organ is an important factor affecting
A. rhizogenes-mediated transformation [20, 21, 24, 33]. Only A. rhizogenes strain 15834 was capable of
inducing hairy root formation. This difference could be due to genotypic differences as well as different Ri
plasmid they were harboring. Plasmid pPCAMGFP-CvMV-GWox-Stisy contains the reporter gene gfp, which
has been used for screening of transgenic roots in Daucus carota, Capsicum annuum, Saponaria vaccaria,
and Cucumis melo [24, 32, 37, 38]. However, in Humulus lupulus the fluorescence of gfp cannot be used to
unambiguously differentiate transgenic from non-transgenic roots (data not shown). This could be attributed

to hop secondary metabolites fluorescing at a similar wavelength as gfp [39].

Table 5.1 Root induction in hop (Humulus lupulus L. cv. Tettnanger) after Agrobacterium rhizogenes 15834
inoculation of different type of organs.

Type of inoculated Number of inoculated Explants that produced roots Total number of
organ explants (%) roots
Petioles 100 8 10
Internodes 100 17 40
Leaves-abaxial ® 100 0 0
Leaves-adaxial * 100 55 126

# The leaf segments were cultured after the transformation with A. rhizogenes 15834::pCAMGFP-CvMV-GWox-Stisy
with the abaxial or adaxial surface in contact with the co-culture medium. Data correspond to the experiment 2 (see

Material and Methods) and were collected 4 weeks after infection with A. rhizogenes.

After the conditions for the transformation were optimized, in a third experiment, leaf segments and
internodes were transformed with A. rhizogenes 15834 harboring the plasmid pCAMBIA 1303, which
contains the reporter genes uidA and mgfp5. Twelve days after co-culture with the agrobacteria, leaf segments
(Fig. 5.1.a) and internodes (Fig. 5.1.b) showed blue staining, from the enzymatic activity of S-glucuronidase.
Non-transformed controls (leaf segments and internodes) were not stained under similar reaction conditions

(data not shown).
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Fig. 5.1 Agrobacterium rhizogenes-mediated transformation of Humulus lupulus L. cv. Tettnanger. Transient uidA
expression in (A) leaf segments and (B) internodes. Hairy roots induction in (C) leaf segments and (D) internodes. (E)
uidA expression in transgenic roots. (F) Wildtype root showing no uidA activity. Transient uidA expression in leaf
segments (G) without pre-culture and with (H) pre-culture. (1) PCR analysis showing the presence of the genes mgfp5
and rolC and absence of the gene virG in transgenic hop hairy roots. M: molecular weight marker (100 bp),
NTC: negative control (PCR reaction mix without template), P: positive control ()CAMBIA 1303 DNA), WT: wildtype

roots (hon-transformed control), A: A. rhizogenes 15834 DNA, 1-2: putative transgenic hairy root.

Previously, hop transformation had been carried out using uidA as reporter gene [15]. Sixteen days after
inoculation, of 207 inoculated leaf segments 3 % vyielded hairy roots (Fig. 5.1.c). In this case, a GUS assay
was not performed because of the insufficient quantity of roots. On the other hand, of 219 inoculated
internodes, 35 % vyielded hairy roots 12 days after inoculation (Fig. 5.1.d), of which 5 % (3 of 60) showed
blue staining. The uidA expression was observed in the root tip and central cylinder of the putative transgenic
hairy roots (Fig. 5.1.e), whereas non-transformed controls did not exhibit uidA activity (Fig. 5.1.f). Root

induction was not observed in non-transformed controls (data not shown).
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Regarding the effect of the pre-culture of explants prior to the transformation with A. rhizogenes
15834::pCAMBIA 1303, it was demonstrated that leaf segments without pre-culture (Fig. 5.1.g) showed a
stronger uidA expression than leaf segments with pre-culture (Fig. 5.1.h). Moreover, of 500 leaf segments
without pre-culture, 23 % yielded hairy roots 27 days after inoculation. On the other hand, of 500 leaf
segments pre-cultured on hormone-free co-culture medium prior to the transformation, 11 % yielded hairy
roots 27 days after inoculation.

Putative transgenic hairy roots (8-weeks-old) were pooled and tested by PCR for the presence of the T-DNA
genes transferred from the binary vector (mgfp5), and the Ri plasmid (rolC), as well as for false positives
caused by A. rhizogenes contamination (indicated by the presence of virG gene). The specific mgfp5 (790 bp)
and rolC (487 bp) fragments were amplified in 1 of 2 pooled putative transgenic hairy roots (Fig. 5.1.i). No
DNA fragments were amplified by PCR in wildtype plants (Fig. 5.1.i). Moreover, the virG gene was not

detected in transgenic hairy roots, indicating no contamination with A. rhizogenes (Fig. 5.1.i).

5.5 Conclusions

According to the best of our knowledge this is the first report for induction of hairy roots in hop
(Humulus lupulus L. cv. Tettnanger). Instead of the 6-9 months-time required for regenerating hop transgenic
plants following A. tumefaciens transformation [11,15,16], in the present study, production of hairy roots
takes only 4 weeks. Therefore, prior to producing hop transgenic plants using A. tumefaciens, transgenic hairy
roots provide a fast and easy tool for screening and evaluating a larger number of candidate genes, for
instance, from the flavonoid and/or phloroglucinol biosynthetic pathways. In order to improve the
transformation efficiency different strategies including sonication assisted transformation (SAAT) and
co-cultivation with two Agrobacterium strains will be evaluated. Moreover, a liquid culture system for root
growth will be established.
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6. Genetic transformation of hop (Humulus lupulus L. cv. Tettnanger)
by particle bombardment and plant regeneration using temporary

immersion system’

6.1 Abstract

The efficiency of micropropagation of double-node shoots of hop (Humulus lupulus L. cv Tetthanger) was
evaluated using semi-solid and liquid culture medium in RITA® bioreactors. The highest fresh and dry weight
of shoots, the average number of shoots, and multiplication rate were obtained using the RITA® system. In
contrast, the highest length of shoots was obtained on semi-solid medium. Moreover, the length of shoots was
affected significantly by the density of the inoculum of double-node shoots in RITA® vessels. In addition, the
RITA® bioreactors were suitable for shoot induction from organogenic calli. The percentage of shoot
induction, fresh and dry weight of shoots was significantly higher in RITA® than in semi-solid medium. The
age of organogenic calli and inoculum density significantly affected the induction of shoots from organogenic
calli. The optimum conditions for DNA delivery into hop organogenic calli using the biolistic particle
delivery system were determined. Organogenic calli were bombarded with the plasmid pSR5-2 (gusA, and
nptll) using the following conditions: helium pressure (900, 1100, or 1350 psi), and target distance (6, 9, or
12 cm). The highest gusA transient activity was obtained using 900 psi and 6 cm. For stable genetic
transformation, three-week-old organogenic calli were bombarded with the plasmid pCAMBIA 1301 (gusA,
mgpf5, and hpt) using those conditions. Stable gusA expression was observed in organogenic calli and shoots
after 4 weeks of culture on selection medium containing 2.5 mgl™ of hygromycin. The integration of the gusA
and mgfp5 genes into the hop genome was confirmed by PCR.

Keywords Hop, particle bombardment, temporary immersion, liquid culture, gusA, mgfp5, hpt

" This chapter consists of an unpublished manuscript that has been submitted to Plant Biotechology Report
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6.2 Introduction

Hop (Humulus lupulus L., Cannabaceae) is a perennial, dioecious, and climbing plant cultivated mainly in
Europe, North America, South Africa, Australia, and New Zealand. Secondary metabolites produced in the
lupulin glands of the female cones are used as flavoring compounds in beer. Furthermore, they have

important pharmaceutical and medicinal properties (Zanoli and Zavatti 2008).

Protocols for the micropropagation of hop and shoot induction from calli using semi-solid medium have been
available for some time. However, these protocols are characterized by a low regeneration rates (Gurriaran et
al. 1999, Roy et al. 2001; Horlemann et al. 2003). Moreover, taking into consideration that only a small
number of cells integrate successfully a transgene, the development of any transformation system requires the
establishment of efficient plant regeneration protocols. The use of liquid medium for the regeneration of cells
provides an alternative to overcome this drawback. For instance, regeneration of shoots from a single GONC
(green organogenic nodule clusters) of hop cv. US Tettnanger was improved using temporary immersion
bioreactors (Schwekendiek et al. 2009).

Although successful genetic transformation of hop has been reported using Agrobacterium tumefaciens, it is
laborious, time consuming and limited by the low transformation efficiency (approx. 1%) (Horlemann et al.
2003). Direct gene transfer via biolistic delivery offers advantages in relation to Agrobacterium
transformation (Sharma et al. 2005). Genetic transformation of hop cv. Eroica using particle bombardment
has been reported (Batista et al. 2008). However, the development of a biolistic-mediated transformation
system required the optimization of physical, chemical, and biological parameters (Rasco-Gaunt et al. 1999).
Therefore, the establishment of the best parameters for biolistic genetic transformation is necessary for

transient and stable expression of transgenes in hop cv. Tettnanger.

Consequently, in hop the functional validation of a large number of candidate genes, such as those involved
in the biosynthesis of flavonoids, with A. tumefaciens-mediated transformation and successive plant
regeneration on semi-solid medium has major limitations. Therefore, the regeneration of plants in temporary
immersion bioreactors combined with particle bombardment could provide an alternative method for genetic

transformation of hop.

In the present study, a protocol for micropropagation, shoot induction, and plant regeneration in temporary
immersion bioreactors was established. Additionally, biolistic delivery parameters were evaluated with the

aim of optimizing DNA integration into the genome of hop (Humulus lupulus L. cv. Tettnanger).
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6.3 Materials and methods

6.3.1 Plant material and organogenic calli induction

Hop plants (H. lupulus L. cv. Tetthanger) were cultured under in vitro conditions using 500 ml polystyrene
vessels with 20 ml of elongation medium [MS salts (Murashige and Skoog 1962), B5 vitamins (Gamborg et
al. 1968), 2 % (w/v) glucose, and 0.6% (w/v) agar] under a 16 h light photoperiod at 21 + 1°C. For
organogenic calli induction, aseptically isolated shoot internodes were cultured on callus induction medium
(CIM) [MS salts, B5 vitamins, 2 % (w/v) glucose, 1.43 uM IAA, 9.08 uM TDZ, 0.6% agar] (Horlemann et
al. 2003).

6.3.2 Hop micropropagation using a temporary immersion system

In order to compare the growth and multiplication of double-node shoots on semi-solid and liquid medium in
the RITA® system, two experiments were performed. All experiments consisted of five replications for each
treatment. Cultures were maintained under a 16 h light photoperiod at 21 + 1°C. For treatments in semi-solid
medium, 10 explants were cultured in each 500 ml polystyrene vessels containing 20 ml of elongation
medium. The first experiment was aimed at optimizing the duration of daily immersion cycles. Fifty double-
node shoots (~1 cm in length) were cultured in each RITA® vessel with 200 ml of liquid elongation medium.
Immersion time consisted of four daily immersions of 1 min or 4 min each. Once the optimal immersion
duration was determined, in a second experiment, 25 or 50 double-node shoots were cultured in each RITA®
vessels with 200 ml of liquid elongation medium using an immersion duration of 1 min every 6 h. After 4
weeks of culture, the shoot length (cm), fresh and dry weight (g), the total number of shoots regenerated per
explant, and the multiplication rate [(total number of shoots regenerated per explant/initial number of explant)
x 100] were determined. Dry weight was measured after drying the shoots for 6 h at 160°C. Data are
presented as mean + SD, and differences between treatment means were considered using the Duncan test at

the significance level of P <0.05.
6.3.3 Shoot regeneration from organogenic calli using a temporary immersion system

The effect of culture system, age of explant, and density of culture on shoot regeneration from organogenic
calli was evaluated. In a first experiment, 50 pieces of four-week-old organogenic calli were cultured in each
RITA® vessel with 200 ml of liquid CIM. Immersion time consisted of four daily immersions of 1 min or 4
min each. As control, 10 organogenic calli were cultured per Petri plate (92x16 mm) containing 20 ml of
semi-solid CIM. Once the best immersion period was determined, 50 pieces of three or four-week-old
organogenic calli were cultured in each RITA® vessel with 200 ml of liquid CIM using an immersion period

of 1 min every 6 h.
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In a third experiment, 25 or 50 pieces of four-week-old organogenic calli were cultured in each RITA® vessel
with 200 ml of liquid CIM using an immersion period of 1 min every 6 h. All experiments consisted of five
replications of each treatment. All cultures were incubated under a 16 h light photoperiod at 21 + 1°C. After 4
weeks of culture, the percentage of organogenic calli with shoots, fresh and dry weight (g) of shoots was
determined. Dry weight was measured after drying the shoots for 6 h at 160 °C. Data are presented as
mean + SD, and differences between treatment means were considered using the Duncan test at the

significance level of P <0.05.

6.3.4 Plasmid DNA

The plasmid pSR5-2 containing the reporter gene gusA under the control of the CaMV 35S promoter and the
selection marker nptll under the control of the nopaline synthase promoter was used for biolistic delivery
optimization (Horlemann et al. 2003). On the other hand, the plasmid pCAMBIA 1303 (Center for the
Application of Molecular Biology to International Agriculture, Canberra, Australia) containing the reporter
genes gusA, and mgfp5, and the selection marker hpt under control of the CaMV 35S promoter was used for
stable expression experiments. A volume of 20 pl of DNA (1 pgpul™) was precipitated onto 50 ul sterile gold
particles (1 uM, Bio-Rad Laboratories, Inc) according to the protocol described by Russell (1993).

6.3.5 Optimization of DNA delivery into organogenic calli

Transient transformation of organogenic calli was performed with the PDS 1000/ He Biolistic Particle
Delivery System (Bio-Rad) using a vacuum of 25 inches of Hg. Twenty four hours before particle
bombardment, 25 pieces of four-week-old organogenic calli were cultured in a circular area (4 cm) in the
center of a Petri plate (92x16 mm) containing 20 ml of CIM. Organogenic calli were bombarded once with
the plasmid pSR5-2. In a first experiment, organogenic calli were bombarded using a helium pressure of 900,
1100 or 1350 psi respectively, with a target distance of 6 cm. In a second experiment, organogenic calli were
bombarded using 900 psi with a target distance of 6, 9 or 12 cm. Each treatment was performed three times.
As control, non- bombarded organogenic calli were used. Explants were cultured under a 16 h light
photoperiod at 21 + 1°C. The average and the standard error of the transformation efficiency [(number of
explants with gusA activity/total number of explants bombarded) x 100] were determined. Data were
analyzed using one-way ANOVA and the differences between means were contrasted using the Duncan test
at the significance level of P <0.05.
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6.3.6 Stable genetic transformation and selection of transformants

Following the establishment of an optimized protocol for transient transformation, three-week-old
organogenic calli were cultured for 24 h in a circular area (4 cm) in the center of a Petri plate (92x16 mm)
containing 20 ml of CIM. Particle bombardment was performed with the PDS 1000/ He Biolistic Particle
Delivery System (Bio-Rad) using the following conditions: 900 psi, 6 cm distance, and 25 inches of Hg.
Organogenic calli were bombarded once with the plasmid pPCAMBIA 1303. After particle bombardment, the
organogenic calli were cultured for one week without any selection agent on fresh CIM. Then, the bombarded
organogenic calli were transferred to liquid (selection method I, Fig 6.1) or semi-solid/liquid selection
medium (CIM supplemented with 2.5 mgl™ hygromycin) (selection method 11, Fig 6.1). The appropriate
concentration of hygromycin for the selection of transformants was previously determined by Batista et al.
(2008). The cultures were maintained with 16 h light photoperiod at 21 + 1°C. Four weeks after initiation of

the selection, hygromycin-resistant calli and shoots were assayed for gusA, and mgfp5 activity.

6.3.7 GUS and GFP assays

GUS assays were performed 48 hours after particle bombardment by incubating of tissue in assay buffer
[50mM sodium phosphate (pH 7.0), 0,5 mM potassium ferrocyanide, 0,5 mM potassium ferricyanide,
10 mM EDTA, 0,1% Triton, 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-B-D-glucuronide)] at 37 °C in the
dark for 24 h (Jefferson 1987). Moreover, GFP activity was visualized using a fluorescence stereomicroscope
(Stemi SV6, Zeiss, Germany).

6.3.8 Characterization of the putative transformants

In order to verify the presence of the genes gusA, and mgfp5, genomic DNA from four-week-old putative
transgenic or non-transgenic shoots respectively, was isolated according to Fleischer et al. (2004). The PCR
was performed in a volume of 25 pul containing 100 ng of genomic DNA, 1X Mango Tag PCR buffer, 0.25
mM of each dNTPs, 0.2 uM of each primer, 1.5 mM of MgCl, and 0.5 U Mango Taq™ polymerase (Bioline,
Germany). Three different specific primers pairs were used: mgfp5 [ofp-f:
(5’-atgagtaaaggagaagaacttttcactgg-3’) and gfp-r: (5’-ttatttgtatagttcatccatgccatgtg-3’); expected fragment
length: 790 bp], gusA [gusA-f: (5’-gcagcccggctaacgtatccac-3’) and gusA-r: (5°-gttctgecgacgctcacaccgat-3°);
expected fragment length: 200 bp; Batista et al. (2008)], and 18S [18S-S: (5’-aggtagtgacaataaataacaa-3’) and
18S-AS: (5’-tttcgcagttgttcgtcttica-3’); expected fragment length: 481 bp]. The plasmid pCAMBIA 1303 was

used as positive control for the PCR reaction.
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The amplification conditions for mgfp5 were: 94°C for 3 min followed by 35 cycles at 94°C for 1 min, 60°C
for 1 min, 72°C for 1 min and a final step of 72°C for 10 min. For gusA and 18S the same conditions were
used except that the annealing temperature was 80°C and 53°C, respectively. After staining with DNA Stain
G (Serva, Germany), the PCR products were separated on 1.8 % (w/v) agarose gel, visualized under UV, and

documented with a digital camera.

‘ Shoot internodes ‘

CIM | 3 weeks
k4

‘ Organogenic calli ‘

CIM | 241
v

Particle bombar dment:
900 psi, 6 cm, 25 in Hg

CIM | 1week
v

‘ Transformants selection ‘

I i
Bombarded organogenic calli ‘ ‘ Bombarded organogenic calli
Liquid zelection Semi -golid selection
medivm in RITA® medium
¢ 8 weeks ¢ 4 weels
4 weels
Liquid selection

‘ Putative transgenic plants I(

v

‘ GUS and PCR analysis ‘

medium in RTTA®

Fig. 6.1 Schematic representation of hop (Humulus lupulus L. cv. Tettnanger) genetic transformation and selection of

transformants. The basic stages, culture media, and the time required are indicated.
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6.4 Results

6.4.1 Hop micropropagation using a temporary immersion system

Micropropagation of double-node shoots in semi-solid culture medium was compared to the
micropropagation in bioreactors. The culture system, as well as the immersion duration in RITA®
significantly affected the growth and development of double-node shoots. The highest shoot length was
obtained using semi-solid medium followed by the RITA® system with an immersion duration of 4 min and 1
min every 6 h (Table 6.1). On the other hand, the highest fresh weight of shoots was obtained when liquid
medium was used in RITA® vessels with an immersion duration of 4 min every 6 h (Table 6.1). In contrast,
the highest dry weight of shoots, the highest average number of shoots, and the highest multiplication rate
were obtained using immersion duration of 1 min every 6 h (Table 6.1). Therefore, the latter culture condition

was chosen for further experiments.

Moreover, the density of the inoculum significantly affected the growth as well as the development of
double-node shoots. The highest shoot length, fresh weight, dry weight, average number of shoots, and

multiplication rate were obtained using 50 explants per RITA® (Table 6.2).

Table 6.1 Effect of the culture system on the growth and development of double-node shoots of hop

(Humulus lupulus L. cv. Tettnanger) after 4 weeks of culture

Plantlets
Culture system Length Fresh weight ~ Dry weight Average Multiplication
(cm) (9) (9) number rate®
Semi-solid medium 6.2+2.5 a 1.8+0.8 ¢ 0.4+0.6 b 128420 ¢ 13 ¢
RITA® (I minevery6h) 3.1+1.1 ¢ 8.8£2.2 b 1.5+0.2 a 197.84£37.6 a 39 a
RITA® (4minevery6h) 4.9+2.1 b 11.6+0.8a 1.4+0.1 a 149.6+37.7 b 25 b

Each value represents the mean = SD of 5 replicates for each treatment. The same letter within columns denotes

statistically equal means with the Duncan test at P < 0.05.

& Multiplication rate: [(total number of shoots regenerated per explant/initial number of explant) x 100]
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Table 6.2 Effect of inoculum density on the growth and development of double-node shoots of hop

(Humulus lupulus L. cv. Tettnanger) after 4 weeks of culture in RITA®

Plantlets
Inoculum density Length Fresh Dry weight Average Multiplication
(cm) weight (g) (9) number rate®
@ml medizusm/explant) 20+09 b 15404 b 04403 a 578466 b 13 b
>0 28+10a 28t04 a 05401 a 80.0+£158 a 16 a

(4 ml medium/explant)

Each value represents the mean + SD of 5 replicates. 25 or 50 double-node shoots were cultured per RITA® vessels
using a 1 min of immersion every 6 h. The same letter within columns denotes statistically equal means with the Duncan
test at P<0.05.

& Multiplication rate: [(total number of shoots regenerated per explant/initial number of explant) x 100]

The micropropagation of double-node shoots using semi-solid medium takes approximately 8 weeks and the
plantlets showed well broad leaves and roots (Fig. 6.2.a). Whereas, using the RITA® system in 4 weeks the
double-node shoots developed plantlets also showing well formed leaves and roots (Fig. 6.2.b). The
development and growth of double-node shoots was asynchronous and some micropropagated double-node
shoots developed small plantlets with thin leaves that were curled, but without symptoms of hyperhydricity
(Fig. 6.2.¢).

6.4.2 Shoot regeneration from organogenic calli in the temporary immersion system

Induction of shoots from organogenic calli in semi-solid culture medium was compared to those developed in
RITA® bioreactors. Over a period of 4 weeks, the highest induction rate of shoots, the highest fresh and dry
weight of shoots were obtained using the RITA® system with an immersion duration of 1 min every 6 h
(Table 6.3).

Moreover, the influence of the age of the organogenic calli on the shoot induction was evaluated. After 4
weeks of culture, the highest induction rate of shoots, the highest fresh weight and dry weight of shoots were

obtained using four-week-old calli as explants (Table 6.4).
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Fig. 6.2 Micropropagation and shoot regeneration of hop (Humulus lupulus L. cv. Tettnanger) (A) plantlet propagated
using semi-solid medium (B) plantlets grown in RITA® bioreactor using 1 min immersion every 6 h (C) close-up view
of plantlets with roots (indicated by an arrow) obtained using the RITA® system (D) shoot regeneration from
organogenic calli of hop on semi-solid medium and (E) temporary immersion bioreactor system using 1 min immersion

every 6 h (F) close-up view of shoots from (E). Non-regenerative calli is indicated by an arrow (Scale bar: 1 cm).

Table 6.3 Effect of the culture system on shoot regeneration from organogenic calli of hop

(Humulus lupulus L. cv. Tettnanger) after 4 weeks of culture

Culture system in du?:rt]i?)%t %) %;Zth{r(e;? Shoot dry weight (g)
Semi-solid medium 40.0+449.1 b 1.0+09 c 0.3+0.2 ¢
RITA® (1 minevery 6 h) 68.3+46.6 a 18.0+2.3 a 1.3+0.1 a
RITA® (4minevery6h) 18.9+39.2 ¢ 42+18 b 0.7+0.2 b

Four-week-old organogenic calli were used as explants. Each value represents the mean + SE of 5 replicates for each

treatment. The same letter within columns denotes statistically equal means with the Duncan test at P< 0.05.
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Table 6.4 Effect of explant age on shoot regeneration from organogenic calli of hop

(Humulus lupulus L. cv. Tettnanger) after 4 weeks of culture in RITA®

Shoot Shoot fresh

Explant age induction (%) weight (g) Shoot dry weight (g)
Three-week-old calli 24.0+43.0b 18+16 b 0.1+40.1 b
Four-week-old calli 69.0+46.5 a 14.6+1.4 a 1.3+0.2 a

The culture conditions in the RITA® vessels included an immersion duration of 1 min every 6 h. Each value represents

the mean + SD of 5 replicates. The same letter within columns denotes statistically equal means with the Duncan test at
P< 0.05.

Furthermore, the initial inoculum density affected the shoot regeneration from organogenic calli. The highest
shoot induction, fresh weight and dry weight of shoots were obtained when 50 pieces of calli of four-week-
old were cultured per RITA® vessel (Table 6.5). Shoot regeneration from organogenic calli was observed
either using semi-solid medium (Fig. 6.2.d) or RITA® bioreactors (Fig. 6.2.¢). Adventitious shoots

regenerated in the RITA® bioreactors are shown in the Fig. 6.2.f.

Table 6.5 Effect of the number of explants in each RITA® vessel on shoot regeneration from organogenic

calli of hop (Humulus lupulus L. cv. Tettnanger) after 4 weeks of culture

. Shoot Shoot fresh .
Culture density induction (%) weight (g) Shoot dry weight ()
@ml medi2u5m/explant) 33.0+47.3 a 49409 b 0.4+0.2 b
>0 40.8+49.2 a 9.2+0.8 a 0.74£0.1 a

(4 ml medium/explant)

Four-week-old organogenic calli were used as explants and the culture conditions in the RITA® vessels included
immersion duration of 1 min every 6 h. Each value represents the mean + SE of 5 replicates. The same letter within

columns denotes statistically equal means with the Duncan test at P< 0.05.
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6.4.3 Optimization of DNA delivery into organogenic callus

The percentage of explants with transient gusA expression was significantly affected by the helium pressure,
and the target distance. A 900 psi rupture disk pressure resulted in the highest gusA activity (80.5+5.2) in
organogenic calli bombarded with pSR5-2, compared to 1,100 (38.3+6.3) or 1,350 psi (16.7+4.9) (Fig. 6.3.a).
Therefore, in subsequent experiments for assessing target distance, bombardments were performed using
900 psi. Significant differences in the transient expression of gusA were obtained using 6 cm (48.0 + 5.0),
9 cm (35.0 + 4.8) or 12 cm (26.0 + 4.4) (Fig. 6.3.b). The Figure 6.3.c shows transient gusA expression on
bombarded hop organogenic calli using 900 psi and 6 cm. Non-bombarded calli did not exhibit activity of
gusA (Fig. 6.3.d) but exhibited green fluorescence under UV light (Fig. 6.3.e). For this reason, the
observation of transient mgfp5 expression and confirmation of transgenic hop organogenic calli was
ambiguous (Fig. 6.3.1).
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Fig. 6.3 Effect of (A) helium pressure and (B) target distance on transient gusA expression in hop (Humulus lupulus cv.
Tettnanger) organogenic calli bombarded with the plasmid pSR5-2 (C) organogenic calli showing transient gusA
expression (D) non-bombarded tissue (E) non-bombarded tissue showing green auto-fluorescense (F) transient mgfp5
expression on organogenic calli (indicated by an arrow). Different letters indicate values are significantly different by
Duncan test at P< 0.05
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6.4.4 Selection and regeneration of bombarded organogenic calli

A total of 800 three-week-old calli were bombarded in two different experiments. Eight weeks after
bombardment, the transformation efficiency was estimated to be 14 % or 21 % when the bombarded
organogenic calli were cultured in liquid (selection method I, Fig 6.1) or semi-solid/liquid selection medium
(selection method 11, Fig 6.1), respectively (Table 6.6). During selection on liquid CIM supplemented with
2.5 mgl™* of hygromycin, bombarded organogenic calli formed putative transgenic shoots (Fig. 6.4.a),
whereas non-bombarded organogenic calli turned brown and shoot induction was inhibited within 30 days of
culture (Fig. 6.4.b). Hygromycin-resistant shoots were subjected to histochemical GUS analysis and stable
gusA expression was observed (Fig. 6.4.c), whereas non-transformed calli did not show gusA expression
(Fig. 6.4.d).

Table 6.6 Effect of the selection method on the transformation efficiency of hop

(Humulus lupulus L. cv. Tettnanger)

Time of selection Hygromycin-resistant calli with
_ a
Selection Number of calli (S bomblf\iréjl:?gnt) EliehE Transformatiorl
o - 0
method bombarded anr::j isuor::d B After 4 weeks  After 8 weeks efficiency (%)
(RITA®)
I 300 - 8 0.2+0.4 (60) 0.1+0.4 (43) 14
I 500 4 4 0.3+0.5 (141) 0.2+0.4 (103) 21

#Mean + SD of five repetitions. The number of hygromycin-resistant calli with shoots is indicated in parenthesis.

® Transformation efficiency (%): [(Number of hygromycin-resistant calli with shoots/ total number of calli bombarded) x
100]
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Fig. 6.4 Selection of transgenic organogenic calli of hop (Humulus lupulus L. cv. Tettnanger) in a temporary immersion
system (A) putative transgenic shoots developed in liquid selection medium using the RITA® system (B) complete
growth inhibition of non-transformed organogenic calli in selection medium containing 2.5 mg I* hygromycin (C)
stable gusA expression on organogenic calli bombarded with pPCAMBIA 1303 (D) non-bombarded organogenic calli

showing no gusA activity

6.4.5 Characterization of the putative transformants

In addition to histochemical GUS staining, randomly selected four-week-old hygromycin resistant shoots
were tested for the presence of the transgenes mgfp5 (790 bp) and gusA (200 bp). The expected bands for the
mgfp5 or gusA genes were detected in transformed shoots after PCR amplification of genomic DNA
(Fig. 6.5.a), but not from the shoots developed from non-bombarded organogenic calli (Fig. 6.5.b). To
confirm the quality of extracted DNA, the 18S gene was also amplified in all samples (Fig. 6.5.c).

6.5 Discussion

A protocol for the micropropagation and shoot induction from organogenic calli of hop (H. lupulus L. cv.
Tettnanger) using the RITA® system was established. Furthermore, a bombardment protocol for DNA

delivery into hop organogenic calli was optimized.

In hop, existing protocols for micropropagation and shoot induction from calli usually used semi-solid media
(Gurriaran et al. 1999, Roy et al. 2001; Horlemann et al. 2003). It is well known that the growth rate and the
uptake of water, mineral nutrients, and plant growth regulators are reduced by gelling agents. Moreover,
inhibitory and toxic exudates from explants do not dissipate as quickly as in liquid culture media (Gupta and
Timmis 2005). Therefore, the use of liquid media in temporary immersion bioreactors (RITA®) should
improve in vitro growth and morphogenesis. This technique allows a direct contact of the medium with the
plant material and provides adequate gas exchange. In addition, temporary immersion bioreactors allow

automation and scaled-up reducing costs and labor (Etienne and Berthouly 2002).

93



Ml N- P+ WT 1

12
[¥5]
o
“'Jl

M2 N- P+ WT 1

12
(O3]
=
n

- 200 bp

Ml N- WT 1 2 3 4 5

Fig. 6.5 Detection of the genes (A) mgfp5 (790 bp), (B) gusA (200 bp) and (C) 18S (481 bp) in transgenic shoots by
PCR. M1: molecular weight marker (100 bp DNA, MBI Fermentas, St. Leon-Rot), M2: molecular weight marker
(pPUC19 DNA/Mspl, MBI Fermentas, St. Leon-Rot), N': negative control (PCR reaction mix without template), P*:
positive control (DNA of plasmid pCAMBIA 1303), WT: wildtype DNA (hon-bombarded shoots), 1-5: transgenic

shoots.

For numerous plant species, successful in vitro plant regeneration though micropropagation, organogenesis,
and somatic embryogenesis in temporary immersion has been reported (McAlister et al. 2005;
Roels et al. 2005; Zhu et al. 2005; Niemenak et al. 2008; Shaik et al. 2010). Moreover, a temporary
immersion system was used for the regeneration of transgenic strawberry and pineapple plants
(Espinosa et al. 2002; Hanhineva et al. 2007).

In culture systems using bioreactors and liquid medium, the duration of the temporary immersion is crucial. It
determines availability of nutrient and plant growth regulators and may influence hyperhydricity (Etienne and
Berthouly 2002). In the present study, it was shown that short immersions times (1 min every 6 h) promoted
hop micropropagation and induction of shoots from organogenic calli. Similar observations were made in
Coffea, and Theobroma (Albarran et al. 2005; Niemenak et al. 2008). Moreover, inoculum density affected
micropropagation and organogenesis of hop; as shown in the present study. It has been reported that culture
density regulated morphogenesis in Coffea, and Chrysanthemum cultures (van Boxtel and Berthouly 1996;
Hahn and Peak 2005).
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For genetic transformation, the process of DNA delivery needs to be optimized for each species. Previously,
Batista et al. (2008) evaluated the interaction between helium pressure and target distance for the
bombardment of petioles, calli and GONC of H. lupulus L. cv. Eroica. These authors concluded that higher
gusA transient expression was obtained in petioles and GONC. In contrast, calli were not appropriate for
transient and stable transformation due to their irregular surface which restricted particle penetration
(Batista et al. 2008).

Nevertheless, Gurriaran et al. (1999) indicated that calli were suitable explants for transformation mediated
by Agrobacterium or DNA bombardment. In the present study, it was shown that a lower helium pressure
(900 psi) and shorter target distance (6 cm) may improve transient gusA expression in organogenic calli of
hop. The combination of lower pressures with lower target distances improved the transient gusA expression
in petioles of hop (Batista et al. 2008), in zygotic embryos of Larix gmelinii (Lin et al. 2005), and in pollen
tubes of Pinus sp. (Fernando et al. 2000).

Parallel to the optimization of physical parameters affecting the efficiency of particle bombardment, suitable
reporter genes have to be considered. To the best of our knowledge, this is the first report for hop genetic
transformation using mgfp5 as reporter gene. Previously, hop transformation has been carried out using gusA
as reporter gene (Horlemann et al. 2003). Often, GFP has emerged as a vital reporter gene for the detection of
transient and stable gene expression in transgenic plants. GFP has been expressed in several organisms, and it
has several advantages over other reporter genes (Stewart 2001). Despite the auto-fluorescence of
non-bombarded hop organogenic calli, green fluorescence of mgfp5 expressing tissues were detected. This
result suggested that this reporter gene can be used for monitoring transgene expression in early
developmental stages. Auto-fluorescense of non-transformed tissues has been observed in Citrus sp., and
M. truncatula (Ghordel et al. 1999; Duque et al. 2007). The auto-fluorescence could be attributed to
secondary metabolites of hop cells, like phenolic compounds or chlorophyll, fluorescing at the same

wavelength of gfp (Roshchina 2003).

The conditions for stable gene expression and plant regeneration in H. lupulus L. cv. Tettnanger using the
RITA® system have been established. For genetic transformation with the particle gun the conditions
consisted of a helium pressure of 900 psi and target distance of 6 cm. Furthermore, the optimized protocol
developed in this study could be used for the validation of candidate genes with potential for modifying the

production of secondary metabolites in hop.
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7. General discussion®

7.1 Genetic transformation of hop with the regulatory genes PAP1/AtMYB75
and HIMYB3

7.1.1 Biological effects of PAP1/AtMYB75 and HIMYB3 in transgenic plants

Metabolic engineering of hop (H. lupulus L.) was successfully accomplished with the PAP1/AtMYB75 or
HIMYBS3 regulatory genes. The heterologous transcription factor PAPL/AtMYB75 from A. thaliana L. has
been earlier genetically transformed into A. thaliana L., N. benthamiania L., N. tabacum L., Petunia hybrida,
S. lycopersicum L., and B. napus L. (Borevitz et al. 2000; Tohge et al. 2005; Matousek et al. 2006; Xie et al.
2006; Zhou et al. 2008; Zuluaga et al. 2008; Li et al. 2010). Previously, the homologous transcription factor
HIMYB3 from H. lupulus L. has only been introduced in the model plants A. thaliana L., N. benthamiania L.,
and Petunia hybrida (Matousek et al. 2007).

Heterologous expression of PAP1/AtMYB75 in transgenic hop resulted in reddish female flowers and cones.
This increase in red pigmentation among transgenic hop is likely to be attributed to the accumulation of
anthocyanin compounds, which was correlated to the expression level of PAP1/AtMYB75 (Gatica-Avrias et al.
2012). Though, the regulatory gene PAP1/AtMYB75 was under the control of the constitutive CaMV 35S
promoter accumulation of anthocyanins was not observed in vegetative tissues. These results suggested that
in hop additional flower-specific mechanisms regulate the production of anthocyanins. Unlike, transgenic
Arabidopsis, tobacco, tomato, and canola plants over-expressing PAP1/AtMYB75 had red, or purple-
coloration (Borevitz et al. 2000; Xie et al. 2006; Zhou et al. 2008; Zuluaga et al. 2008; Li et al. 2010). In a
similar approach, ectopic expression of the maize transcription factors Lc (Leaf color) and Pl (Purple leaf)

resulted in purple-colored transgenic creeping bentgrass (Agrostis stolonifera L.) plants (Han et al. 2009).

In contrast, the constitutive over-expression in transgenic hop plants of the homologous regulatory gene
HIMYBS3, under the control of the CaMV 35S promoter, resulted in a normal phenotype, i.e. green female
cones. It was shown that the expression of the HIMYB3 transcription factor in A. thaliana L., N. benthamiana
L., and Petunia hybrida influenced plant growth and morphogenesis but not the color of organs (Matousek et
al. 2007). Moreover, a recent study demonstrated that the hop transcription factor HIMYB3 was unable to

induce the accumulation of anthocyanin in petunia leaves (Matousek et al. 2012).

® The citations included in this section are listed in general references.
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The over-expression of a MYB transcription factor might not always change the color of plant organs and its
role might vary among plant species. For instance, transgenic S. miltiorrhiza plants expressing
PAP1/AtMYB75 were characterized by a higher content of anthocyanins; however, the phenotype was similar
to that of wildtype plants (Zhang et al. 2010). Moreover, tobacco calli expressing similar levels of
PAP1/AtMYB75 led to two types of calli: anthocyanin-producing and non- anthocyanin-producing calli
(Zhou et al. 2008).

7.1.2 Composition of secondary metabolites in transgenic plants

The ectopic expression of PAP1/AtMYB75 increased the production of anthocyanins, rutin, isoquercitin,
kaempferol-7-O-glucoside, and kaempferol-7-O-glucoside-malonate in transgenic hop plants. Anthocyanins
are more than plant colorants and benefits to human health have been reported. For instance, the consumption
of anthocyanin-rich fruits and vegetables may prevent cancer, diabetes, cardiovascular and neurological
diseases (Konczak and Zhang 2004). Rutin and kaempferol, two abundant flavonols in the human diet, have
antioxidant, anti-inflammatory, antimicrobial, and anti-cancer properties (Lamson and Brignall 2000;
Calderon-Montano et al. 2011). In hop, quercetin and kaempferol are present as glycosides. The content of

these polyphenols in aroma hops is generally greater than in bitter hops (Kammhuber 2006/2007).

Xanthohumol, the most abundant prenylated chalcone in hop cones, has received much attention as cancer
chemopreventive (Gerhduser 2005). The concentration of the important health-promoting prenylated
chalcones desmethylxanthohumol, and xanthohumol was also increased in hop transgenic plants expressing
the PAP1/AtMYB75 regulatory gene.

Furthermore, transgenic hop plants expressing PAP1/AtMYB75 had enhanced «-acids (humulone,
cohumulone, and adhumulone), and g-acids (lupulone, colupulone, and adlupulone). This is the first study
showing a possible role of PAP1/AtMYB75 as transcriptional regulator of the biosynthesis of a-acids, and
p-acids in transgenic hop. It is well-known that the transcription factor PAP1/AtMYB75 regulates the
biosynthesis of flavonoids; however, an additional unknown role as transcriptional regulator of the

biosynthesis of phenolic acids has been reported (Zhang et al. 2010).

Previous studies have demonstrated the positive influence of the MYB transcription factors on the
composition of secondary metabolites. For example, transgenic tomato plants expressing the PAP1/AtMYB75
gene showed higher anthocyanins level than the wild type plants (Zuluaga et al. 2008). Moreover, the over-
expression of PAP1/AtMYB75 in A. thaliana L. resulted in increased biosynthesis of anthocyanins and
quercetin glycosides (Borevitz et al. 2000). Additionally, the quercetin content was dramatically increased by
PAP1/AtMYBY75 in transgenic tobacco plants (Zhou et al. 2008).
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Recently, Li et al. (2010) reported that the level of cyanidin, pelagonidin, quercitin and sinapic acid increased
in transgenic B. napus L. expressing the transcription factor PAP1/AtMYB75. The expression of
PAP1/AtMYB75 in S. miltiorrhiza transgenic plants enhanced the total content of phenolic, flavonoids,
anthocyanins, and lignins (Zhang et al. 2010). Transgenic tobacco callus expressing the transcription factor,
AtMYB12, displayed enhanced expression of flavonoid biosynthetic genes leading to increased accumulation
of rutin (Pandey et al. 2012).

Biopesticide action of rutin against Spodoptera litura and Helicoverpa armigera larvae has been recently
demonstrated (Pandey et al. 2012). Accordingly, an elevated tolerance against insect pests would be of great
interest in transgenic hop expressing PAP1/AtMYB75, which had an elevated concentration of rutin.

Earlier, callus cultures of hop have been used for the production of flavonoids and polyphenols
(Psenakova et al. 2009; Urgeova et al. 2011). Consequently, it would be attractive to analyze the production
of secondary metabolites in transgenic callus culture expressing the transcription factor PAP1L/AtMYB75.
Callus cultures generally produce lower level of secondary metabolites in comparison to a whole plant.
Nevertheless, due to rapid growth and biomass accumulation in callus cultures, they have been used for

large-scale production of important secondary metabolites (Pandey et al. 2012).

It has been demonstrated that N. benthamiania L. and Petunia hybrida transgenic plants expressing the
transcription factor HIMYB3 accumulated more phenolic acids and flavonol glycosides than the wildtype
plants (Matousek et al. 2007). These findings suggested the potential of HIMYB3 as regulator of the
metabolome composition in hop. Therefore, it could be interesting to investigate the chemical composition of
the secondary metabolites in transgenic hop plants expressing the HIMYB3 transcription factor. Chemical

analyses are planned, however, due to time restraints could not be incorporated in this thesis.

7.1.3 Expression of flavonoid and phloroglucinol biosynthetic genes in transgenic plants

In the present study, the transcript levels of CHS_H1, CHI, and F3"H were up-regulated by PAP1/AtMYB75
in transgenic hop plants. Several studies have demonstrated that the MYB genes were implicated in the
regulation of the flavonoid production (Borevitz et al. 2000; Espley et al. 2007; Gonzalez et al. 2008;
Cutanda-Perez et al. 2009; Jung et al. 2009; Ballester et al. 2010; Feng et al. 2010).
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The PAP1/AtMYB75 transcription factor activates a broad spectrum of genes of the biosynthetic pathway of
phenylpropanoids and flavonoids in A. thaliana L., like PAL, C4H, 4CL, CHS, CHI, F3H, F3'H, F3'5'H, and
DFR (Borevitz et al. 2000; Matsui et al. 2004; Tohge et al. 2005; Stacke et al. 2007; Zhang et al. 2010). It has
been demonstrated that CHS gene expression could be induced by the transcription factors AtMYB75/PAP1,
PFG1/MYB12, PFG2/MYB11, and PFG3/MYB111 (Borevitz et al. 2000, Mehrtens et al. 2005; Stacke et al.
2007). In contrast, in S. miltiorrhiza transgenic plants the CHS gene was not induced by AtMYB75/PAP1
suggesting that its role may vary among plant species (Zhang et al. 2010).

The enhanced production of desmethylxanthohumol, and xanthohumol in transgenic hop plants could be
attributed to the expression of the PAP1/AtMYB75 regulatory gene. The biosynthesis of prenylated chalcones
in hop cones is mediated by CHS_H1, an enzyme with chalcone synthase activity. The regulatory gene
PAP1/AtMYB75 was capable of activating the CHS H1 gene in tobacco and petunia. As a result, the
increased pool of naringenin chalcone may stimulate downstream biosynthesis and accumulation of
prenylated chalcones (Matousek et al. 2006; Matousek et al. 2012). On the other hand, an additional role of
PAP1/AtMYBY75 as transcriptional regulator of the biosynthesis of a-acids, and s-acids should be determined

and the expression level of the phloroglucinols biosynthetic genes VPS, and HIPT1 must be analyzed.

The expression of the Delila and Roseal genes encoding transcription factors from snapdragon (Antirrhinum
majus L.) resulted in a transient increase of CHI activity in transgenic tomato fruits (Butelli et al. 2008).
Similarly, in transgenic soybean (Glycine max L. Merr) the expression of CHI was up-regulated by the

transcription factors C1 and R from maize (Yu et al. 2003).

Similarly, over-expression of the gene s-HIMYB3 in transgenic plants activated the genes involved in
flavonoid biosynthesis. The regulatory gene HIMYB3 has been characterized and it encodes a typical R2R3
protein. The high specific expression of HIMYB3 in lupulin glands of hop and the similarity to known
regulators of the flavonoid biosynthesis proposed a positive role as regulator of the biosynthesis of hop
specific flavonoids (Matousek et al. 2007; Matousek et al. 2012). However, transient expression analysis
showed that HIMYB3 was not able to activate the CHS _H1 promoter in tobacco leaves
(Matousek et al. 2012). By contrast, our results showed that over-expression of HIMYB3 strongly induced

the expression of CHS_H1 in transgenic hop plants suggesting a species-specific role.

101



The transcription factor HIMYB7 showed no ability to activate the promoter of CHS H1
(Matousek et al. 2012). Interestingly, our results showed that the transgenic plant no. 137 had the highest
HIMYB?7 and at the same time the lowest CHS_H1, CHI, F3H, F3'H, FLS, and OMTL1 relative expression.
Earlier studies have demonstrated that the activity of anthocyanin biosynthetic genes in transgenic
Arabidopsis and tobacco is negatively regulated by MYB transcription factor, like AtMYBL2, FaMYBL1, and
MdMYB6 (Aharoni et al. 2001; Matsui et al. 2008; Gao et al. 2011).

The regulation of the flavonoid biosynthetic pathway is mediated by the R2ZR3 MYB and bHLH transcription
factors, together with WD40 or WDRL1 proteins (Hichri et al. 2011). In tobacco, transient expression of
GtMYB3 together with GtbHLH1 enhanced the promoter activities of late anthocyanin biosynthesis genes
(Nakatsuka et al. 2008). Moreover, analysis of transient expression in tobacco leaves showed that the
complex HIMYB2/HIbHLH2/HIWDR1 and HIMYB3/HIbHLH2/HIWDRL1 strongly activated the CHS H1
gene but not VPS, and OMT1 (MatouSek et al. 2012). In contrast, our results showed that in hop the
expression of phloroglucinol biosynthetic genes VPS, and OMT1 was up-regulated by the over-expression of
the transcription factor HIMYB3.

7.2 Alternative genetic transformation system in hop

The health-promoting effects of flavonoids have encouraged the development of food crops with high levels
and/or altered composition of flavonoids (Schijlen et al. 2004). The flavonoid production in plants could be
enhanced through genetic transformation with one or more structural genes or by the introduction of genes of
homologous or heterologous regulatory elements. However, the first strategy is time consuming and has
limited value (Capell and Christou 2004). Usually, metabolic pathways are regulated by one or more
transcriptions factors that bind to the promoter of the structural genes in a given pathway activating their
transcription. Thus, the second strategy offers a more attractive approach to activate an entire pathway
(Wurtzel and Grotewold 2006). Therefore, the development of an efficient, simple and fast transformation

protocol to analyze the function of several transcription factors is highly desirable.

Although genetic transformation of hop has been reported using A. tumefaciens, it is a laborious, and time
consuming process (Horlemann et al. 2003). As a result, genetic transformation using A. tumefaciens is
hindering large-scale screening and functional validation of candidate genes in hop. As alternative methods
particle bombardment or A. rhizogenes-mediated transformation could be employed for testing gene function

in transgenic hop plants.

The present study describes the induction of hairy roots in hop (H. lupulus L. cv. Tettnanger) through
A. rhizogenes-mediated transformation. Moreover, an optimized bombardment protocol for DNA delivery

into hop tissues is reported.
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A. rhizogenes is a phytopathogenic gram negative soil bacterium responsible for the induction of transgenic
hairy roots in plants (Georgiev et al. 2007). Transgenic hairy roots have been employed for studying the
function of genes in Beta vulgaris L., Coffea arabica L., Prunus sp., and Capsicum annuum L.
(Kifle et al. 1999; Alpizar et al 2006; Bosselut et al. 2011; Aarrouf et al. 2012). The rapidity and technical
simplicity of this approach provides a major advantage over other methods. In the present study, hop tissues
infected with A. rhizogenes produced hairy roots in only 4 weeks, which is rapid in comparison with the 6-9
months time required for the generation of hop transgenic plants following A. tumefaciens transformation
(Horlemann et al. 2003).

Moreover, in comparison with A. tumefaciens-mediated transformation, hairy roots induction though
A. rhizogenes does not require the regeneration of whole plants making them a suitable system to study large
number of candidate genes (Bosselut et al. 2011). Additionally, the morphological similarity between hairy
roots and trichomes (Wagner 1991) might allow the use of this system for studying genes which are normally
active in the lupulin glands of the female cones of hop. In the last years, the culture of hairy roots in semi-
solid or liquid medium has become an alternative method for the production and accumulation of secondary
metabolites (Kim et al. 2011; Georgiev et al. 2011).

Among the direct gene transfer methods for plant transformation, particle bombardment has been widely used
for the generation of transgenic plants and transient studies of gene expression. This technique consists in the
acceleration of DNA coated microcarriers thorough cell wall/membrane delivering the foreign DNA inside
the cell. This technique offers several advantages compared to Agrobacterium-mediated transformation. For
instance, it is not limited to cell type, species or genotype. It eliminates the necessity of using a biological
vector, and requires only the expression cassette. Also, it allows the transfer of multiple genes or large
constructs (Altpeter et al. 2005). Previously, Batista et al. (2008) reported a genetic transformation protocol
for hop cv. Eroica using particle bombardment. In the present study, two of the most important physical
factors, helium pressure and target distance, were optimized for the delivery of foreign DNA into hop cv.
Tettnager. The integration of the transgenes gusA, and mgfp5 into transgenic shoots were corroborated by
PCR after culture on selection medium for 4 weeks. This optimized protocol could be used for the validation
of genes with a potential for modifying the production of secondary metabolites in hop, as well as for the
improvement of hop cultivars with better resistance to biotic and abiotic stress, and for modifying plant

architecture.
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Taking into consideration that only a small number of cells integrate successfully the transgene, the
development of any transformation system requires the establishment of efficient plant regeneration
protocols. Existing protocols for the micropropagation of hop and shoot induction from callus using semi-
solid medium are characterized by a low regeneration rates (Roy et al. 2001; Horlemann et al. 2003).
Therefore, this fact contributes to the overall low transformation efficiency in hop. It has been reported that
gelling agents limit the uptake of nutrients, plant growth regulators, and water. The use of liquid medium for
the regeneration of transformed cells provides an alternative to overcome this drawback. The permanent
contact of the medium with the plant improves in vitro growth and morphogenesis. Recently, Schwekendiek
et al. (2009) developed a shoot regeneration protocol from GONC (green organogenic nodule clusters) of hop

cv. US Tettnanger using temporary immersion bioreactors.

Particle bombardment coupled with the regeneration of plants in temporary immersion bioreactors could
improve the efficiency of hop genetic transformation. Earlier studies have reported the use of temporary
immersion system for the regeneration of transgenic strawberry and pineapple plants (Espinosa et al. 2002;
Hanhineva et al. 2007).

7.3 Opportunities for metabolic engineering in hop

The hop plant is prominently known worldwide for the secondary metabolites present in the lupulin glands of
the female cones, including essential oils, a-acids, p-acids, xanthohumol, and desmethylxanthohumol. In the
brewing industry, hops are responsible for conferring flavor, aroma, and bitterness to the beer. In addition, the

secondary metabolites of hops have pharmaceutical value (Chadwick et al. 2006; Zanoli Zavatti 2008).

Current hop breeding programs have been directed toward the development of varieties with novel
characteristics, such as exotic aromas and flavors, high a-acids, and f-acids content, improved agronomic
performance, and diseases resistance. Until now, hop breeding programs have been focused to satisfy the

demand of the brewing industry (Lutz et al. 2011; Srecev et al. 2012).

A large quantity of research has demonstrated the health-promoting effects of xanthohumol, and
desmethylxanthohumol (Stevens and Page 2004; Srecev et al. 2012). The addition of xanthohumol in beer or
non-alcoholic beverages represents an alternative to increase the consumption of this compound. Since,
wildtype hop contains only small quantities this approach requires extraction and purification of large
amounts of xanthohumol (Stevens and Page 2004). Additionally, only few drugs or nutritional supplements

containing xanthohumol are available in the market (Srecev et al. 2012).
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Therefore, given the medical and pharmaceutical importance of xanthohumol and desmethylxanthohumol it is
a strong argument for the redirection of breeding programs towards the creation of new cultivars with high
content of these prenylated chalcones. Previously, hop varieties with enhanced content of xanthohumol have
been obtained through conventional breeding (Nesvadba et al. 2011).

To complement these efforts, metabolic engineering of flavonoid biosynthesis offers tremendous potential for
modifying the production of these compounds in hops. Several strategies have been proposed to accomplish
this goal. One of them is the over-expression of one or more structural flavonoid biosynthetic genes. This
approach has been used to increase the flavonoid content in tomato (Schijlen et al. 2006).

In a second approach, introduction and expression of homologous or heterologous transcription factors could
improve the biosynthesis of flavonoids. As demonstrated in this study, the PAP1I/AtMYB75 transcription
factor influences the biosynthesis of flavonoids and prenylflavonoids. The synergistic action of MYB and
bHLH hop transcription factors increased the expression of CHS_H1 in tobacco, a key gene for the synthesis
of naringenin chalcone (Matou$ek et al. 2012). Consequently, further genetic transformation experiments
using hop MYB and bHLH transcription factors, like HIMYB2 and HIbHLH2, could improve the synthesis of

prenylflavonoids in hop.

Furthermore, higher amounts of prenylflavonoids could be obtained through the down-regulation or knockout
of a specific enzymatic step (Stevens and Page 2004). Although several approaches are available for the
down-regulation or knockout of a specific enzymatic step, RNAI represents an attractive alternative for
regulation of gene expression and enhanced secondary metabolite biosynthesis (Jagtap et al. 2011). In hop,
the biosynthesis of secondary metabolites has been studied and key genes, such as CHS_H1, VPS, HIPT1,
and OMT-1 has been described (Okada and Ito 2001; Matousek et al. 2002; Nagel et al. 2008; Tsurumaru et
al. 2010; Tsurumaru et al. 2012). For example, high xanthohumol/low bitter acids hops could be obtained
through the down-regulation or knockout by RNAI of genes leading to bitter acids, like VPS and HIPT1.
Similarly, knockout of OMT-1 may possibly result in an accumulation of desmethylxanthohumol, which

could be isomerized into pharmaceutical important 6- or 8-prenylnaringenin (Stevens and Page 2004).

An alternative to obtain hops with high levels of prenylated chalcones and bitter acids would be to increase
the number of lupulin glands (glandular trichomes) of the female cones (Stevens and Page 2004). Several
transcription factors, including members of the MYB and bHLH gene family, are implicated in the
development of trichomes (Kirik et al. 2005; Gruber et al. 2006; Matousek et al. 2012).
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The GLABRA3, a member of bHLH gene family from Arabidopsis, induced trichomes in transgenic
B. napus L. plants (Gruber et al. 2006). Similarly, the transcription factor MIXTA from A. majus L., modified
the trichome density in the epidermis of petals and cotyledons in transgenic N. tabacum L. (Kirik et al.
2005). This engineering strategy offers an attractive alternative to enhance trichome production in hop and
therefore to increase the production of valuable secondary metabolites.

Considering beer production in view of the German Purity Law from 1516, which is still applied, and the
attitudes from some consumers to genetically modified food, non-transgenic approaches should also be
considered. Mutation induction could be induced to modify the production of secondary metabolites in hop
(Stevens and Page 2004). However, it is a laborious and time consuming process, which could also change

many chemical characteristics of this cultivar.

In conclusion, metabolic engineering of flavonoids provides a chance for generating new economic
opportunities for hop farmers. The pharmaceutical and medicinal industry could take advantage and pay

attention to possible alternative applications of bioactive substances from hop.
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