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Screening of a cDNA library of the hop cv. Osvald’'s 72 and genomic cloning were used to isolate
members of an oligofamily of chs_H1 genes that codetermine the biosynthesis of prenylated chalcones
known to be valuable medicinal compounds present in hop (Humulus lupulus L.). chs_H1 oligofamily
members showed more than 99% and 98% identity on nucleotide and amino acid levels, respectively,
and retained all conserved amino acids that form the catalytic center characteristic for “true” chalcone
synthases. The chs_H1 promoter exhibited low sequence variability in addition to conservation of all
predicted cis-regulatory elements. Possible transactivation of the chs_H1 gene with the transcription
factor PAP1 from Arabidopsis thaliana was assayed using Agrobacterium tumefaciens infiltrations of
Nicotiana benthamiana and Petunia hybrida plants. Infiltration of N. benthamiana leaves with chs H1
promoter/GUS chimeras led to a 24.8-fold increase of the GUS activity when coinfiltrated with the
papl gene. Coinfiltration of the “native” chs_H1 gene with pap1 led to an increased accumulation of
chs_H1 mRNA as observed by semiquantitative reverse transcription—polymerase chain reaction.
Transgenic lines of P. hybrida expressing the pap1 gene showed unusual patterns of UV-A-inducible
pigmentation and anthocyanin accumulation in parenchymatic and medulla cells. Infiltration of
transgenic leaves of P. hybrida with chs H1 and papl genes arranged as a tandem led to quick
pigmentation within 12 h after UV-A irradiation. It is indicated that the chs_H1 promoter contains
functional element(s) mediating an efficient response to PAP1 expression and UV-A irradiation. UV-A
also induced chs_H1 mRNA and accumulation of flavonol glycosides in hop leaves. It can be expected
that the PAP1 factor could significantly influence the expression of the chs_H1 oligofamily in transgenic
hop and modify the hop metabolome.

KEYWORDS: Chalcone synthases; transcriptional factors; secondary metabolites; Humulus lupulus ; hop
cDNA library; Petunia hybrida ; Nicotiana benthamiana ; plant transformation

INTRODUCTION lupulusL.) form a specific part of the hop metabolome having

Recent developments in plant biotechnology are based on the? relatively stable biochemical composition that can be useful

knowledge of functional genomics that employ transcriptomics, [0F characterization of hop cultivars and genotyp@s This
proteomics, and developing metabolomics to understand theStability suggests the possibility of efficiently manipulating the

function and regulation of plant genes (for reviews, $e@). lupulin metabolome by changing structural and regulatory genes

The glandular trichomes (lupulin glands) in holumulus using molecular genetic techniques and “Myb” biotechnology
approaches using Myb transcription factors as tools for meta-

bolic engineering in plants (4).

* To whom correspondence should be addressed. F8292648055.

Fax: +3292648192. E-mail: Denis.DeKeukeleire@UGent.be. Several compounds in the lupulin metabolome are of par-
I'JS.mUte.tOf Ff"gm mO'BEC#W_BiO'OQY- ticular interest in view of their highly interesting medicinal
#Gﬂgﬁtrﬂ%'i\?ersi?; (UGcén%r'ma' properties (56). In this respect, current research is focused on
8 John Innes Centre. prenylated flavonoids that constitute a subclass of polyphenols.
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Xanthohumol (X; up to 1.3%, m/m, of the dry weight of a hop cDNA library from lupulin glandular tissue-enriched hop cones of cv.
cone) and desmethylxanthohumol (DMX; up to 0.2%) are the Osvald's clone 7213) was screened using’#-labeledchs_H1 CDS
principal prenylated chalcones in the lupulin glands. These probe. Clones that were positive after secondary screening_were
chalcones are prone to undergoing an intramolecular Michael- S0nverted from the Uni-ZAP XR phage vector to the pBluescript
type cycloaddition, leading to prenylated flavanones. Thus, X SK() (Stratagene, La Jolla, CA) plasmid form, and the insert was
gives rise to isoxanthohumol (IX, the predominant prenylated sequenced.

T . A completechs_H1 gene variant 1539 was obtained as a 2.1-kb
flavonoid in beer), and DMX leads to a mixture of 8-prenyl- PCR fragment from Osvald’s clone 72 genomic DNA using the primers

naringenin (8-PN) and 6-prenylnaringenin (6-PN). X is @ chg H1-prom-5 (5 GATCACGACCGTCCATTCTTS and chs H1-
fascinating cancer-chemopreventive compound exhibiting a 3 (5GAAATTGACCTTTACTCCAAAAAAATG3'), and the fragment
broad spectrum of inhibition mechanisms at all stages of was cloned blunt end into th8ma site of the pUC19 vector. The
carcinogenesis7( 8), while 8-PN is one of the most potent promoter of the sequence variant 132, which was most abundant in
phytoestrogens currently known (9). the hop cDNA library, was obtained by inverse PCR using the primers
The biosynthesis of prenylated chalcones in hop cones isH1-132InvFor (SCCACTCCGGCCAACTGTY and H1-132InvRev
mediated by an enzyme with so-called “true” chalcone synthase (5'GTTTAGTTTTAGTAATAGGACTCTACAACAACTS) and di-
(CHS: EC 2.3.1.74) activity, which efficiently catalyzes the gested withSacl and urcglanzed Osvald’s clone 72 genomic DNA as
production of chalcones by the condensation of three malonyl- me ;em‘l)la.tte' Tfhngsllgt'ng d%ﬁb frag'.“enlt Iviskglonedt t."“?t de.’nd tlrr:to
CoA units ando-coumaroyl-CoA. Further diversification of the ©sma’ ste o' p ; and 'he proxama =. P part Including te

biochemical h its in the f . f lated promoter and possible upstream elements were sequenced.
lochemical pathway results in the formation of prenylate Preparation of Plant Expression VectorsPAP1 (AtMyb75) CDS

chalcones including X and DMX by prenylation and methylation a5 otained by reverse transcriptigmlymerase chain reaction (RT-
reactions. CHS activity has been detected in hop extracts bypcRr) from A. thaliana var. Columbia RNA using primers PAP5'
Zuurbier et al. (10), and the corresponding “true” CHS-encoding (5'ATGGAGGGTTCGTCCAAA3') and PAP35'CTAATCAAATT-
gene designated abs_H1 was cloned and characterized in our TCACAGT3'), cloned into theSrfl site of the pCRScript vector
previous studiesl(1—14). Moreover, from genomic blots, we (Stratagene, Garden Grove, CA), and verified by sequencingc@\-
detected an oligofamily oths_H1-related sequences in hops BamHI PAP1 fragment containing the complete coding region was
(11, 12). Thechs H1 oligofamily has not yet been characterized c!oned in the frame between the C_aMV 35S promo_ter and the polyA
by sequential analysis, although coexpression of individual Signal of the vector pRT-10®(). This PAP1 expression cassette was
members of this oligofamily and their regulation very likely then excised wittHindlll and cloned_lnto theHindlll site of the_blnary

. . . : vector pLV-07 @2). The vector designated as pLV-51 was introduced
are key factors in understanding the genetically determined

S . into the Agrobacterium tumefacierstrain LBA 4404 by the freeze-
levels of prenylated flavonoids in the metabolome of various ,nq4.thaw method. The correspondirfy tumefaciensstrain was

hop genotypes. maintained in a medium containing 100 mgtlkanamycin. This vector
In our previous work, we characterized in detail the 0.5-kb was used for the transformation of petunia plants.

upstream promoter part of thehs_H1 gene. On the basis of For the infiltration studies, we prepared a series of vectors that could
these sequences, the involvement ofreigulatory factors (like be maintained in vigorous. tumefaciensn EHA101. These vectors
Mybs) in the regulation of thehs H1 expression was predicted were based on a newly prepared binary vector pLV-62. The vector
(13). This would imply eventual manipulation of tls_H1 backbone was obtained from pGA-482 to allow for selection of bacteria
expression by trans-acting heterologous factors that are specific2" tetracycline instead of kanamycin. This backbone fragment having
for regulation of the prenylflavonoid pathway in plants. Some / kP and containing the RK2 replication origin ametA gene for

. . . resistance against tetracycline was prepared by p&tHldigestion
factors, including PAP1, ANT, and C1, are known to induce of pGA-482 outside T-DNA and ligated to the annealed oligonucleotide

related phenylpropanoid pathway steps in phylogenetically 5rcGaAAGATCTS' in order to replace thesall site with Bglll.

distant species1¢—19). For instance, overexpression of the g psequently, the MB1 origin was ligated to this fragment to allow
PAP1 factor fromArabidopsis thalianahas been shown to  for a high level of replication irEscherichia coli. The MB1 origin
activate the production of anthocyanin-derived pigmentation in was prepared by a high-fidelitpwo polymerase amplification from
a heterologous system involving transgenic tobad&p. Using pCRScript using the following primers: @&jlll (5 GGAGATCTG-
microarrays and complex analytical approaches, Tohge et al. GCGCTCTTCCGCTTC3'and orBamHI (5GCGGATCCTGAGCGT-
(20) have recently shown that ectopic PAP1 overexpression in CAGACCCC3'). The amplified fragment (830 bp) was treated with
A. thalianaled to the induction of 38 genes and the modification B9lll and BamHI and fused with theBglli-predigested backbone,
o the A traianametabolome T et 5 058 e
In the present StUdY’ we characterized an oligofamily of “true fragment and cloned into pLV-60. The resulting vector was designated
chalcone SY”thaseS in hop and compared m—Hl CDNA . as pLV-62 and contained the following fusion cassette: MB1 replication
sequences isolated from the cv. Osvald 72, which revealed highqigin—ggili restriction site-right T-DNA bordermulticloning site-
sequence identities for individual oligofamily members. Analysis nptil gene—left T-DNA border—Bglll restriction site.
of alternative promoter variants ohs_H1 genes also revealed To prepare an expression vector containahg_H1 cDNA driven
low sequence variabilities and conservation of all cis-binding by the 35S promoter, thehs_H1 variant 132 (see above) was reamp-
motifs, suggesting a high functional uniformity within this lified by Pwopolymerase with the primerhs HICDSNca-5' (5AT-
oligofamily. Using a series of plant expression vectors, we TCCCATGGTTACCGTCGAGGAAG3Z') antths_H1-3'(5'GAAAT-
proved the functionality of the isolatedhs H1 promoter =~ TGACCTTTACTCCAAAAAAATGZ'), digested wittNcd andEcdRV,

sequences and the capability of the PAP1 transcription factor 2nd ligated intoNcol- and Smal-cleaved pRT100. The expression
from A. thalianato activate thehs H1 gene in the heterologous ~ Cassette was excised from pRT100 wkindill and cloned into the
systems ofNicotiana benthamianand Petunia hybrida. This Hindlll site of pLV-62, resulting in the binary vector pLV-64. The

o . . . 35S-drivenpaplgene from the vector pLV-51 was cloned aAscl—
finding suggests that PAP1 biotechnology is apt to modify the Pacl fragment into pLV-62, resulting in the vector pLV-65. The

hop metabolome via activation of natueis_H1 genes. “native” chs_H1 gene variant 1539 was exciseddmpRI| andHindll|
cleavage from pUC19 and ligated inkcoRI- andHindllI-digested
MATERIALS AND METHODS pLV-62, resulting in the binary vector pLV-66. The preparation of an
Isolation and Cloning of chs_H1 Variants and Promoter Se- expression cassette containing the “natieces_H1 gene fused to the
guencesFor isolation of the nevehs_H1 variants 132 and 211, a hop  35S-drivenpaplgene involved digestion of thehs_H1 gene variant
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1539 in pUC19 byeEcoRI and partially bysall and isolation as a 2.13-

kb fragment. This fragment was ligated irfgoRI- andSall-digested
vector pLV-65. The resulting vector was designated as pLV-67. The
promoterlesshs_H1 gene fragment was obtained by PCR using the
primers H1APKpnXho (5GCGGTACCTCGAGGAAAAATGGTTAC-
CGTCG3) and M13reverse (8GAAACAGCTATGACCATG3), and

the chs_H1 gene variant 1539 in pUC19 was used as the template.
The PCR product was digested wkipnl andHindlIll and ligated into
Kpnl- andHindlll-digested pLV-62, resulting in the binary vector pLV-
78.

Vectors pLV-64, -65, -66, -67, and -78 were introduced intoAhe
tumefaciensstrain EHA 101 by the freeze-and-thaw method. The
correspondinggrobacteriunstrains were grown in media containing
2.5 mg L tetracycline and 50 mg1* kanamycin.

To prepare thechs_H1—gfp—gudusion construct, the promoter
region of the original clonechs_H1 (AC:AJ304877) was reamplified
by Pwo polymerase usinghs_H1-prom-5(5'GATCACGACCGTC-
CATTCTT3) and CHSstart primer (BACCATGGTTCCTTTAGTTT-
CGGATZ3'). The promoter fragment was fused NWaol andBamH1
with gfp and gus genes arranged as a tandem in the vector pBFG-0
(23). The resulting vector pPBFG-PH1 was maintainedirtumefaciens
LBA 4404.

Leaf Infiltration, Plant Transformation, and Tissue Culture
Conditions. The method described by Voinnet et &4§ was applied
with minor modifications. Briefly, bacteria, tumefacienscontaining
the expression vector were grown in 20 mL of a LB medium containing
either kanamycin (50 mg1) for LBA 4404 or 50 mg ! kanamycin
and 2.5 mg L* tetracycline. Cells were activated in 10 mM MES, pH
5.6, and 10 mM MgGl buffer containing 15uM acetosyringone
overnight. Prior to infiltration oN. benthamianandP. hybridaleaves,
aliquots of the suspensions were mixed in varying combinations with
the pCB301-p19 vector containing the suppressor of post-transcriptional
silencing p19 (24). If not otherwise stated, leaves were collected for
analysis 5 days post-infiltration.

Petunia plants were cultivated in vitro on 1.0% agar containing an
MS medium (25) under conditions described by Vrba and Matbus
(22). Plants were transformed according to a standard leaf disk method
(26) and maintained on the medium containing 200 mgkanamycin
and 200 mg C* timentin.

RNA Extraction and Semiquantitative (SQ) RT-PCR Analysis.

For the SQ RT-PCR, the total RNA was isolated from 100 mg of plant
leaf tissue using CONCERT (Plant RNA Purification Reagent, Invit-
rogen) following RNA purification and DNA cleavage on columns
(RNeasy Plant Total RNA kit, Qiagen, Germany). To analyze the
expression oths_H1, aliquots of RNA samples were applied to RT-
PCR using the Titan One Tube RT-PCR System (Roche) with
diagnostic primers designated as CHS_H1 Al (5ATCACTGCCGT-
CACT TTC3) and CHS_H1 A2 (PAATAAGCCCAGGAACATC3')

(12). The reaction mixture according to the manufacturer’s manual was

MatousSek et al.

night, washing was performed at 86 (three times) for 30 min using
a 100 mM phosphate buffer at pH 7.2, 1% SDS, and 1 mM EDTA at
pH 8.3.

For Northern blot analysis of the PAP1 expression, total RNA
samples from petunia tissues were extracted using the CONCERT
reagent and dissolved in diethyl pyrocarbonate (DEPC)-treated water.
Aliguots of 3519 were separated on formaldehyde-denaturing agarose
gel. After blotting onto Biodyne A transfer membran&al|, Hamp-
shire, England), samples were hybridized to a full-length PAP1 cDNA
probe labeled with d-*?P]JdCTP. Prehybridization and hybridization
were carried out in a 50% formamide-based (pre)hybridization buffer
(29) at 50°C. The final washing was performed in &®5SC plus 0.1
M SDS at 55°C for 20 min. PAP1 cDNA probes for Southern and
Northern blot analyses were labeled with-PP]JdCTP using the
Redivue [0#?P] dCTP 3000 Ci mmotlt Rediprime Il random prime
labeling system (Amersham Pharmacia Biotech, Freiburg, Germany).
The autoradiograms were scanned using the TYPHOON Phospholm-
ager.

Plant Cultivation Conditions, UV-A Irradiation, Sampling, and
Analysis of Secondary MetabolitesN. benthamiana, P. hybridev.
Andrea, and Czech semiearly red-bine hdfuriulus lupulusL.)
Osvald's clone 72 plants (from the Hop Research Instituéte@ Czech
Republic) were maintained in glass boxes at a temperature &f 25
°C. Plants were grown under natural light from March to July 2005
with supplementary illumination [178mol m2 s7* PAR] to keep a
16 h day* period. UV-A irradiation of petunia and hop plants was
performed using a Black-Ray B100AP long-wave ultraviolet UV lamp
(supplied by East Port, Prague, Czech Republic), which provided a
concentrated and high-intensity (700®/ cm™2) beam of 365 nm at a
distance of 38 cm. If not otherwise stated, plant leaves were exposed
to UV-A for 15 min from a distance between 35 and 40 cm.

Leaves ofN. benthamiana, petunia, and hop were used for protein
and RNA extractions immediately after collection. hop leaves were
lyophilized prior to analysis of secondary metabolites. Samples 6f 25
50 mg were extracted in triplicate using 1 mL of a methanol/water
mixture (1/1, v/v). After centrifugation and filtration, the sample was
analyzed by high-performance liquid chromatography (HPLC) using a
Waters 2695 Alliance Separations Module and a Water 996 photodiode
array. The column was a Varian Omnispher (C18, 25@.6 mm, 5
um) and was maintained at 3&, while the injection volume was 50
uL. Gradient elution over 60 min was applied from 15% of solvent B
(a methanol/acetonitrile mixture with 0.025% formic acid) in solvent
A (water with 0.025% formic acid) to 95% of solvent B in solvent A.
Chromatograms at 310 and 350 nm were extracted from the 3D data,
and peaks were characterized based on their UV spectra and retention
times and compared with authentic standards. Peak integrations were
carried out using standard parameters, and normalized peak areas were
calculated by dividing the peak areas by the sample mass.

Other Methods. The GUS activity was measured according to
Jefferson (30) on a DyNA Quant 200 fluorimeter (Hoefer), using 1

used except that the concentration of the primers was increased to 1.5mM 4-methylumbelliferylg-p-glucuronide (MUG) as the substrate. The

uM. Reverse transcription was run for 30 min at 48, and after
denaturation at 94C for 2 min, PCR was started with cycles of 30 s
at 94°C, 30 s at 55C, and 60 s at 68C. Aliquots of the PCR product
(10 uL) were taken at annealing steps next to the sampling cycles and
after completion of the PCR. Electrophoresis was performed in 1.5%

activity unit was defined as 1 pmol of 4-methylumbelliferol (MU) per
min at 37°C. The GUS activity was calculated per milligram of fresh
mass of leaf tissue.

For the study of anthocyanin localization in petunia tissues, leaf,
petiole, and stem, transverse sections{800xm) were prepared using

agarose gels. For SQ RT-PCR, nucleic acids were transferred by aa microtome (Meopta, Pferov, Czech Republic) and analyzed as fresh

Southern blot to nylon membranes charge modified at QmM%Sigma)
and hybridized to a [#2P]dCTP-labeled CHS probe. The intensities

samples using a light microscope.
For analysis of the pigment production, individual samples were

of the bands on the Southern blots were determined by scanning via aphotographed and analyzed with the “measure pixel density” option

TYPHOON Phospholmager (Amersham Biosciences, Piscataway, NJ)
and quantified using ImageQuant software (Molecular Dynamics,
Sunnyvale, CA).

Genomic Blots and Northern Blot Analysis.Genomic DNA from
petunia leaves was isolated as described by Tai and Tankd®y (
Southern analyses were performed by using Qiabrane Nylon Plus
membranes (Qiagen). Hybridization was conducted according to Church
and Gilbert 8) at 65°C in a 0.4 M phosphate buffer, pH 7.2,
containing 7% sodium dodecyl sulfate (SDS), 1% bovine serum
albumin, 1 mM ethylenediaminetetraacetic acid (EDTA) at pH 8.3, and
a [a-*2P]dCTP-labeled PAP1 cDNA probe. After hybridization over-

usingLucia version 5.0 software (Laboratory Imaging, Prague, Czech
Republic).

Phylogenetic comparisons of chalcone synthases were performed on
sequences with the following accession numbers in the EMBL
nucleotide database: true chalcone synthase fxedicago sativa,
AB061021; valerophenone synthase frelumulus lupulusAB047593;
chs_H1 fromH. lupulusAJ304877. Newly describechs_H1 variants
in this study have the following accession numbers: clone No. 132,
AM263200; clone No. 211, AM263201; clone No. 1539, AM263199.

Sequence analyses were carried out with DNASIS for Windows,
version 2.6 (Hitachi). The phylogenetic tree was calculated by the
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Figure 1. Homology tree for cDNA and amino acid sequences of the ~— cooveveiin cieiiiaen o e iiiis diieaaae araaeaaas
chs_H1 oligofamily members; comparison with “true” chalcone synthase D e j:ﬁ::::::: DT et

from alfalfa. The tree is rooted using the chs-like sequence of valerophe-
none synthase from hop. Homology percentages are given for nucleotide

sequences and, in brackets, for deduced amino acid sequences. The A """""""""""""""""""""""""
calculgtlong were performgd by means of PNAS'S for Wlndows version PHDTHLDSLY [EQALFODGSA ALIIGADPIP EIZKPIFELY SAAQTILEDS 250
2.6 (Hitachi) using the multiple-sequence alignment function. Trees were " "/ Bl e eeeeee neeneneene eenan Tevrr cerrnnennn
generated with the Clustal W option of the program.  eeeeeeeees Beaeieias aean Te cieenavane tasanannns
.......... Lt
Neighbor-Joining method in the ClustalW option of the DNASIS DGA?D%HLRE YSLTPHLLKD VPGLISKNIE KSLVEAFKPL GISDUNSLFW 300

software. Amino acid classes described by Bork etﬂ) @Vere USEA 0 seeseianas seesenanas sresesansa aressasass sasasasans
for protein COMPAriSONS. s s esesesies sessesees s

Jeee o %
PGGPAIL DOVESKLGLKE PEKLRATRHY LGEYGNM3SA CYLFILDEME 350
RESULTS Eﬂ .............. @‘ ...............................
Sequence Analysis of thechs_H]_ O|igofami|y. In our S - ot T e
previous work, we have cloned and characterized a “true” RECAED i TGEGLEWGYL FGFGFGLTVE TVVLHSVGI-C vesite
chalcone synthase gene designatethasH1, and from genomic R R B
blots, we predicted the existence of an oligofamilych_H1- ... L e e % coamarer! wnding st

related genes (111,2). Consequently, we particularly focused
on the sequence analysis and comparisonshsf H1 oligo-
family members from the Czech hop cv. Osvald’s 72. To obtain

H-b
500 DxMyb-like box
GATCACGACC GTCCATTCTTCCTACCACAL ACGTAAGALR CGAATGGTTC

additionalchs_H1 homologues, we initially screened a cDNA ATAARATGAC ARAACGCTTGTGTTGATGAG TTGLTGCATT GTTTGG TAA
library from lupulin glandular tissue-enriched hop cones, which <400 *G

. . . . pe GTGTTCATAGTGAGACTCTC TCTCTTAAAT CTCAAGTCAT GLGGGGGTTL
we had established previously3), with a chs_H1-specific 550 Myb-box Cbox
hybridization probe. Sequencing of positive clones revealed two AATACARCGAGCBCACCALACTCTTGTETC ACGTGCCAGA CEECCGECCT
new variants No. 132 and No. 211 having accession humbers A GGCTTEOACTTAAGETA GTTEAAACCA GAGGCTTTAG CTCTTCATAL

i i -250 G-bo:

AM263200 and AM2§3201, respectively, which were clearly 2 AR TTEECCAAGE b G A CTTC TEARCTACC C TITTTTTTIT
homologous to the originalhs_H1 sequence (AJ304877). The 200 TATA signal
sequence of clone 132 appeared to be most abundant in the Sy T TIATITCTTTCCCATACTTTGRC ATTATCACAC TRTRARTAAG
cDNA library, matching four out of seven fully sequenced TA Lt

positive clones. In parallel experiments, an additional variant

No. 1539 was obtained by high-fidelity PCR from Osvald’s 72 -100

genomic DNA (AM263199). In total, four sequence variants CTCTMTACTACT&CTACTATACT&ETEGTTGTI‘GTAGAE—TCCTA’I‘I‘ACT

of the chs H1 coding region were aligned and compared to iihmmcm“mumsscmiubmcsmcrmssm

“true” chalcone synthase from alfalfa, as well as to a CHS-like 1

enzyme, valerophenone synthase from hejgyre 1). It can ANTE

be seen that isolatedhs H1 oligofamily members show more  Figure 2. Amino acid alignment and sequential analysis of isolated

than 99% and 98% identity on nucleotide and amino acid levels, members of the chs H1 oligofamily (A) and nucleotide sequence

respectively, within the oligofamily and share more than 82.5% variabilities within the promoter region of the chs_H1 genes (B): 1, the

amino acid identity with chalcone synthase from alfalfa, while chs_H1 amino acid sequence published under AJ304877 in the EMBL

valerophone synthase exhibits low homology to ties H1 database (clone ORIG); 2, clone No. 1539; 3, clone No. 132; 4, clone

oligofamily. Most importantly, all nonhomologous (positions No. 211. The promoter sequence of clone No. 1539 is shown. Putative

61, 123, 229, and 236), as well as homologous (positions 211, regulatory signals, H-boxes, G-boxes, and Myb boxes are according to

302, 308, and 358), amino acid changes occurred out of the setRushton and Somssich (32) and Matousek et al. (13).

of conserved residues. These residues are characteristic for the

"true” chalcone synthase, more specifically for formation of the 98.0% identity, respectively, with the originehs_H1. Except

geometry of the active site, the active center, the cyclization for one base change and one base insertion, most of the

pocket, and the coumaroyl binding sitEBigure 2A). These variabilities including short deletions occurred in the AT-rich

sequence characteristics suggest catalytic conservation of theegion, which can be identified from nucleotide positio85

oligofamily of chs_H1 genes. to position—211. Isolated sequences of tbles_H1 promoter
The sequence of the most abundant variant No. 132 was usedhowed a high degree of conservation including all predicted

to design primers for inverse PCR to obtain and partially cis-regulatory elements, G-boxes, H-boxes, and Myb binding

sequence a 6-kb fragment upstream of the coding sequence osites known in the original clone. These results suggest that, in

clone No. 132. Together with the originalhs H1 clone addition to catalytic conservation, thehs_H1 oligofamily

(AJ304877), three variants of tiths_H1 promoter region were  exhibits a high degree of promoter uniformity.

compared. The variability of the promoter sequence is displayed PAP1 Activation of Anthocyanin Biosynthesis and Func-

in Figure 2B. The 0.5-kb upstream parts of the No. 132-derived tional Analysis of chs_H1 in Heterologous Systemsiccord-

inverse PCR clone and of clone No. 1539 share 99.2% anding to our previous studies arths H1 expression and promoter

-150
AGTCTGTCACATATTAAATT TCGTACCACT ACAACATTTC ATATCTTCTT
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pBGF -PH1

Figure 3. Schematic drawing of expression cassettes within the T-DNA parts of the plant vectors used for leaf infiltration. The schemes are not to scale.
(a) Vector pBGF-PH1 containing the chs_H1 promoter inserted into the pBGF-0 vector via Ncol and BamH1 restriction sites. (b—d) Cassettes bearing
35S-driven chs_H1, 35S-driven papl, and the “native” chs_H1 gene, respectively. (e) Native chs_H1 gene head-to-tail arranged to the 35S-driven papl
gene as a tandem. (f) Promoterless “native” chs_H1 gene. Coding sequences are in dark gray, promoters and introns are in white, and T-DNA border
sequences and multiple cloning sites are in light gray. Nptll designates the neomycin phospohotransferase gene for resistance to kanamycin. This gene
is driven by the nopalin synthase promoter: 1, chalcone synthase intron sequence; BR and BL, right and left T-DNA borders, respectively. By the letters
N, B, A, P, the positions of Ncol, BamHI, Ascl, and Pacl restriction sites are shown, respectively. These restriction sites were used for the integration
genes and cassettes in the plant vector.

composition, we predicted an involvement of myb, myc, and infiltration, the GUS activity in leaf homogenates was measured
b/hlh cis-acting factors iths_H1 regulation (1113). Indeed, using a fluorimetric method. It was found that the GUS activity
as demonstrated in this study, the predicted cis-regulatoryincreased 24.8-fold in leaves coinfiltrated with the PAP1
elements remained conserved within the compared promoterconstruct (vector pLV-65Figure 3c) compared to infiltration
sequences of thehs H1 oligofamily. For instance, a plant-  without PAP1, reaching 12378 36 pmol of MU per minute
specific myb recognition element having consensus A(A/C)C- and per milligram of fresh mass. These results clearly indicate
(A/T)A(A/C)C (32) has been identified in the central part of the functionality of the clonedhs_H1 promoter sequence and
thechs H1 promoter at positions(331—337), and, in addition, its inducibility in the presence of PAP1.
its motifs can be recognized within H-boxes and Myb-like Additional constructs were prepared to assay the functionality
boxes, position 468—479 nucleotides upstream of the coding of the wholechs_H1 gene. Construct pLV-66-igure 3d)
region (Figure 2B). Because the presence of these boxes couldcontains the nativechs_H1 gene with a 0.5-kb upstream
indicate efficient Myb regulation of thehs_H1 gene, we  promoter and a natural intron (clone No. 1539). This construct
concentrated on the analysis of possible interaction of the was compared to the 35S-drivens H1 CDS of clone No. 132
chs_H1 gene with an activator of anthocyanin biosynthesis, (vector pLV-64; Figure 3c), as well as to the promoterless
namely, the Myb transcription factor, PAP1, frofn thaliana, sequence of clone No. 1539 (vector pLV-#gure 3f) and
valuable for phenylpropanoid biotechnology. the nativechs_H1 gene arranged as a tandem with the 35S-
For functional analyses of thehs_H1 sequence, a series of drivenpapl(vector pLV-67;Figure 3e). After leaf infiltration,
plant expression vectors were constructed (Figure 3) andthe levels oiths H1 mRNA were measured using SQ RT-PCR
transformed intd\. tumefaciend-or transient expression assays, with Exon2-specific primers designated as al and a2 (see the
we used the technique of plant leaf infiltration with mixtures Materials and Methods section). N benthamianahalcone
of A. tumefacienstrains. To assay ttehs_H1 promoter activity, ~ synthase was detected and, furthermore, PCR products were also
the promoter part was reamplified and fused Waol and absent after infiltration with the promoterlesiss H1 construct
BanmH1 with tandemly arrangegfp andgusgenes in the vector  or with thepaplconstruct. Application of the “nativeths_H1
pBFG-0. The resulting vector pBFG-PHEigure 3a) was then led to accumulation of a specific PCR product hybridizing to
used for infiltration ofN. benthamiandeaves. Four days post- the H1 probe, as seen from a typical experimenFigure 4,
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Figure 4. SQ RT-PCR analysis of the chs_H1 expression in infiltrated
leaves of N. benthamiana. RNA was isolated from infiltrated leaf tissues
of N. benthamiana 5 days post-infiltration, and aliquots of 1 ug of RNA
were analyzed by SQ RT-PCR reactions with the primers CHS_H1 Al
and CHS_H1 A2 (see the Materials and Methods section). Amplified
products corresponding to cycle Nos. 25, 28, and 32 were analyzed by
a Southern blot and quantified using a TYPHOON Phospholmager. The
radioactivity signal is given in “volume” units that characterize pixel
intensities (U) within the zone. (1) Sample from leaves infiltrated with the
tandem construct of “native” chs _H1 and 35S-driven papl (vector pLV-
67). (2) Infiltration with 35S-driven chs_H1 (vector pLV-64). (3) Infiltration
with a mixture of Agrobacterium strains bearing vectors pLV-66 (“native”
chs_H1) and pLV-65 (35S-driven papl). (4) Infiltration with only “native”
chs_H1 (vector pLV-66). No products and radioactivity signals were
detected after infiltrations with only promoterless chs_H1 (vector pLV-78)
or only 35S-driven papl (vector pLV-67) or in control samples from
noninfiltrated plants.

line 4, and this accumulation showed a higher rate when

coinfiltration with thepaplgene was performedFigure 4, line

3). Interestingly, the rate afhs_H1 mRNA accumulation was

very high in samples infiltrated witbhs_H1 anghaplarranged
in tandem and reached almost the same ratghasH1 driven
by the strong 35S promoter (compare lideand2, Figure 4).

These results suggest, on the one hand, that some level o
chalcone synthase transcription from tbhlhs_H1 construct
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in soluble forms and in specific inclusions in various paren-
chymatic tissues and in medulla, in which pigmentation was
not observed in nontransformed controls (not shown). It is
important to note that the intensity of coloration correlated with
the intensity of sunlight and, as we found later, responded to
UV-A irradiation (not shown).

In further experiments, infiltrations of young leaves of petunia
controls and transgenotes with ttles_H1 angaplconstructs
were combined with UV-A irradiation to detect the influence
of these genes on anthocyanin production in petunia. The leaves
were photographed after infiltration, and the intensity of the
blue pigment was measured from electronic images by the color
density option of the image analyzing programcia (see the
Materials and Methods section). An increment of pixel mean
density calculated from infiltrated versus control leaf tissues
was plotted against the cultivation time post-infiltration, as
shown in Figure 7, panelA. It should be noted that blue
pigmentation appeared-% days post-infiltration of control
plants. In the absence of UV-A irradiation, the color was
detectable only if thehs_H1 angapl tandem was infiltrated
(Figure 7, panelA, graphl). UV-A irradiation as a supple-
mentary factor led to high pigment accumulation for theH1
and papl tandem variant and to moderate pigmentation after
chs_H1 angpapl coinfiltration, while individual infiltration of
papl, 35S-driverths_H1, or “native’ths_H1 led to negligible
coloration changesgure 7, panelA; compare graphs and
II). Interestingly, the blue coloration reached a maximum 6 days
post-infiltration and then disappeared slowly, suggesting an-
thocyanin degradation or changes in young infiltrated petunia
leaves (Figure 7, paneh). A quick leaf coloration response
was achieved after infiltration of thehs_H1 angapl tandem
construct in young leaves of petunia transgenic lines. In this
case, an intensive coloration appeared 2 days post-infiltration
followed by a period of 12 h of post-UV-A irradiatiomrigure
t7, panelB), and then it disappeared slowly. These results
indicate activation of thehs_H1 gene by the PAP1 coexpres-
sion, as well as a direct involvement ohs_H1 in transient

infiltrated into N. benthamiandeaves exists and, on the other
hand, that this transcription is significantly enhanced by V. L . . . o
coapplication of the transcription factor PAP1. pigmentation in petunia was stimulated by UV-A irradiation.
A heterologous system &¥. hybridacv. Andrea producing Activation of chs_H1 due to UV-A Irradiation and

blue-colored flowers was applied to monitor anthocyanin Accumulation of Secondary Metabolites in hop Leaves.
accumulation. To investigate the influence of PAP1 on petunia Having experimental data on the stimulatory effect of UV-A
coloration, transgenic petunia lines were produced usingithe irradiation onchs_H1-mediated petunia leaf coloration, we
tumefaciend BA 4404 bearing vector pLV-51 containing the addressed the issue of the possible activatiohsf_H1 by
paplgene driven by the 35S promoter (for vector preparation, UV-A irradiation of hop leaves. We reported previously that
see the Materials and Methods section). Southern and Northerrihe level ofchs_H1 is negligible in young hop leaves, especially
blots of selected petunia transgenotes that vigorously grew,in plants grown in greenhouse conditions under a low intensity

pigment production in petunia. Moreoverths_H1-mediated

rooted in media containing kanamycin, and expresse@ajpé

transgene are shown Figure 5. These transgenotes exhibited

a stable expression gfapl mRNA, while no hybridization

of natural light (11). This lonchs_H1 background enabled us
to follow up on the effects of UV-A irradiation. hop leaves were
irradiated two times prior to collection, each time for 15 min

signal was observed in tissues from nontransformed plants. Ain the middle of a regular 16-h photoperiod, followed by 1 day

typical profile of thepapl mRNA expression is displayed in

Figure 5B. The highest concentration pap1ImRNA was found

of additional cultivation. SQ RT-PCR gave higher rates of PCR
product accumulation for RNA samples from UV-A-irradiated

in leaves, whereas very low concentrations appeared in maturetiSsue in comparison to control samples exposed only to the
flowers, suggesting a low transcription rate and/or a high mRNA standard illumination. This increase was in the range of-190
turnover in flower corolla cells. Thpapltransgenotes showed 350% in comparison to controls (100%) depending on the
unusual coloration. Despite the high levelspaipl mRNA in experiment. To assay possible changes in the contents of
young leaves, pigmentation was absent, while blue anthocyaninsecondary metabolites in irradiated leaves, qualitative and
spots appeared in intermediate leaves and especially in the lowequantitative analyses were performed by HPLC. While leaves
surface of old leaves (Figure 6, panels and B). Blue contain only very low levels of prenylated flavonoids, the
pigmentation, which was absent in control plants, accumulated analysis was focused on flavonol glycosides (derived from
also on stem nodes, developing corolla and anthers, and in rootkaempferol and quercetin) and phenolic acids. Substantial
of in vitro transgenic plants. Analysis by light microscopy differences in UV-A-irradiated hop leaves were noted in
(Figure 6, panelG) showed that anthocyanins appeared both comparison to the controls, in particular for flavonol glycosides
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Figure 5. Southern blot (A) and Northern blot (B) analyses of P. hybrida transformed with papl. (A) Genomic DNA was isolated from plant lines
vigorously rooting in media-containing kanamycin (100 mg L™1), digested with Kpnl, subjected to electrophoresis, blotted, and probed with a radioactivity-
labeled pap1 probe. Samples isolated from individual transgenic line Nos. 0, 2, 3, and 6 are designated by numbers on the top of the gel. “C” designates
a sample from a nontransformed plant. The positions of hybridization signals confirming stable genomic integration of the transgene are indicated by
arrows on the right side. The DNA marker (1-kb ladder, BRL) is positioned on the left side. (B) The total RNA was isolated from various tissues of the
transgenic line No. 0 and subjected to Northern blot analysis (see the Material and Methods section): lane 1, RNA from young leaves; lane 2, old leaves;
lane 3, stems; lane 4, fully expanded flower corollas; lane 5, roots. In lanes 6-10, tissue samples from nontransformed plants were applied. The smear
in lane 2 is due to degradation of mRNA in old yellowish leaves from plants approximately 3 months after their transfer to the soil from in vitro culture
and not due to the RNA extraction itself. The position of the full-length PAP1 mRNA signal is indicated by the arrow on the right side. The positions of
the RNA molecular weight marker 1ll (Boehringer, Mannheim, Germany) are shown on the right side.

with much higher amounts {85-fold) in the irradiated samples  variants of thechs H1 promoter was also very low, and all

when compared to the controls (Table 1). The analysis of predicted cis elements were conserved in this 0.5-kb upstream
phenolic acids showed an opposite effect of UV-A irradiation. promoter sequence. The major difference among promoter
The normalized peak areas for phenolic acids are lower{(0.3 sequences appeared in the AT-rich region, in which deletions
0.6-fold) after UV-A exposureTable 1). The only exception  and base changes were found. Whether or not this AT-rich
is a peak with a retention time of 13.4 min, which is 3-fold region or some more distant cis elements contribute to possible

more concentrated in the irradiated samples. quantitative differences in the expression of this oligofamily in
hop tissue is not known. The high uniformity of the character-
DISCUSSION ized 0.5-kb upstrearohs_H1 promoter and the coding regions

indicates a rather high potential for functional uniformity within
thischs H1 oligofamily and argues against strict specialization
of individual oligofamily members either in anthocyanin
pigmentation in specific cells or in the accumulation of
prenylated chalcones including X and DMX in hop lupulin
d glands. This assumption is consistent with the coexpression of

flavonoids in hop 83). More specifically, prenylated chalcones chs_.Hl sequences, which was observed aIsp in our earlier
have been characterized as highly valuable medicinal com.- Studies _usmg te.mperz?lture-.grament gel ana-IyS|s (?1)'

pounds (56). On the basis of genomic blots, RFLP, and intron ~ Despite the high uniformity of thehs H1 oligofamily, there
length polymorphism, it has been predicted that at least six are considerable quantitative tissue-specific and developmental
distinctchs H1-hybridizing sequences would be present in hop differences inchs_H1 mRNA levels in hop, and the level of
cv. Osvald's 72 11, 12). However, it is uncertain whether or  this mMRNA in lupulin glands is about 100-fold more concen-
not some of these oligofamily members could be pseudogenesirated than that in young leavesl( 12). In addition, there are
because at least two double-cleaved RFLP fragments hybridizedclear differences among different hop genotypes in their ability
only to an Exonl-specific probel2). This observation could ~ to produce prenylated chalcone (2, 13), which, however,

be attributed to full or partial deletion of Exon2. In the present do not correlate with the number of predictelils_H1 genes. It
study, we applied screening of a cDNA library derived from follows that various regulatory factors may be involved in the
lupulin glandular tissue-enriched hop cone mRNA, which chs_H1 expression. Indeed, analysis of des_H1 promoter
resulted in the isolation of two related clones No. 211 and No. revealed several cis-regulatory elements characteristicisr
132 in addition to the originaths_H1 sequence. According to ~ regulation (11) including Myb-binding sequences (13).

the screening, clone No. 132 seemed to be most abundant in Rather than direct laborious and time-consuming hop trans-
the cDNA library, suggesting some quantitative differences in formation with A. tumefacieng35), we used a very efficient
the expression oths_H1 genes. In parallel, an additional transient expression assay in heterologous system$\.of
completechs_H1 gene variant (clone No. 1539) including benthamianaandP. hybridavia attached leaf infiltration24).
promoter and intron sequences was amplified from hop genomic The aim was to study the responsiveness ottieeH1 promoter
DNA. Sequential analysis of these four closely relathd_H1 and the whole gene to the coexpression of one of the conserved
sequence variants showed clearly that they are all matching aactivators in the phenylpropanoid biosynthetic pathway, namely,
catalytic amino acid core that is characteristic for “true” chalcone the PAP1 factor fromA. thaliana(15). Despite the prediction
synthases such as alfalfa CHS2, which has been analyzed byof the involvement ofmybbinding sites in thehs H1 promoter,
crystallography 34). The variability within three sequence activation with PAP1 could not be predicted a priori because

In this study, we aimed at characterizing oligofamily members
of the hop genes encoding “true” chalcone synthase (EC
2.3.1.74). The main interest in this oligofamily, which was
designated ashs H1 according to the first sequence (AJ304877)
isolated and analyzed previousl§1( 12, 14), resides in its
candidate role in the biosynthesis of bioactive prenylate
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Figure 6. Analysis of anthocyanin coloration of transgenic petunia
expressing the pap1 gene. A: 1-3, young, intermediate, and old transgenic
leaves, respectively; 4, old leaf from a nontransformed plant. B: details
of pigmentation in an old leaf from the lower (1) and the upper (2) side.
C: pigment accumulation in young stems; arrows show intense pigmenta-
tion in nodes and leaf abutement. D: more intense pigmentation in a
developing transgenic corolla (1) than in a flower corolla of a nontrans-
formed control (2). E: 1, pigmentation in transgenic anthers; 2, anthers
of a nontransformed plant. F: blue roots of a transformed plant grown in
vitro. G: longitudinal (1) and transverse (2) sections of stems of papl-
transformed petunia. Excised stems were sectioned and observed by light
microscopy without staining. Pigment accumulation in medulla cells is
shown by the arrows. Magnification: 51x.

examples are known of the differential response of various
chalcone synthase paralogues to the samy® activator in
heterologous systemd)( In our experiments, coinfiltration of
papldriven by the 35S promoter with a chimeric construct
containing thechs H1 promoter fused tgusled unambiguously

to an elevated GUS expression. In addition, coinfiltration with
paplled to the accumulation aths_H1 mRNA inN. benthami-
analeaves, suggesting PAP1-mediated activation of “natural”
chs_H1. This coinfiltration in petunia leaves led to the ac-
cumulation of blue-colored anthocyanins. This leaf coloration
was inducible by UV-A that is a major UV component of the

sunlight and occurred very fast in petunia transgenotes. More-
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Figure 7. (A) Image analysis of pigmentation in infiltrated young petunia
leaves. After infiltration, the leaves were photographed and the intensity
of the blue color was measured from electronic images by the program
Lucia (see the Materials and Methods section). An increment of a pixel
mean density was calculated as the difference between coloration of
infiltrated and control leaf tissues, and it was plotted against the cultivation
time post-infiltration (panel A). At 4 and 5 days post-infiltration, UV-A
irradiation of the leaves with a Black-Ray B100AP long-wave ultraviolet
UV lamp was performed during 15 min as indicated by the arrows on
graph Il, while no UV-A irradiation was applied for graph I. Infiltrations
were performed using the following vectors or vector combinations that
correspond to the following column patterns: a, infiltration with the
activation buffer (control sample); b, “native” chs H1 gene (vector pLV-
66); ¢, 35S-driven papl gene (vector pLV-65); d, a mixture of “native”
chs_H1 and 35S-driven papl (see legend to Figure 4); e, “native” chs_H1
gene arranged in tandem with the 35S-driven papl gene (vector pLV-
67). (B) Leaf coloration of the transgenic petunia line 0 2 days post-
infiltration with the vector pLV-67, followed by a period of 12-h post-UV-A
irradiation. The infiltration zones are indicated by white arrows. The
confidence intervals are given at oo = 0.05.

and UV-A-inducible patterns of pigment accumulation in various
tissues and organs. All of these results suggest the involve-
ment of additional petunia-specific and light-inducible regula-
tory factors that cointeracted in a combinatorial manrgs, (
37) with 35S-driverpaplin the pathway to pigmentation. Some
cointeracting factors could be Myc bHLH cofactors like JAF13
in petunia plants9) or bZIP proteins that recognize specific
G-boxes 88). At least two G-boxes were identified within the
promoters of thechs_H1 oligofamily and, therefore, similar
cofactors can interact directly witths H1. The fact that UV-A
light increased the accumulation ohs_H1 in hop leaves is

over, petunia transgenotes themselves showed unusual sunlighteonsistent with a direct accumulation of flavonol glycosides in
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Table 1. Normalized Peak Areas for Secondary Metabolites from hop
cv. Osvald's 72 Clones

fr, Min

Osvald's 72
irradiated®

Osvald's 72
control?

ratio irradiated
vs control

Major Peaks at 350 nm (&g = 10—-30 min) (Flavonol Glycosides)

17.8 29 785 3412 8.7
19.7 23653 2260 10.5
21.8 70879 6657 10.6
249 27026 1068 253
Major Peaks at 310 nm (&z = 10—20 min) (Phenolic Acids)
114 31836 51627 0.6
134 16 796 5468 31
16.1 6934 21534 0.3
18.3 6934 14247 05

@ See the experimental procedures.

hop leaves found in our experiments. Furthermore, the lower

MatousSek et al.

one can expect that the expression of these two btlop
homologues should occur differentially under PAP1 coregula-
tion. Differential or selective MYB activation of hopghs
homologues and other genes will be a useful tool to study the
biosynthetic pathways of valuable secondary metabolites in
lupulin glands.
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