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Abstract

Genetic modification of the flavonoid pathway has
been used to produce novel colours and colour
patterns in ornamental plants as well as to modify the
nutritional and pharmaceutical properties of food
crops. It has been suggested that co-ordinate control
of multiple steps of the pathway with the help of
regulatory genes would lead to a more predictable
control of metabolic flux. Regulation of anthocyanin
biosynthesis has been studied in a common ornamen-
tal plant, Gerbera hybrida (Asteraceae). An R2R3-type
MYB factor, GMYB10, shares high sequence similarity
and is phylogenetically grouped together with pre-
viously characterized regulators of anthocyanin pig-
mentation. Ectopic expression of GMYB10 leads to
strongly enhanced accumulation of anthocyanin pig-
ments as well as to an altered pigmentation pattern in
transgenic gerbera plants. Anthocyanin analysis indi-
cates that GMYB10 specifically induces cyanidin bio-
synthesis in undifferentiated callus and in vegetative
tissues. Furthermore, in floral tissues enhanced pelar-
gonidin production is detected. Microarray analysis
using the gerbera 9K cDNA array revealed a highly
predicted set of putative target genes for GMYB10
including new gene family members of both early and
late biosynthetic genes of the flavonoid pathway.
However, completely new candidate targets, such as
a serine carboxypeptidase-like gene as well, as two
new MYB domain factors, GMYB11 and GMYB12,
whose exact function in phenylpropanoid biosynthesis
is not clear yet, were also identified.

Key words: Anthocyanin, Asteraceae, flavonoid, genetic
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Introduction

Biosynthesis of flavonoids and especially anthocyanins, the
most important compounds contributing to orange, red, and
blue coloration of higher plants, have been intensively
studied for decades (for reviews see Winkel-Shirley, 2001;
Koes et al., 2005). Flavonoid biosynthesis branches off
from the general phenylpropanoid pathway that also leads
to the biosynthesis of other important secondary metabo-
lites such as lignans, lignin, and coumarins as well as to
phytoalexins. Modification of the flavonoid pathway is an
attractive target for metabolic engineering. In addition to
the possibilities of producing novel colours and colour
patterns in ornamentals (Teeri and Elomaa, 2003; Tanaka
et al., 2005), modification of flavonoid biosynthesis by
increasing the levels or by altering the composition of
different phenolic compounds can provide health benefits
due to the nutritional and pharmaceutical properties of
flavonoids. For example, in tomato, transformation of
a single petunia gene encoding chalcone isomerase (CHI)
led to a 78-fold increase in fruit peel flavonols and
contributed to increased antioxidant capacity (Muir et al.,
2001; Verhoeyen et al., 2002). Instead of modifying single
enzymatic steps, it has been suggested that co-ordinate
control of multiple steps with the help of regulatory genes
would lead to an even more predictable control of
metabolic flux (Broun, 2004; Capell and Christou, 2004).
Designing strategies for controlled metabolic engineering is
challenging and requires detailed characterization of candi-
date regulatory proteins and their target genes.
Anthocyanin biosynthetic genes as well as the regulatory
proteins involved in activation (or repression) of pigmenta-
tion are highly conserved in higher plants (Winkel-Shirley,
2001; Koes et al., 2005). However, recent studies especially
in Petunia hybrida, Zea mays, and Arabidopsis thaliana
have revealed the complexity of the regulatory networks
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which, in addition to anthocyanin and proanthocyanidin
production, control multiple developmental processes in-
cluding the development of trichomes, root hairs, and seed
coat mucilage in Arabidopsis (Schiefelbein, 2003; Zhang
et al., 2003; Broun, 2005; Serna and Martin, 2006) as well
as the morphology of seed coat epidermal cells and the
vacuolar pH of petals in Petunia (Spelt et al., 2002;
Quattrocchio et al., 2006). Regulatory complexes in these
processes have been shown to involve WD40, bHLH, and
MYB proteins. The WDA40 proteins and bHLH factors are
more ubiquitously expressed while the regulation of these
distinct developmental processes are determined by physi-
cal interaction of WD40 and bHLH proteins with different
and functionally more specific MYB proteins (reviewed in
Broun, 2005; Koes et al., 2005; Ramsay and Glover, 2005).

The accumulation of anthocyanin pigments occurs via
co-ordinated transcriptional activation of the structural
biosynthetic genes. The MYB domain factors have been
shown to bind to the promoters of the biosynthetic genes
directly (Solano et al., 1995; Sainz et al., 1997; Lesnick
and Chandler; 1998) or to activate genes encoding bHLH
regulators (Spelt et al., 2002). Moreover, MYB proteins
can also act as repressors, either by competing for binding
sites in target gene promoters or by interacting with bHLH
factors and sequestering them into inactive complexes
(Tamagnone et al., 1998; Jin et al., 2000; Aharoni et al.,
2001). Ectopic expression of maize regulators in cultured
cell lines indicate that distinct MYB factors activate
different sets of target genes (Grotewold et al., 1998;
Bruce et al., 2000). The maize MYB factor C1, together
with its bHLH partner R, activate the accumulation of
cyanidin derivatives which are the common pigments
found in differentiated maize tissues. In contrast, in the
cell lines that just overexpress the maize MYB domain
factor P, the accumulation of various 3-deoxy flavonoids
(e.g. phlobaphenes), as well as several additional phenyl-
propanoid compounds, were observed. C1/R activated the
whole late anthocyanin pathway in maize (F3H, A2, BzI,
and Bz2) while P affected a different branch of the
pathway and activated the transcription of only C2 and
Al encoding chalcone synthase and dihydroflavonol-4-
reductase, respectively (Grotewold et al., 1998). More
detailed mRNA profiling revealed >800 differentially
expressed genes in maize suspension culture lines over-
expressing estradiol-induced versions of the maize regu-
lators (Bruce et al., 2000). Similarly to the maize P factor,
the Arabidopsis MYB12 has been shown to activate
a subset of genes, in this case, those required for flavonol
biosynthesis (CHS, CHI, F3H, and FLS) independently of
a bHLH coactivator (Mehrtens et al., 2005).

Activation tagging in Arabidopsis and tomato has
revealed purple coloured lines accumulating large
amounts of anthocyanin pigments (Borevitz et al., 2000;
Mathews et al., 2003). In both species, the lines over-
express single MYB factors, PAP1 and ANTI, respec-

tively, which share high sequence similarity with the
petunia AN2 (Quattrocchio et al., 1999). The tomato lines
accumulated delphinidin-, petunidin-, and malvidin-type
anthocyanidins due to up-regulation of both early and late
biosynthetic genes of the anthocyanin pathway. In addition,
up-regulation of a homologue of homeodomain GLABRA2
and a putative permease similar to Arabidopsis TT12
encoding a vacuolar transporter of proanthocyanidins was
observed (Mathews et al., 2003). Comprehensive metabolic
analysis of Arabidopsis lines overexpressing PAPI revealed
the specific accumulation of cyanidin-type anthocyanins
and quercetin-type flavonols (Tohge et al., 2005). More-
over, microarray analysis revealed the induction of 38
genes including almost all genes encoding anthocyanin
biosynthetic enzymes. Three transcription factor genes
encoding a bHLH (TT8), a WRKY (TTG2), and an AP2
domain factor (At5g61600) were up-regulated.

An R2R3-type MYB domain gene, GMYBI0, has been
identified from Gerbera hybrida. GMYBI10 is phyloge-
netically grouped together with previously isolated antho-
cyanin regulatory genes of Petunia and Arabidopsis
(Elomaa et al., 2003). Ectopic expression of GMYBI0
strongly activated anthocyanin production in transgenic
tobacco and in undifferentiated callus of gerbera (Elomaa
et al., 2003). In this paper, the analysis of mature
transgenic gerbera plants that show altered anthocyanin
pigmentation levels and pattern is reported. Transcriptome
analysis was used to identify putative target genes affected
by GMYBI0 overexpression. These data revealed a rela-
tively limited set of genes including several gene family
members of known biosynthetic genes of the flavonoid
pathway but also new candidate genes with putative
functions in phenylpropanoid biosynthesis or regulation.

Materials and methods

Transformation of gerbera

Agrobacterium-mediated transformation of the 35S-GMYBI0 gene
construct to gerbera was performed as previously reported (Elomaa
and Teeri, 2001). Mock-transformation was done with pHTT602
(Elomaa and Teeri, 2001) lacking the transgene insert. In addition,
particle bombardment using Bio-Rad PDS-1000/He equipment
(Bio-Rad Laboratories, Hercules, CA) was used. For bombardment,
5 mg of gold particles (0.6 um in diameter) were precipitated with
12.5 pg of plasmid pHEP22 DNA (full-length GMYBIO insert
cloned into pHTT602 under the CaMV 35S promoter) using CaCl,
and spermidine, and were finally suspended in 120 pl of ethanol.
Pieces of petioles from in vitro-grown gerbera plantlets were placed
on agar plates and were bombarded using 10 pl of particles for each
shot and 900 psi or 1350 psi pressure plates. Regeneration of
explants was done as in the Agrobacterium method (Elomaa and
Teeri, 2001). Integration of the transgene was verified using
standard DNA hybridization.

Determination of total anthocyanin content

Plant material was ground in liquid nitrogen and freeze-dried for 2
d. 10 mg of the powder was extracted with 1 ml of extraction
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solvent (70 ml methanol+20 ml water+10 ml 1 M HCI) at 4 °C for
20 h, and centrifuged (10 000 rpm for 20 min at 4 °C). There were
three replicates for each sample. The absorbance of the supernatants
was measured with Agilent 8453 UV-visible Spectroscopy System
at 530 nm (Agilent Technologies, Waldbronn, Germany). The
anthocyanin content (mg g ' freeze-dried plant material) was
calculated as an average of the three replicates based on cyanidin
chloride (Extrasynthese, France) as a standard.

HPLC analysis of flavonoids

Plant material was ground in liquid nitrogen. 500 mg of frozen
powder was weighed into a centrifuge tube, 0.8 ml of methanol
was added, and the tube was placed into a ultrasonic bath for 10
min. The sample was centrifuged (1500 rpm for 10 min), and the
clear supernatant was collected. The procedure was repeated two
times. Supernatants were combined and evaporated to dryness.
Extracted anthocyanins were hydrolysed into their corresponding
anthocyanidins as described in Zhang et al. (2004). Dried samples
were dispersed in 1:1 v/v water/methanol solution containing 2 N
HCl (50 ml methanol+33 ml water+17 ml 37% HCI) at 10 mg
ml~", and hydrolysed at 100 °C for 60 min. Hydrolysed samples
were filtered through a 0.45 um PTEE filter. HPLC analyses were
conducted on Agilent 1100 Series HPLC System. Analytical
separation of flavonoids was carried out on a Zorbax Rc-C18
column (4.6x250 mm, 5 pum; Agilent) at a flow rate of 1 ml
min~'. Mobile phases were 0.4% TFA in water (solvent A) and
0.4% TFA in acetonitrile (solvent B; Zhang et al., 2004). The
elution conditions were from 0 min 18% B to 35 min 40% B using
a linear gradient between the time points. Other chromatographic
conditions were as follows: column temperature 40 °C; detection
at 210, 280, 365, and 520 nm; injection 20 pl; and post-run time
15 min. Every sample had two biological replicates, each with two
technical repeats. Delphinidin, cyanidin, pelargonidin, luteolin,
apigenin (TransMIT, Marburg, Germany), quercetin, kaempferol,
myricetin, naringenin (Sigma), eriodictyol (TransMIT, Marburg,
Germany), dihydroquercetin (Roth), and p-coumaric acid were
used as external standards.

c¢DNA microarray analyses

For the transcriptome analysis the gerbera cDNA microarray was
used (Laitinen et al., 2005). This array contains approximately 9000
cDNA probes originating from altogether nine sequenced cDNA
libraries of both vegetative and floral tissues of varieties Terra
Regina and Terra Nero (Laitinen ef al., 2005). In order to reveal
changes in gene expression affected by GMYBI0 overexpression,
callus tissues, petals at stages 4 (Helariutta et al., 1993), and
stamens at stage 8 from wild-type Terra Regina and transgenic line
Tr14 were compared against each other. Total RNA was extracted
using the Trizol reagent. For callus and stamen samples, total RNA
was used for RNA amplification and labelling. 2 pg of total RNA
was amplified using Ambion Aminoallyl Message Amp kit. 7.5 pg
of labelled aRNA was used for hybridization. For petal samples,
mRNA was extracted using a Nucleotrap mRNA isolation kit and
was used directly for labelling. Labelling of the samples and
hybridizations of the cDNA microarrays were done according to
Laitinen et al. (2005).

The callus samples were collected from several independent
transgenic lines and pooled for RNA isolation. Four technical
replicates were performed. For petal and stamen samples, two
biological replicates each with three technical replicates were
performed. After hybridization, raw data were quantified using
GenePix Pro whereafter further analysis was done using Gene-
Spring 7.2. In all cases, data was LOWESS normalized. In the data
analysis, a one-sample ¢ test was used and P-values were corrected
for multiple testing using Benjamin—Hochberg False Discovery

Rate (FDR). FDR controls the number of false positives among
differentially expressed genes. The FDR adjusted P-value <0.005
was used as a criterion for differential expression.

Real-time RT-PCR

The expression for 21 transcripts was verified using real-time RT-
PCR as previously reported by Laitinen et al. (2005). Ubiquitin was
used as an internal standard in callus and stamen samples and, due to
variability of ubiquitin expression in petal tissues, GGLO! encoding
the gerbera GLOBOSA1 MADS box protein in petal samples. The
primers used are listed in Supplementary Table S4 at JXB online.

Isolation of full-length GMYB11 and GMYB12

Based on the EST sequence of GMYBI1 (G0000100029F05) and
GMYBI2 (G0000300014D01), primers for standard 5' Race were
designed. Ray flower petal cDNA synthesis was performed using
poly(A)" RNA as the template. Developmental stages 2 and 3 and
stages 6—8 (Helariutta et al., 1993) were used for GMYBI2 and
GMYBI1, respectively. cDNA synthesis and amplification of cDNA
ends was performed using a Smart Race cDNA Amplification Kit
(Clontech Laboratories Inc.). To ensure that the fragments obtained
originated from the same transcript, full-length cDNAs were
amplified once more. The full-length sequence for GMYBII was
amplified using 3’ Race protocol (Smart Race kit) with a forward
primer 5'-ACGCAGAGTACGCGGGGGTGGCTGATAT-3" and
for GMYB12 regular RT-PCR was used with a forward primer 5'-
AACCAAAGACCTCCGTTAGCGA-3" and a reverse primer 5'-
ACGCCATTAAAATTCCCTCCAAACA-3'. Both cDNAs were
cloned into pPGEMTeasy vector and sequenced in both directions.

RNA blot analysis

The expression analysis for GMYBIIl and GMYBI2 using RNA
blots was done as previously reported by Elomaa et al. (2003). A
gene-specific probe (224 bp) for GMYB11 was amplified from the
plasmid G0000100029D05 with PCR using primers CGCATC-
GAAAATCTCTCCTC and CATAAATAAAAGTGAAACTAT-
CATGG. For GMYBI12, a 339 bp fragment corresponding to the 3’
end of the gene was digested from the plasmid G0O000300014D01
with BamH1 and Asp718.

Particle bombardment of gerbera leaf tissue and luciferase
assay
Particle bombardment using 35S-GMYBI10, 35S-GMYBI1, 35S-

GMYBI2, and 35S-GMYCI activator contructs was performed as in
Elomaa et al. (1998).

Accession numbers

The information for the microarray design and the experimental
data have been submitted to ArrayExpress (www.ebi.ac.uk/
arrayexpress) under accesssion numbers A-MEXP-628 and E-MEXP-
959, respectively. The full-length sequences for GMYBII and
GMYBI2 have been deposited in GenBank (http://www.ncbi.nlm.
nih.gov) under accession numbers EU684238 and EU684239.

Results
Phenotypes of transgenic plants overexpressing
GMYB10

For functional analysis of gerbera GMYBI0, the full-length
cDNA under the CaMV35S promoter was transformed into
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Gerbera hybrida variety Terra Regina (Elomaa et al.,
2003). As previously reported, high levels of anthocyanin
pigmentation were detected in the young developing trans-
genic calli (Elomaa et al., 2003; Fig. 1C, D). Most of the
calli never formed shoots, probably due to the toxic effects
of excess anthocyanins on regeneration. However, eventu-
ally, eight transgenic lines were regenerated of which five
overexpressed GMYBI0 (see Supplementary Fig. S1 at JXB

online). The presence of the transgene was verified with
DNA blot hybridization (data not shown).

Three different lines (Trl, Tr8, and Trl4) showed
enhanced pigmentation levels as well as altered anthocy-
anin accumulation patterns which were similar in all of
them. In accordance with the expression level of the
transgene, the anthocyanin levels were most dramatically
enhanced in Trl and Trl4 compared with Tr8 (see

Fig. 1. Phenotype of the transgenic gerbera inflorescence of Trl4 that overexpresses GMYBI0 (A) compared to the inflorescence of the non-
transgenic variety Terra Regina (B). Regenerating callus transformed with an empty vector (C) compared with transgenic callus tissue that
accumulates anthocyanin pigments (D). Anthocyanin pigmentation was induced in leaf petioles (E) and flower scapes (F) of Tr14 (left) and wild type
(right). Overexpression of GMYBI0 converts stamens (st) and tubular parts of petals (tu, pointed by arrow) to an intense red (G). Petal phenotypes of
Tr14 (left) and wild type (right) at developmental stage 4 (H) and at stage 8 (I). Cross-sections of the petals at stage 8, Tr14 (left) and wild type

(right) (J). Scale bars are 1 mm (G, J) and 1 cm (H, I).
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Supplementary Table S1 at JXB online). Figure 1
demonstrates the characteristic phenotypic changes ob-
served in line Tr14 which was selected for a more detailed
analysis. In fully grown plants, enhanced pigmentation
was observed in both vegetative and floral tissues (Fig. 1).
Clear phenotypic changes were observed in petioles, leaf
veins and flower scapes (Fig. 1E, F). In the central disc
flowers, stamen pigmentation was converted from yellow
to an intense red (Fig. 1G). The temporal accumulation
pattern of anthocyanins was altered and the petals showed
very intense coloration in young developing inflorescen-
ces at stage 2, while in the wild-type, anthocyanin
accumulation is first visible at stage 5 (Helariutta et al.,
1993). Figure 1H shows developmental stage 4 when the
petals of the control variety Terra Regina are still non-
pigmented (right) and the transgenic line Tr14 shows very
intense pigmentation (left). In addition, the visible shade
of pigmentation in petals was altered (Fig. 1I), especially
in the abaxial sides of the petals compared with the non-
transgenic control plants. This was also seen in the tubes
of the petals of Tr14 that showed deep purple and a more
intense shade of colour compared with those of the wild-
type Regina that are pale yellow (Fig. 1G; arrow).
Moreover, cross-sections of the petals revealed that, in
transgenic line Trl4, the mesophyll and the vascular
tissues especially accumulated high levels of anthocyanins
(Fig. 1J).

Flavonoid analysis of transgenic line TR14

Total anthocyanin content and anthocyanidin profiles of
control and transgenic samples were compared using
spectrophotometric analysis and with HPLC. Both quanti-
tative and qualitative changes were observed in trangenic
tissues. For the callus samples, several independent cell
lines were pooled for flavonoid extraction. Non-pigmented
control calli, transformed with an empty vector, were
completely devoid of anthocyanin pigments (<0.07 mg
g*1 dry weight) while the red calli overexpressing
GMYBI0 accumulated, on average 4.7 mg gf1 DW. Thus,
at least a 66-fold increase of pigment levels was observed.
In floral tissues, Tr14 showed the most severe phenotype
with at least a 75-fold increase in total anthocyanin
concentration in petal tubes, a 4-fold increase in ligules of
the petals, and an almost 30-fold increase in whole disc
flowers (which locate the differentially pigmented sta-
mens). In Trl and Tr8 the changes were more modest
although clearly enhanced pigmentation could be mea-
sured (see Supplementary Table S1 at JXB online).

HPLC analysis of the hydrolysed anthocyanin extracts
showed that the major difference between the control (Co)
and the transgenic (Tr14) tissues was in the accumulation
of the core anthocyanidins pelargonidin and cyanidin. In
green tissues such as leaves and callus, overexpression of
GMYBI0 led to specific activation of cyanidin biosynthe-
sis (Fig. 2). In non-transgenic plants, corresponding with

18
O pelargonidin - ® cyanidin

Co callus
Tr callus
Co ligule st4
Tr14 ligule st4 h_‘
Co ligule st8 j
Tr14 ligule st8 ;
Co tube |
Tr14 tube h
Co stamen
Tr14 stamen

Fig. 2. Pelargonidin and cyanidin concentrations (ug mg~' dry weight)
of various tissues in wild-type Regina (Co) and the transgenic line Tr14
overexpressing GMYB10.

the visible phenotypes, petal ligules at stage 4, petal tubes
(stage 8), and stamens (stage 8) completely lacked
anthocyanidins (Fig. 2). Only the petal ligules at the later
developmental stage 8 showed the accumulation of
pelargonidin pigments. In Tr14, cyanidin was the major
pigment in the corresponding floral tissues but enhanced
pelargonidin levels were also detected (Fig. 2). The HPLC
profiles of these tissue extracts monitored at 365 nm to
detect flavonols and flavones did not show any major
differences (data not shown).

Microarray comparison of transgenic lines with control
lines

The gerbera 9K cDNA microarray (Laitinen et al., 2005)
was used to compare gene expression profiles of trans-
genic tissues against the corresponding control tissues to
reveal putative target genes for GMYB10 regulatory
protein. Callus, stamen, and petal samples (containing
both ligule and tube tissues) were included in the
analysis. In untransformed Terra Regina, calli and
stamens (at developmental stage 8) are non-pigmented
in contrast to transgenic lines which show a strong
accumulation of anthocyanins. For petals, developmental
stage 4, that showed most dramatic change between the
control and the transgenic sample, (Fig. 1H) were
selected.

After statistical analysis, the largest number of differ-
entially expressed genes were observed in stamen and
callus samples (Fig. 3). 1080 cDNAs up-regulated in
transgenic stamens were identified compared with
control stamens and 82 cDNAs in transgenic calli,
respectively. In transgenic petals, 35 cDNAs were up-
regulated. In order to strengthen our analysis, the gene
lists were combined and identified genes that were
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Transgenic stamen Transgenic callus

1048

8118
all genes

Transgenic petals

Fig. 3. Venn diagram indicating the number of probes (cDNAs)
identified in microarray analyses as up-regulated in a given transgenic
tissue in comparison to the corresponding control tissue.

shared between different organs as true candidate targets
responding to changes in GMYBI0O expression. In
addition, the analysis revealed a large number of genes
(972 in stamens, 190 in callus, and 32 in petals) that
were down-regulated in transgenic tissues compared with
wild-type tissues. Those shared between the various
tissues are shown as supplementary data (see Supple-
mentary Table S2 at JXB online). Most of them are
encoding unknown proteins or components of the
photosynthetic machinery and are not discussed here.

Transcripts up-regulated in the cyanidin accumulating
calli and stamens

The microarray analysis revealed 25 transcripts that were
up-regulated both in transgenic calli and in transgenic
stamens (Fig. 3; Table 1). As expected, up-regulation of
the transgene itself (GMYBI0, G0000200009F04) was
observed as well as several cDNAs homologous with
well-known biosynthetic genes of the flavonoid pathway.
These include homologues of phenylalanine ammonia-
lyase (PAL), cinnamate-4-hydroxylase (C4H), chalcone
synthase (CHS), flavanone 3-hydroxylase (F3H), and
flavonoid 3’ hydroxylase (F3'H). All sequences except
F3H represent new, functionally unidentified gene family
members in gerbera. The EST encoding F3H corresponds
to the previously isolated PCR fragment shown to be
regulated as an early biosynthetic gene in gerbera
(P Elomaa, unpublished results). One of the most highly
up-regulated cDNA (G0000100035C05) corresponds to
a glutathione S-transferase (GST) gene highly homologous
with the Petunia hybrida AN9 that encodes an enzyme
needed for transport of toxic anthocyanins from cytoplasm
into the vacuoles (Marrs et al., 1995; Alfenito et al., 1998;
Mueller et al., 2000). Strong up-regulation of a cDNA

Table 1. Transcripts up-regulated in transgenic callus and
stamen tissues of Tr14 overexpressing GMYB10

Adjusted P-value with FDR <0.005 was used as a criteria for
differential expression.

EST code Annotation
G0000800014E02 Caffeoyl-CoA O-methyltransferase

(EC 2.1.1.104) (CCOMT)
G0000100035C05 Glutathione S-transferase (GST)
G0000900005E02 Novel unknown protein 4104
G0000100004B03 Chalcone synthase (EC 2.3.1.74)
G0000600013G10 Novel unknown protein 3178
G0000300002G07 Flavonone-3-hydroxylase

(EC 1.14.11.9) (F3H) (FHT)
G0000800007E02 Phenylalanine ammonia lyase

(EC 4.3.1.5) (PAL)
G0000200025E09 Cinnamate-4-hydroxylase (C4H)
G0000800009A10 Serine carboxypeptidase
G0000200047B04 Novel unknown protein 1247
G0000100028H02 Flavonoid 3’ hydroxylase (F3'H)
G0000700015H08 Novel unknown protein 1074
G0000100009F04 Gerbera hybrida GMYB10
G0000700014B10 Phenylalanine ammonia lyase

(EC 4.3.1.5) (PAL).
G0000200045C03 Putative 60S ribosomal protein L15
G0000700010F02 Glutathione transferase

(EC 2.5.1.18) (GST)
G0000100029D05 MYB-like transcription factor
G0000800014D03 Unknown protein 0906
G0000200014A07 Gerbera hybrida, MADS-box protein GRCD3
G0000700014H10 Putative citrate lyase
G0000300002B07 Ribosomal protein L11 homologue
G0000200020B01 18S rRNA gene
G0000200033F08 Arginyl-tRNA synthetase

similar to caffeoyl-CoA O-methyltransferases was also
observed. Five of the up-regulated genes encode unknown
proteins which do not find any hits in BLAST searches
and in re-annotation, two sequences turned out to be
contaminations.

Two transcription factor genes were up-regulated
in both transgenic calli and in transgenic stamens
(Table 1). G0000100029D05 encodes an R2R3-type
MYB factor that, in BLAST searches, shares the highest
sequence similarity with the R2R3 MYB transcription
factor C2 repressor motif protein of Vitis vinifera,
Gossypium hirsutum MYB factor 6 and 5 (Cedroni et al.,
2003), and Dendrobium sp. MYBS8 (Wu et al., 2003). The
precise functions for all these genes are currently un-
known. In addition, modest up-regulation of a MADS
domain transcription factor, GRCD3, was observed.
GRCD3 belongs to the SEPALLATA-like gene family in
gerbera and is grouped phylogenetically close to AGL6 of
Arabidopsis (Kotilainen et al., 2000).

Transcripts up-regulated in petals

Microarray analysis comparing petal samples at develop-
mental stage 4 (Fig. 1H) identified 35 transcripts
that were up-regulated in transgenic petals (Table 2).
From these, seven transcripts are shared with both
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Table 2. Up-regulated transcripts that were shared between
various tissues overexpressing GMYBI10 and transcripts up-
regulated only in ray flower petal tissues of transgenic line Tr14

EST code

Annotation

In petals, callus and stamens

GO0000900005E02 Novel unknown protein 4104
G0000300002G07 Flavanone-3-hydroxylase

(F3H, FHT) (EC 1.14.11.9)
G0000100029D05 MYB-like transcription factor
G0000100035C05 Glutathione S-transferase (GST)
GO0000100009F04 Gerbera hybrida, GMYB10
G0000800009A 10 Serine carboxypeptidase
G0000200025E09 Cinnamate-4-hydroxylase (C4H)

In petals and in callus

G0000900010HO03

In petals and in stamens

Putative nucleoside triphosphatase

G0000900005C08 Putative tonneau 2 (Oryza sativa)
G0000500018A02 Phenylalanine ammonia lyase
(PAL) (EC 4.3.1.5)
G0000300003F07 UDP-galactose:flavonol
3-0-galactosyltransferase
G0000500004H11 Serine carboxypeptidase, putative
G0000700002A05 Caffeic acid O-methyltransferase
(EC 2.1.1.6) (COMT)
G0000500014A11 Lipoxygenase (fragment)
G0000800001B11 Novel unknown protein 3512
Only in petals
PGANSI1H4 Gerbera hybrida, anthocyanidin
synthase (ANS)
PGF3H1F4 Gerbera hybrida, flavanone-
3-hydroxylase (F3H)
G0000300001C02 Putative protein, antiporter/
drug transporter
G0000700001E06 Dicarboxylate/tricarboxylate carrier
G0000300014D01 MYB-related transcription factor,
phantastica
G0000300006F02 Hypothetical protein
G0000400004C06 Gerbera hybrida, Gty37 protein
G0000300004C10 Chalcone isomerase (CHI)
G0000400019A08 Novel unknown protein 2444
G0000200049C08 Serine protease, SBT1
GO0000100015A10 Putative cytosolic factor protein,
patellin 1
GO000800006E06 Similar to cleavage stimulation
factor, 77 kDa
G0000800008H06 Novel unknown protein 3733
G0000500018D09 Unknown protein 0168
G0000100010HO03 Hypothetical protein
G0000100017H12 Polygalacturonase inhibitor-like
protein
G0000600010G06 Probable ubiquitin-fold modifier 1
precursor
G0000100036A06 Serine carboxypeptidase
G0000500002E10 Novel unknown protein 0262
GO0000100029H08 Putative histone H2A protein

transgenic callus and stamen samples, seven with only
stamens, and one with only the callus sample (Fig. 3;
Table 2).

The cDNAs up-regulated only in transgenic petal tissues
include known biosynthetic genes of the flavonoid
pathway such as those encoding chalcone isomerase
(CHI), flavanone-3-hydroxylase (F3H), and anthocyanidin
synthase (ANS). Both F3H and ANS probes represent
previously identified gene family members that were

isolated by PCR from petal tissues (P Elomaa, un-
published results). The F3H probe (PGF3H1F4; Table 2)
shares a short region (189 bp) that is identical with the
EST GO0000300002G07 that was detected to be up-
regulated in all tissues (calli, stamens, and petals).
However, the PGF3H1F4 probe represents the 5’ end of
the gene while the EST probe corresponds to the 3’ end. It
is thus possible that it detects a different gene family
member specifically up-regulated in petals. Three up-
regulated cDNAs encode putative transport activity related
to membrane trafficking. G0000300001C02 has low
sequence similarity with functionally unknown Arabidop-
sis transporter proteins while G0000700001E06 shares
high sequence similarity (E-value 5e-43) with Nicotiana
tabacum  dicarboxylate/tricarboxylate carrier proteins
which represent mitochondrial carriers capable of trans-
porting di- or tricaboxylates (e.g. malate, oxaloacetate,
oxoglutarate, citrate, isocitrate, cis/trans-aconitate) to or
from the mitochondria (Picault ez al., 2002). Their trans-
port activities are required in several metabolic prosesses
including primary amino acid synthesis, photorespiration,
fatty acid metabolism, and isoprenoid biosynthesis
(Picault et al., 2002). GO000100015A10 encodes a homo-
logue of PATELLINI or Secl4p-related proteins (puta-
tive cytosolic factor protein) which are associated with
membrane trafficking during plant cytokinesis in cell-
plate expansion or maturation (Peterman et al., 2006).
Moreover, up-regulation of the gerbera GTY37 cDNA
was detected. GTY37 has been isolated earlier as a petal
abundant transcript but whose function during petal
organogenesis is currently not known (M Kotilainen,
unpublished results), as well as another MYB-related
transcription factor encoded by G0000300014D0].
In BLASTx search G0000300014D01 shares similarity
with  PHANTASTICA-like MYB domain transcrip-
tion factors from several plant species. A sequence
search against EST databases revealed several
highly similar (>85% identical) genes from other
Asteraceous species (e.g. Lactuca sp. and Cichorium
intybus).

Excluding the transgene itself, six genes that were up-
regulated in petals were also up-regulated in callus and
stamen tissues overexpressing GMYBI10 (Table 2). These
include genes encoding cinnamate-4-hydroxylase (C4H),
flavanone-3-hydroxylase (F3H), and glutathione S-trans-
ferase (GST) of the flavonoid pathway. The cDNA
encoding a MYB factor (G0000100029D05) was also
up-regulated in petals as well as a novel unknown gene
4104 originally isolated from the anthocyanin pigmented
pappus bristle library of variety Terra Nero (Laitinen
et al., 2005). Furthermore, a cDNA encoding serine
carboxypeptidase-like protein, caffeic acid O-methyl-
transferase (COMT), phenylalanine ammonia-lyase
(PAL), and UDP-galactose:flavonol 3-0O-galactosyltran-
ferase was identified.
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Verification of the up-regulated target genes using
real-time RT-PCR

The expression of 16 genes identified as up-regulated
in microarrays were verified using real-time RT-PCR
(Table 3). In accordance with the microarray results, up-
regulation of the known biosynthetic genes, PAL, C4H,
CHS4, F3H, F3'H, and GST, as well as a serine
carboxypeptidase-like gene, could be confirmed in trans-
genic tissues. Expression of CHI, that was only up-
regulated in petals in the microarray experiments, was
also observed in transgenic callus and stamen tissues most
probably due to the high sensitivity of real-time RT-PCR.
Similar results were obtained for UDP-galactose:flavonol
3-0-galactosyltransferase that showed up-regulation in all
transgenic tissues. However, neither real-time RT-PCR
nor northern hybridization could verify up-regulation of
the MADS domain factor, GRCD3. The three novel
gerbera sequences (4104, 4191, and 1483) which showed
very high up-regulation in microarrays, were also tested.
Their expression patterns could not be confirmed (data not
shown). These ESTs were fully sequenced and found to
encode relatively short 3’ sequences (data not shown).
Instead, both MYB factor genes G0000100029D05 and
G0000300014D01 were highly up-regulated in all trans-
genic tissue accumulating anthocyanins (Table 3).

Also included in the analysis were five previously
isolated genes from gerbera encoding different members
of the chalcone synthase gene family (GCHS! and
GCHS3; Helariutta et al., 1995), chalcone synthase-related
gene 2-pyrone synthase (G2PS1; Eckermann et al., 1998),
and the late flavonoid biosynthetic genes dihydroflavonol-

4-reductase (GDRFI; Helariutta et al., 1993) and antho-
cyanidin synthase (GANSI; P Elomaa, unpublished data).
GCHSI and GCHS3 encode typical CHS enzymes and
their expression in gerbera petals is temporally correlated
with late anthocyanin and early flavonol biosynthesis,
respectively (Helariutta et al., 1995). 2PSI shares 78%
nucleid acid sequence identity with GCHS! and GCHS3
but is functionally involved in the biosynthesis of 2-
pyrone compounds contributing to disease resistance in
gerbera (Eckermann et al., 1998). Interestingly, GCHS3
was specifically up-regulated in transgenic stamen tissues
while no clear changes in GCHSI or G2PSI expression
could be detected in any tissue. Both late pathway genes,
GDFRI] and GANSI were highly up-regulated in trans-
genic callus and stamens as well as in petals (Table 3).

Sequence properties and expression pattern of
GMYB11 and GMYB12

The microarray analysis revealed two previously uniden-
tified gerbera genes encoding MYB domain factors,
named here as GMYBII (G0000100029D05) and
GMYBI2 (G0000300014D01). GMYBI1 was highly up-
regulated in all pigmented tissues overexpressing
GMYBI0 while GMYBI12 was specifically up-regulated in
transgenic petal tissues. Both cDNAs were isolated as full
length. BLAST searches (tBLASTX) verified sequence
similarity of GMYB11 with putative repressor proteins
such as Vitis vinifera C2 repressor motif protein
(EU181425) and Arabidopsis MYB3 (NM_102111) anno-
tated as a repressor of phenylpropanoid biosynthesis gene
expression as well as Arabidopsis MYB4 (NM_120023)

Table 3. The expression of 17 up-regulated genes and five known flavonoid pathway genes were verified with real time RT-PCR

The fold-change in expression (up- or down-regulation) for each gene in callus, Trl and Tr14 was obtained by comparing to corresponding control

tissues of variety Terra Regina (ne, no expression; nd, not done).

EST code Annotation Callus Stamen (stage 8) Petal (stage 4)
Trl Tr14 Trl Tr14

G8-7E02 PAL 2.86 12.82 9.08 4.28 22.42
G2-25E09 C4H nd 5.46 8.98 1.27 6.01
G1-4B03 CHS4 709.18 30.48 113.12 35.34 70.69
G3-4C10 CHI 1.97 2.89 6.16 2.24 2.12
G3-2G07 F3H 4.41 9.17 46.42 3.03 12.13
G1-28H02 F3'H 253.65 nd 187.84 10.85 39.31
G1-35C05 GST 150.12 29.65 38.12 5.72 33.75
G1-9F04 GMYB10 274.37 12.99 112.20 5.50 163.14
G1-29D05 GMYBI11 564.17 11.88 38.50 11.79 64.30
G3-14D01 GMYBI12 58.21 1.23 3.54 2.21 1.94
G3-3F07 UDPgalactose:flavonol... 8.11 9.25 16.34 1.69 7.00
G2-14A07 GRCD3 (MADS) ne 0.64 0.53 1.69 0.90
G8-9A10 Serine carboxypeptidase 1.44 8.22 4.26 0.79 0.93
Known flavonoid pathway genes:

GCHS1 ne 0.99 1.49 1.25 2.11
GCHS3 ne 7.13 70.36 0.72 3.24
2PS 0.18 1.15 1.03 1.31 0.15
GDFR1 883.24 nd 136.24 25.81 85.83
GANSI1 3623.9 13.93 70.68 16.19 54.95
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which acts as a repressor protein controlling the pro-
duction of UV-protecting sunscreens by affecting cinna-
mate-4-hydroxylase expression (Jin et al., 2000).
GMYBI12 shared the highest homology with Morus alba
leaf dorsal-ventral development protein (MAPHANI,
EF408927) and functionally unknown MalusXdomestica
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MYB92 (DQO074474). Alignment of the amino acid
sequences with previously identified anthocyanin regula-
tors showed that GMYBI11 did not contain the highly
conserved KPRPR(S/T)F motif typical for anthocyanin
regulators (Stracke et al., 2001) (see Supplementary Fig.
S2 at JXB online). GMYBI1 still contained the amino
acid residues identified to be important for interaction
with bHLH regulatory proteins (Grotewold et al., 2000;
Zimmermann et al., 2004). Furthermore, GMYBI11 con-
tained a conserved repressor motif, pdLNL(D/E)Lxi(G/S),
in its C-terminal similar to that found in R2R3 MYB
proteins of subgroup 4 such as AtMYB4 and AtMYB3
(Kranz et al., 1998; Jin et al., 2000). Neither of these
domains could be identified in the GMYB12 sequence
which was much longer and diverged even within the
conserved MYB domain from the selected, functionally
known anthocyanin regulators (data not shown).

Northern analysis of wild-type Terra Regina showed
that GMYBI1 is petal specific and not detected in other
organs (Fig. 4). Its expression starts at stage 5 during petal
development correlating with the accumulation of antho-
cyanin pigments and continues until stage 8 when petals
are fully expanded and opening of the inflorescence
occurs (see Supplementary Fig. S3 at JXB online). This
pattern was also confirmed by our previous microarray
analyses covering the gerbera petal development from
stages 2 to 9 (Laitinen et al., 2007; data not shown).
GMYBI2 was more ubiquitously expressed. The highest
expression of GMYBI2 was detected in leaves and
petioles as well as in all floral organs and especially in
young developing inflorescences (Fig. 4). During petal
development, its expression showed an opposite pattern to
GMYBI1 as it was most highly expressed at the early
stages before visible anthocyanin accumulation (see
Supplementary Fig. S3 at JXB online).

Transient expression analysis of GMYB11 and
GMYB12

For functional analysis GMYBII and GMYBI2 cDNAs
were bombarded under the CaMV 35S promoter into
gerbera leaf tissues alone and together with the previously
isolated bHLH factor, GMYCI1 (Elomaa et al., 1998). The
gerbera PGDFR?2 promoter corresponding to a late bio-
synthetic gene (encoding dihydroflavonol-4-reductase)
fused with the firefly luciferase gene (LUC), was used as
a reporter construct. As observed earlier, the gerbera
GMYBI10 in combination with GMYC1 showed activa-
tion of the target promoter (Elomaa et al., 2003).
However, neither GMYB11 nor GMYB12 alone or in
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Fig. 4. Expression analysis of the two MYB domain factor encoding
genes, GMYBII and GMYBI2 identified as up-regulated by GMYB10
overexpression. GMYBI1 is specifically expressed in anthocyanin
pigmented petal tissue (A) while GMYBI2 shows more ubiquitous
expression pattern in various tissues (B).

combination with GMYC1 was able to active the reporter
construct (see Supplementary Table S3 at JXB online).

Discussion

Overexpression of GMYB10 alters pigmentation
pattern and colour intensity in transgenic gerbera

It has previously been shown that the gerbera R2R3-type
MYB domain gene, GMYBI0, is expressed in gerbera
leaves, flower scapes, and at a very low level in petals
(stages 3—7) of wild-type variety Terra Regina (Elomaa
et al., 2003). In situ analysis revealed that the transcript
was localized in epidermal cells of adaxial sides of petals
in variety Terra Regina in accordance with the anthocya-
nin accumulation pattern. Clear expression of GMYBI0 in
green tissues that may accumulate anthocyanins (e.g.
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under stress) suggested that activation of anthocyanin
biosynthesis would require the presence of an (inducible)
bHLH factor (Elomaa et al., 2003). The transgenic lines
analysed in this study showed that ectopic expression of
35S-GMYBI0 alone is able to induce extensive accumula-
tion of cyanidin in vegetative organs suggesting that
GMYBIO0 itself might be induced. Further comparison of
healthy green leaves from plants grown under standard
greenhouse conditions to anthocyanin accumulating, visi-
bly reddish leaves showed that, in fact, GMYBIO
expression correlated with the accumulation of cyanidin
pigments (data not shown). It is concluded that in wild-
type gerbera, vegetative GMYBI( expression is most
likely induced under stress although further studies are
still needed to uncover the factor that elicits its expression.
Activation tagging in Arabidopsis and tomato has also
identified MYB-type regulatory genes, PAPI and ANTI,
respectively, which both share similarity with GMYBI0
(43-45% amino acid sequence identity). Similarly to
GMYBI0 in gerbera, constitutive overexpression of these
genes in Arabidopis and tomato leads to the formation of
an intense purple coloration in vegetative organs (Borevitz
et al., 2000; Mathews et al., 2003). All these genes, as
well as MdMYBI0 that controls apple fruit pigmentation
(Espley et al., 2007) induced an intense purple coloration
(cyanidin) in transgenic tobacco, indicating functional
orthology.

In contrast to vegetative tissues, overexpression of
GMYBI0 induced both cyanidin and pelargonidin accu-
mulation in all floral tissues except in pappus bristles
(modified sepals). This suggests that these floral tissues
express an additional factor or factors that are lacking
from vegetative organs and thus make pelargonidin
formation possible. A most likely candidate for this factor
would be a substrate specific dihydroflavonol-4-reductase
that is expressed in floral but not in green tissues. This
would imply that GMYBI10 induces a distinct, yet
uncharacterized, cyanidin-specific DFR in gerbera. In fact,
a discrepancy was found in our microarray analyses which
failed to detect activation of the GDFRI expression in
transgenic gerbera tissues. It is therefore suggested that
the highly activated DFR expression detected using real-
time RT-PCR may correspond to a different gene family
member. Thereby, it is hypothesized that GMYBI0
encodes a regulator that specifically activates cyanidin
production and that the enhanced pelargonidin production
is an indirect consequence due to enhancement of the
early pathway.

GMYB10 affects the expression of several known
genes involved in anthocyanin biosynthesis

Based on the microarray analysis, a relatively limited
number of putative target genes was identified for
GMYBI10. As also observed with ANT/ in tomato and
PAPI in Arabidopsis these included several known, both

early and late biosynthetic genes of the flavonoid pathway
(Borevitz et al., 2000; Mathews et al., 2003; Tohge et al.,
2005). The expression of the F3'H gene was up-regulated
in all tissues analysed (callus, stamens, petals) suggesting
that it is the key target gene for GMYB10 required for
opening of the cyanidin pathway in gerbera tissues.
Interestingly, extremely strong up-regulation of an early
gene of the anthocyanin pathway, corresponding to a pre-
viously uncharacterized member of the chalcone synthase
gene family, GCHS4, was also observed. In wild-type
variety Terra Regina GCHS4 is most highly expressed in
petals and carpels. It encodes a typical chalcone synthase
enzyme that uses 4-coumaroyl-CoA as a substrate to
produce naringenin chalcone (M Ainasoja et al., un-
published results). Two chalcone synthase genes active
during petal development, GCHS! and GCHS3, whose
expression in gerbera petals is temporally correlated with
late anthocyanin (pelargonidin) and early flavonol/flavone
biosynthesis, respectively (Helariutta et al., 1995) have
previously been identified. The expression of GCHSI was
not altered in transgenic tissues while GCHS3 was up-
regulated only in stamens. Strong activation of GCHS4 in
cyanidin-accumulating tissues suggests that, in addition to
its putative role in pelargonidin biosynthesis, it might also
function in a metabolon or multienzyme complex needed
for cyanidin production (Winkel, 2004). Recent studies
in Arabidopsis show that early gene expression is
not reduced in TTG1(WD40)-dependent MYB mutants
affecting anthocyanin pigmentation and suggest that up-
regulation of early flavonoid genes by an excess of
regulatory proteins (overexpression of PAP1) might be
due to secondary effects by metabolite feedback resulting
from strong up-regulation of late genes and increased flux
through the pathway (Gonzalez et al., 2008). In gerbera,
the fact that other early genes except GCHS4 (i.e. PAL,
C4H, CHI, F3H) were relatively modestly up-regulated in
contrast with very highly up-regulated late genes (DFR,
ANS, GST) supports this view. However, whether GCHS4
is a direct target for GMYB10 or for the up-regulated new
MYB domain factors (GMYBI11 or GMYB12) or affected
by the increased metabolic flux remains to be studied.

In addition to the anthocyanin pathway genes, two up-
regulated genes putatively functioning in the lignin
pathway that branches off from the general phenyl-
propanoid pathway could be identified. Caffeoyl-CoA
O-methyltransferase expression was induced in transgenic
callus and stamens. CCoAOMT encodes an enzyme
involved in monolignol biosynthesis by catalysing the
methylation of caffeoyl-CoA ester. Moreover, in trans-
genic petals and stamens, the up-regulation of caffeic acid
O-methyltransferase (COMT) was observed. MYB domain
factors have also previously been shown to affect
monolignol biosynthesis. Arabidopsis plants that overex-
pressed PAPI, showed increased amounts of guaiacyl and
syringyl monomers that was reflected in increased lignin
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content. However, this was connected to highly increased
PAL activity while lignin O-methyltransferase (CCoAOMT,
COMT) activities barely differed (Borevitz et al., 2000).
In Vitis vinifera, the MYB domain factor, VvMYB5a was
shown to suppress CCoAMT gene expression in transgenic
tobacco plants leading to reduced lignification in anther
walls (Deluc et al., 2006).

Serine carboxypeptidase, a potential new target for
MYB-type anthocyanin regulators

These data suggest a serine carboxypeptidase-like (SCPL)
gene as a putative target gene for GMYBI10, at least in
stamen tissues. A serine carboxypeptidase gene was also
up-regulated by the PAPI anthocyanin regulator in
Arabidopsis (Tohge et al., 2005). In general, serine
carboxypeptidases are involved in protein degradation
and processing in various organisms. The identified
gerbera ESTs are most similar to Medicago truncatula
genes and to Arabidopsis SCPL6 and SNGI. The sngl
mutant in Arabidopsis is defective in the synthesis of
sinapoylmalate which is one the major phenylpropanoid
secondary metabolites in Arabidopsis and in some species
in Brassicaceae (Lehfeldt ef al., 2000). The SNGI locus
encodes sinapoylglucose:malate sinapoyltransferase (SMT)
that is localized in the vacuole and catalyses a trans-
acylation reaction needed to generate sinapoylmalate.
Lehfeldt et al. (2000) discuss that the catalytic properties
of serine carboxypeptidases suggest that they could also
function in other secondary metabolic pathways, for
example, in vacuolar targeting of anthocyanins. For
example, acylation of cyanidin with sinapic acid is
a prerequisite for vacuolar localization in Daucus carota
(Hopp and Seitz, 1987). Recent studies in Diospyros kaki
(persimmon) identified SCPL protein that might function
in the biosynthesis of proanthocyanidins during fruit
development (Ikegami et al., 2007). A serine carboxypep-
tidase gene was also among the 116 genes that were up-
regulated by sucrose treatment that induced anthocyanin
biosynthesis in regenerating shoots of Torenia fournieri
(Nagira et al., 2006). Biochemical studies on these
proteins, as well as suppression of gene expression in
transgenic plants, would bring more light to their putative
roles in the modification of anthocyanin molecules.

Regulatory genes activated by GMYB10
overexpression

Interestingly, the microarray analysis revealed two new
MYB domain factors that were activated by GMYBI10.
However, their sequence properties do not support their
direct involvement in the activation of anthocyanin
pigmentation. Neither of them contain the KPRPR(S/T)F
motif typical for anthocyanin MYBs (Stracke et al.,
2001). Nevertheless, the GMYBI11 sequence aligns with
other flavonoid MYBs and our previous phylogenetic
analysis (Elomaa et al., 2003) also suggests that it might

be an orthologue of AfIT2 that is involved in the
regulation of proanthocyanidin accumulation (Nesi et al.,
2001). However, AfTT2 functions as an bHLH-dependent
activator of DFR and BAN expression while GMYB!!
shares the highest sequence similarity with putative
phenylpropanoid biosynthesis repressors. A 64% amino
acid sequence similarity with Vitis vinifera C2 repressor
motif protein and 50% similarity with Arabidopsis
AtMYB4 (Jin et al., 2000) was observed. The expression
pattern of GMYB11 was restricted to petals and correlated
with the anthocyanin accumulation during late petal
development. The GMYBI12 sequence was highly di-
verged compared with anthocyanin regulators. Further-
more, its ubiquitous expression patterns does not suggest
a direct role in the regulation of pigmentation. Further
studies are necessary to verify the putative regulatory
network (e.g. protein—-DNA, protein—protein interactions)
and function for the newly identified regulators and
GMYBI10.

Conclusion

Transformation of GMYBI0, an anthocyanin regulator
identified from an ornamental plant Gerbera hybrida,
indicated that regulatory genes can be used to modify
secondary metabolic pathways in a highly predicted
manner. cDNA microarray analysis of transgenic tissues
overexpressing GMYBI0 revealed completely new candi-
date targets, such as a serine carboxypeptidase-like gene,
as well as two new MYB domain factors whose exact
function in phenylpropanoid biosynthesis is not yet clear.
In addition, several new gene family members of the
biosynthetic genes of the flavonoid pathway, which are
likely to encode enzymes functioning in same metabolon
or enzyme complexes could be identified (Winkel, 2004).

Supplementary data

Supplementary files for this manuscript can be accessed at
JXB online (http://jxb.oxfordjournals.org/).

Fig. S1. RNA blot analysis of transgenic plants over-
expressing GMYBI0.

Fig. S2. Amino acid alignment for a selected set of
functionally characterized MYB-type anthocyanin regulators.

Fig. S3. Expression of GMYBI1Il and GMYBI2 during
gerbera petal development.

Table S1. Total anthocyanin content (mg g~ ' FW) of
control and transgenic tissues overexpressing GMYBI0.

Table S2. Transcripts up-regulated in wild-type tissues
in comparison to the correspoding transgenic tissues of
Tr14 overexpressing GMYBI0.

Table S3. Particle bombardment of gerbera MYB
domain transcription factors.

Table S4. Primers used for real time RT-PCR analysis.

2T0Z ‘62 Afeniged uo ABojoisAud Ueld 98|0IA IdIN e /Bio'sfeuinolpioxorgxj/:dny wouy pspeojumoq


http://jxb.oxfordjournals.org/
Fig. S3.
Fig. S3.
Fig. S3.
Table S4.
Table S4.
Table S4.
Table S4.
http://jxb.oxfordjournals.org/

3702 Laitinen et al.
Acknowledgements

We would like to acknowledge Dr Giinther Brader and Professor
Marina Heinonen for help with the anthocyanin analyses. Marja
Huovila, Anu Rokkanen, Eija Takala, and Elina Raukko are
thanked for excellent technical assistance and Sanna Peltola for
taking care of the plants in the greenhouse. We also thank Dr Petri
Auvinen and his team at the microarray laboratory of the Institute of
Biotechnology for their help and assistance. Terra Nigra BV
(Holland) is thanked for providing plant material. This work was
supported by Viikki Graduate School in Biosciences (R Laitinen,
S Broholm) and Helsinki Graduate School in Biotechnology and
Molecular Biology (M Ainasoja).

References

Aharoni A, De Vos CHR, Wein M, Sun Z, Greco R, Kroon A,
Mol JNM, O’Connell AP. 2001. The strawberry FaMYBI
transcription factor suppresses anthocyanin and flavonol accumu-
lation in transgenic tobacco. The Plant Journal 28, 319-332.

Alfenito M, Souer E, Goodman CD, Buell R, Mol J, Koes R,
Walbot V. 1998. Functional complementation of anthocyanin
sequestration in the vacuole by widely divergent glutathione S-
transferases. The Plant Cell 10, 1135-1149.

Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C. 2000.
Activation tagging identifies a conserved MYB regulator of
phenylpropanoid biosynthesis. The Plant Cell 12, 2383-2393.

Broun P. 2004. Transcription factors as tools for metabolic
engineering in plants. Current Opinion in Plant Biology T, 202—
209.

Broun P. 2005. Transcriptional control of flavonoid biosynthesis,
a complex network of conserved regulators involved in multiple
aspects of differentiation in Arabidopsis. Current Opinion in
Plant Biology 8, 272-279.

Bruce W, Folkers O, Garnaat C, Crasta O, Roth B, Bowen B.
2000. Expression profiling of the maize flavonoid pathway genes
controlled by estradiol-inducible transcription factors CRC and P.
The Plant Cell 12, 65-79.

Capell T, Christou P. 2004. Progress in plant metabolic engineer-
ing. Current Opinion in Biotechnology 15, 148—154.

Cedroni ML, Cronn RC, Adams KL, Wilkins TA, Wendel JF.
2003. Evolution and expression of MYB genes in diploid and
polyploid cotton. Plant and Molecular Biology 51, 313-325.

Deluc L, Barrieu F, Marchive C, Lauvergeat V, Decendit A,
Richard T, Carde J-P, Mérillon J-M, Hamdi S. 2006.
Characterization of a grapewine R2R3-MYB transcription factor
that regulates the phenylpropanoid pathway. Plant Physiology
140, 499-511.

Eckermann S, Schroder G, Schmidt J, e al. 1998. New pathway
to polyketides in plants. Nature 396, 387-390.

Elomaa P, Mehto M, Kotilainen M, Helariutta Y, Nevalainen L,
Teeri TH. 1998. A bHLH transcription factor mediates organ,
region and flower type specific signals on dihydroflavonol-4-
reductase (dfi) gene expression in the inflorescence of Gerbera
hybrida (Asteraceae). The Plant Journal 16, 93-99.

Elomaa P, Teeri TH. 2001. Transgenic Gerbera. In: Bajaj YPS,
ed. Biotechnology in agriculture and forestry, Vol. 48. Berlin,
Heidelberg: Springer-Verlag, 139-154.

Elomaa P, Uimari A, Mehto M, Albert VA, Laitinen RAE,
Teeri TH. 2003. Activation of anthocyanin biosynthesis
in Gerbera hybrida (Asteraceae) suggests conserved protein—
protein and protein—promoter interactions between the anciently
diverged monocots and eudicots. Plant Physiology 133, 1831—
1842.

Espley RV, Hellens RP, Putterli J, Stevenson DE, Kutty-
Amma S, Allan AC. 2007. Red coloration in apple fruit is due
to the activity of the MYB transcription factor, MAMYB10. The
Plant Journal 49, 414-427.

Gonzalez A, Zhao M, Leavitt JM, Lloyd AM. 2008. Regulation
of the anthocyanin biosynthetic pathway by the TTG1/bHLH/
Myb transcriptional complex in Arabidopsis seedlings. The Plant
Journal 53, 814-827.

Grotewold E, Chamberlin M, Snook M, Siame B, Butler L,
Swenson J, Maddock S, St Clair G, Bowen B. 1998.
Engineering secondary metabolism in maize cells by ectopic
expression of transcription factors. The Plant Cell 10, 721-740.

Grotewold E, Sainz MB, Tagliani L, Hernandez JM, Bowen B,
Chandler VL. 2000. Identification of the residues in the Myb
domain of maize C1 that specify the interaction with the bHLH
cofactor R. Proceedings of the National Academy of Sciences,
USA 97, 13579-13584.

Helariutta Y, Elomaa P, Kotilainen M, Griesbach RJ,
Schroder J, Teeri TH. 1995. Chalcone synthase-like genes
active during corolla development are differentially expressed and
encode enzymes with different catalytic properties in Gerbera
hybrida (Asteraceae). Plant Molecular Biology 28, 47-60.

Helariutta Y, Elomaa P, Kotilainen M, Seppénen P, Teeri TH.
1993. Cloning of cDNA coding for dihydroflavonol-4-reductase
(DFR) and characterization of dfir expression in the corollas of
Gerbera hybrida var. Regina (Compositae). Plant Molecular
Biology 22, 183-193.

Hopp W, Seitz HU. 1987. The uptake of acylated anthocyanin into
isolated vacuoles from a cell suspension culture of Daucus
carota. Planta 170, 74-85.

Ikegami A, Eguchi S, Kitajima A, Inoue K, Yonemori K. 2007.
Identification of genes involved in proanthocyanidin biosynthesis
of persimmon (Diospyros kaki) fruit. Plant Science 172, 1037-
1047.

Jin H, Cominelli E, Bailey P, Parr A, Mehrtens F, Jones J,
Tonelli C, Weisshaar B, Martin C. 2000. Transcriptional
repression by AtMYB4 controls production of UV-protecting
sunscreens in Arabidopsis. EMBO Journal 19, 615-6161.

Koes R, Verweij W, Quattrocchio F. 2005. Flavonoids, a colorful
model for the regulation and evolution of biochemical pathways.
Trends in Plant Science 10, 236-242.

Kotilainen M, Elomaa P, Uimari A, Alber VA, Yu D, Teeri TH.
2000. GRCD1, an AGL2-like MADS box gene, participates in the
C function during stamen development in Gerbera hybrida. The
Plant Cell 12, 1893-1902.

Kranz HD, Denekamp M, Greco R, ef al. 1998. Towards
functional characterization of the members of the R2R3-MYB
gene family from Arabidopsis thaliana. The Plant Journal 16,
263-276.

Laitinen RAE, Immanen J, Auvinen P, et al. 2005. Analysis of
the floral transcriptome uncovers new regulators of organ de-
termination and gene families related to flower organ differenti-
ation in Gerbera hybrida (Asteraceae). Genome Research 15,
475-486.

Laitinen RAE, Polliinen E, Teeri TH, Elomaa P, Kotilainen M.
2007. Transcriptional analysis of petal organogenesis in Gerbera
hybrida. Planta 226, 347-360.

Lehfeldt C, Shirley AM, Meyer K, Ruegger MO,
Cusumano JC, Viitanen PV, Strack D, Chapple C. 2000.
Cloning of the SNGI gene of Arabidopsis reveals a role for
a serine carboxypeptidase-like protein as an acyltransferase in
secondary metabolism. The Plant Cell 12, 1295-1306.

Lesnick ML, Chandler VL. 1998. Activation of the maize
anthocyanin gene @2 is mediated by an element conserved in
many anthocyanin promoters. Plant Physiology 117, 437-445.

2T0Z ‘62 Afeniged uo ABojoisAud Ueld 98|0IA IdIN e /Bio'sfeuinolpioxorgxj/:dny wouy pspeojumoq


http://jxb.oxfordjournals.org/

Target genes for a MYB type anthocyanin regulator in Gerbera 3703

Marrs KA, Alfenito MR, Lloyd AM, Walbot V. 1995. A
glutathione S-transferase involved in vacuolar transfer encoded
by the maize gene Bronze-2. Nature 375, 397-400.

Mathews H, Clendennen SK, Caldwell CG, et al. 2003.
Activation tagging in tomato identifies a transcriptional regulator
of anthocyanin biosynthesis, modification and transport. The
Plant Cell 15, 1689—-1703.

Mehrtens F, Kranz H, Bednarek P, Weisshaar B. 2005. The
arabidopsis transcription factor MYB12 is a flavonol-specific
regulator of phenylpropanoid biosynthesis. Plant Physiology 138,
1083-1096.

Mueller LA, Goodman CD, Silady RA, Walbot V. 2000. AN9,
a petunia glutathione S-transferase required for anthocyanin
sequestration, is a flavonoid-binding protein. Plant Physiology
123, 1561-1570.

Muir SR, Collins GJ, Robinson S, Hughes S, Bovy A, De
Vos CHR, van Tunen AJ, Verhoeyen ME. 2001. Overexpres-
sion of petunia chalcone isomerase in tomato results in fruit
containing increased levels of flavonols. Nature Biotechnology
19, 470-474.

Nagira Y, Shimamura K, Hirai S, Shimanuki M, Kodama H,
Ozeki Y. 2006. Identification and charaterization of genes
induced for anthocyanin synthesis and chlorophyll degradation in
regenerated torenia shoots using suppression subtractive hybrid-
ization, cDNA microarrays, and RNAi techniques. Journal of
Plant Research 119, 217-230.

Nesi N, Jond C, Debeaujon I, Caboche M, Lepiniec L. 2001.
The Arabidopsis 772 gene encodes an R2R3 MYB domain
protein that acts as a key determinant for proanthocyanidin
accumulation in developing seed. The Plant Cell 13, 2099—
2114.

Peterman TK, Sequeira AS, Samia JA, Lunde EE. 2006.
Molecular cloning and characterization of patellin 1, a novel
secl4-related protein, from zucchini (Cucurbita pepo). Journal of
Plant Physiology 163, 1150-1158.

Picault N, Palmieri L, Pisano I, Hodges M, Palmieri F. 2002.
Identification of a novel transporter for dicarboxylates and
tricarboxylates in plant mitochondria. Journal of Biological
Chemistry 277, 24204-24211.

Quattrocchio F, Verweij W, Kroon A, Spelt C, Mol J, Koes R.
2006. PH4 of Petunia is an R2R3 MYB protein that activates
vacuolar acidification through interactions with basic-helix-loop-
helix transcription factors of the anthocyanin pathway. The Plant
Cell 18, 1274-1291.

Quattrocchio F, Wing J, van der Woute K, Souer E, de
Vetten N, Mol J, Koes R. 1999. Molecular analysis of the
anthocyanin2 gene of petunia and its role in the evolution of
flower color. The Plant Cell 11, 1433-1444.

Ramsay NA, Glover BJ. 2005. MYB-bHLH-WD40 protein
complex and the evolution of cellular diversity. Trends in Plant
Science 10, 1360-1385.

Sainz MB, Grotewold E, Chandler VL. 1997. Evidence for direct
activation of an anthocyanin promoter by the maize C1 protein
and comparison of DNA binding by related myb domain proteins.
The Plant Cell 9, 611-625.

Schiefelbein J. 2003. Cell-fate specification in the epidermis,
a common patterning mechanism in the root and shoot. Current
Opinion in Plant Biology 6, 74-78.

Serna L, Martin C. 2006. Trichomes, different regulatory net-
works lead to convergent structures. Trends in Plant Science 11,
274-280.

Solano R, Nieto C, Avila J, Canas L, Diaz I, Paz-Ares J. 1995.
Dual DNA binding specificity of a petal epidermis-specific MYB
transcription factor (MYB.Ph3) from Petunia hybrida. EMBO
Journal 14, 1773-1784.

Spelt C, Quattrocchio F, Mol J, Koes R. 2002. ANTHOCYANIN
1 of petunia controls pigment synthesis, vacuolar pH, and seed
development by genetically distinct mechanisms. The Plant Cell
14, 2121-2135.

Stracke R, Werber M, Weisshaar B. 2001. The R2R3-MYB gene
family in Arabidopsis thaliana. Current Opinion in Plant Biology
4, 447-456.

Tamagnone L, Merida A, Parr A, Mackay S, Culianez-
Macia FA, Roberts K, Martin C. 1998. The AmMYB308 and
AmMYB330 transcription factors from Antirrhinum regulate
phenylpropanoid and lignin biosynthesis in transgenic tobacco.
The Plant Cell 10, 135-154.

Tanaka Y, Katsumoto Y, Brugliera F, Mason J. 2005. Genetic
engineering in floriculture. Plant Cell, Tissue and Organ Culture
80, 1-24.

Teeri TH, Elomaa P. 2003. Genetic modification, applications.
Flower color. In: Thomas B, Murphy DJ, Murray BG, eds.
Encyclopedia of applied biosciences. Academic Press, 406—413.

Tohge T, Nishiyama Y, Hirai MY, et al. 2005. Functional
genomics by integrated analysis of metabolome and transcriptome
of Arabidopsis plants over-expressing an MYB transcription
factor. The Plant Journal 42, 218-235.

Verhoeyen ME, Bovy A, Collins G, Muir S, Robinson S, de
Vos CHR, Colliver S. 2002. Increasing antioxidant levels in
tomatoes through modification of the flavonoid biosynthetic
pathway. Journal of Experimental Botany 53, 2099-2106.

Winkel-Shirley B. 2001. Flavonoid biosynthesis. A colorful model
for genetics, biochemistry, cell biology, and biotechnology. Plant
Physiology 126, 485-493.

Winkel BSJ. 2004. Metabolic channelling in plants. Annual Review
of Plant Biology 55, 85-107.

Wu X-M, Lim S-H, Yang W-C. 2003. Characterization, expression
and phylogenetic study of R2R3-MYB genes in orchid. Plant
Molecular Biology 51, 959-972.

Zhang F, Gonzales A, Zhao M, Payne T, Lloyd A. 2003. A
network of redundant bHLH proteins functions in all TTGI-
dependent pathways of Arabidopsis. Development 130, 4859-4869.

Zhang Z, Kou X, Fugal K, McLaughlin J. 2004. Comparison of
HPLC methods for determination of anthocyanins and anthocya-
nidins in bilberry extracts. Journal of Agriculture and Food
Chemistry 52, 688—691.

Zimmermann I, Heim MA, Weisshaar B, Uhrig JF. 2004.
Comprehensive identification of Arabidopsis thaliana MYB
transcription factors interacting with R/B-like bHLH proteins.
The Plant Journal 40, 22-34.

2T0Z ‘62 Afeniged uo ABojoisAud Ueld 98|0IA IdIN e /Bio'sfeuinolpioxorgxj/:dny wouy pspeojumoq


http://jxb.oxfordjournals.org/

