The Horticulture Journal 84 (1): 83-92. 2015. The Japanese Society for
doi: 10.2503/hortj.MI-020 JSHSH Horticultural Science

http://www.jshs.jp/

Effects of Sequence and Expression of Eight Anthocyanin Biosynthesis Genes
on Floral Coloration in Four Dendrobium Hybrids
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Understanding the control of anthocyanin biosynthesis is beneficial to genetic improvement for floral
production in Dendrobium orchids. Full-length cDNA of CHS, CHI1, CHI2, F3H, DFR, ANS, F3'5'H, and FLS
was isolated from Dendrobium hybrids with purple, peach, white and greenish white flowers. Analysis of the
deduced amino acid sequences and gene expression levels of the eight genes suggested potential causes of color
variation among the hybrids. Peach hybrid (SC) was likely due to changes in anthocyanin production from
cyanidin to pelargonidin through mutations in F3'H, and the low color intensity was likely derived from the
low expression levels of CHII and CHI2. In addition, white hybrid (RW) was likely caused by several
mutations in F3H and/or high expression levels of FLS, an enzyme that converts color flavonoid intermediates
into colorless flavonols. Simultaneous loss of F3H, DFR, and ANS expression observed in another white hybrid
(JW) indicated that an alteration of anthocyanin regulatory controls was likely the cause of white coloration.
Furthermore, analysis of hybrid mutants bearing pale and dark flowers demonstrated the influence of the
expression of anthocyanin genes on the intensity of flower colors. Data obtained from this work could
contribute to new strategies for future orchid breeding.
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Introduction

Anthocyanins are a group of flavonoid glycosides
constituting the major color pigments in flowers and
fruit. Anthocyanins are synthesized along with flavo-
noid biosynthesis through a series of enzymatic reac-
tions that convert chalcone into three major
anthocyanidin types: cyanidin (red to magenta), pelar-
gonidin (brick red to scarlet) and delphinidin (purple to
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violet) (see Tanaka et al., 2008, for reviews). Structural
and regulatory genes are the key controls for the bio-
synthesis process. Spatial and temporal expression of
the structural genes regulated through regulatory pro-
teins dictates the production of anthocyanins in plants
(Petroni and Tonelli, 2011).

Anthocyanin biosynthesis requires at least six en-
zymes including chalcone synthase (CHS), chalcone
isomerase (CHI), flavanone 3-B-hydroxylase (F3H),
dihydroflavonol-4-reductase (DFR), anthocyanidin syn-
thase (ANS) and flavonoid glycosyltransferase. De-
pending on the plant species, the product of F3H,
dihydroflavonol, could be further substituted with
hydroxyl groups by flavonoid 3'-hydroxylase (F3'H)
and/or flavonoid 3',5'-B-hydroxylase (F3'5'H), generat-
ing three dihydroflavonol derivatives as intermediates
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for three branches of subsequent biosynthesis cascades.
This leads to variations in pigment production via the
three dihydroflavonols, namely, dihydroquercetin, dihy-
drokaempferol, and dihydromyricetin, which are then
catalyzed by DFR and subsequently ANS, producing
cyanidins, pelargonidins and delphinidins, respectively
(Tanaka et al., 2008). Additionally, along with antho-
cyanin biosynthesis, flavone and flavonol are synthe-
sized through the activity of flavone synthase (FNS)
and flavonol synthase (FLS), respectively (Holton and
Cornish, 1995; Martens and Mithéfer, 2005).

Many studies have demonstrated the effects of muta-
tions in anthocyanin structural or regulatory genes on
anthocyanin pigmentation. Loss-of-function mutations
in CHS, CHI, F3H, DFR, and ANS normally cause a
block in the biosynthesis, and plants harboring these
mutations often produce white flowers or are colorless
in tissues that usually contain color pigments (Britsch
et al., 1992; Franken et al., 1991; Inagaki et al., 1996;
Nakatsuka et al., 2005; Napoli et al., 1999). Studies of
several yellow-flowered varieties of ornamental plants
including Dianthus and Cyclamen showed that reces-
sive mutations in CHI caused the accumulation of
naringenin chalcone, resulting in yellow flowers
(Forkmann and Dangelmayr, 1980; Miyajima et al.,
1991). However, in some cases, CHI mutations did not
result in complete disruption of anthocyanin production
because some portion of the CHI substrate, naringenin
chalcone, could be spontaneously catalyzed and pro-
ceed into the pathway (Forkmann and Dangelmayr,
1980; Miles and Main, 1985). Mutations in either F3'H
or F3'5'H in many cases caused color alterations. Stud-
ies in roses, Dianthus and Chrysanthemum demonstra-
ted that the lack of blue-purple in these plants was due
to the loss of F3'5'H, which encodes the key enzyme
responsible for delphinidin synthesis (Tanaka and
Brugliera, 2006). F3'H switches anthocyanin biosynthe-
sis to red-colored cyanidins and, in some varicties of
Chrysanthemum in which F3'H is mutated, anthocyanin
biosynthesis proceeds towards pelargonidin production
resulting in orange flowers (Schwinn et al., 1993). Fur-
thermore, certain types of mutation in DFR led to alter-
ations in enzyme specificity towards its substrates. For
example, while DFRs from many species such as
Dianthus caryophyllus and Gerbera hybrida have broad
specificity to the three types of dihydroflavonol, DFRs
from petunia and Cymbidium cannot reduce dihydro-
kaempferol efficiently and, therefore, cannot produce
pelargonidin-based color pigments (Forkmann and
Rahnau, 1987; Helariutta et al., 1993; Johnson et al.,
1999; Stich et al., 1992).

Dendrobium hybrids have been commercially distrib-
uted throughout the globe due to their elegant, colorful
flowers with diverse shapes. Research has been con-
ducted to understand the control of coloration in
Dendrobium for improving flower production. Howev-
er, knowledge regarding this issue is currently limited.

Analysis of pigment compositions in 28 commercial
Dendrobium species and hybrids has shown that cyani-
dins are the major pigment and pelargonidins are found
in a few hybrids with peach or red flowers (Kuehnle
et al., 1997). Previously, CHS and DFR genes were iso-
lated and characterized to verify the difference of floral
coloration controls in two Dendrobium hybrids produc-
ing purple and peach flowers. The analysis suggested
that the substrate specificity of DFR was a possible
cause of the color difference (Mudalige-Jayawickrama
et al., 2005). Furthermore, CHS, DFR, and F3'5'H were
recently isolated from D. moniliforme, and the analysis
of F3'5'H expression suggested its role in floral colora-
tion (Whang et al., 2011).

In this report, we aim to determine the coloration
controls of four Dendrobium hybrids producing differ-
ent flower colors including purple, peach, and two types
of white. Full-length cDNA of CHS, CHII, CHI2, F3H,
DFR, ANS, F3'5'H, and FLS was isolated. Sequence
and expression analyses revealed variations of deduced
amino acid sequences and expression patterns of the
eight genes in the four hybrids. Data obtained from this
study were discussed on the basis of the different colo-
ration in each hybrid. Furthermore, the analyses were
extended to two selected Dendrobium mutants produc-
ing paler- and darker-colored flowers to address the
possible causes of their color alterations.

Materials and Methods

Plant materials and RNA isolation

Four Dendrobium hybrids were obtained from local
orchid farms in Thailand. These included a hybrid pro-
ducing purple flowers named ‘Sonia Earsakul’ (SE), a
peach-flowered hybrid called ‘Sirin classic’ (SC), and
two white-flowered hybrids named ‘Suree white” (RW)
and ‘Jasmine white’ (JW). Two SE mutants that pro-
duce a paler color (L, ER6-329) and a deeper purple
color (D, ER5-1129) on both petal and sepal were se-
lected from the SE mutagenized population generated
by acute gamma-irradiation of protocorm-like bodies at
30 Gy. The mutants were monitored for their consisten-
cy in color production in at least four consecutive flow-
er generations. Four floral development stages, namely,
early young bud (~0.5 x 1.5-2cm: width x height),
young bud (~1 x 2.5-3 cm), mature bud (~1.5 x 3.5—
4 cm) and fully open flower stages, were collected for
RNA isolation.

Total RNA was isolated from whole buds and flow-
ers by a method described by Yu and Goh (2000).
Briefly, buds or flowers were ground in liquid N,, sus-
pended in the extraction buffer [SO mM CTAB, 40 mM
Tris-HCI pH 7.5, 20 mM EDTA, 2 M NaCl, 1% (w/v)
PVP-90 and 2% (v/v) p-mercaptoethanol] and incu-
bated at 60°C for 15 min. The mixture was centrifuged
at 7000 x g and 4°C for 15 min. Supernatant was mixed
with an equal volume of chloroform:isoamylalcohol
(24:1) and centrifuged at 7000 x g at 4°C for 15 min.
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This step was repeated twice. Supernatant was mixed
with one-third volume of 10 M LiCl and kept at —20°C
overnight for RNA precipitation. RNA was collected by
centrifugation at 12000 x g at 4°C for 20 min and then
washed with 2.5M LiCl and 70% (v/v) ethanol in
DEPC-treated water. RNA was dried and dissolved in
DEPC-treated water. RNA was then subjected to DNase
treatment (Promega, Medison, WI, USA), phenol:
chloroform extraction and RNA precipitation. RNA
was analyzed by agarose gel electrophoresis and quanti-
fied using Nanodrop (Thermo Scientific, Waltham, MA,
USA).

5'- and 3"-RACEs and full-length cDNA cloning
Initially, partial sequences of CHS, CHII, CHI2,
F3H, DFR, ANS, F3'5'H, and FLS were amplified from
cDNA of the SE hybrid, and these were used for pri-
ming sequences in 5'- and 3'-RACE reactions. Total
RNA from buds and flowers of the SE hybrid was used
for isolation of the 5' and 3' ends of the transcript of the
eight anthocyanin biosynthesis genes using GeneRacer®
Kit (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s protocol. 5' and 3' amplification reac-
tions included 1 pL of GeneRacer-cDNA of the SE hy-
brid, 0.5 uM for either 5' or 3' RACE primers and gene-

specific primers, 100 uM dNTPs, 1x Tag polymerase
buffer and 0.5 units of 7ag polymerase (NEB, Ipswich,
MA, USA) in a total volume of 20 pL. PCR conditions
were as follows: 2 min at 94°C; 35 cycles of 30s at
94°C, 30s at 50-60°C and 1 min at 72°C; and finally
72°C for 10 min. PCR products were resolved by elec-
trophoresis in 1% (w/v) agarose gel, stained with
ethidium bromide and visualized under UV light. DNA
fragments were purified and cloned into the pGEM-T
Easy Vector (Promega) for subsequent sequence analy-
sis. 5' and 3' end sequences of each gene were used for
primer design for full-length cDNA cloning.

For full-length ¢cDNA cloning, cDNA of SE, SC,
RW, JW, ER6-329, and ERS5-1129 was synthesized
using SuperScript™ III Reverse Transcriptase (Invitro-
gen). Briefly, a reaction including 1 pg of total RNA,
2.5 uM oligo(dT),s5_;5, 0.5 mM dNTP and DEPC-treated
water in a total volume of 13 puLL was incubated at 65°C
for 5 min before being cooled down on ice. Four micro-
liters of 5x First-Strand buffer, 1 uL of DTT, 1 puL of
RNaseOUT™ (Invitrogen) and 1 of puL. SuperScript™
IIT Reverse Transcriptase were added into the reaction
and incubated at 50°C for 60 min and then at 70°C for
15 min. Full-length ¢cDNA sequences of CHS, CHI,
F3H, DFR, ANS, F3'5'H, and FLS were amplified from

Table 1. Primer sequences for full-length cDNA cloning, quantitative real-time PCR, and semi-quantitative RT-PCR analysis.

Gene Forward primer (5'-3") Reverse primer (5'-3')

Full-length cDNA

CHS ACTGCCTAAAAGATCTCTCTGCTA TAACAGTATTGTGCATTCCTTTCC

CHII GCCTTACTCACAGTACCTCTCAAC AATCTAGCAGGCATACTTAA

CHI2 AAGTAGGCTTCATATCCGCCTTAC AATCTAGCAGGCATACTTAA

F3H GTATCTATCGCTAATCTTGAAGACG GCAGAACTAAACAGTTCCATAAGTC

DFR ACTTGCTTGAACTGGCGTTGAGGA ACGAATGTATTACATGATCCATTGCA

ANS AAGCACTCACTAACAACACACA GCCTTCTTCCTCTGCTCCTA

F3'5'"H AACCTAACAGACTCCACCATGTCT TATGTCATAAATTCGTTAGGCAAT

FLS GTTCAATCCATCGCCTCTCTC GTACCATCGTCATAGATCTGAGCA

Quantitative real-time PCR

CHS ACCGTCCTTCGCCTTGCCAAAGA

CTCAGTAGTCAAGTCAGGGTCAGATCCAA

CHII GTGACTRAGTATCTGAAGAACTGGGAAGGA
CHI2 GTGACTRAGTATCTGAAGAACTGGGAAGGA
F3H GCAGGAAGAGGAAGCAACAGGAGAA

DFR ACATTTGCTCTTCCTATGACTCCACAA

ANS TGTTAATAAAGAAAACATTCGGATTTCGT
F3'5'"H GGTGAGTAAGCTGTTGGTGGAGCA

FLS CCGATTACAGGAAGGTGAATGAGGAA

188 rRNA* CGCCGGCACCTTATGAGA

TTCTTCTTCCTCCTCTTCATAGTGATCGAT
TCTTCTTCCTCCTCTTCATAGCGATCAAC
CGAACATGAATAAAGGCACAGCATT
AGCATCATCAAACATCTCCTCCATACT
TTCCTCTGCTCCTACTTAATCCACACA
CCTGTTGTGCTCGTTGGAGGATTGAT
ATTCCATATCGTCTCCACCCAAAGC
CGTGCGGCCCAGACC

Semi-quantitative RT-PCR

CHS TGACCCTGACTTGACTACTGAGCGA
F3H AAGGGCGGTTTCATCGTTTCCAGC
DFR AACGGTCTGCTGGGCATCTTGAG
F3'5'H GGTGAGTAAGCTGTTGGTGGAGCA
FLS CCCGCCCGATTACAGGAAGGTGAA

TCCAGTCGTGAATACCAAGTGGCT
CACGAAGGCGTTTTGGACTGGCT

ACCATTTGCTTTGGGATGCTCGAA
TAGGGGAGCTTTGGTATGTCGGAT
CCATCTCCTCTCCACCCAAAGCCA

“ These were used for both quantitative real-time PCR and semi-quantitative RT-PCR.
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the cDNA with the primers listed in Table 1 using Easy-
A® High-Fidelity PCR Cloning Enzyme (Stratagene, La
Jolla, CA, USA) and subsequently sequenced. Nucleo-
tide and deduced amino acid sequences were aligned
using ClustalW version 3.

Quantitative real-time PCR analysis

cDNA was synthesized from total RNA obtained
from young buds, mature buds and fully open flowers
of SE, SC, RW and JW hybrids using SuperScript™ III
Reverse Transcriptase (Invitrogen). cDNA synthesis re-
action was performed in the same manner as described
in the full-length cDNA cloning section with the excep-
tion that 50 ng of random hexamers (Invitrogen) were
used as replacement for 2.5 uM oligo(dT),s_;3 primer.
Quantitative real-time PCR was performed using 25-
fold diluted cDNA samples. Each quantitative PCR
reaction contained 7.5 uL of 2x SsoFast™ EvaGreen®
Supermix (BioRad, Hercules, CA, USA), 2uL of
cDNA and 0.2 uM forward and reverse primers in a
total volume of 15 puL (see Table 1 for primer se-
quences). Thermal cycling was performed on
Eppendorf Mastercycler® ep Realplex Real-Time PCR
Systems (Eppendorf, Hamburg, Germany) using a pre-
heating step at 98°C for 30s followed by a two-step
cycle: 5s at 98°C and 30s at 60°C. /8S rRNA amplifi-
cation was used as an internal standard. Data were ana-
lyzed using the AACt method with default parameters.
Error bars represent the SD of three biological repli-
cates and each was conducted in triplicate.

Semi-quantitative RT-PCR analysis

cDNA was synthesized from total RNA of the four
flowering stages of SE, ER6-329 and ER5-1129 in the
same manner as described for quantitative real-time
PCR analysis. ¢cDNA products were diluted 10-fold
with dH,O, and semi-quantitative RT-PCR was per-
formed in reactions containing 1 uL of ¢cDNA, 0.5 uM
for each primer, 100 uM dNTPs, 1x Tag polymerase
buffer and 0.5 units of 7ag polymerase (NEB) in a total
volume of 20 uL. The reaction mixture was incubated

in conditions of 2 min at 95°C; followed by 10-29 cy-
cles of 30s at 95°C, 30s at the annealing temperature
specific for each primer pair and 1 min at 72°C; and fi-
nally 10 min at 72°C (see Table 1 for primer sequen-
ces). 188 rRNA amplification was used as a reference.
The analysis was performed in triplicate.

Results

Isolation and sequence analysis of full-length cDNA
Full-length cDNA of putative CHS, CHI, F3H, DFR,
ANS, F3'5'H, and FLS was isolated from buds or flow-
ers of Dendrobium SE hybrid. Two distinct putative
CHI sequences, designated as CHI/ and CHI2, were
isolated, whereas single amplicons were obtained from
the other genes. This indicated that at least two CHI ho-
mologues are present in the SE hybrid genome. Align-
ments of deduced amino acid sequences of the isolated
cDNAs with previously reported anthocyanin biosyn-
thesis genes from other plant species showed high
sequence similarity within each gene group (data not
shown). The sequences were deposited in the NCBI da-
tabase. Details of the eight full-length cDNA sequences
regarding accession numbers, sequence lengths, de-
duced amino acids, the highest sequence identity match
and their conserved domains are presented in Table 2.

Sequence analysis of the eight anthocyanin biosynthesis
genes among four Dendrobium hybrids

To gain insight into the basis of color variations in
flowers of Dendrobium hybrids, we examined nucleo-
tide and deduced amino acid sequences of the eight
genes from four hybrids that produce different flower
colors. These included hybrids with flower colors rang-
ing from dark purple (SE), peach (SC) and white (RW)
to greenish white (JW) (Fig. 1). Nucleotide and amino
acid sequence alignments showed a number of differ-
ences in nucleotide sequences that caused amino acid
changes, a gene deletion and an immature translation
termination in the eight genes from the four hybrids
(Table 3). Open reading frames of the eight genes from
SC, RW and JW hybrids were intact and similar to

Table 2. Identification of eight anthocyanin biosynthesis genes from Dendrobium SE hybrid. Sequences with the highest percent identity to the
full-length cDNA cloned are presented with their corresponding GenBank accession number. The identified conserved domain of each

gene is also indicated.

Gene cDNA ORF Dedl.lced ' '
(Accession No.) length (bp) am'mo Identity (%) Conserved domain
(bp) acids
CHS (KC345011) 1479 1188 395 100 (Dendrobium hybrid cultivar, CAR64527) CHS-like
CHI1 (KC345012) 904 630 209 74 (Oncidium Gower Ramsey, ABS58500) Chalcone superfamily
CHI2 (KC345013) 918 630 209 76 (Oncidium Gower Ramsey, ABS58500) Chalcone superfamily
F3H (KC345014) 1428 1137 378 86 (Bromheadia finlaysoniana, CAA61486) 20G Fell Oxy superfamily
DFR (KC345015) 1258 1059 352 98 (Dendrobium hybrid cultivar, CAR64530) NADB Rossmann superfamily
ANS (KC345016) 1205 1083 360 95 (Iris < hollandica, BAF62629) 20G Fell Oxy superfamily
F3'5'H (KC345017) 1686 1515 504 97 (Dendrobium hybrid cultivar, ABI95365) P450 superfamily

FLS (KC345018) 1169 951 316

71 (Allium cepa, AAO63023)

20G Fell Oxy superfamily
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those from the SE hybrid in terms of both size and
amino acid contents, except for CHI2 from RW and
F3'5'H from JW. A single adenosine deletion at position
498 of the CHI? coding sequence from RW was ob-
served. This caused frame-shift mutation and conse-
quently premature translational termination, which
resulted in a shorter polypeptide product containing 156
rather than 209 amino acids. A 117-nucleotide deletion
observed in F3'5'H from the JW hybrid resulted in a
loss of 39 amino acids at position 7-45 compared with
that of the SE hybrid. Furthermore, amino acid altera-
tions located in the conserved region of each gene were
also noted.

Expression analysis of anthocyanin biosynthesis genes
in_four Dendrobium hybrids
To examine the correlation between gene expression

Sonia Earsakul (SE) Sirin classic (SC)

Suree white (RW) Jasmine white (JW)

S Y

Fig. 1. Illustration of the four Dendrobium hybrid flowers includ-
ing purple-flowered Sonia Earsakul (SE), peach-flowered Sirin
classic (SC), and white-flowered Suree white (RW) and
Jasmine white (JW). Three flower developmental stages in-
cluding young bud (1), mature bud (2), and anthesis (3) were
used in quantitative real-time PCR analysis.

1

2cm

and flower colors, temporal expression of the eight
genes in the four hybrids was analyzed using quantita-
tive real-time PCR. The expression levels were moni-
tored at three stages: young buds, mature buds, and
anthesis. Variations in the expression levels of the eight
genes were observed (Fig. 2). Generally, in all four hy-
brids, the expression of the anthocyanin biosynthesis
genes was observed in young bud and gradually in-
creased, reaching the highest levels in mature bud, be-
fore declining to very low levels at the anthesis stage,
with the exception of F3'5'H, of which the expression
remained high through to the anthesis stage. In the
purple-flowered SE hybrid, the expression levels of
CHS, CHII, CHI2, F3H, DFR, ANS, and FLS were very
high in young and mature buds compared with those
from the other hybrids, before decreasing to very low or
no expression in fully open flowers. In contrast, the ex-
pression levels of the eight genes in the SC hybrid were
about one-third to one-half of those in the SE hybrid.
The overall low levels of gene expression somehow re-
flected the fact that the color intensity of the SC hybrid
flowers is far lower than that of the SE hybrid, regard-
less to the color. In white-flowered hybrids, distinct ex-
pression patterns were observed. We noticed that, in the
JW hybrid, the expression of F3H, DFR, and ANS was
almost undetectable and the expression of CHII was
dramatically high compared with that of the other hy-
brids, whereas, in the RW hybrid, the expression level
of FLLS was distinctively high, about 5-fold higher than
in the other hybrids, and CHII was expressed at a high
level at the anthesis stage. Notably, the expression of
CHII and that of CHI2 somehow compensated for each
other. The expression of CHI2 was markedly high in
young bud and mature bud stages but was reduced at
the anthesis stage, whereas the expression of CH/I was
very low at the two early stages but abruptly increased
in the anthesis stage.

Table 3. Amino acid changes in the anthocyanin biosynthesis genes of SE hybrid compared with those of SC, RW, and JW hybrids. Premature
translation termination and deletion events were observed, and the numbers in brackets indicate the predicted size of the translated protein

and the position of the deleted amino acid, respectively.

Gene SC hybrid RW hybrid JW hybrid
CHS A113T, A358V A358V —
CHII — D141G, TI150A, T151K, T161S, V165G, E52D, T541
QI66E, T174K
CHI2 R63K R63K  Pre-termi (156/209) R63K, S106G
F3H — R63V, Q64L, A67L, A68G, W72C% G73V7, KI5R
V78L, G81R% D83H?% Q125H% E127G*
DFR 19V, Q28K, E32V, N67D, 169V, 19V, Q28K, E32V, N67D, 169V, S198P, S15N? L337F
A277V,N333D A277V,N333D
ANS — N254K L1994V~
F35H R26H, A137V* R26H Del (7-45), HS59R, S143G, S273T,
V275A, Q323R
FLS T40A, L148R, V2821, Y300S T40A L148R, V2821, Y300S

* Amino acid changes in conserved domains.
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Fig. 2. Quantitative real-time PCR analysis of the eight anthocyanin biosynthesis genes in four Dendrobium hybrids at three developmental
stages shown in Fig. 1. Stages 1 (young bud), 2 (mature bud), and 3 (anthesis) are represented by white, gray and black bars, respectively.
188 rRNA was used as an internal standard. Values on the Y-axis indicate relative expression levels compared with that of /8S rRNA. Error
bars indicate SD from three biological replicates conducted in triplicate.

Expression analysis of anthocyanin biosynthesis genes
in irradiated Dendrobium mutants

We explored further the causes of the color changes
in Dendrobium SE by examining two SE mutants that
exhibit flowers with a paler color (L, ER6-329) and a
darker color (D, ER5-1129) using sequence and expres-
sion analyses. Analysis of nucleotide sequences from
eight anthocyanin biosynthesis genes showed no point
mutation in both L and D mutants (data not shown).
Semi-quantitative RT-PCR of CHS, F3H, F3'5'H, DFR,
and FLS showed that, while the expression levels of the
five genes in the wild type and the D mutant were simi-
lar, the expression levels in the L mutant were generally
lower than those in both the wild type and the D mutant
(Fig. 3). This indicated that the paler-colored flowers in
the L mutant were the result of simultaneous reductions

of gene expression in at least five genes involved in an-
thocyanin biosynthesis.

Discussion

The results from sequence alignments strongly sug-
gest that the full-length cDNAs cloned from
Dendrobium SE hybrid are indeed their corresponding
anthocyanin biosynthesis genes. The alignment of CHS,
CHII, CHI2, DFR, and F3'5'H showed that sequences
with the highest percent identity (74—100%) were from
either Dendrobium or other orchid species. We noted
that our CHS and DFR sequences were exact matches
(100% 1identity) to previously described Den-CHS-4
and Den-DFR-1 isolated from Dendrobium Sw.
(UH503) (Mudalige-Jayawickrama et al., 2005) and
CHS from Dendrobium SE (Pitakdantham et al., 2010).
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Fig. 3. Semi-quantitative RT-PCR analysis of CHS, F3H, F3'5'H, DFR, and FLS of wild-type SE hybrid (W), light-colored (L) mutant and dark-
colored (D) mutant in four different developmental stages, namely, early young bud (1), young bud (2), mature bud (3), and anthesis (4)
stages. PCR cycle numbers for each gene are indicated in parentheses. /8S rRNA amplification was used as a loading control.

Although there were no F3H, ANS, and FLS sequences
available from orchids, our sequences were grouped
very closely with those from monocots, with 71-95%
identity.

Considering sequence alterations of the eight genes
among the four hybrids, although some of the altera-
tions could be anticipated, it was difficult to determine
which specific amino acid changes would affect the
protein functions and, therefore, alter the flower colors.
According to the CHS alignment result, the alterations
of CHS amino acid sequences observed in SC and JW
hybrids were in variable regions and, thus, this is un-
likely to affect the function of CHS. This is supported
by the fact that the SC hybrid produced colored flowers.
However, this does not preclude the possibility that this
is the cause of white flowers in the JW hybrid. On the
basis of a crystallography study of CHI protein struc-
ture (Jez et al.,, 2000), premature termination of the
CHI2 in the RW hybrid, with more than 25% C-
terminus polypeptide loss, is likely to result in function-
al disruption. Nevertheless, the presence of the CHI1
homolog is likely to compensate for this loss. We com-
pared our deduced sequences to specific amino acid
changes that have been previously reported to alter an-
thocyanin production, but no match was found. These

changes included amino acid sequences of DFR from
petunia, potato and Caryophyllales (De Jong et al.,
2003; Johnson et al., 2001; Shimada et al., 2004), ANS
from Caryophyllales, gentian and onions (Kim et al.,
2005; Nakatsuka et al., 2005; Shimada et al., 2005), and
F3'5'H and FLS from soybean (Takahashi et al., 2007,
2010). Nevertheless, it is worth noting that the amino
acid alterations might potentially affect the flower col-
ors. On the basis of the amino acid changes observed in
the conserved regions of the coding proteins, these in-
clude changes in F3'5'H from the SC hybrid, F3H from
the RW hybrid, and DFR and ANS from the JW hybrid.

The expression analysis showed that, in colored-
flower hybrids including SE and SC, CHS, CHI, F3H,
DFR, and ANS were generally expressed from young
bud to mature bud stages. These expression data match
with the flower colors as these five genes have been re-
ported to be the key genes responsible for anthocyanin
production (Mol et al., 1998). In all four hybrids, while
the expression of the eight genes mostly occurred at the
young and mature bud stages and dramatically declined
to very low levels at the anthesis stage, the expression
of F3'5'H was observed at elevated levels in the pro-
gression towards the anthesis stage. Despite the pres-
ence and expression of the F3'5'H gene, delphinidins
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have never been found to be the color pigments of
Dendrobium species, and myricetin and syringetin 3',5'-
hydroxylated flavonols were shown to represent F3'5'H
enzymatic activity in Dendrobium (Kuehnle et al.,
1997). Thus, our results suggest that the function of
F3'5'H mostly occurs at late stages of flower develop-
ment and this could contribute to the production of 3',
5'-hydroxylated flavonols, which act as co-pigments for
coloration in Dendrobium flowers.

Previous assessments determining the color pigments
of the flowers of Dendrobium hybrids proposed a
plausible cause of color changes from cyanidin type in
lavender flowers of Dendrobium Sw. (UH503) to
pelargonidin type in peach flowers of Dendrobium hy-
brid (K1224), which could be due to a mutation in
F3'H, rather than in DFR (Mudalige-Jayawickrama
et al., 2005). Such mutation resulted in the inefficient
production of dihydroquercitin and led to more abun-
dant dihydrokaempferol and, therefore, pelargonidins.
This could be similar to our case in purple-flowered SE
and peach-flowered SC hybrids. However, F3'H was
not included in our study. Nonetheless, because the al-
terations of DFR sequences between SC and SE hybrids
were neither in conserved regions nor in other positions
that have been shown to affect its function, it could be
anticipated that a mutation(s) in F3'H could be the
cause of peach flowers in the SC hybrid.

Previous studies of anthocyanin contents suggested
that the color intensity of Dendrobium flowers corre-
sponded directly to pigment contents within the colored
cells (Kuehnle et al., 1997). Considering the gene ex-
pression results, it is possible that the low color intensi-
ty in the SC hybrid could be because of the very low
expression levels of CHII and CHI2. The reduction in
CHI expression could, therefore, result in the low pro-
duction of naringenin, downstream pigment production
and color intensity, as a consequence.

Despite its white flowers, the expression profiles of
the eight genes in the RW hybrid were similar and even
higher for CHS, CHII, and CHI?2 than those in the SC
hybrid. Two notable features were that the expression
level of FLS was about 5-fold higher than those from
the other hybrids and there was likely to be an interplay
between the expression of CHII and CHI2. On the basis
of our results, the production of white flowers in the
RW hybrid could possibly be explained by either or
both of the following causes. First, 6 amino acid altera-
tions in the conserved regions of F3H of the RW hybrid
compared with those of the SE hybrid suggest a high
potential for F3H functional alteration. This could result
in the blockage of subsequent anthocyanin biosynthesis
and the loss of color pigments (Nakatsuka et al., 2005).
Second, FLS catalyzes the production of colorless fla-
vonols and competes with DFR in terms of anthocyanin
production. Previous studies in white-flowered petunia
containing high levels of flavonols demonstrated that
the flower color could change from white to pink when

either FLS was down-regulated or DFR was over-
expressed (Davies et al., 2003). Giving that the CHI2
function was disrupted by premature termination and
CHII expression was very low at early floral develop-
mental stages, the level of the catalytic product of CHI
could be very low in RW floral tissues. Thus, the white
flowers of the RW hybrid could be the result of low ex-
pression levels of CHII and high expression levels of
FLS, which cause the conversion of color flavonoid in-
termediates into colorless flavonols. To rule out these
possibilities, further study of anthocyanin and flavonol
compositions in RW flowers is required. If the RW hy-
brid exhibited white flowers because of CHI and/or
F3H deficiencies, the accumulation of both anthocya-
nins and flavonols should be greatly reduced, whereas
if this white flower phenotype is caused by the up-
regulation of FLS, the accumulation of flavonols should
be increased and that of anthocyanins should be re-
duced.

In the JW hybrid, F3H was hardly expressed
throughout the flower stages, being about 30-fold less
than those from the other hybrids. No expression was
detected for DFR and ANS. These three genes are the
key for anthocyanin pigment production (Martin and
Gerats, 1993; Mol et al., 1998). A number of studies
have shown that their expression had dramatic effects
on color production. For example, loss or very low ex-
pression of either F'3H or ANS was shown to be respon-
sible for white flowers in Vanda hybrids and a gentian
hybrid (Homoi), respectively (Junka et al., 2011;
Nakatsuka et al., 2005). Simultancous loss of expres-
sion in F3H, DFR, and ANS was also shown to be re-
sponsible for white coloration in both a gentian hybrid
(Polano white) and a group of white-flowered Sim car-
nations (Mato et al., 2000; Nakatsuka et al., 2005). This
simultaneous loss of expression is similar to our obser-
vation and we suggest that this would be the case for
the white coloration in JW hybrid flowers.

Common regulatory factors controlling the expres-
sion of genes in the anthocyanin biosynthesis pathway
are the key for colorations in flowers and other specific
tissues (Davies et al., 1993). Analysis of white flowers
in Sim carnation and gentians in comparison to their
colored-flower counterparts suggested that mutations in
regulatory proteins could result in the failure to induce
a set of anthocyanin production genes during flower de-
velopment (Mato et al., 2000; Nakatsuka et al., 2005).
Thus, our results imply that, in the JW hybrid, F3H,
DFR, and ANS were coordinately controlled, and the
loss of expression of these genes was potentially due to
a change in anthocyanin regulatory elements.

In maize, CHS, CHI, F3H, DFR, and ANS are tran-
scriptionally regulated by three regulatory protein fami-
lies known as MYB, bHLH, and WD40 (Petroni and
Tonelli, 2011). In particular, in maize seeds, mutations
of MYB-CI or bHLH-RI have been shown to cause a
colorless phenotype, and a mutation in WD40-PACI
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was associated with reduced pigmentation (Dooner
et al., 1991; Selinger and Chandler, 1999). Similarly, a
recent report on Phalaenopsis showed that white col-
oration in the petals of P. amabillis resulted from the
loss of anthocyanin-specific MYB transcripts, which
subsequently caused the loss of DFR expression (Ma
et al., 2009). From this, we suggest that the simultane-
ous reductions of gene expression of the five genes ob-
served in L mutants was likely due to a mutation(s) in
one of the regulatory genes in anthocyanin biosynthesis.
Furthermore, a novel bHLH gene identified in maize
(referred to as /N/) was shown to function as an inhibi-
tor in anthocyanin biosynthesis, and in/ mutants exhibit-
ed very intense pigmentation (Burr et al., 1996). This
may coincide with our observations and we suggest that
the increase of color intensity in the flowers of D mu-
tants might be because of a mutation in one of the
bHLH inhibitors.

Data obtained from our study allowed postulations of
factors affecting color variation in Dendrobium hybrids.
Peach coloration in the SC hybrid is likely derived from
the combination of changes in pigment production from
cyanidin to pelargonidin through a mutation in F3'H
and low levels of CHII and CHI2 expression. White
coloration in the RW hybrid likely results from muta-
tions in specific genes responsible for pigment produc-
tion or increase in the expression of FLS that converts
color pigments into colorless co-pigment molecules.
Alternatively, in the JW hybrid, it is likely a result of
the simultaneous loss of gene expression of a number of
genes involved in the biosynthesis process. Further-
more, analysis of SE hybrid mutants bearing pale and
dark flowers demonstrated that the expression levels of
anthocyanin biosynthesis genes influence the intensity
of color pigments in the flowers. Information obtained
from these hybrids implying different approaches in
flower coloration could benefit flower improvements by
providing various strategies for genetic manipulations
in Dendrobium and related orchids.
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