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Abstract

Background: More than 20,000 cultivars of garden dahlia (Dahlia variabilis hort,) are available showing flower
colour from white, yellow and orange to every imaginable hue of red and purple tones. Thereof, only a handful of
cultivars are so-called black dahlias showing distinct black-red tints. Flower colour in dahlia is a result of the
accumulation of red anthocyanins, yellow anthochlors (6-deoxychalcones and 4-deoxyaurones) and colourless
flavones and flavonols, which act as copigments. White and yellow coloration occurs only if the pathway leading to
anthocyanins is incomplete. Not in all cultivars the same step of the anthocyanin pathway is affected, but the lack
of dihydroflavonol 4-reductase activity is frequently observed and this seems to be based on the suppression of the
transcription factor DvIVS. The hitherto unknown molecular background for black colour in dahlia is here presented.

Results: Black cultivars accumulate high amounts of anthocyanins, but show drastically reduced flavone contents.
High activities were observed for all enzymes from the anthocyanin pathway whereas FNS Il activity could not be
detected or only to a low extent in 13 of 14 cultivars. cONA clones and genomic clones of FNS Il were isolated.
Independently from the colour type, heterologous expression of the cDNA clones resulted in functionally active
enzymes. FNS Il possesses one intron of varying length. Quantitative Real-time PCR showed that FNS Il expression in
black cultivars is low compared to other cultivars. No differences between black and red cultivars were observed in
the expression of transcription factors /VS and possible regulatory genes WDR1, WDR2, MYB1, MYB2, 3RMYB and DEL
or the structural genes of the flavonoid pathway. Despite the suppression of FHT expression, flavanone
3-hydroxylase (FHT, synonym F3H) enzyme activity was clearly present in the yellow and white cultivars.

Conclusions: An increased accumulation of anthocyanins establishes the black flowering phenotypes. In the
majority of black cultivars this is due to decreased flavone accumulation and thus a lack of competition for
flavanones as the common precursors of flavone formation and the anthocyanin pathway. The low FNS Il activity is
reflected by decreased FNS Il expression.

Keywords: Dahlia variabilis hort, Asteraceae, Flower colour, Black flower, Flavonoids, Anthocyanins, Flavones,
Flavone synthase Il, Transcription factors

Background

Dahlia (Dahlia variabilis hort.), a member of the Asteracea
family, is a popular garden flower. More than 20,000 culti-
vars are available world-wide [1]. Garden dahlias are
hybrids, which are classified according to shape and size of
the plant and its inflorescences. A broad spectrum of flower
colours exists ranging from white and yellow to almost
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every imaginable hue of red, orange and magenta (red
tones), but blue flower colour does not occur [1]. In con-
trast to the multitude of available red-shaded cultivars, only
a handful of so-called black cultivars exist (Figure 1). Such
cultivars frequently have expressive names e.g. Chat Noir
(French term for black cat), Magic Night, Arabian Night
and Black Jack.

Dahlia flower colour is exclusively based on the accu-
mulation of flavonoids and biochemically related antho-
chlors (chalcones, aurones) [2-4]. The study of pigments
in dahlia started in 1956, when the presence of

© 2012 Thill et al;; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Examples of black dahlia cultivars. A: cv. Karma Choc, B: cv. Tisa, C: cv. Arabian Night, D: cv. Kenora Macop B. Photos of other
cultivars can be found e.g. in the dahlia catalog at http://www.dahlie.net/ or http://www.dahlienwirth.at/dahliensorten.html.

anthocyanins, flavones, flavonols, chalcones and aurones
were elaborately described in Dahlia species [2,5].
6’-Deoxychalcones (derivatives of butein and isoliquiriti-
genin) and the corresponding 4-deoxyaurones (deriva-
tives of sulfuretin) are the chemical base of yellow flower
colour in D. variabilis and are mixed with anthocyanins
(derivatives of pelargonidin and cyanidin) in orange and
red forms [6,7]. A screening of more than 200 dahlia
cultivars showed that the different red tones are based
on the same set of anthocyanins and that variation in
the anthocyanin concentration, the modification pattern
of the core structures and probably also pH is respon-
sible for the formation of different hues [3]. Orange, rose
and lilac cultivars frequently showed lower anthocyanin
contents than red and magenta cultivars. In the case of
rose and lilac cultivars this seems to be primarily based
on a lower chalcone synthase (CHS) activity [3]. Yellow
and white cultivars do not accumulate anthocyanins due
to a bottleneck or blockage of the anthocyanin pathway.
Although there is no general rule, for yellow cultivars
this was most frequently observed at the levels of both
flavanone 3-hydroxylase (FHT, synonym F3H) and dihy-
droflavonol 4-reductase (DFR) [3], which was recently
confirmed by gene expression studies on a yellow culti-
var demonstrating the absence of DFR, FHT and ANS
expression due to the suppression of a bHLH transcrip-
tion factor [8]. In the majority of white cultivars, in con-
trast, DFR alone was affected [3], which was also

reflected by gene expression studies of 7 white and star-
type cultivars [9].

Apart from anthocyanins and 6’-deoxychalcones, fla-
vones and flavonols can be accumulated in dahlia flow-
ers [10]. Despite being themselves almost colourless,
they influence flower coloration as they interact with
anthocyanins and thereby stabilize their structures,
which are sensitive to oxidation and hydrolytic attack
[11-14]. All cultivars tested showed a very high flavone
synthase II (ENS II) activity, whereas flavonol synthase
(FLS) activity was very low. Thus it was assumed, that
flavones rather than flavonols are the predominant
copigments present in dahlia flowers [3].

The base for the creation of black dahlia colour has
not been investigated so far. We report, that the majority
of black cultivars accumulate drastically decreased
amounts of flavones, which is accompanied by low FNS
II activities and suppressed FNS II expression. As flavone
formation competes with anthocyanin biosynthesis for
common intermediates, this results in the huge antho-
cyanin concentrations establishing the black cultivars.

Results and discussion

Pigment composition and enzyme activities in black
cultivars

The petals of 14 black cultivars were analyzed for the
presence of anthocyanins, flavonols and flavones in com-
parison to 1 white, 2 red and 2 yellow varieties. Acidic
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methanolic extracts from flower petals showed anthocya-
nin contents between 7 and 32 umol/g FW (Table 1).
Thus, the contents of black cultivars were above or at the
end of the range reported previously for red cultivars [3].
In hydrolyzed extracts, both pelargonidin and cyanidin
were present with varying ratios whereas no anthocyani-
dins were found in the yellow flowering cv. Rubens and
cv. Alva’s Supreme or the white flowering cv. White Alva.
The black cultivars showed diverse anthocyanidin com-
position with cyanidin proportions between 9% (cv. Black
Barbara) and 80% (cv. Magic Night) (Table 1). Thus, black
hues depend on the anthocyanin concentration rather
than on the anthocyanin pattern. Black colouration of
fruits and flowers is not frequent but has been studied in a
few cases e.g. in cherry [11], lisanthus [12], viola [13],
tulips [14], poppy [15], leaves of Ophiopogon planiscapus
[16], and even in grains, such as black rice [17]. In all
cases black tissues show large amounts of anthocyanins.

Extracts of yellow, white and red cultivars contained
large amounts of flavones (Table 1 and Additional file 1),
which, in contrast, were present only in low amounts in
the black cultivars. Flavonols were also present in white,
yellow and red cultivars but compared to flavones only in
low amounts thus confirming that flavones are the preva-
lent copigments in dahlia flowers [3]. In comparison to
red cultivars, the flavonol content of black cultivars was
increased (Table 1 and Additional file 1).
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High activities of the enzymes of the anthocyanin path-
way could be detected in enzyme preparations from petals
of all black cultivars tested (Table 2). Yellow and white
cultivars, in contrast, showed a low or a lack of DFR activ-
ity as expected. There was no general difference in the en-
zyme activities of red and black cultivars, but 3 of the
black cultivars (cv. Chat Noir, Karma Choc and Tisa)
showed a higher CHS activity than the red cultivars, which
might increase the flux into the flavonoid pathway in these
lines. However, 13 of 14 black cultivars were characterized
by a low ENS II activity (Table 2). This was confirmed
using microsomal preparations, in which membrane
bound enzymes such as F3’'H and ENS II are enriched.
Using such preparations of petals from cv. Rubens, the
ENS II assay was optimized with respect to pH and
temperature optimum, temperature stability and linearity
with time and protein. The results are summarized as
standard enzyme assay for FNS II in petal preparations in
the section material and methods. Incubation of micro-
somal preparations from the yellow cv. Rubens with erio-
dictyol in the presence of NADPH led to the formation
of a single product which was identified as the flavone
luteolin. Incubation with naringenin in the presence of
NADPH led to the formation of the three products erio-
dictyol (flavanone), apigenin (flavone) and luteolin
(flavone) as a result of the concerted activity of F3’H and
ENS II. When microsomal preparations from black

Table 1 Contents (umol/g fresh weight) of anthocyanins, flavones and flavonols in different cultivars (nd: not

determined)

Cultivar Colour Anthocyanin content Cy % Flavone content Flavonol content
White Alva white - - 30 8
Rubens yellow - - 25 6
Alva's Supreme yellow - - 96 9
Feuerschein bright red 2 15 68 12
Cheerio red 1 30 8 1
Black Barbara black 21 9 122 17
Arabian Night black 19 59 5 23
Auroras Kiss black 15 65 9 27
Black Jack black 13 78 8 30
Chat Noir black 8 72 3 14
Charles de Gaulle black 10 57 3 6
Karma Choc black 22 75 2 36
Kenora Macop B black 10 65 nd nd
Magic Night black 18 80 22 34
Meteor black 13 53 2 15
Nathal black 8 78 6 16
Negerkopf black 8 47 8 32
Stefanie Hertel black 16 53 nd nd
Tisa black 33 58 1 31
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Table 2 Enzyme activities in different cultivars
Cultivar Colour CHS FHT DFR FNS II F3'H
nmol/s*kg fresh weight
White Alva white 1.2+0.1 1.8+0.2 - 1.2+0.13 18+02
Rubens yellow 41+05 02+00 - 21+£023 32+04
Alva’s Supreme yellow 1.7+02 12401 - 20+£022 22+03
Feuerschein bright red 57+06 30+03 32+04 1.1+0.12 1.2+0.1
Cheerio red 5.0+06 15+£02 13+£02 14£0.15 04+0.1
Black Barbara black 34+04 31+£03 23+03 13+£0.14 04+0.1
Arabian Night black 47+05 28+03 24+03 03+0.03 20+0.2
Auroras Kiss black 80+09 30+03 27+03 0.1+001 28+03
Black Jack black 49+05 27+03 21+£02 03£0.03 28+03
Chat Noir black 98+ 1.1 36+£04 1.5+02 0.0+0.00 36+04
Charles de Gaulle black 38+04 22+02 23+03 03+0.03 26+03
Karma Choc black 65+0.7 27+03 26+03 0.2+£0.02 26+03
Kenora Macop B black 33104 22+02 27+03 0.1£0.01 30+£03
Magic Night black 34104 31+03 26+03 03+004 30£03
Meteor black 30+£03 34+£04 27+03 04 +£0.04 24+03
Nathal black 20+02 28+03 22£03 05£0.05 35104
Negerkopf black 43+05 38+04 30+£03 0.7 £0.07 26+03
Stefanie Hertel black 20£0.2 24+03 24+03 0.5+£0.06 26+03
Tisa black 8.1+09 35+£04 12+0.1 0.1£001 28+03

varieties were tested under the standard assay conditions,
no or only a low product formation was observed when
eriodictyol was used as a substrate (Additional File 2),
while naringenin was converted to eriodictyol by F3’'H.

The absence of FNS II activity correlates with the ab-
sence of flavones and increases the availability of flava-
nones such as naringenin and eriodictyol as precursors for
anthocyanin formation. Thus, the low flavone formation
favours the anthocyanin branch and thereby the accumu-
lation of above-average amounts of anthocyanins found in
black cultivars. Parallel to the decrease of flavones, flavo-
nol contents slightly increased. The remaining flavones to-
gether with flavonols could serve as copigments for
anthocyanin stabilization and intramolecular copigmenta-
tion could also be possible [18-21]. Actually, black colour-
ation fades during petal aging and older petals appear
dark red rather than black (Figure 1), an effect which is
not observed in red cultivars. Compared to red cultivars,
there is a drastic decrease in the molar ratio of copig-
ments:anthocyanins in black cultivars, which might influ-
ence the colour stability [21].

Cloning of cDNA clones and the corresponding genomic
dahlia FNS II

To investigate the reasons for the lacking FNS II activity,
we tested whether it was possible to isolate an FNS I
c¢DNA clone from black cultivars. Primers (Table 3) were

designed from conserved regions of FNS II sequences
available in the NCBI database (Accession numbers
BD270652-BD270670) and used for the isolation of a
c¢DNA fragment from the petals from cv. Rubens. The full
size ¢cDNA clone was obtained by RACE techniques
(GQA479808). Using specific primers, full size cDNA clones
were obtained from the black cultivars Chat Noir
(GQ489009, GQ489008) and Aurora’s Kiss (GQ489010).
This indicated that the FNS II was expressed in black cul-
tivars at least to some extent and that either pivotal muta-
tions in the structural gene leading to loss of function or
post-transcriptional or post-translational regulation or a
too low expression level could be responsible for the lack-
ing FNS II activity.

The sequences were highly conserved and showed 97-
99% similarity at the amino acid level (Figure 2). From
petals of cv. Rubens and cv. Chat Noir two alleles were
found showing 98% similarity at the amino acid level, re-
spectively. Further cDNA clones were obtained from yel-
low cultivars Rubens (GQ479809) and Alva’s Supreme
(GQ479807), the red cultivar Feuerschein (GQ479806),
the white cultivar White Alva (GQ489011). From se-
quence comparison, no discrimination according to
flower colour could be found.

In addition, the corresponding genomic clones of FNS II
of the yellow cv. Rubens (Accession No JQ731761) and of
the black cultivars Arabian Night (Accession No
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Table 3 List of primers used

Gene Primer Sequence 5'—3’ Fragment size (bp)
oligo(—dT) anchor primer GACCACGCGTATCGATGTCGAC(M) 16V

FNS Il FNS1 F CCCAACACCATGAATACACTCC
FNS4 R TCACCACTGAGAGTTCTCTCATGG

FNS I FNSIRub-ex F CCCAACACCATGAATACA C

R GAAGCGAAGGTAAACACA C
FNS 1l Dah.FNSlllang F CAACACCATGAATACACTCCTAGTACTCC
R CTTAGACTGAAGTAAACATCGAATGTGGAGAG

FNS Il gPCR F GCATCCAGAATCTCGGCCATT
gPCR R TCGTTGTCACTTCTCGCACTAG

Actin gPCR F GGAAAAGATTTGGCATCACACTTTC 103
gPCR R AGCCTTAGGATTTAAAGGTGCCTCA

GAPDH gPCR F AGGCTGTTGGTAAGGTGTTGC 141
gPCR R GCAGCCTTGATCTGCTCATAAG

CHST gPCR F GCGCGTATATGGCACCTTCG 198
gPCR R GGCCGAGGAGCTTGGTGAGT

CHS2 gPCR F ACGTTTCGTGGACCGACGGAT 185
gPCR R CAGCCCCACCTCCCTCAAG

CHI gPCR F ACTTCCCTCCCGGCTCCTCT 182
gPCR R TTGTTTGGCTGCTGGGGAAACAC

FHT gPCR F CCACAGCCCGACCTGACACT 202
gPCR R CGTTCTTGAACCGCCCATTG

DFR gPCR F GCCAAAGCCAAGACGGTCAA 192
gPCR R CGTTGCCTTCCATGCTGCTT

ANS gPCR F GCTGCAGGCGAGGGTTTCTT 119
gPCR R GTCGACGGCCAAATGGTGAG

F3H gPCR F AACTGCCTTGCTATTGTACGTACTG 147
gPCR R TTTTCCGCCAGGGCTGCC

MaT gPCR F TTGGAATATGCCGACCGATG 112
gPCR R CCTTTCCCCACCCAAAATCA

Delila gPCR F ATCTCACAAACGCCGAGTGGTATT 158
gPCR R TGCTAGAAGAGAGCGGCAGAAGA

s gPCR F CGTCGTCGAGAGAAGCTAAACGA 151
gPCR R GACATCGTGCTTCCAAATCCTGAA

MYBT gPCR F TTGAGGAAAGGTTCATGGTCAGC 145
gPCR R AATTTGTCCATCGTAGCCTGCAAC

MYB2 gPCR F ACCCTCCTCCAACCACTCATCAT 160
gPCR R TGAGGTGGGCTCATTCTCAACTC

R3MYB gPCR F ATGGCCGTGAGAAGGAAATTGATG 153
gPCR R CAAGGAGGTCCAACATGACAAC

WDR1 gPCR F CGGTTGCGGAACTAGAGAGAC 155
gPCR R TGACATCGGGTCAATCCCATTAGG

WDR2 qgPCR F CAGAGGCATCAGTCGAGTGTGA 149
gPCR R GCCAATATCGGATCCAATCCACCT

Abbrev.: F: forward, R: reverse.
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* 20 * 40 * 60 * 80 * 100

Feuerschein : MNTLLVLQMVIFAIIAFVIFHLLUEFKSKPNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVSCVVECAEDIAQELLQKNDLAFANRKHTL : 104
BAlvasSupreme : MNTLLVLQMVIEAIIAFVIFHL%EFKSKPNRRLPPSPPSLPIIGHLHBLGPLIHQSFNRLSARYGPLIHLRLGSVSCE:EE DI AGELLGKNDIAFANRKHTL : 104
Rubensl : MNTLLVLQMVIFAIIAFVLFHLLZFKSKPNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVSCVVVLARDLAGELLQKNDLAFANRKHTL : 104
Rubens2 : MNTLLVLQMVIFAIIAFVIFHLLVFKSEPNRRLPPSPPSLPIIGHLEHLGPLIHQSFNRLSARYGPLIHLRLGSVSCVVECAEDLAQELLQKNDLAFANRKHTL : 104
Whitealva : MNTLLVLQMVIEAIIAFVLFHLIFKSKPNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVSCVVVLARDLAGELLQKNDLAFANRKHTL : 104
ChatNoirl : MNTLLVLQMVIFAIIAFVIFHLLEFKSEPNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVS CASDLAGELLGKNDLAFANRKHTL : 104
ChatNoir2 : MNTLLVLQMVVEAIIAFVIFHL FKSBPNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVSEE%EEALDLAQELLQKNDIAEANRKHTL : 104
AurcraskKiss : MNTLLVLQMVIFAIIAFVIFHLLZFKSEPNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVS CAEDLAQELLGKNDLAFANRKHTL : 104

MNTLLVLQMVGEAITIAFV6FHLLEFKS PNRRLPPSPPSLPIIGHLHHLGPLIHQSFNRLSARYGPLIHLRLGSVSCVVaCApDLAQELLGKNDLAFANRKHTL

* 120 * 140 * 160 * 180 * 200

Feuerschein : AIDHVTYGVAEAEAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEZHGLEETLT SKQNEEVNMTNELLKLSNNI IEQMMMGIRCSGNKTEAEEAKNLVRE : 208
AlvasSupreme : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLLMTLTEYSKONEEVNMTNELLKLSNNIIYQMMMGIRCSGNKTEAEEAKNLVRE : 208
Rubensl : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLLQTLTHY SKONEEVNMTNELLKLSNNVIBQMMMGIRCSGNKSEREEAKNLVRE : 208
Rubens2 : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLLTLTEESKONEEVNMTNELLKLSNNV I8 CMMMGIRCSGNKSEAEEAKNLVRE : 208
WhiteAlva : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLLQTLTEY SKONEEVNMTNELLKLSNNV I8 QMMMGIRCSGNKSEAEEAKNLVRE : 208
ChatNoirl : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLLITLTHY SKONEE VNMTNELLKLSNNV I8 CMMMGIRCSGNKSEAEEAKNLVRE : 208
ChatNoir2 : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLIMTLTEY SKONEEVNMTNELLKLSNNI I8 QMMMGIRCSGNKTEAEEAKNLVRE : 208
BuroraskKiss : AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIQNLGHFLPIRTQEIHGLIMTLTEESKQNEGVNMTNELLKLSNNVIQMMMGIRCSGNKSEAEEAKNLVRE : 208

AIDHVTYGVAFAFAPYGPYWRFIKKMSTVELLGIGNLGHFLPIRTQEIHGLL1TLTEKSKQNESVNMTNELLKLSNN6ICQMMMGIRCSGNK3EAEEAKNLVRE

* 220 * 240 * 260 * 280 * 300 *
Feuerschein : VITIFGEFNVSDFIWCKKLDLQGFKKRYEDIRTRYCALLERIIFAREEMRKEGKGMEDGKGKDFLOMLLOVLEDDKAEIKITRNHIKALILDEVIAGTDTIAV : 312
AlvasSupreme : VITIFGEFNVSDFIWICKKLDLQGFKKRYEDIRTRYLCALLERIIFAREEMRKEGKGMSDGKGKDFLOMLLOVLEDDKAEIKITRNHIKALILDFVIAGTDTTAV : 312
Rubensl : VITIFGEFNVSDFIW3CKKLDLQGFKKRYEDIRTRYCALLERIIFGREEMRKEGKGMS -GKGKDFLOMLLDOVLEDDKAEIKITRNHIKALILDFVIAGTDTTIAV : 311
Rubens2 : VITIFGEFNVSDFIW3CKKLDLQGFKKRYEDIRTRYLALLERI IFGREEMRKEGKGMS -GKGKDFLOMLLOVLEDDKAEIKITRNHIKALILDFVIAGTDTTAV : 311
Whitealva : VITIFGEFNVSDFIWCCKKLDLQGFKKRYEDIRTRYCALLERIIFGREEMRKEGKGMS -GKGKDFLOMLLOVLEDDKAEIKITRNHIKALILDFVIAGTDTTAV : 311
ChatNoirl : VITIFGEFNVSDFIWZCKKLDLQGFKKRYEDIRTRYLALLERIIFGREEMRKEGKGMS -GKGKDFLOMLLOVLEDDKAEIKITRNHIKALILDFVIAGTDTTIAV : 311
ChatNoir2 : VTTIFGEFNVSDFIEECKKLDLQGFKKRYEDIRTRYEALLERIIEAREEMRKEGK DGKGKDFLOMLLDVLEDDKAEIKITRNHIEKALILDFVIAGTDTIAV : 312
AurorasKiss : VITIFGEFNVSDFIWZCKKLDLQGFKKRYEDIRTRYLCALLERIIFGREEMRKEGKGMS-GKGKDFLOMLLOVLEDDKAEIKITRNHIKALILDFVIAGTDTTAV : 311

VTTIFGEFNVSDFINfCKKLDLQGFKKRYEDIRTRYCALLERIIF REEMRKEGKGMd GKGKDFLOMLLODVLEDDKAEIKITRNHIKALILDFVIAGTDTTAV

320 * 340 * 360 * 380 * 400 *

Feuerschein : IIEWTLVELIKNPMVMEKAKQELDEVVGNTRLVEESCAPKLPYIGAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK : 416
AlvasSupreme : IIEWTLVELIKNPMVMEKAKQELDEVVGNTRLVEESCAPKLPYICAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK : 416
Rubensl : IIEWTLVELIKNPMVMEKAKQELDEVVGNTRLVEESCAPKLPYICAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIEAGSILFVNNWSIGRNPKYWESPLEFK : 415
Rubens2 : IIEWTLVELIKNPMVMEKAKGELDEVVGNTRLVEESCAPKLPYIGAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK : 415
WhiteAlva : ITEWTLVELIKNPMVMEKAKQELDEVVGNTRLVEESCAPKLPYICATIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIEAGSILFVNNWSIGRNPKYWESPLEFK : 415
ChatNoirl : IIEWTLVELIKNPMVMEKAKGELDEVVGNTRLVEESCAPKLPYIGAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK : 415
ChatNoir2 : IIEWTLVELIKNPMVMEKAKQELDEVVGNTRLVEESCAPKLPYICAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK : 416
AurorasKiss : IIEWTLVELIKNPMVMEKAKGELDEVVGNTRLVEESCAPKLPYIGAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK : 415

IIEWTLVELIKNPMVMEKAKQELDEVVGNTRLVEESCAPKLPYICAIIKEAFRLHPPIPMIIRKSNENVSVKSGYEIFAGSILFVNNWSIGRNPKYWESPLEFK

420 * 440 * 460 * 480 * 500 *
Feuerschein : PDRFLJEGVLKPSLDIRGQNFQILPFGTGRRSCPGINMAMRQLPVVVAILIQCFEWTVNDKQVLNMDERGGLTTPRATDLY LRKNSPHSMF 1 514
AlvasSupreme : pDRrtEEGVLKpSLn1aGQNrc1LprGTGaascps1anmRQvavvn1LIccrEnTvnnKQannDERGGLTTPRaTnLv LRKNSPHSMFEE: 1 514
Rubensl : PDRFLEEGVLKPSLDIRGQNFQILPFGTGRRSCPGINMAMRQLEVVVAIIIQCFEWTVNDKQVLNMDERGGLTAPRATDLY LRKNSPHSMFTEV : 513
Rubens2 : PDRFLEEGVLKPSLDIRGENFQILPFGTGRRSCPGINMAMROLPVVVAILIQCFEWTVNDKQVLNMNERGGLTAPRATOLY LRKNSPHSMFTLV : 513
WhiteAlva : PDRFUEEGVLKPSLDIRGENFQILPFGTGRRSCPGINMAMRQLPVVIAILIQCFEWTVNDKGVLNMDERGGLTEPRATOLY LRKNSPHSMFTEV : 513
ChatNoirl : PDRFLEEGVLKPSLDIRGGNFQILPFGTGRRSCPGINMAMRQLPVVVAILIQCFEWTVNDKQVLNMNERGGLTAPRATDLY LRKNSPHSMF 513
ChatNoir2 : PDRFLYEGVLKPSLOIRGENFQILPFGTGRRSCPGINMAMRQLPVVVAILIQCFERTVNDKGVLNMDERGGLTE PRATDLVCLPSLRKNSPHSMF 1 514
RurorasKiss : PDRFLEGVLKPSLDIRGQNFQILPFGTGRRSCPGINMAMRQLEVVVAILIQCFEWTVNDKQVLNMDERGGLTTPRATDLVCIHILRENSPHSMFIEV : 513

PORFLKEGVLKPSLDIRGQNFQILPFGTGRRSCPGINMAMRQLPVVEAI 6 IQCFENTVNDKQVLNMIERGGLT PRATDLVCEP1LRKNSPHSMFTSV
Figure 2 Multiple amino acid sequence alignment of FNS II. Alignment was performed with GeneDoc [38] and provides a comparison of the
cDNA clones obtained from the red cultivar Feuerschein (GQ479806), cv. White Alva (GQ489011), yellow cultivars Alva's Supreme (GQ479807), cv.
Rubens (GQ479808, GQ479809) and the black cultivars Chat Noir (GQ489009, GQ489008) and Aurora’s Kiss (GQ489010). Low consensus sites are
shaded in grey

JQ731764), Chat Noir (Accession No JQ731765), Karma
Choc (Accession No JQ731763), and Tisa (Accession No
JQ731762) were isolated. The genomic clones had one in-
tron at the same position (889 in Accession No JQ731761,
Rubens). However the intron length differed considerably
(Figure 3). Thus, the clones had the size of 2939 bp (Ac-
cession No JQ731761), 2704 bp (Accession No JQ731762),
2702 (Accession No JQ731763), 2736 bp (Accession No
JQ731764), and 2757 bp (Accession No JQ731765).

Functional activity and characterization of recombinant
enzymes

To investigate whether the small differences in the FNS
1I sequence could be relevant for the establishment of

black phenotypes, all cDNA clones were heterologously
expressed in S. cerevisiae. As assumed, the obtained re-
combinant proteins were functionally active and cata-
lyzed the NAPDH-dependent formation of apigenin and
luteolin from naringenin and eriodictyol, respectively,
thus confirming that the differences in the sequence are
not pivotal. Recombinant FENS II of the yellow cv.
Rubens (GQ479808) and the black cv. Chat Noir
(GQ489009) were characterized in more detail and
largely showed the same characteristics as expected from
the high sequence similarity. The optimal pH was 6.50
for the conversion of naringenin and pH 7.50 for erio-
dictyol as substrates. The enzyme was stable until 25°C
and the temperature optimum was 25-30°C. The
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Figure 3 Multiple alignments of genomic FNS /I nucleotide sequences of Dahlia variabilis hort. Alignment was performed with GeneDoc
[38] and provides a comparison of FNS Il of the yellow cv. Rubens (Accession No JQ731761) and of the black cultivars Arabian Night (Accession
No JQ731764), Chat Noir (Accession No JQ731765), Karma Choc (Accession No JQ731763), and Tisa (Accession No JQ731762). Low consensus sites
are shown in black letters and shaded in grey, others in white letters and shaded in grey. The intron containing region is boxed.
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reaction was linear with time until 25 min and with the
protein content up to 31 pg (GQ479808) or 15 pg
(GQ489009) in the assay. Kinetic studies showed appar-
ent K, and V,,,, values of 3.86 uM and 22.7 pumol/s*kg
for naringenin as substrate and 4.2 pM and 22.3 pumol/
s*kg for eriodictyol as substrate, resulting in a ratio of
Vinax! K,y of 5.9 for naringenin and 5.3 for eriodictyol,
respectively. Thus, the FNS II shows comparably high
specificity for both substrates.

Gene expression studies

The expression of structural and regulatory genes from
the flavonoid pathway was measured by quantitative
Real-time PCR in comparison to two housekeeping
genes, actin and glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH). The expected size of the amplicons was
confirmed by gel electrophoresis and the specificity by
melt curve analysis. FNS II was expressed in all cultivars.
However, black cultivars showed a very low FNS II ex-
pression in comparison to the other cultivars (Figure 4),
with the exception of cv. Black Barbara, which showed
second highest FNS II expression in accordance with the
relatively high ENS II activities measured (Table 2).
White and yellow cultivars showed higher FNS II expres-
sion than the red cv. Feuerschein and highest expression
was observed in the cv. White Alva (Figure 4). This cor-
relates well with the observed low FNS II activity in the
majority of black cultivars. As D. variabilis is octoploid
(2n=8x=64) [22], it is expected that more than one
ENS II copy is present as recently shown for D. variabi-
lis CHS [9]. The decline of ENS II activity in the majority
of the black cultivars, which is unusual for dahlia [3],
indicates the presence of an effective regulatory mechan-
ism, which could also include post-transcriptional or
post-translational processes.

An impact of the flavone pathway on anthocyanin accu-
mulation and flower colour was shown in several studies.
Gerbera lines lacking FNSII expression and FNSII activity
did not accumulate flavones, while anthocyanin contents
and intensity of the flower colour increased noticeably
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[23]. However, the anthocyanin concentrations obtained
were not high enough to result in black flowers. Vice
versa, the transformation of FNSII into violets led to the
accumulation of flavones at the expense of anthocyanins,
which showed paler flowers than the wild type. Daphne
mutants of Antirrhinum majus, which lack flavones, de-
velop dull reddish-brown flowers in contrast to red wild
type flowers [24].

To investigate the possible involvement of transcrip-
tion factors from D. variabilis on the FNS II suppres-
sion, we determined the expression of seven recently
identified putative regulatory genes MYBI, MYB2,
R3MYB, WDRI1, WDR2 and the bHLH transcription fac-
tors DEL and IVS [8,9,25]. Interaction of comparable
proteins resulted in the formation of a regulatory com-
plex that controls cellular identity of epidermal cells in-
cluding anthocyanin formation [26-28]. All 14 black
cultivars showed a similar expression pattern (Additional
Files 3 and 4). For a better overview and comparison be-
tween the colour types the relative expression pattern in
the white cv. White Alva, the yellow cv. Rubens, the red
cv. Feuerschein and the black cv. Chat Noir is shown in
Figure 5. The expression pattern of the transcription fac-
tors followed the same trend in the red and black culti-
vars and no general difference could be found explaining
the black phenotype, although some black cultivars oc-
casionally showed a lower expression e.g. cv. Chat Noir
for MYBI or cv. Mythos for MYB2. The only difference
related to colour was the suppressed IVS expression in
the yellow and white cultivars as previously reported [8].
Thus, the suppression of FNS II expression must be
influenced by other so far unknown factors. Changes in
the promoter regions are unlikely to play a particular
role because several alleles must be affected at the same
time.

Ohno et al. [9] have shown the presence of two differ-
ent chalcone synthases in dahlia with several alleles of
each type. CHS 1 seems to be specifically involved into
anthocyanin formation because it shows a similar ex-
pression pattern as FHT, DFR and ANS as a result of
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IVS expression and is suppressed in white and yellow
cultivars. CHS 2 in contrast was expressed independently
from the flower colour [9]. This was also confirmed in
our study. CHS I was expressed in the red and all black
cultivars but not in the white and yellow ones, where
CHS 2 was expressed in all cultivars (Figure 5,
Additional Files 3 and 4). It may be speculated that the
two CHS types were introduced into the D. variabilis
genome by the two different wild species which are the
parent plants of the garden dahlia [29,30]. So far the
presence of isoenzymes in D. variabilis was only
observed for CHS. However, our data suggest that also
more than one FHT gene exists, because the FHT en-
zyme activity measured in the yellow cv. Rubens and the
white cv. White Alva was higher than expected from the
FHT suppression observed in the white and yellow culti-
vars (Figure 5, Table 2). In addition, other dioxygenases
from the flavonoid pathway such as FLS, which has been
shown to accept a broad range of substrates [31], could
contribute to the observed FHT activity in these lines.
The relative expression of the structural genes from
the flavonoid pathway was largely comparable and some-
times even lower than those of the red cultivars. This
underpins that the increased anthocyanin formation in
the majority of black cultivars is not based on an
induced anthocyanin pathway, but exclusively the result
of the promoted flux of flavanone intermediates into
anthocyanins due to the reduced flavone formation.
Only in the case of cv. Black Barbara, there is huge
anthocyanin formation despite unhampered flavone for-
mation. On the other hand, this cultivar shows highest
total expression of CHS genes (CHSI and 2) and is also
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very high for all the other genes. This could be an ex-
planation for the high anthocyanin formation, but we
cannot exclude that there are further, so far unknown
relevant factors. Expression of malonyl-coenzyme A:
anthocyanidin  3-O-glucoside-6"-O-malonyltrans-ferase
(MaT) varied largely within the black cultivars and no
correlation with flower colour was found (Figure 5,
additional files 3 and 4). Thus, increased anthocyanin
stability by malonylation of anthocyanins does not seem
to be play a role for the establishment of the black phe-
notypes. Interestingly, malonyltransferase showed a simi-
lar suppression as CHS I, FHT, DFR and ANS in yellow
and white varieties indicating that the gene could be co-
regulated with the other genes distinctly involved in the
formation of red pigmentation.

Conclusions

Continuous dahlia breeding worldwide has led to the
availability of a countless number of cultivars, many of
them showing red hues. However, black hues of dahlia
flowers seem to occur only occasionally. We have shown
for the first time that the distinct impression of black
colour in dahlia is based on the accumulation of huge
amounts of anthocyanins. In the majority of the black
cultivars, this seems to be a result of increased channel-
ling of flavanones towards anthocyanins at the expense
of flavone formation (Figure 6). This seems to be based
on the low ENS II activity and FNS II expression which
is not influenced by any transcription factor of the fla-
vonoid pathway known so far. Whereas the flavonoid
pathway offers a large spectrum of possibilities for the
establishment of white, yellow, orange, pink and red
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Figure 6 Overview of the flavonoid pathway in D. variabilis. In black cultivars, branches leading to yellow 6'-deoxychalcones and
4-deoxyaurones and colourless flavones are blocked and low amounts of flavonols are formed. Flux into anthocyanin formation is considerably
enhanced. In white and yellow cultivars the pathway to anthocyanins is commonly blocked at the level of DFR.

AUS
— 4—Deoxyaurone
(yellow)

(red)




Thill et al. BMIC Plant Biology 2012, 12:225
http://www.biomedcentral.com/1471-2229/12/225

tones, 11 of 12 cultivars showed an identical biochemical
and molecular background establishing the phenotype.
The cv. Black Barabara, however, showed a generally
high expression of genes from the anthocyanin pathway,
which could provide an explanation for the high
amounts of anthocyanins found despite high flavone for-
mation. A higher substrate supply due to changes in the
phenylpropanoid pathway could also result in enhanced
anthocyanin formation. Further investigations will be
required to understand the establishment of the black
colour in the special case of cv. Black Barbara. The mo-
lecular explanation for the specific suppression of fla-
vone formation in the majority of black dahlia will be of
particular interest. As dahlia is an octoploid plant and
the presence of several alleles is expected, the simultan-
eous suppression of all FNS II isoenzymes indicates an
effective mechanism, which could be used for engineer-
ing plants with tailor-made flavone contents.

Methods

Plant material

Dahlia variabilis hort. cv. Arabian Night, cv. Karma
Choc and cv. Tisa were obtained from Kubelka (Spitz a.d.
Donau, Austria), cv. Auroras Kiss, cv. Black Jack,
cv. Magic Night and cv. Negerkopf from Haslhofer
(Windischgarsten, Austria), cv. Black Barbara from
Aviflora (Aalsmeer, Netherlands), cv. Chat Noir, cv.
Charles de Gaulle, cv. Kenora Macop B, cv. Rubens, cv.
Alva’s Supreme, cv. Feuerschein, cv. Cheerio, cv. White
Alva from Dahlien-Kultur Wirth (Vienna, Austria),
cv. Meteor, cv. Stefanie Hertel from Paul Panzer
(Bad Kostritz, Germany) and cv. Nathal from Dahlien
Schwieter (Legden, Germany). According to previous
studies [3], opening buds with a maximal petal length of
2.5 cm were used for the determination of gene expres-
sion, enzyme activity and analysis of the presence of fla-
vonoid classes. Determination of anthocyanin contents
was additionally performed with extracts from fully
developed flowers. Due to the specific shape of inflores-
cences from Asteraceae species, all samples are a mixture
of petals of all size and age present in the respective de-
velopmental flower stage. All samples were taken from at
least 10 plants. All investigations were done on at least
three biological replicates. The plant material was shock
frozen in liquid nitrogen and stored at —80°C.

Enzyme preparations

Petals were ground in a mortar with 0.25 g Polyclar AT,
0.25 g quartz sand and 3 ml 0.1 M Tris/HCI (pH 7.25,
containing 0.4% sodium ascorbate) and then centrifuged
for 3 min at 10,000 x g. FNS II and F3'H assays were
performed using the supernatant or microsomal pre-
parations obtained according to [32]. For the determin-
ation of other enzymes, preparations were subjected to a
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gel chromatography step (Sephadex G25,medium, GE
Healthcare).

Chemicals

[14C]malonyl-CoA was purchased from Amersham
International (Freiburg, Germany), p-coumaroyl-CoA
from TransMIT (Marburg, Germany), apigenin, luteolin,
butein, kaempferol, quercetin, and 3}5,7-trihyroxy-3,4’-
dimethoxyflavone from Extrasynthese (Genay, France).
[14C]Naringenin, and [14C]eriodictyol were synthesized
as described [32].

Enzyme assays

Enzyme assays were performed according to [3]. Quanti-
fication of protein was done with a modified method of
Lowry [33]. The standard assay for FNS II contained in
a final volume of 100 pl 0.046 nmol [**C]flavanone, 20
pl microsomal preparation, 5 ul 1 mM NADPH and 75
pul 0.1 M KH,PO, containing 0.4% Na-ascorbate (pH
6.75). The reaction was stopped with 70 pl EtOAc and
10 ul acetic acid. The organic phase was transferred to
thin-layer cellulose plates (Merck, Darmstadt, Germany)
and developed in CAW (chloroform/acetic acid/water:
10/9/1). The evaluation was carried out on a Berthold
LB 2842 TLC linear analyzer (Wildbad, Germany) by in-
tegration of the peak areas.

Pigment analysis

For the determination of the anthocyanin content, 0.5 g
of shock-frozen petals were pulverized and mixed with
2.5 ml 2 M methanolic hydrochloric acid. After shaking
for 120 minutes in an overhead rotator, the suspension
was centrifuged for 10 minutes at 19200 x g. 10-140 ul
of the supernatant was adjusted with 2 M methanolic
hydrochloric acid to a final volume of 1000 ul. The ab-
sorption at 520 nm was determined on a DU-65 spectro-
photometer (Beckman Instruments). The anthocyanin
content was calculated as pelargonidin equivalent using
a calibration curve obtained with commercially available
pelargonidin chloride (Roth, Germany).

For acidic hydrolysis of anthocyanins, 20 pl methanolic
hydrochloric acid extract were mixed with 180 pl of 4 N
HCI and incubated for 60 minutes at 90°C. After cool-
ing for 10 minutes the mixture was centrifuged for 10
minutes at 10,000 x g. The supernatant was adjusted to
200 ul with 4 N HCI and aliquots were used for HPLC
analysis. For enzymatic hydrolysis of flavones and flavo-
nols, 20 pl of the methanolic extract was incubated for
10 min at 40°C with 10 U naringinase (Sigma-Aldrich,
Austria) dissolved in 80 pl 0.1 M Mcllvainebuffer, pH
4.0. The reaction was stopped by addition of 40 pl
methanol and subjected to HPLC analysis. HPLC ana-
lysis was performed according to [34] using a Perkin
Elmer Series 200 HPLC system equipped with a Perkin
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Elmer Series 200 diode array detector and Total Chrom
Navigator, version 6.3.1 (Perkin Elmer Inc). The column
was a BDS Hypersil C18 HPLC column, 5 pum, 250 x 4.6
mm (Thermo Scientific). For quantification 3)5,7-trihy-
droxy 3,4- dimethoxyflavone was used as internal
standard.

Cloning the corresponding FNS Il cDNA clones and
genomic FNS Il

mRNA was isolated from dahlia petals, using the
UMACS mRNA Isolation Kit (Miltenyi Biotec, Bergisch-
Gladbach, Germany). cDNA was prepared using the
RevertAid H Minus MuLV reverse transcriptase
(Fermentas Life Science, St. Leon-Rot, Germany) with
an oligo(—-dT) anchor primer (Table 3). Primers for the
isolation of FNS II from dahlia were designed using FNS
II sequences, which were available in the NCBI GenBank
(BD270652-BD270670, AF156976, AF188612). Primers
outside the coding sequence were chosen (FNS1 and
ENS4, Table 3). The obtained cDNA-fragments were iso-
lated, ligated into the vector pCR®2.1-TOPO (Invitro-
gen, Paisley, UK), transformed in E.coli (TOPI10,
Invitrogen Paisley, UK) and sequenced by a commercial
supplier (StarSEQ, Mainz, Germany). The obtained se-
quence information was used for the design of specific
primers (FNSIIRub-ex, Table 3). Proofreading amplifica-
tion of the complete open reading frame was carried out
using the Expand High Fidelity PCR System (Roche,
Mannheim, Germany). For heterologous expression in
yeast, proofreading cDNA amplicons were ligated into
the pYES2.1/V5-His-TOPO® vector (Invitrogen, Paisley,
UK). Sense constructs were isolated and confirmed by
sequencing. Transformation of the plasmid into the S.
cereviasiae strain INVScl followed. Heterologous ex-
pression and preparation of the recombinant protein
was carried out according to [35].

Genomic DNA was prepared using the DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany) according to the
supplier’s instruction. Specific primers (Dah.FNSILlang,
Table 3) for the amplification of the genomic FNS II
were designed from the cDNA sequence information.

Gene expression studies

Expression of FNS II was quantified by qPCR using a
StepOnePlus system and SYBR® Green PCR Master Mix
(Applied Biosystems, Darmstadt, Germany) according to
the supplier’s instruction. The analysis was carried out in
triples, and the data of FNS II was normalized against
two control genes, actin and glyceraldehyd 3-phosphate
dehydrogenase (GAPDH). Primers were derived from
[36] for Actin, CHI, CHSI, CHS2, FHT, ANS, FLS, Delila,
Mybl, Myb2, R3Myb, WDRI, WDR2, and IVS and from
[37] for F3’H. Primers for DFR were based on the se-
quence published in the NCBI database (FJ216425),
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which was previously derived using degenerated primers
for conserved DFR sequences. Primers for MaT were
based on the sequence published in the NCBI database
(AF489108). Primers for GAPDH were designed based
on the conserved regions in mRNA sequences of
GAPDH of different Asteraceae species published in the
NCBI-GenBank (EU708566, AF162198, GU475487). The
sequences of the primers are shown in Table 3.
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Additional file 1: Proportional amounts of flavones, flavonols and
anthocyanins in the white cv. White Alva (1), yellow cvs. Rubens (2)
Alva’s Supreme (3), red cvs. Feuerschein (4), Cheerio (5),and black cvs.
Arabian Night (6), Auroras Kiss (7), Black Jack (8), Chat Noir (9), Charles de
Gaulle (10), Karma Choc (11), Magic Night (12), Meteor (13), Natal (14),
Negerkopf (15), Tisa (16), Black Barbara (17). For absolute values refer to
Table 1.

Additional file 2: Flavone synthase Il assay in three black cultivars.
Radiochromatogram of TLC on cellulose with solvent system CAW
(chloroform/acetic acid/water: 10/9/1) from incubation of [MC]eriodicton
in the presence of microsomal preparations from petals of cv. Black
Barabara (left), cv. Chat noir (centre) and cv. Stefanie Hertel (right).

Additional file 3: Relative expression of structural genes and
transcription factors. Expression was determined in comparison to the
housekeeping gene actin in the white cv. White Alva (1), yellow cvs.
Rubens (2) Alva's Supreme (3), red cvs. Feuerschein (4), Cheerio (5), and
black cvs. Arabian Night (6), Auroras Kiss (7), Black Jack (8), Charles de
Gaulle (9), Chat Noir (10), Karma Choc (11), Magic Night (12), Meteor (13),
Mythos (14), Negerkopf (15), Tisa (16), Black Barbara (17).

Additional file 4: Relative expression of structural genes and
transcription factors. Expression was determined in comparison to the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
in the white cv. White Alva (1), yellow cvs. Rubens (2) Alva’s Supreme (3),
red cvs. Feuerschein (4), Cheerio (5), and black cvs. Arabian Night (6),
Auroras Kiss (7), Black Jack (8), Charles de Gaulle (9), Chat Noir (10), Karma
Choc (11), Magic Night (12), Meteor (13), Mythos (14), Negerkopf (15), Tisa
(16), Black Barbara (17).
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